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FOREWORD

ZHAO Zhengguo
(for the PHIPSI15 Local Organizing Committee)
University of Science and Technology of China, Hefei 230026, China

The “International Workshop on e e~ collisions from ¢ to ¢” (PHIPSI15), was held at University of
Science and Technology of China (USTC), Hefei, China, from Wednesday, September 23 to Saturday,
September 26, 2015. This is the 10th workshop in a series, which started in Karlsruhe in 1996 and
continued in Novosibirsk (1999), SLAC (2001), Pisa (2003), Novosibirsk (2006), Frascati (2008),
Beijing (2009), Novosibirsk (2011) and Rome (2013), carrying now the name “from ¢ to ¢” first used at
the Novosibirsk workshop in 1999. The aim of the workshop is to discuss in detail the state of art of
various problems in hadronic physics at low energy e e colliders and the potential of existing and future
facilities.

The subjects of the Workshop include: (1) R-measurements; (2) Radiative corrections; (3) Form
factors and OZI rule violation; (4) Spectroscopy (light and heavy); (5) Muon g — 2, experimental
measurements and theoretical calculations; (6) Flavor physics; (7) Proton radius puzzle; (8) Gamma-
gamma physics; (9) Tau lepton physics; (10) Machines and detectors.

We thank all the participants and the international advisory committee for making a very successful
Workshop.

The Workshop was sponsored by the Chinese Center for Advanced Science and Technology
(CCAST), the National Natural Science Foundation of China (NSFC), the Ministry of Science and
Technology of China, the Chinese Academy of Sciences (CAS), and the University of Science and
Technology of China (USTC).



¥EHAZLLXE3h

5546 B S5 T WICRE 27981 2016 4E 7 H

= /N

. BT .

XYZ %%{%%E@fil@@@i (;@5‘() ........................................................................... 5 #(533)
BESIII J: XYZ E/‘Jﬁﬂ:% (;,H‘%j;) ............................................. g{g-‘i’f—g, ﬁ‘lizfi(BESIII é\/f/};gﬂ) (541)
Belle 5255 I C TN XYZ RLFHISEIREER (GEI) woovvvvereereenns WA E A (Belle 5154 (549)
1LLHCb ig@i%ﬁﬁ%&%%%i{}m (3“&5‘() ............................................. g{g@f{a}] (LHCbH {;}’f’?éﬂ) (557)
BESIII J:H‘Jﬁﬁ?% (_3"%3() ......................................................... E_m_‘ﬁ‘(BESI[I /a\/f/};éﬂ) (567)
AT X (3872) HPRASIIA T (BE) wrvvvvmmrrrerrrnnnnnennnnn ACHASOV N. N., ROGOZINAE. V. (574)
« 534S OE .

MR RS IE 7 U B2 4R IE A A F RN (ZE ) covveerrrrnsemnn e, C7ZY7 Henryk(580)
BT .

# KLOE/KLOE-2 5286 i 4RI L3 7 (3230 -+ PEREZ DEL RIO Elena (KLOE-2 £-441) (587)

NA48 Fl NA62 SLIGTE n° FARH FHRIEEF () -+ GONNELLA Francesco (NA48/2 A4E41) (594)
BaBar SL5 G-3RI TFHC FATRL T (FEI) oeereerrreeeeenns LUSIANI A. (BaBar £-#4£48) (601)

CRBEE -

SR PR T [N s MAMI Il MESA | AR AR50 FHIEEL (2300 weeeeeeeeeeeeeeens DENIG Achim (608)
Belle 1T SZEGFIAED, KEKDB FF2 (FE ) cvevrrrermrmnmnrieniiae, F A (Belle 11 54E48) (617)
(HAFIEAS %] CN34-1054/N % 1965 * m * A4 % 102 % zh/en % P ¥ 30. 00 * 1200 % 12 % 2016-07

EEHRE K O FRE HEiEZE  Federick Firstbrook



JOURNAL OF UNIVERSITY OF SCIENCE
AND TECHNOLOGY OF CHINA

Vol. 46 No. 7(Serial No. 279) Jul. 2016

CONTENTS

+ Hadron Spectroscopy *

Theoretical review of XYZ (English) «+++veessreeesonrtesmmtemmtite ittt ettt LIU Xiang (533)
XYZ at BESIII (English) «eeeeeeeeeeseeeeeeeeenes ZHANG Jingzhi, YUAN Changzheng (for the BESIII Collaboration)(541)
XYZ states at Belle (English) =+ weoveeeeeresereeeaienaann. SHEN Chengping » L1 Zhuang ( for the Belle Collaboration) (549)
New results on exotic baryon resonances at LHCb (English) ------+- ZHANG Liming (for the LHCb Collaboration) (557)
Light hadron spectroscopy at BESIIT (English) «-e-eoeeeeeeeeceeceeens FANG Shuangshi (for the BESIII Collaboration) (567)
Towards the nature of X(3872) resonance (English) «-:+eeeeeeeeereeerereienenen. ACHASOV N. N., ROGOZINAE. V. (574)

+ Radiative Corrections *
Status of the Monte Carlo generators for low energy e ¢ scattering (English) «eteoeeeeeeeeeeeeeeiiaeinnn. CZYZ Henryk (580)
+ Dark Photon «
Dark mediator searches at KLOE/KLOE-2 (English) «-+-+- PEREZ DEL RIO Elena (for the KLOE-2 Collaboration) (587)
Search for dark photons in 7" decays at NA48 and NA62 (English)

........................................................................ GONNELLA Francesco ( for the NA48/2 Collaboration) (594)
Search for dark photon and long-lived particles at BaBar (English)

.................................................................................... LUSIANI A. (for the BaBar Collaboration)(601)

+ Machines and Detectors *
Precision hadron physis at the Mainz Microtron MAMI and MESA (English) = «eteeeeeseeeencesineinan. DENIG Achim (608)

The Belle IT experiment and SuperKEKB upgrade (English) ««+-eeeee- WANG Boqun ( for the Belle 11 Collaboration)(617)



4655 T
201647 f]

¥ & # 7 & £ %

JOURNAL OF UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA Jul. 2016

g 3 Vol. 46,No. 7

Article ID:0253-2778(2016)07-0533-08

Theoretical review of XY/

LIU Xiang'*

(1. School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China;
2. Research Center for Hadron and CSR Physics, Lanzhou University & Institute of Modern Physics of CAS, Lanzhou 730000, China)
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0 Introduction

Due to big experimental advances in the

observation of charmonium-like XYZ states,

Received: 2015-11-30; Revised: 2016-04-20

theoretical study of XYZ has became a hot research
field full of challenges and opportunities. Studying
charmonium-like XYZ states will be helpful to

deepen our understanding of non-perturbative
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QCD. X(3872)K — ] /¢n' = K
In the following, I mainly focus on the XYZ Y (39400 K — ] /pwK
states produced by B meson decays, the yy fusion, 7t (4430 K — MK
e e annihilation, and the hadronic decays of B>t 105K | i D
Y (4260). Combing the progress made by our 7+ (4248)KJ—> yam K
group, I will illustrate the present research
. . Y1140 K|
status. yazrok| LK
1 The observed XYZ states Y (4260) — J/yn" x
Since the first charmonium-like state X(3871) . JY(ZLOOS)l , B
was reported by BaBar in B meson decay B — ¢ e Y (4360) JQ x x @
KJ/¢n"x ", more and more charmonium-like lY(466O> -
states have been observed in the the past 12 years. Y(4630) >~ AA.
According to the difference in production N {X(3940)]/¢9D*D] /¢ (3)
mechanisms, the observed XYZ states can be X4160)J/¢g— D" "D "J/¢

categorized into five groups: B meson decay, ¢'e

double
charmonium production process, Yy fusion, and
hadronic decays of Y(4260).

In Tab.1, 1
charmonium-like states, where the XYZ states

listed in the first, the second, the third, the fourth

annihilation via initial state radiation,

summarize these observed

and the fifth columns correspond to B meson
decay, e" ¢ annihilation via initial state radiation,
double charmonium production process, yy fusion,
and hadronic decays of Y (4260), respectively,
which provides an ideal platform to explore XYZ
states experimentally.

Tab.1 The observed charmonium-like states

A B C D E
X(3872)  Y(4260)  X(3940)  X(3915)  Z.(3900)
Y(3930)  Y(4008)  X(4160)  X(4350)  Z.(4020)
7T (4430)  Y(4360) Z(3930)  Z.(4025)
Z(4051) Y (4630) Z.(3885)
Z(4248) Y (4660)

Y (4140)

Y (4274)

Z:. 7 (4200)
7t (4240)

For readers’ connivence, 1 also show the
production and decay information relevant to these
XYZ states in Eq. (1)~ (5).

X(3915) - DD
Yy > X4350) > ]/ ¢ 4)
Z(3930) > J /pw
Z.(3900) 7" — J /¢t "
Z.(4025)x" > (D" D" )*x"
et e — _ _ (&)
Z.(4020) 7" —> ha' !
Z.(3885)x" > (DD )
Facing so abundant novel phenomena, a
crucial task is to reveal the underlying mechanism
The observed XYZ

states have stimulated extensive discussion of

behind these phenomena.

them, which has become a hot research filed in

present hadron physics.

2 The hadronic molecular state
explanations to Y (3940), Y (4140)
and Y (4274)

X (3872) is the first reported charmonium-like
state in B meson decay B — KJ/¢x' x M.
According to the quark model estimate, the mass
of X(3872) is not consistent with that of a 2°P,
charmonium ( X/ a) Additionally, the
observed decay mode X (3872) — J/Jp is isospin

state.

violation. Thus, different theoretical explanations
were proposed, which mainly include:

(D The molecular state assignment> ",
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@ X (3872) was also explained as the 17"
cusp!”

® The S-wave threshold effect due to the
D’ D°* threshold™®’.

@ The hybrid charmonium assignment to
X(3872)H,

© The diquark anti-diquark bound state-"
and the tetraquark statel'"'®,

® X (3872) may have a dominant cc
component with some admixture of D° D*° +
D Dozl

Thus,
theoretical effort will be helpful to test different

theoretical proposals of X(3872).

further experimental and joint

In the following, I will further introduce the
hadronic molecular assignment to Y (3940),
Y (4140) and Y(4274) since there exist similarities
between Y (4140) and Y (3940). Firstly, the
production processes of Y (4140) and Y (3940)

through B meson decays are very similar, i. e, ,

[1/¢ $=>Y (4140)
1 /g w=>Y(3940)°
Secondly, there exits a mass gap relation:
My, — Myeoso) &= M¢ —M,,.

Thirdly, Y (4140) and Y (3940) are close to the
D! D! and D* D" thresholds, respectively, and
satisfy another mass relation

Myano — 2]\/[1)_\x ~ My — 2Mp~ .

Just considering these similarities, Liu et al.

B— K-+

proposed a uniform molecular picture of Y(4140)
and Y (3940) in Ref. [21], where the flavor wave
functions of Y(4140) and Y(3940) are™*"

| Y(4140)) =| D,*"D,* "),

| Y(3940)) — L[| D**D*%y +| D**D* ],
J2

molecular  state
assignment to Y (4140) and Y (3940), a dynamical

calculation was performed in Ref. [ 21] via adopting

respectively.  To test this

the one boson exchange model, where the

pseudoscalar, vector and ¢ mesons are considered
in the calculation, by which the effective potentials
of the D D and D* D*
obtained. With these effective potentials, Liu et

Interactions were

al. found the corresponding bound state solutions,
which support the D’ D/ and D* D* molecular
state explanations of Y(4140) and Y (3940)%,

In 2010, CDF reported a charmonium-like
state Y (4274) by analyzing the J/¢¢ invariant
mass spectrum®. In Ref. [ 23],
suggested Y(4274) to be an S-wave D, D, (2317)
molecular state, and predicted the existence of its
an S-wave D D, (2400) molecular

Liu et al

partner,
state!?,

As shown in Fig. 1, there exist two event
clusters around the ranges of AM==1. 27 GeV and
1.4 GeV<<AM<C1.5 GeV, which are marked by
yellow and pink. The structure around AM==1. 27
D, D' ,(2460) or
D; D, (2317) system. The other one in the range
1.4 GeV<CAM <C1.5 GeV may result from the
D, D, (2536), D,D,(2573), D; D’;(2460) and

can be related to the

D! D, (2536) systems since the event cluster in

the range 1.4 GeV<CAM<C1.5 GeV just overlaps

with the corresponding thresholds.  Further
10 . Hl c>| \ﬁl - T r\‘I T I
o= 8 g SISV
< gl QI Q: Q:Q Q:Q:Q: Q}
Q
. | | | | [ |
O | AN
=00 R
2l R .
BN s
S 3k
% 2 I hl—| ! :
N 1 I i
0 I RN,
1.0 1.2 1.4

[m(u’ 1 K K)=m(u' 11)] | (GeVec?)
Besides Y(4140), one explicit enhancement appears around
4274 MeV. Here, the purple dashed line is the background
from the three-body phase space. The blue solid line is the fitting
result with resonance parameters of Y(4140) and Y (4270)
resonances in Ref. [22]. The vertical red dashed lines denote
the thresholds of Dy Dy, D, D (2317), D, D} (2460),
Dy Dy(2317), D, Dy (2536), D, D,y (2573),
D; D} (2460) and Dy Dy (2536). Taken from Ref. [23]
Fig. 1 The mass difference
AM = m(y" o K" K ) —m(u" g distribution

(histogram) for events in the B mass window?*)
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experimental study of these event clusters will be

an interesting task.

3  The non-resonant explanation of
Y (4260) and Y (4360)
For explaining Y (4260) and Y (4360),

different exotic state explanations were proposed in

literature, like a charmonium hybird"**", diquark-
Les |

, and a

antidiquark state with the
[5;1[27728] ,
charmonium hybrid state that couples to D D; and
D D, channels®’. Additionally,

extensive discussions of Y (4260) as conventional

component

different molecular states %

there were

charmoniumt®**%,

In this paper, I introduce the non-resonant
explanation to Y(4260) and Y (4360)H04,

For " e” —J/¢gn" n process, there exists
direct production of J/¢n" x by the ¢ e
annihilation., Here, the virtual photon from the
e e annihilation directly interacts with J/¢m 7.
Besides the e” ¢~ annihilation directly into J /¢ 7,
another important production mechanism of et e
9]/81;7-(* 7 is through the intermediate charmonia

(see Fig. 2 for more details).

e Jv e Jy
> .é e cc z
e+ - e+ —

(a) the e e~ annihilation (b) from the contributions of

directly into J /¢t x intermediate charmonia
Taken from Ref. [42].

Fig.2 The diagrams relevant toe” ¢~ J/¢n =

The result shown in Fig. 3 indicates that the
Y (4260)

interference of production amplitudes of the e" e —

structure can be reproduced by the

J/¢m" 7 processes via direct e ¢~ annihilation and

through intermediate charmonia ¢ ( 4160 )/
(4415)H2],

The similar idea was applied to study Y (4360)
in Ref. [40], where Y (4360) signals can be
described when introducing the interference of
$(4160) and ¢ (4415) with the

contribution. This fact shows that Y (4260) and

continuum

40 T T T T

L I;T
3.8 4.0 42 4.4 4.6
[m(J/wr' 7))/ (GeV-¢?)

We also give the obtained fitting result by adopting the dipole
form for Fnor (s) (green dashed line). Here, our result is
normalized to the experimental data. Taken from Ref. [42].
Fig. 3 The obtained fitting result (red solid line)

and the comparison with the experimental data

(blue dots with error bar) measured by BaBar-*!

Y (4360) are not genuine resonances., The non-
resonant explanation of Y(4260) and Y (4360) can
naturally answer why Y (4260) and Y (4360) are
still missing in the R

value scan and the

corresponding open-charm decay channels.

4 The P-wave charmonium assignment
to Y(3915), Z(3930) and X(4350)

Checking the PDG data®', we found that
there are three P-wave ground states xo (3415),
xa (3510) and ., (3556). The observation of
X(3915), X(4350) and Z(3930) provides us with
a good chance to study the radial excitations of P-
wave charmonium family. In the following, 1

conclusions  of the P-wave  charmonium
assignments t0 y. (3415) , y. (3510) and y.2 (3556)
in Ref. [44];

D X (3872) and Z(3930) can be regarded as
¥4 (2P) with JPC=1"10%0 and 5/, (2P) with J*
=277, respectively.

@ X (3915) can be an X/lo state*t, since its
mass is close to the predicted mass of Xfo predicted
in Ref. [51]. This assignment can explain why the
mass difference between X (3915) and Z(3930) is

smaller than that between X (3915) and X
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(3872)0,

® X (4350) was explained as %/Q(ZP):“].

The above assignment to charmonium-like
states observed in yy fusion can be supported by
the further study of two-body strong decay of
X(3915), Z(3930) and X (4350)"*", as shown in
Figs. 4 and 5.

S  The initial single pion emission
mechanism and the observation of
Z.(3900)

Belle observed two charged bottomoniumlike
states Z, (10610) and Z, (10650) by studying the
into hidden-bottom dipion
channels™!, Z, (10610) and Z, (10650) have two

interesting properties.

e’ e annihilation

Firstly, the masses of
7,(10610) and Z,(10650) are close to that of BB*
and B* B* , respectively. Secondly, Z,(10610) and
Z,(10650) are charged states.

The initial
[46]

single pion emission ( ISPE)

mechanism was proposed to understand two

2(3930)(1,]
40
38
36
34
32
30
28
26
24
22
20
18
16
14
12
10

8

decay width / MeV

SN B

| |

L A - .
1.5 16 177 1.8 19 20 2.1

R/ (GeV™")

structures Z, (10610 ) and
The physical picture is that the

bottomonium-like
Z,(10650).
emitted pion with continuous energy distribution
produces B> and B“’ with low momentum.
Thus, the intermediate B’ and B’ can easily
interact with each other to transit into hidden-
charm dipion final states together with one
bottomonium. Under the ISPE mechanism, we
explained why two bottomonium-like structures
Z,(10610) and Z,(10650) appear in the T(nS)x™
and h, (mP) n* invariant mass spectra, and are
close to the B B* and B* B* thresholds.,
respectively-*®.

If the

mechanism existing in heavy quarkonium dipion

ISPE mechanism is a universal

decays, we can naturally apply this mechanism to
study the hidden-charm dipion decays of higher
charmonia, which is due to the similarity between

charmonium and bottomonium™"’, This

investigation can provide more predictions for the

future experiment as an important test of the ISPE

Z(3915)[ 7]
40
38
36
34
32
30
28
26
24

decay width / MeV
[\
S

1 I 1 1 1 1

1.81 1.9 2.0 2.1
R/ (GeV™")

The green band denotes the region of R resulting in the theoretical values consistent with Belle data.

The solid lines with blue error bands are our calculation result. Taken from Ref. [44].
Fig.4 The dependence of the decay width of Z(3930) and X(3915) on R under X/(-g and X/fU
assignment for Z(3930) and X(3915) ., respectively
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l‘ /
20 204 20
o
0 400 : 0 pror s egae e SO 0
PN I T E T I P I I I N T T NI (I N

1.8 2.0 22 24 2.6 2.8 3.0

R/ (GeV™

1

8202224262830

R/ (GeV™h

1.8 2.0 22 2.4 2.6 2.8 3.0
R/(Gevh

Here, we set the upper limit of the masses of P-wave states with the second radial excitation as 4. 35 GeV.

The yellow dash line and shaded grey band shown in diagram of sz denote the central value
for the error of total width of X(3915) measured by Belle. Taken from Ref. [44].
Fig. 5 The variation of the decay width of X/Z'! (J = 0,1,2) with R value

1.0 ;
0.5 ! ;
0 —* l
1.0 L : .
s : ,I- \ - : A
’ . |7,/-“ , ‘\ . ; \\
05 " : \‘ // \\ : 'I \\
: Mpp: / S L N
| MD‘D: ) ' h oo . “Mpp,
0 ! | . | MD'DI : '
34 3.6 3.8 4.0 39 4.0 4.1 3.7 3.8 3.9 40 4.1
I’VZJ/V,,T~/ GeV M y28) 7 / GeV mp 1Pz / GeV

The solid, dashed correspond to the results considering intermediate DD * +h. c. and D* D* respectively.

The vertical dashed lines and the dotted lines denote the threshhold of D* D and D* D* respectively.

The maximum of the line shape is normalized to 1. Taken from Ref. [47].
Fig. 6 The invariant mass spectra of J/Jr*, ¢(2S)x" and h. (1P)x" for the Y (4260)
decays into J/yn" 7, ¢Q2S) 7" 7 and h, (1P)x" 7
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%74
mechanism,
In Ref. [ 47 ], we predicted charged

charmonium-like structures in the hidden-charm
dipion decay of higher charmonia and charmonium-
like state Y (4260).
predicted charged charmonium-like structures is
that they are near the DD* or D* D* threshold.

In 2013, BESIII announced the observation of
a charged charmonium-like structure Z, (3900) in
ete > J/gn" 1w at s =4.26 GeV'™®l, which is
around the D D* threshold. Almost at the same
time, Belle also observed Z. (3900)™7, The
observation of Z, (3900) is consistent with our
prediction in Ref. [47].

According to this research status, we studied
Z.(3900) by considering the ISPE mechanism in

Ref. [ 50], where other two mechanisms (the direct

The typical peculiarity of

production and final state interaction) were
included in the calculation. The Z. (3900) signal
can be well reproduced. Thus, it is possible that

Z.(3900) is not a genuine resonance.

80

B (o))
[} S
T T

[\%]
(=]
T

events / (0.02 GeV-¢?)

3.2 3.4 3.6 3.8 4.0
My | (GeV-c?)

The blue dots and green triangles with error bars are the
experimental data given by BESIII[*8) and Bellel), respectively.
The red histograms are our results considering contributions
of the ISPE mechanism to the Y(4260)—>z" 7z~ J/¢ decay.
Taken from Ref. [50].

Fig. 7 The distributions of the J/¢r" invariant
mass spectrum of Y(4260) — " = J/¢

6 Conclusion

In this paper, I gave a brief review of the

present research status of XYZ states. The
conclusions are summarized as follows:

(@D The hadronic molecular state explanations
of Y(3940), Y (4140) and Y (4274) were given in
Refs. [21,23].

@ The non-resonant explanation of Y (4260)
and Y(4360) was suggested in Refs. [40,427].

@ The P-wave charmonium assignment to
Y (3915), Z(3930) and X (4350) was proposed in
Ref. [ 447]. Here, X (3915), Z (3930), and
X (4350) were explained to be Xfo(ZP) with J¢ =
07", ¥/« (2P) with J® =27, and y.(2P),
respectively.

@ According to ISPE mechanism, charged
charmonium-like state near D D* threshold was
predicted in Ref. [47], which may correspond to
the observed Z. (3900)5%,

In the years that follow, we still need to make
more effort to reveal these underlying mechanisms
behind these novel phenomena, which will be an

intriguing research issue.
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Introduction
0 uc requires the quantum numbers of the Y (4260) to

In recent years, charmonium physics gained
renewed strong interest from both theorists and
experimentalists, due to the observation of
charmonium-like statest. These states do not fit
in the conventional charmonium spectroscopy, and
could be exotic states that lie outside the quark
model. Y(4260) was first seen by BaBar as a peak
in the e ¢” —x" 1 J/¢ cross section at enter-of-
mass energy of 4.26 GeV'™. It was subsequently

confirmed by CLEO™ and Belle'". Its production
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be J* =1 ".
corresponding structure in the cross sections for
e e =D D (7)) indicates that the Y (4260)

is probably not a conventional quarkonium state,

The absence of any apparent

To study the charmonium (-like) states above 4
GeV, and to establish the relationship between the
and  higher
charmonium states, BESIII has collected in total
5.1 fb ! data"®™ during 2013 and 2014 above 3.8
GeV. The results presented in this talk are based

charmonium-like  states excited
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on these data samples.

1 Observation of Z.(3900)

BESIII studied the e" ¢~ —x" 7~ J /¢ process at a
center-of-mass energy of 4. 26 GeV using a 525 pb™!
data sample’®. A structure at around 3.9 GeV/c?
was observed in the 7= J¢ mass spectrum with a
statistical significance larger than 8s, which is
referred to as the Z (3900). A fit to the x* J/¢
invariant mass shown

spectrum, in Fig. 1,

results in a mass of
(3899.0+3.64+4.9) MeV/c? and a width of
(464+10420) MeV. The associated production
oleT e —rt zZ "t nf.l,hp)

ole e =" J/P

neglecting interference,

ratio was measured to be R=

=(21.5+3.3+7.5%.

100 —4- data
C — total fit

o b ---- background fit
Ry S ~- PHSP MC
CE 60 - + [ sideband
3 B
S
» 401 + = +
2 L g T
o - Y L Py
> C d
° 20 o

0 ! n I R B S i n

37 3.8 3.9 4.0

Mya(7°J19) / (GeV-c™)

Points with error bars are for data, the curves are the fit results,
the dashed histograms are the phase space distributions
and the shaded histograms are the non-z" 7~ J/¢
background estimated from the normalized J /¢ sidebands.
Fig. 1 Unbinned maximum likelihood fit to the
distribution of the M, (x"J/¢)

The Z, (3900) state was confirmed shortly
after by Belle®! and CLEO-c'' using the initial
state radiation (ISR) method. The measured mass
and width agreed very well with the BESIII
measurements.

A neutral state Z, (3900)° - z°J/¢ with a
significance of 10.4¢ was observed at BESIII in
e e —>n'x"J/J with center-of-mass energy ranges
from 4.19 to 4.42 GeV''", The mass and width
were measured to be (3 894. 8+2.3+3.2) MeV/?
and (29.6+8.2+8.2) MeV, respectively. This

state is interpreted as the neutral partner of the
Z.(3900)*, as it decays to n’J/¢ and its mass is
close to that of Z. (3900)~.
with the previously reported 3.5s evidence for

7.(3900)° in the CLEO-c data™",

Born cross-sections of ¢" ¢ —>n’n"J /¢ were about

This is in agreement
The measured

half of those for e' ¢~ —x" 7 J/J measured in the
Belle experiment”’, which is consistent with the

isospin symmetry expectation,
2 Observation of Z, (3885)

With the data sample at Vs = 4.26 GeV,
BESIII studied e e~ —x= (D D*)7. A structure
(referred to as Z. (3885)) was observed in the
(DD*)* invariant mass distribution"'*), as seen in
Fig. 2.
Breit-Wigner (BW) function, the pole mass and width
were determined to be (3 883.9+1.5+4.2) MeV/¢*
and (24.843.3+£11.0) MeV, respectively. The
angular distribution of the Z (3885) system favors a

When fitted to a mass-dependent-width

P=1" assignment for the structure and disfavors 1~
or 0. The production rate was measured to be
o(ete = 17 Z.(3885)")X BF (Z (3885)" —
(DD*)*)=1(83.5+6.64+22.0) pb. The mass
and width of Z .(3885) are 2¢ and 15, respectively,
below those of Z. (3900), as observed by the
BESIII and Belle experiments. However, neither
fit considers the possibility of interference with a

coherent non-resonant background, which could

90
80
70
60
50
40
30
20

events / (4 MeV-¢?)

LA AN AR AR AR LRRRN EARRN RRRRN LN

—
(=]

85 390 395 400 405 410 4.15
M(D°D™) / (GeV-¢™?)

wo
OO &TTTT

The curves show the best fits.

Fig. 2 Fit to the M(D’ D* ) distribution
for selected events at\s =4. 26 GeV
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shift the results. A spin-parity quantum number
determination for Z. (3900) would provide an
additional test of this possibility.

Assuming the Z.(3885) structure is caused by

I'(Z.(3885)—>DD")
I'(Z.(3900)—>x] /¢)

1.142. 7. This ratio is much smaller than typical

Z.(3900) , we obtain =6.2+

values for decays of conventional charmonium
states above the open charm threshold, e. g.,
I(Y3770)—>D D) /T (¢(3770) —>r" 7 J /) =482+
84 and I'(¢(4040) =D’ D) /I ((4040) —
nJ /¢) =192 27" This suggests very different
dynamics in the Y (4260)—Z.(3900) system.

3 Observation of Z,.(4020)

BESIII measured™™ ¢" ¢
sections at center-of-mass energies of 3.90~4. 42
GeV. studied by

examining the Dalitz plot of selected 7™ 7 h.

— 7" 1 h. cross-

Intermediate states were
candidate events. The A, signal was selected using
3.518 GeV/c* <M (yp.) < 3.538, and «" x h.
samples of 859 events at 4. 23 GeV, 586 events at
4.26 GeV, and 469 events at 4.36 GeV were
obtained with purities of 65%. Although there are

+

no clear structures in the 7" 7 system, there is

clear evidence for an exotic charmonium-like
structure in the 7~ h. system in the Dalitz plot.
Fig. 3 shows the projection of the M (x* h.)
distribution for the signal events, as well as the
background events estimated from normalized h.
There is a significant peak at
around 4. 02 GeV/c* (Z,* (4020)), and there are
also some events at around 3.9 GeV/c¢? (inset of

Fig. 3), which could be Z,(3900). The individual
datasets at s =4. 23, 4.26, and 4. 36 GeV show

similar structures.

mass sidebands.

An unbinned maximum likelihood fit was
applied to the M(x* h,) distribution summed over
the 16 7. decay modes. The data at 4.23, 4.26,
and 4. 36 GeV were fitted simultaneously to the
same signal function with common mass and
width. Fig. 3 shows the fitted results. The mass
and width of Z. (4020) were measured to be

120
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(=)

FF T T [T T T[T T ]

(o]
(=]

events / (0.005 GeV-¢™?)

B
S
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Dots with error bars are data; shaded histograms are normalized
sideband background; the solid curves show the total fit;
and the dotted curves the backgrounds from the fit.

Fig. 3 Sum of the simultaneous fits to the M(z" h,.)
distributions at 4. 23, 4. 26, and 4. 36 GeV in the BESIII
data; the inset plot shows the sum of the simultaneous fit
to the M.+, distributions at 4. 23 and 4. 26 GeV

with Z. (3900) and Z, (4020)

(4 022.940.8+2.7) MeV/c* and (7. 9£2.742.6)
MeV, respectively. The statistical significance of
the Z. (4020) signal was found to be greater
than 8. 9.

Adding Z. (3900) with the mass and width
fixed to the BESIII measurements®, the fit is
improved  somewhat. But  the statistical
significance is only 2. 16 (see the inset of Fig. 3).
At the 90% confidence level (C. L.), the upper
limits on the production cross-sections are set to
ole' e —>nTZ. 7 (3900)—>x" 7 h.)< 13 pb at 4. 23
GeV and <11 pb at 4.26 GeV. These are lower
than those of Z,(3900)—>x"J /¢,

BESIII also observed e ¢ —n'7"h, at /s =
4.23, 4.26, and 4. 36 GeV'', The measured Born
cross-sections were about half of those for e” e —
7 7w h.. which agree with expectations based on
isospin symmetry within systematic uncertainties,
A narrow structure with a mass of (4 023.9=+2.2+
3.8) MeV/¢? (in fit, the width was fixed to that
measured in the ¢” ¢ —>x" 7 h. process''™ due to
low statistics) was observed in the n° A, mass
spectrum. This structure is most likely the neutral

isospin partner of the charged Z, (4020) observed

in the e" e —nx' 1 h, process'’®. This observation
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indicates that there are no anomalously large

isospin violations in 7 A, and 77, (4020) systems.

4 Observation of 7, (4025)

We studied"™ the e ¢ — (D" D*)* z*
process at 4. 26 GeV using 827 pb ! of data. Based
on a partial reconstruction technique, the Born
cross-section was measured to be (137£9=+15) pb.
A structure near the (D* D*)* threshold in the 7~
recoil mass spectrum was observed in Fig. 4, and this
is denoted as Z.(4025). The measured mass and width
of the structure were (4 026.3+2.6+3.7) MeV/
and (24.8£5.6£7.7) MeV, respectively, from
the fit with a constant-width BW function for the
signal. The  associated  production  ratio
olet e —>Z5(4025) 7" —>(D" D" ) ")

olete (DD )H*x")
determined to be 0. 6540. 09=£0. 06.

was

80 E —4— data - Z.(4025)
70 —— total fit comb.BKG
- --- PHSP MC
60
S C WS
v T
5 S0p
= o
d 40F
£ 30f
5 C
20F
10
C o
=t

4.02 4.04 4.06 4.08
RM(77) / (GeV-¢?)
Fig. 4 Unbinned maximum likelihood fit to the 7~ recoil

mass spectrum ine¢” ¢ — (D* D*)* 7= at/s =4.26 GeV

Using data at s = 4.23 and 4.26 GeV, a
structure was observed in the #° recoil mass
spectrum in the ¢" ¢ —>D**D*°(D*" D* )z’

81 Assuming that the enhancement is due

process
to a neutral state decaying to D* D* , the mass and
width of its pole position were determined to be
(4 025.57%943.1) MeV/¢? and '=(23.0+6.0+
1.0) MeV, respectively. The Born cross-section

ole’ e —>Z.(4025)°2°>(D"°D**+D" " D" )x")

was measured to be (61.6+8.249.0) pb at 4. 23
GeV and (43.4+8.0£5.4) pb at 4. 26 GeV. The
ole" e —>7.(4025) 7' —>(D" D" )°z")
(e’ e —>Z.(4025) 7 —>(D*" D" )" x )

ratio 1s

compatible with unity at Vs =4. 26 GeV, which is
expected from isospin symmetry. In addition,
Z.(4025)° has a mass and width that are very close to
those of Z, (4025)", which couples to (D*D*)*.
Therefore, the observed Z. (4025)° state is a good
candidate for the isospin partner of Z.(4025)=.

As the Z.(4025) parameters agree to within
1. 50 with those of Z.* (4020), it is very probable
that they are the same state. As the results for
Z.(4025)*% are only from data at 4.26 GeV,
extending the analysis to 4. 23 GeV and 4. 36 GeV

will probably provide a definite answer.

5 Observation of Y (4260) — yX (3872)

BESIII observed ¢ ¢~ —>yX(3872)—>yrx" « J/¢»
with J/¢ reconstructed through its decays into
lepton pairs (e" e or y p DM, The M(x" /)
distribution (summed over all energy points), as
shown in Fig. 5, was fitted to extract the mass and
signal yield of X(3872). The ISR ¢(2S) signal was
used to calibrate the absolute mass scale and to
extract the resolution difference between the data
and a Monte Carlo (MC) simulation. Fig.5 (top)
shows the fitting result: the measured mass of
X(3872) was (3 871.9+0.7+0.2) MeV/c¢?. From
a fit with a floating width, we obtain a width of
(0. 0557 MeV, or less than 2. 4 MeV at the 90% C.
L. The statistical significance of X(3872) is 6. 3c.

The Born-order cross-section was measured,
and the results are listed in Tab. 1. For 4. 009 and
4.36 GeV data, since the X (3872) signal is not
significant, upper limits on the production rates
are given at the 90% C. L. The measured cross-
sections at around 4.26 GeV are an order of
magnitude higher than the NRQCD calculation of

201 which may suggest the

continuum production
X (3872) events come from resonance decays.
cross-sections

The energy-dependent were

fitted with a Y(4260) resonance (parameters fixed
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Fig.5 Top: fit to the M(x" 7~ J/¢) distribution. Bottom:
fit too”[e" e — yX (3872) ] X B[ X(3872) - 7 J/J]
with a Y (4260) resonance (red solid curve) , a linear
continuum (blue dashed curve) , or an El-transition

phase space term (red dotted-dashed curve)

Tab.1 The product of the Born cross section
o’ (e" e — yX(3872)) and (X (3872) — " = J/
at different energy points

Vs/GeV oBlet e —>yX] « B X—nx ]/ /pb
4,009 0. 0040, 0440, 01 or <<0. 11
4,229 0.2740.09+0. 02
4, 260 0.3340.124+0. 02
4. 360 0.1120. 09+0. 01 or <0. 36

[Note] The upper limits are given at 90% C. L.

to PDG"* values), linear continuum, or El-
(oc Ej)
(bottom) shows all the fitting results, which
imply that ¥*/ndf=0.49/3 (C. L. =92%), 5.5/2
(C. L. =6%), and 8.7/3 (C. L. =3%) for a
Y (4260) resonance, linear continuum, and phase

ThUS ’ the

transition phase space term. Fig.5

space distribution, respectively.

Y (4260) resonance describes the data better than
the other two options. These observations strongly
support the existence of the radiative transition
process Y (4260) — yX (3872). The Y (4260) —
yX(3872) process could be another previously
unseen decay mode of the Y(4260) resonance.
Combining the above with the e ¢” —=x" 7 J¢
cross-section measurement at s =4. 26 GeV from
BESIIT"®, we obtain ¢ [e" = — yX (3872)]
BF[X3872)—>rx " J/¢l/6" (e e —>n"n J/p)=
(5.241.9) X 107*, under the assumption that
X(3872) and n" n~ J/¢ are only produced from
Y (4260) decays. If we take BF [ X (3872) —
o J/¢]=5%" (We take 5% from the range
presented in the paper of 2.3% <ZB[ X (3872)—
n—+7r*]/</)]< 6.6% at 90% C. L.), then % =

BF[Y(4260)—yX(3872) ]
BE(Y(4260)—>x" = J /¢

6 Observation of ¢(1°D,)

BESIII observed X (3823) in the ¢ ¢ —

' r X(3823)—>n'x Yy« process with a statistical

~0. 1.

significance of 6.2 in data samples at center-of-

mass energies of Vs=4. 23, 4. 26, 4. 36, 4.42, and
4. 60 GeV', Fig. 6 shows the fitting results to mr
recoil mass distributions for events in the y., and
xe signal regions. The fit yields 195 X (3823)
signal events in the Yya mode, with a measured
mass of X(3823) of (3821.7+1.340.7) MeV/c?,
where the first error is statistical and the second
systematic. For the Yxe mode, no significant
X(3823) signal was observed, and an upper limit
on its production rate could be determined. The
limited statistics do not allow a measurement of the
intrinsic width of X (3823). From a fit using the
BW function (with a floating width) convolved
with Gaussian resolution, it can be determined that
1T X(3823)]<16 MeV at the 90% C. L. (including
systematic errors). This measurement agrees well

with the values found by Bellel*

. The production
cross-sections of ¢® (eT e =" 7= X (3823)) -«
B(X(3823)—=>7yas Vye) were also measured at

these center-of-mass energies. The cross-sections



546 T EAFHARAREFR

% A6 %

of et e —>x" 1 X (3823) were fitted with the
Y (4360) shape or the ¢(4415) shape, with their
resonance parameters fixed to the PDG values™'® .
Fig. 7 shows the fitting results, both the Y (4360)
and ¢(4415) hypotheses are accepted at a 90% C. L.

L —4— data
40

C — fit
" - background
S 30
§ L sideband
“ L
< 20
g F
> L
© 10

0 b5 g c Y990 1 S S TMBRY), N PO PR AN PO
3.6 3.7 38 39
Mrecoil(”+777) / (GeV-c’Z)
- —4— data
40 —

C — fit
" | background
< 30F g
§ - sideband
“ L
< 20
5 L
> L
© 10

3.6 3.7 3.8 39

Meeeoil(7 7)1 (GeV-c?)

Dots with error bars are data, red solid curves are total fit,
dashed blue curves are background, and the green
shaded histograms are J /¢ mass sideband events,

Fig. 6 Simultaneous fit to the M,..; (x" 7 )
distribution of 7. events (top) and yy..

events (bottom) , respectively

251
2 r —~+ data
= 20F — Y(4360)
N
'« F - Y(4415)
‘& 1.5_—
t r
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& 1.0F
Q -
= [
+kl C
' 0SE
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0" o= Loril I I R
42 43 44 45 46

E../ GeV
Dots with error bars (statistical only) are data. The red solid (blue
dashed) curve shows a fit with the Y(4360) (¢(4415) ) line shape.
Fig. 7 Comparison of the energy-dependent cross
sections of 6°[¢" ¢ — mr X (3823) ] « (X (3823) — yya)
to the Y(4360) and ¢(4415) line shapes

The X (3823) resonance is a good candidate
for the ¢(1°D,) charmonium state. According to
potential models®®', the D-wave charmonium
states are expected to be within a mass range of
3.82~3.85 GeV. The 1'D, > Yy transition is
forbidden because of C-parity conservation, and
the amplitude for 1°D; — Yya is expected to be
small**), The mass of ¢(1°D,) is in the 3. 810~
3.840 GeV/¢?
phenomenological calculations In this case, the
mass of ¢(1°D,) was above the D D threshold but
below the DD * threshold. Because Y(1° D, y>DD

violates parity, ¢(1°D,) is expected to be narrow,

predicted by several

[27]

range

in agreement with the observation, and ¢(1°D,)—
Yy 1s expected to be a dominant decay mode?" %]

From the cross-section measurement, we obtain

. SLX(3823)>yye] 0
the ratio %[X(SSZS)»}/X(J < 0.42 at the 90%

C. L., which also agrees with expectations for the
J(1°Dy) state™,

7 Observation of ¢" ¢ — wy

Based on data samples collected between /s =

4.21 and 4.42 GeV, the e ¢ —wy.« Process was
observed ats=4. 23 and 4. 26 GeV™®!, The Born

cross-sections were measured to be (55.4246.0%
5.9) and (23.745.3+3.5) pb, respectively. For
other energy points, no significant signals were
found, and upper limits on the cross-section at the
90% C. L. were determined.

The data reveal a sizable wy, production at
around 4. 23 GeV/c*, as predicted in Ref. [30]. By
assuming the wy., signals coming from a single
resonance, the I, 4 (wy.), mass, and width of
the resonance are fitted to be (2. 740.540.4) eV,
(4 2308+6) MeV/c*, and (38£12+£2) MeV,
respectively (shown in Fig. 8). The parameters are
not consistent with the Ilineshape Y (4260)—
7' J/¢ cross-section”), This suggests that the
observed wy., signals are unlikely to originate from
Y (4260).

Using data samples collected at energies of
3.81 ~ 4.60 GeV, BESIIl analyzed ¢" ¢ —
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sec‘uonsﬁwere measured. In addition, a s.ear.c}.l for 10 ;_‘I‘ Jﬁ_l_ _l_%'['{- . "FH' &1}-}#_1. "
the e" e~ =2’ J/¢ process observed no significant O oot ;l»[ TR -

signals, and upper limits at the 90% C. L. on the
Born cross-section were set.

A comparison of the Born cross-sections
a(e+ef—>7;]/¢) in this measurement to previous

resultst*+%?

1 is shown in Fig.9 (top). indicating
very good agreement. The measured Born cross-
sections were also compared to those of e ¢” —
7" n J/¢ obtained from the Belle experiment-" , as
shown in Fig. 9 (bottom). Different line shapes
can be observed in these two processes, indicating

that the production mechanism of 17]/¢; differs from
that of 7" 7 J/¢ in the vicinity of Js=4.1~4. 6 GeV.
This could indicate the existence of a rich spectrum
of the Y states in this energy region with different

coupling strengths to various decay modes.

8 Conclusion

With the world’s largest data samples at the
center-of-mass energies of 3.8 ~ 4.6 GeV, the
BESIII experiment made a significant contribution
to the study of the charmonium (-like) states.
BESIII will continue to collect and analyse e e~
data in the energy region of the putative exotic
Efforts other
experiments, such as LHCb and PANDA, are

important to achieve a systematic understanding of

states of charmonium. from

3.8 39 40 I4.1 42 43 44 45 46 47
Js 1 Gev
n these two plots, the black square dots and the red star
dots are the results of 7/ /¢ obtained from BESIIL
The blue dots are results of 9 /¢ (top)

—

and 7" 7~ J/¢ (bottom) from Belle.
The errors are statistical only for Belle’s results, and
are final combined uncertainties for BESIII's results.
Fig.9 A comparison of the measured Born cross sections
of ¢ ¢~— 7/ /¢ to those of the previous measurements-'*3

(top), and to those of ¢ ¢ — 7' 7 J /¢ from Belle™”

the nature of the XYZ states.
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0 Introduction

The study of charmoniumlike states, the so-
called “XYZ” particles"'?', has been propering

they were observed by many

Collaborations, like Belle, BaBar, and BESIII.

Most of them are above the open charm threshold

ever since

and can not be described well by quark potential

models, which decay into the final states
containing a charmonium and light hadrons, but
not into open charm pairs with a detectable rate as
expected. Especially the charged charmoniumlike
state Z,(3900) was observed by BESIII® and
Belle'") experiments in 2013 in J /¢ ™ system of e”
e —>nx n J/¢ at center-of-mass (CM) energies
around 4. 26 GeV and very recently the two exotic
structures, denoted as pentaquark states of
P,(4380)" and P,(4450) ", in the J /¢ p system in
A’ —>J /¢ K~ p were observed by LHCb™,

Their underlying exotic properties have been
stimulating significant interest in theoretical
studies, and indicate several possible popular
interpretations such as tetraquarks, molecules,
hybrids, hadrocharmonia, or glueballs!"?'. Despite
the long history of searching for all these kinds of
states, no solid conclusion had been reached until
the recent discovery of tetraquark and pentaquark
states.

Here, We present some most recent results on

the XYZ states from the Belle experiment.

1 X states

More than a decade ago, the Belle
Collaboration discovered the X (3872) state® in
the exclusive reconstruction of B™ — X (3872)
(—J/yn"x YK'. Considerable effort by both
experimentalists and theorists has been invested to
clarify its nature. As a result, we know precisely
its mass (3 871.69 &= 0.17) MeV/2", have a
stringent limit on its width (less than 1.2 MeV at
90% confidence level (C. L.) )" and have a
definitive J™ assignment of 177 determined by
LHCb™). Due to its mass being close to D*° D°

threshold, X (3872) might be a molecule-like

Lol - Eventually

bound state of D*° and D° meson
both BaBar''®) and Belle **) observed conspicuous
signals of the X (3872)—>D"°D" process with an
order of magnitude higher branching fraction than
the #° n~ J/¢ mode.
numbers of X (3872) (I°(J™)=0" (17")) also

suggested that it is possibly a candidate of

Moreover the quantum

%1 (2P). The generally accepted interpretation at
present for the still-fascinating X (3872) is a
mixture of a charmonium state xa (2P) and an S-
wave D*° D° More
information on the production and decays of the
X (3872) will shed additional light on its nature.

Based on 711 fb! of data containing 772X 10°
B B events, Belle searched for the X (3872)
production via the B —>X(3872) K" =~ and B" —
X(3872)K%x" decay modes, where the X (3872)
decays to J/¢n ' n L1l

B candidates were

molecule. experimental

selected using two
kinematic variables: the energy difference AE =

Ez—FE\ ., and the beam-energy constrained mass

M,.=(/Efem—p5’c’) /¢’ » where Ejm is the beam
energy and Ejp and pp are the energy and magnitude
of momentum, respectively, of the candidate B
meson, all calculated in the ¢” ¢~ CM frame. To
extract the signal yield of B — X (3872)
(—=J/¢n'm )Kr, a (2D)

unbinned extended maximum likelihood fit to the

two-dimensional

AE and M, distributions was performed after all
the event selections. For the signal, the AE
distribution is parametrized by the sum of a Crystal
Ball and a Gaussian function while the M.,
distribution is modeled using the sum of two
The 2D

probability distribution function (PDF) is a

Gaussians having a common mean.

product of the individual one-dimensional PDFs.
For the B>>X(3872)K"n~ decay mode, a 2D
fit is performed. Fig. 1 shows the signal-enhanced
projection plots for the B —>X(3872) K" n~ decay
mode. The curves show the signal (red long-
dashed curve) and the background components

(black dash-dotted line for the component peaking
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Fig. 2 Fit to the My, distribution
for the B — X(3872)K" 7~ decay mode

To obtain the pure Mg, distribution, a similar
2D fit to AE and M), in each bin of My, was
performed. All parameters of the signal PDFs for
M) and AE distributions are fixed from the
previous 2D fit to all events. Then an y* fit to the
My, distribution using K* (892)° and (K™ 7 )

components was done, where the histogram PDFs
were obtained from MC samples directly. The
possible interference between the K" (892) and
nonresonant component was not considered due to
the small statistics. The resulting fit result is
The curves show the B’ —
X(3872)K* (892)° (red long-dashed lines), B’—
X(3872) (K )xr (green dot-dashed lines), as
well as the overall fit (blue solid lines). We obtain
38+ 14 (82 & 21) signal events for the B’ —
X(3872)K* (892)° (B* > X (3872) (K™ 77 )xr)

decay mode and a

shown in Fig. 2.

corresponding product of
branching fractions of 4(B’—X(3872) K* (892)?) X
BX3812)>]/¢p " )= (4.0E£1.5(stat. ) &=
0.3(syst. )) X107%,  The
fractions is

BB — X(3872)K* (892)°) X B(K" (892)" - K" 7 )
BB - X(38TDHK )

= 0. 34 4+ 0. 09(stat. ) += 0. 02(syst. ).
In contrast to B—>¢ K"z, B'>X(3872) K" (892)"
does not dominate in the B*—>X(3872)K " .

The decays B™ — X (3872) K’z were also
analyzed using the same method. The projections
of the 2D fit are in Fig.3. The

representations of the curves match those in Fig. 1.

ratio of branching

shown

The number of fitted signal events is 35 & 10,
corresponding to a 3. 7¢ significance. The product
of branching fractions is Z(B"—>X(3872)K’z ") X
BX(3872)>] /¢t x )=(10.643.0(stat. ) &=
0. 9(syst. ) X107°,

It is very natural to search for a similar
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Fig. 3 Projections of the (AE,M;,) fit for the B*— X(3872)Ks"x" decay mode

X (3872) state with J7™®*=1"", called X,, in the
bottomonium system. The search for X, supplies
important information about the discrimination of a
compact multiquark configuration and a loosely
bound hadronic molecule configuration for the
X (3872). The existence of the X, is predicted in
both the tetraquark model""* and those involving a
CMS

Collaboration ever searched for the X, decaying to

molecular interpretation-'®'¢), The

7 7 T(1S) based on a sample of pp collisions at

Js=8 TeV1.
evidence for an X, signal was observed. However,
unlike the X (3872), whose decays exhibit large
isospin violation, the X, would decay preferably
into r"x x° T(1S) rather than =" = T(1S) if it

exists 72

Except the clear T(2S) signal, no

. So Belle did a search for an X, signal
decaying to wT(1S) ine" e —y X, at a CM energy
of 10. 867 GeV*!/,

Fig. 4 shows the final T (1S) invariant mass
distribution with the requirement of M (x" 7 #°)
within the o signal region; the X, is searched for
from 10. 55 to 10. 65 GeV/c?. The dots with error
bars are from data, the solid histogram is from the
normalized contribution of "¢ —>w y, (J=0,1,2)
and the shaded histogram is from the normalized w
mass sideband. No obvious X, signal is observed
after applying all the event selection criteria.

An unbinned extended maximum likelihood fit
to the w7 (1S) mass distribution is applied, where

the signal shape is obtained from MC simulation

and the background is parameterized as a first-
order polynomial. From the fit, the number of X,
signal events is — 0.4+ 2.0 with a mass at 10.6
GeV/c?. The upper limit on the yield of the X,
signal events is 4.0 at 90% C. L. with systematic
uncertainty included. The dashed histogram in
Fig. 4 shows the upper limit on the yield of X,
signal events. The product branching fraction is
determined to be Z(T(5S)—>y X,) B(X,—>wT(1S))
<2.9X107° at 90% C. L.

BT ]
r -4 data ]
§ 20F - o MC
} C _— a)X,,JMC ]
§ 15F [] wsideband]
S F 1
= 0f :
L z
& SE -
TR Bt gput ]

10.2 10.3 10.4 10.5 10.6 10.7

M(wY(15)) / (GeV-¢?)

The components shown are described in the text.

Fig. 4 The Y (1S) invariant mass distribution

2 Y states

The Y (4260) state was first observed by
BaBar in the initial-state-radiation (ISR) process
ete —>yrn n J/¢* and then confirmed by the
CLEO"! and Belle experiments-*" using the same
technique. An ISR Belle
experiment with 548 fb™' of data showed a

analysis by the

significant Y(4260) signal as well as a broad excess
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of " n~ J/¢ event production near 4 GeV — the
so-called Y (4008)%,

Later, the BaBar Collaboration reported an
updated ISR analysis with 454 fb™! of data and a
modified
description'®'; the Y (4260) state was observed

approach  for  the  background
with improved significance, but the Y (4008)

structure was not confirmed. Instead, they

attributed the structure below the Y (4260) to
exponentially falling non-resonant z~ =n~ J/¢
In 2013, the Belle Collaboration
updated the analysis of e ¢ =z 7 J/¢ with a
967 fb~' data sample. Not only was the Y (4260)

state observed clearly, but the Y (4008) was also

production.

confirmed"*,

In an analysis of the e ¢ =y 77 7 ¢(2S)
process, BaBar found a structure near 4. 32 GeV/¢*
(called the Y(4360))", while Belle observed two
resonant structures at 4.36 and 4.66 GeV/c?,

denoted as the Y (4360) and Y (4660 ),
Jr

Recently, BaBar updated their results on e" e —
Y © 7 $(2S) analysis with its full data sample
and confirmed the existence of the Y (4660)
statel?,

Very recently, to characterize more precisely
the properties of the Y(4360) and Y (4660), Belle
updated the " e” —x" 1~ ¢(2S) process with the
full Belle data 980 fb ', Fig.5 shows the
invariant mass distribution of 7”7~ ¢(2S) from the
updated measurement. Fitting the mass spectrum
of 7" = ¢ (2S) with two coherent Breit-Wigner
(BW) functions, there are two solutions with
identical mass and width but different couplings to
electron-positron pairs: Myse = (4 347 =61 3)
MeV/c? s Dyvase, = (1039 +5) MeV, Myugeoy =
(4 652104 8) MeV/c?, TI'vagsoy = (68 114+ 1)
MeV; and Z[Y (4360)—>x' 7 $(28)] * Tyt =
(10. 9+0.640.7) eV and A[Y(4660)—>r" 7 $(2S)]
IY{/L{(;;()) =(8.1+1.140.5) eV for one solution; or

LY (4360)—>r" 7 p(25)] * Dicfan = (9. 2£0. 6 £

0.6) eV and Z[Y(4660)>rx" 7 ¢(25) ] * Dvclron =
(2.01£0. 3£0. 2) eV for the other. Here, the first

[y (O8]
S S

T T T T T T
|

Entries / (20 MeV-¢™?)

—
S
T T T

Mz 7" p(28)] / (GeV-c?)

Fig.5 Ther" = ¢(2S) invariant-mass distributions and

the simultaneous fit results described in the text

errors are statistical and the second systematic.
Belle also noticed there are a few events in the
vicinity of the Y(4260) mass that, so an alternative
fit with a coherent sum of Y (4260), Y (4360), and
Y (4660) amplitudes was also performed. But the
signal significance of the Y(4260) is only 2. 4.
Using a data sample of 673 fb™', Belle has
observed abundant ¢" ¢ — K' K~ J/¢ signal
events® . There is one very broad structure in the
K" K~ J/¢ mass spectrum; fits using either a
single BW function, or the ¢(4415) plus a second
BW function yield resonant parameters that are
very different from those of the currently tabulated
excited ¢ states. To examine possible resonant

structures in the cross section of the process ¢’ e

9K+K7]/¢1 as well as in the Ki]/(/; and KT K~
systems, Belle updated measurement of the cross
sections for e ¢” =K K J/¢ between threshold
and 6.0 GeV/¢? with an integrated luminosity of
980 fb 1H2,

Fig. 6 shows the measured cross sections for
e e >K'" K J/¢ The maximum likelihood fit
was performed to fit the K™ K~ J/¢ invariant mass
spectrum using two different parameterizations of
the signal shape: @ a single BW function plus a
background term; (@ a coherent sum of a BW
function and a ¢(4415) component with mass and
width fixed at their world average values plus a

background term. The goodness of the fit (y*/nd f=
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In order to improve the understanding of the 38 40 42 44 46 48 50 52 54
nature of vector charmoniumlike states and search Js / Gev

for more new states, Belle studied e e~ =YYy
process using ISR events with y , reconstructed via
v J/¢#. The integrated luminosity used in this
analysis is 980 fb™!.

After all the event selections, no significant
signal is observed in either yy, or ¥y, mode in
MCyy J /¢) distributions for yy,, and yy,, candidate
events as well as the sum of them. The measured
upper limits on the cross sections are shown in

Fig. 7 and are around a few pb to a few tens of pb.

3 7 states
After the charged charmoniumlike state
Z.(3900) observed by BESIII and Belle

experiments, BESIII and Belle also observed a
series of charged Z. states including Z. (4020)5,
Z.(4200057, and Z, (4430)5",

to indicate that a new class of hadrons has been

These states seem

observed. As there are at least four quarks within
these Z. states, they have been interpreted either
as tetraquark states with a pair of charm-anticharm
quarks and a pair of light quarks, molecular states
of two charmed mesons, or other configurations.
To find more similar charged states, Belle

checked the 7 ¢ (2S) system in the updated

The solid dots show the Belle measurements, the solid triangles

are the results from CLEO and the blue squares are from BESIII.
Fig. 7 Measured upper limits on the ¢” ¢~ — yy cross
sections at the 90% C. L. for %1 (top) and y.. (bottom)

et e > ¢p(2S) analysis®. There is an excess
evident at around 4.05 GeV/c* in the x= ¢ (2S)
invariant-mass distributions in the Y (4360 )
subsample defined as 4. 0<TM,+ 05 <<4. 5 GeV/c%.
An unbinned maximum-likelihood fit is performed
on the distribution of M, (7 ¢ (2S)), the
maximum of M(z" ¢(25)) and M(zx~ ¢(2S)). The
excess is parameterized with a BW function and the
non-resonant non-interfering background with a
second-order polynomial function. The fit yields a
mass of (4 05443 (stat. ) £1(syst.)) MeV/c?, a
width of (45411 (stat. ) =6 (syst. )) MeV and a
3. 5¢ significance, as shown in Fig. 8. This evident
structure is called Z.(4050).

A strange partner of the Z. (3900)~, called
Z.» may exist in the above scenarios. The mass of
a JP = 1" D,D* molecular state was first
predicted”™ using QCD sum rules with M(Z,) =
(3.971£0.08) GeV/c?, which is very close to the
D,” D*° threshold of 3.976 GeV/c®. Using the
same QCD sum rules, the authors of Ref, [ 38]
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The points with error bars represent the data; the histogram
is the normalized sidebands;the solid curve is the best fit
and the dashed curve is the signal.

Fig. 8 The distribution of M, (x~¢(2S))
from Y (4360) -subsample decays

calculated the decay widths of the Z," to K" J/¢.
K** s D,"D*° and D’ D,* ", assuming the Z, to
be a tetraquark state. Such a state is also predicted
in the single-kaon emission model"*".

Belle tried to search for such a Z, state in J/¢ K~
system in the updated process ¢” e =K K~ J/J*.
The M(K™ J/¢) and M(K™ J/¢) invariant mass
distributions were investigated. No obvious
structures were observed in the J/¢ K= system. A
larger data sample is necessary to obtain more

information about possible intermediate structures.

4 Conclusion

In summary, we gave a review of some recent
results on XYZ from Belle experiment. With more
and more exotic states discovered, especially the
recent candidate tetraquark and pentaquark states,
a new hadron spectroscopy is being revealed.

Although there has been great progress in the
study of the XYZ states, especially Belle and
BESIII are still producing more exciting results,
we found we have more questions to answer.
Further studies along this line may strengthen our
understanding of how strong interaction works at
better

low energy and thus result in a

understanding of the matters around us. The Belle-

Il experiment is going to take data in 2018M°*,
With a 50 ab™! data sample, the future is very

promising.
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0 Introduction

In 1964 Gell-Mann'"', and separately
Zweig?', proposed that hadrons were formed from
fundamental point-like fractionally-charged objects
quarks.,  The

configuration, that baryon is composed of three

now called minimal  quark

quarks and meson a quark and an anti-quark, can

Received: 2015-11-30; Revised: 2016-04-20

explain all well established hadrons for most of the
last half-century. However, in the current decade
there have been several observations of candidate
mesonic states containing two quarks and two anti-
quarks, called tetraquarks™™*', and now, as
described here, the observation of two pentaquark
candidate states™™.

baryon Such  multi-quark

configuration were also discussed by the Gell-
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Mann'  and  Zweig®.  Several pentaquark
S -
observations made about ten years ago were all f}J/,,, ; (Q}K
. b W~ c W u
shown to be spurious®. Thus, the recent Ag{u Ao{b g}[ﬁ
. . . dg\s . U — ¢
observation of two states decaying into J/¢p, C’\Z}A R

charmonium pentaquarks, found in A)—J/¢K~ p
decays by the LHCb experiment is surprising.

The A} decay mode was first observed by
LHCb with an unexpected large yield and have
been used to precisely measure the Aj baryons
lifetime!™®). However, one feature of the decay
that was not addressed was an anomalous peaking
structure in the J/¢p invariant mass spectrum,
evident in the Dalitz plot shown in Fig. 1. While
vertical bands correspond to A* —K p resonances,
shown by Feynman diagram in Fig.2 (a), the
horizontal band can only rise from structures in the
J/¢p mass spectrum, by diagram in Fig. 2 (b).
They can also be seen in the invariant mass
projections shown in Fig. 3.

To claim such observations, we first
addressed the two following questions: could the
peak in the J/¢p mass distribution be caused by an
experimental artifact or by an interference of

various A" amplitudes?

N
[\

393
[=]

AL L L L L LB

mj ! (GeV)?

—_
oo

16I‘,..\“.‘I.‘..I“.‘\

mg, ! (GeV)’

Fig. 1 Invariant mass squared of K~ p versus J/¢p
for candidates within +15 MeV of the A) mass
1 Analysis and results

LHCbH"®  used data

corresponding to 3 fb™! of integrated luminosity in

For this study

7 and 8 TeV pp collisions. We reconstruct the
Ay—>J/¢K~ p decays by combining J/¢p—>pu" p

(a) (b)
Fig. 2 Feynman diagrams for (a) A} — J/JA" and
(b) Ay > P/K~ decay
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The solid (red) curve is the expectation from phase space.
The background has been subtracted.
Fig. 3 Invariant mass of (a) K~ pand (b) J/¢p
combinations from A — J/JK~ p decays

candidates with positive identified K~ and p

tracks. The Aj vertex is required to be well
separated from the primary pp interaction vertex.
A dedicated neutral network based selection
criteria is optimized to achieve clean signals with
high efficiency. The

described in Ref. [ 5].

backgrounds from B’ and B° decays are vetoed

details are thoroughly

In addition, specific
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where the particle identification fails. We remove
combinations that when interpreted as J/¢K" K~
fall within & 30 MeV of the B’ mass or when
interpreted as J/¢K~ x' fall within 30 MeV of
the B°

eliminates background from these sources and

mass. This requirement effectively
causes only smooth changes in the detection
efficiencies across the Aj decay phase space. We
have examined that potential backgrounds from 5,
decays cannot contribute significantly to our
sample; these include Cabibbo-suppressed =, ¥ —
J/¢K~ pr® and Cabibbo-favoured £, —
J/¢K p K (K°).

spectrum  is

The resulting J/¢K ™ p mass
Fig. 4.
26 007166 signal candidates containing 5.4%
background within £ 15 MeV (= 25) of the
J/¢K ™~ p mass peak. For subsequent analysis we

shown in There are

constrain the J/¢K~ p four-vectors to give the A}
invariant mass, J/¢ four-vectors to give the J/¢
mass and the A) momentum vector to be aligned
with the measured direction from the primary to

the A} vertices'"?,

7000
LHCb
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events / (4 MeV)

2000
1000

T [ TI T T[T T[T T [ TT T[T [ TITT[TT

e it e e V. A U o v s e
5500 5600 5700
myyk, | GeV

Fig. 4 Invariant mass spectrum of J/JK~ p combinations,
with the total fit, signal and background components shown

as solid (blue), solid (red) and dashed lines, respectively

The overall detection efficiency determined
from simulation and background from the sideband
both smoothly vary across the Aj decay phase
space, and thus cannot generate such a narrow
peak seen in the invariant mass of J/¢p. In this
sample specific tracking artifacts were looked for
including fake tracks assembled from mismatched

upstream and downstream segments, and multiple

reconstructions of the same track. Having found
no source of tracking artifacts, we proceeded to
analyze the decay sequences represented by the
Feynman diagrams shown in Fig. 2.

This requires a full analysis of the amplitude
for each of the two decay sequences allowing for
their mutual interference. The amplitudes are
written using six independent variables; one is the
invariant K~ p mass, mg,, the others are decay
angles. These are shown for the decay sequence
A—>J/gA" s AT —>K p, J/¢p—>p p in Fig. 5.
The A" resonances are modeled by Breit-Wigner
amplitudes except for the A* (1405) which is
described by a Flatté function'".

Ay rest frame

_ ¢A‘ =0
Oy _,U; \#'// ZO.'?A,, e ‘:?’f—r K K
S ="
~ ~ X P s
H Hogs A rest frame
yrest frame
v A
Ay
lab frame

Fig. 5 Definition of the decay angles in the A* decay chain

We first used the conventional resonances A*
and 3" to fit the data. We consider 14 A" states.
In each of their decays there are 4 or 6 independent
LS (L is angular momenta and S total spin in A}
decays) amplitudes that could be present. Not all
of these states are likely to be produced in our final
state and not all of the allowable decay angular
momenta (LS couplings) are likely to be present.
In order to make the most general description
possible we first used all the possible states and
decay angular momenta. Then data are fit to this
which  has 146 free LS
coefficiencies, with the masses and widths of the
PDG values.

Variations are considered later as part of the

model coupling

resonant states fixed to their
systematic uncertainties. The results of the fit are
shown in Fig. 6. The fit gives a good description of
the A” states as can be seen in the mg, spectrum
but fails to reproduce the structure in m;g.

Several other different configurations were
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The data are shown as (black) squares with error bars,
while the (red) circles show the results of the fit.
Fig. 6 Results for (a) mx, and (b) my,, for the extended
A" model fit without P, states

tried to improve the fit, but still none of these fits
explains the data. These configurations are (D we
added all the possible 3* states, @ we added two
additional A* allowing their masses and widths to
float in the fit and allowed spins up to 5/2 with
both parities, and @) we added four non-resonant
components with J¥ = 1/2%, 1/27, 3/2", and
3/27.

Having failed to describe the data with
conventional resources, we add one state decaying
into J/¢p. The matrix element for the decay
sequence Ay—>P K, P. —J/¢p is described by
different mass and decay angles shown in Fig. 7.

While these quantities can be expressed in terms of

the used variables involving only A”* decays, thus
do not provide additional fit variables. The detailed
derivation of the matrix element is given in the
arXiv article and the supplementary material for

the Physical Review Letters publication™™.

Ap rest frame
wrest frame b _Pp
, )

0y u

/

lab frame

Fig. 7 Definition of the decay angles

in the P/ decay sequence

In each fit we minimize — 2ln ¥ where ¥
represents the fit likelihood. The A (— 2In %)
between different amplitude models allows to
discriminate the models. A preferred model gives
the smallest —2In % Separate fits for J* values of
1/2%, 3/2%, 5/2% and 7/2% were tried. We
allowed the mass and width of the putative P,
state to vary. The best fit prefers a 5/2" state,
which reduces — 2In ¥ by 215. Fig. 8 shows the
projections for this fit. Even though the my,
projection is well described, clear discrepancies in
m;,,, remain visible.

To improve the fit, a second P; was added.
These fits were performed both with the reduced
model and the extended model in order to estimate
systematic uncertainties. The best fit projections
are shown in Fig. 9. Both myg, and the peaking
structure in my,, are reproduced by the fit. The
reduced model has 64 free parameters for the A*
rather than 146 and allows for a much more
efficient examination of the parameter uncertainties
and, thus, is used for numerical results. The two
P. states are found to have masses of (4 380+8-+
29) MeV and (4 449.8 £1.7 £ 2.5) MeV, with
corresponding widths of (205+£18+86)MeV and
(39+ 54+ 19) MeV, and called P. (4380)" and
P (44500 ",

Whenever two uncertainties are
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Fig. 8 Results of the fit with one J¥ = 5/2" P! candidate

quoted the first is statistical and the second
systematic. The fractions of the total sample due
to the lower mass and higher mass states are (8. 4
+0.7£4.2)% and (4.1 £ 0.5 £ 1.1)%,
respectively. The overall branching fraction has
recently be determined to be'*!
BN — /YK~ p) = (3.0440.04770) X107
@y
where the systematic uncertainty is largely due to
the normalization procedure, leading to the
product branching fractions:
BN — P.(4380)" K~ p)B(P.(4380) " — J /yp) =
(2.56°75) X107
AL — P.(4450)" K~ p)ACP.(4450)" > ] /gp) =
(1.25700) X 107°

—0. 40

(2)

Fig. 9 Results of the fit using the reduced A* model
with two P, states

where all the uncertainties have been added
quadrature. Toy simulations are done to more
accurately evaluate the statistical significances of
the two states, resulting in 9 and 12 standard
deviations, for lower mass and higher mass states,
using the extended model which gives lower
significances  to  account  for  systematic
uncertainties,

The best fit has spin-parity J© values of (3/
27, 5/2" ) for low and high mass states.

Acceptable solutions are also found for additional
cases with opposite parity, either (3/27, 5/27) or
(5/2%, 3/27).
also well described by the fit shown in Fig. 10.

The five angular distributions are

The fit projections in different slices of K~ p
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The data are shown as (black) squares, while the (red) circles show the results of the fit.
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Fig. 10 Various decay angular distributions for the fit with two P states

invariant mass are given in Fig. 11. In slice (a) the
Pl states are not present, as they are outside of
In slice (d) both P/

states form a large part of the mass spectrum;

the kinematic boundary.

there is also a considerable amount of negative
interference between them. This can be seen better
by examining the helicity angle of the P, 0 ,
defined in Fig. 7.

background subtracted fit projection of the decay

The efficiency corrected and

angular distribution is shown in Fig. 12 for the

entire mg, range. The summed fit projection agrees

very well with the angular distribution in the data,
showing that two interfering states are needed to
reproduce the asymmetric distribution. It is also
shown mathematically that the two states need to
be of opposite parity to produce such asymmetric
distribution,

Systematic uncertainties are evaluated. The
largest contribution comes from A* modeling
including the extended versus reduced model,
varying the A* masses and widths, and inclusion

Sizable

of a nonresonant amplitude in the fit.
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Fig. 11

The blue and purple histograms show the two P{ states. See Fig. 10 for the legend.

mysy in various intervals of my, for the fit with two P! states: (a) my, < 1.55 GeV,

(b) 1.55 GeV<myg, <<1.70 GeV, (c) 1.70 GeV<img, <2.00 GeV, and (d) mg, —>2.00 GeV
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Efficiency corrected and background subtracted

fit projections of the decay angular distributions

for the

two P. states and their sum

uncertainties are obtained for alternate J© fits,
varying the Blatt-Weisskopf barrier factor and
changing the angular momentum L by one or two
units. A nonresonant P, was also included and

gave small Consistent

systematic uncertainty.
results are obtained from two fitters using different
methods to account for the background, called
“sFit” and “cFit” provided by two institutes.

The stability of the results is cross-checked by
comparing the data recorded in 2011/2012, with
the LHCb dipole magnet polarity in up/down
configurations, Aj/Aj decays, and A) produced
with low/high values of py. The fitters were
tested on simulated pseudoexperiments and no
found. In addition, selection

biases were
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requirements are varied, and the vetoes of B! and
B’ are removed and explicit models of those
backgrounds added to the fit; all give consistent
results.

Further evidence for the resonant character of
the higher mass, narrower, P state is obtained
by viewing the evolution of the complex amplitude

021 In the amplitude fits

in the Argand diagram
discussed above, the P, (4450) " is represented by
a Breit-Wigner amplitude, where the magnitude
and phase vary with my,, according to an
approximately circular trajectory in the (ReAfc,
ImA") plane, where A" is the m;,, dependent
part of the P.(4450)" amplitude. We perform an
additional fit to the data using the reduced A"
model, in which we represent the P. (4450)"
amplitude as the combination of independent
complex amplitudes at six equidistant points in the
range £1'=39 MeV around M=14 449. 8 MeV as
determined in the default fit. Real and imaginary
parts of the amplitude are interpolated in mass
between the fitted points. The resulting Argand

diagram, shown in Fig. 13(a), is consistent with a

rapid counter-clockwise change of the P.(4450)7
phase when its magnitude reaches the maximum, a
behavior characteristic of a resonance. A similar
study for the wider state is shown in Fig. 13(b);
although the fit does show a large phase change,
the amplitude values are sensitive to the details of
the A* model and so this latter study is not

conclusive,

2  Models of pentaquark structure

All models must explain the J¥ of the two
states not just one. They also should predict
properties of other yet to be observed states:
widths, J"’s.  There

explanations of the P, states.

masses, are  many

Let us start with tightly bound quarks ala
Jaffel™. Early work!"'"! has been expanded upon
use of

recently diquark-diquark-antiquark

U820 and diquark-triquark model®". Here

models
each pair of two quarks form a colored object along
with the lone antiquark. The three colors then
form a colorless state.

Weakly bound “molecules” of a baryon plus a
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The solid (red) curves are the predictions from the Breit-Wigner formula. Systematic uncertainties are not included.
Fig. 13  Fitted values of the real and imaginary parts of the amplitudes for the baseline (3/27, 5/2%) fit for
(a) the P, (4450)" state and (b) the P.(4380)" state, each divided into six 72,/ bins of equal width between

— I'and + I" shown in the Argand diagrams as connected points with error bars ( 71, increases counterclockwise)
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meson, which are also built on previous

work?*") | have recently received much attention.

Models trying to explain the states discussed here

[31-35]
b

have already appeared and even been

disputed™®.
The P, (4450 )" 1is also

rescattering of y. p—>J/¢p as the sum masses of

explained by

xa and p is almost equal to the mass of this

statel 738,

3 Conclusion

After a half century of waiting, pentaquark
states have been unmasked. Using a full amplitude
fit to the A} > J/¢K p decay, the LHCb
collaboration has demonstrated two states of
opposite parties decaying into J/¢p, one having a
mass of (4380£8+29)MeV and a width of (2054
18 = 86) MeV, while the other has a mass of
(4 449.8+1.7%2.5)MeV and a width of (39 =+
5+19)MeV. The parities of the two states are
opposite with the preferred spins being 3/2 for one
state and 5/2 for the other. The detailed binding
mechanism of these states are subject to further
studies.  This

understanding of the strong interactions.

work will lead to a better
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none of them were unambiguously identified to date.

The J/¢ and ¢(3686) decays have provided a
wealth of

0 Introduction

At present our theoretical understanding of hadron

information on the light

the light hadron spectrum remains based largely on
the quark model due to the failure of the
application of the perturbative theory in the low
energy regime. In addition to the coventional
hadrons predicted by the quark model, however,
one of the clearest predictions of quantum
chromodynamics (QCD) is the presence of exotic
hadrons, e. g., glueballs, multiquark states and
hybrids. The search for these exotic states has
been taken for many years and many candidates

have been reported by different experiments, but

Received: 2015-11-30; Revised: 2016-04-20

spectroscopy since it was discovered in 1970s.
Since their masses are below the charm meson
pair, the direct decay into charmed mesons is
forbidden, which offers a clean laboratory to study
light hadron spectroscopy. Furthermore the
comparison of the radiative and the hadronic decays
not only provides insight into the decay
mechanisms, but also helps in differentiating
between the conventional gq states and the new
spectroscopy.

In this paper, we present the progress on the
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light meson spectroscopy. baryon spectroscopy and
light meson decays based on the samples of 1.3 X
10 J/¢ events and 1.06 X 10° ¢ (3686) events
collected with the BESIII detector.

1 Light meson spectroscopy

In 2005 the X(1835) resonance was observed
inJ/¢g—>yr 1 77’[1] , which stimulated theoretical
BESIII, this
decay

speculations on its nature. At

structure was confirmed in the

[2]

same
channel”’ and similar structures around 1. 85 GeV/
¢* were observed. To understand their nature,
further study is strongly needed, in particular,
searching for new decay modes.

In this paper, we present a study of J/¢—
7K\K577m decays using a sample of (1 310.6 £
10.5) X'10° J/¢ events collected with the BESIII
detector. By requiring that Mgk, be in the
S0(980) mass region, Mgy, <<1.1 GeV/c*, the
structure around 1. 85 GeV/c¢* shown in Fig. 1(a)
is clearly seen. A partial wave analysis (PWA) is
performed and the spin parity of the X (1835) is
determined to be J®™ =0"". The mass and width
are measured to be 1 844=+9(stat) "} (syst) MeV/
¢ and 19272 (stat) ' (syst) MeV, respectively.,

which is consistent with the results obtained by

T
80 ;(Z/nhiﬁ 1.40
70 —+— data
—— MC projection
60 Il background
---- X(1835)
50 — - X(1560)

— phase space
40

30
20

events / (0.02 GeV-¢?)

1.6 1.8 2.0 22 24 26 2.8
My, 1 (GeV-c™)

results of the masses and widths of the X (pp),
X(1835), X(1870), X (1840) and X (1810). The
mass of X (1840) is in agreement with X (pp),
while its width is significantly broader. Therefore,
based on these data, one cannot determine whether
X(1840) is a new state or the signal of a 3(zx" 7 )
decay mode of X(pp). Further study. including an

amplitude analysis to determine the spin and parity

of the X (1840), is needed to establish the
relationship between these experimental
observations.

In addition, we also performed the model-
independent PWA of J/¢ — yn'n’.
displayed in Fig. 2 (b) indicate that the scalar

The results

contributions are mainly from ¢(600), f,(1370),
fo C1500), f, (1710) and f, (2020). The
production rate of the pure gauge scalar glueball in
J/¢ radiative decays predicted by the lattice
QCD" was found to be compatible with the
of J/¢ decays to
f0(1710), which suggests that f, (1710) has a
larger overlap with the glueball compared to other
glueball candidates (e. g. , f,(1500)). The tensor

components, which is dominantly from f,(1270),

production rate radiative

also have a large contribution in J/¢ > yn'n’

decays.
250
E (b * X(1835); J* unknown (Ref.[6])
200 :_ -I_ O X(1870); J* unknown (Ref.[5])
. C T A X(1835); J°=0" (Ref.[2])
2 150 - m X(pp): =0 (Ref[4])
= F + X(1810); /'=0" (Ref.[7])
.'§ 100 :—_.“._. -,IL—
50 l —{*
: 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1

1800 1850 1900 1950
mass / (MeV-c?)

The error bars include statistical, systematic, and, where applicable, model uncertainties.

Fig.1 (a) K¢K$y invariant mass spectrum for events with the requirement Myogy << 1.1 GeV/c* and

PWA projections; (b) comparisons of observations at BESIII

BESII in J/¢—>yr' = 7.
Fig. 1(b) shows the comparison to the BESIII
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2 Baryon spectroscopy

To search for new excited N* baryons, we
performed a PWA of ¢(3686)—>ppx’'") and found
that the dominant contributions are from 7N*
N—x—

resonances, two new resonances are significant,

intermediate resonances. Among these

. 404109
one 1/2" resonance with a mass of 2300750")

MeV/c? and width of 3407571 MeV,
5/2° resonance with a mass of 2570°}073 MeV/¢?
and width of 250775

5N intermediate resonances, the mass and width

and one

MeV. For the remaining

values from the PWA are consistent with those
from established resonances.

Using a sample of 1. 06 X 10 ¢(3686) events
collected at the BESIII detector, the processes of
$(3686)>K AZ" and ¢(3686)>yK A= " are
studied for the first time. In the decay ¢(3686)—
K~ AE", the branching fraction % (¢ (3686) —
K AE") is measured, and two structures, around
1 690 and 1 820 MeV/c?, as indicated in Fig. 4, are

observed in the K~ A invariant mass spectrum with

18000
16000
14000
12000
10000
8000
6000
4000
2000
0

events / (15 MeV-¢™?)

A, i
"
L M i

T
o

0.5 1.0 1.5 2.0 2.5 3.0
mass(7°7) / (GeV-¢?)
(a) 0++

16000
14000
12000
8000
6000
4000
2000

events / (15 MeV-¢™?)

A LIS
el ! i bkt SRR T
0.5 1.0 1.5 2.0 2.5 3.0
mass(77°) / (GeV-¢?)
()27 M2

S 25000

significances of 4.9 and 6. 20, respectively. The
fitted resonance parameters are consistent with
those of & (1690) and 5 (1820) in the PDG'*
within one standard deviation. The measured
masses and widths are determined to be Mz 1400y =
(1687.743.8+1.00MeV/c? e gy = (27. 14
10.042. HMeVs My e, = (1 826. 745 5+1.6)
MeV/c* and TI's (1500, = (54. 4 +15. 74 4. 2) MeV.
This is the first time that Z (1690) and 5 (1820)
hyperons have in charmonium
study of the decay ¢ (3686) —
yK~AZ" . the branching fractions % (¢ (3686) —
K 3Z7) and D (xg =K~ AE") are measured.
The measurements provide new information on

the

resonance parameters of the hyperons, and may

been observed

decays. In the

charmonium decays to hyperons and on
help in the understanding of the charmonium decay

mechanism.

3 Light meson decays

Based on a sample of 1.3 billion J/¢ events

taken with the BESIII detector, we report the first
30000

2

R

5
@
(=3
(=3
S
LLLY LLLRY LLLLY LERRY LELLY AL

N H # .S:l?*.;ﬁ-‘ﬁaw-_
0.5 1.0 1.5 2.0 2.5 3.0
mass(77) / (GeV-¢?)
(b) 27 El

4500
4000~
3500E- ]

3000 .
2500
2000 E- !
1500E- I ’ I
1000 I 1,:;‘1 .
: T LTSl g Lt I i
508 i ;im.ni‘u—.wd-&"ﬂp il -:‘J;’J-:}h‘r:ﬁ URGRRR ‘.; 3];,3;.}',@ ul, J‘fhi,
0.5 1.0 1.5 2.0 2.5 3.0
mass(Z°7’) / (GeV-¢™?)

(d) 2" E3

events / (15 MeV-¢?)

L

The solid black markers show the intensity calculated fromone set of solutions,

while the open red markers represent its ambiguous partner.

Note that the intensity of the 27 E3 amplitude is redundant for the two ambiguous solutions.
Fig. 2 The intensities for the (a) 07%, (b) 2¥+ E1, (¢) 2** M2 and (d) 271 E3 amplitudes

as a function of Mo o for the nominal results
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200 L N(]44(); T (a) p=
— N(1520)
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Fig. 3 The contribution of each intermediate

resonance in the pr’

rT[rrrr T T
MM BRI

events / (10 MeV-¢?)

MK A)/ (GeV-c™?)

Fig. 4 The contribution of each intermediate resonance

in the pr° mass spectra

observation of 77/%7r‘ r x QO x ' decays via J/¢
radiative decays'”. Fig. 5(a) and Fig. 5(b) show
the M + - + - and M + - 00, respectively, where
the 77/ peaks are clearly observed and the dominant
background events are from the other 77/ decays,
but none of them contribute to the 77/ peak. The
branching fractions are determined to be ;%’(1/9
i e )=1(8.634+0.69+0.64) X 107 and
By >rtm 2x)=(1.82£0.35+0.18) X 10 *,
which are with  the

consistent theoretical

predictions based on the combination of chiral
perturbation theory (ChPT) and vector-meson
dominance™™, but could rule out the broken-SU; X O,
quark model.

. data
100 full fit 1 (a)
L B 7 v —rf(1270), £L(1270) > 77 77
— D:ED JIy >y x
'T'U NN~ AaJ/v-> mn >rrnno>mr
= [N NJ/ly>m n>aree
O
= L .
N
~ 50
1]
=
3]
>
)
0
0.7 0.8 0.9 1.0
Mgz [ (GeV-e?)
60— . data
L full fit (b)
BEEREY J/w—rf31270), £(1270) > 77 77
rl O 13 J/vowmrxdxd
o | | E=—3 J/w—-m'.n—>"2"n.n—>m'z
'S =3 Jiv-smn->wo—->arx
> 40LE 1 J/yo>m'.n>xanno>arg
O
=
N
-
3]
=
3]
>
)
0
0.7 0.8 0.9 1.0

Mz o0 | (GeVoc™?)

Fig. 5 The invariant mass distributions of
!

(@rx" 7 7' 7 and (b) 7" 7 #"#° and the fit results

Recently considerable theoretical efforts to
explain the discrepancy that the predicted decay
width of p—>x" 7 =z at the tree level of chiral
perturbation theory (ChPT) is much lower than
the experimental value of (300 =+ 11) eV, To
distinguish between the different theoretical
approaches, precise measurements of the matrix
elements for p>rz" n x’ and the decay width are
important. At BESIII, a clean sample of 79 6255~
" 7% candidate events are selected and the
background contamination is estimated to be about

0.1%. The distribution of X and Y. two of the

3
Dalitz plot variables defined as X_g(T; —T-)
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F
m,+2m, T, . )
and Y=——————1, are shown in Fig. 6 (a)
m,

and (b). The Dalitz plot matrix elements for »—
n 7 are determined to be a=—1.128+0. 015
+0.008, 6=0.153+0.017+0.004, d=0.085=+
0.016+0.009, f=0.17340.028=40.021, where
the first errors are statistical and the second ones
reasonable

systematic. The results are in

agreement with previous measurements.

3000 |~
- e T
- - ) (a)
2 2000 f~ i »
S 5
8 i K. —+ data ;i
% 5 o phase space ..
1000 N — it .
0 T P TP B B
-1.0 -0.5 0 0.5 1.0
3000 |-
i (®)
- F -
S 2000 - o -
g f 5
= - e —4— data -
® 1000 [ | phase space
I — fit
0 N . o MR )
-1.0 -0.5 0 0.5 1.0

Y

Fig. 6 Projections of the Dalitz plot (a) X
and (b)Y for p >z 7 7’

For the decays of p—>n"z’x", the distribution
of the variable Z is displayed in Fig. 7(b). Due to
the kinematic boundaries, the interval of 0<CZ<C
0. 7, corresponding to the region of phase space in
which the Z distribution is flat, is used to extract
the slope parameter from the data. Analogous to
the measurement for p—>z" = 2°, an unbinned
maximum likelihood fit, as displayed in the inset of
Fig. 7(a), yields the Dalitz plot slope parameter
a=—0.055%+0.014+0. 004, which is compatible

with the recent results from other experiments and
in agreement with the prediction from ChPT at
NNLO within two standard deviations of the

theoretical uncertainties.
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Fig. 7 Distribution of the kinematic variable Z

for (a) p— "2’z and (b) 77/ —'n’ 7

1, we also presented the

In the same analysis''®
Dalitz plot analysis of 5 —>z’zx"z". The Dalitz plot
slope parameter for 77/971'071'077:0 is measured to be
a=—0.640 0. 046 £ 0. 047, which is consistent
with but more precise than previous measurements
(Fig. 7(b)). The value deviates significantly from
zero, This implies that final state interactions play
an important role in the decay. Up to now, there
are just a few predictions about the slope parameter
of ' >x"7"z". In Ref. [17], the slope parameter is
predicted to be less than 0. 03, which is excluded
by our measurement. More recently, using a chiral
unitary approach, an expansion of the decay
amplitude up to the fifth and sixth order of X and

Y has been used to parameterize the Dalitz plot of
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7 >’ 7’ 7M. The coefficient, which corresponds

to in this paper, is found to be in the range
between — 2.7 and 0.1,
measurement,

Theoretically the

consistent with our

non-resonant part of
coupling in 77/9771‘ 7w 1s accounted for by the
higher term of Wess-Zumino-Witten ( WZW )
ChPT Lagrangian‘! (also known as the box
anomaly). However the decay dynamics of 77/—>
yr© x has been explored with very limited
statistics only and new measurements are needed to
clarify the scenario. In this work, a sample of
9 10677/_’)’7T+ 1 events is selected to investigate its
decay dynamics and the " 7 mass spectrum is
shown in Fig. 6 with a background level of 1%.
The shape of the M + -

parameterizations with the model-dependent and

spectrum is analyzed in

model-independent approaches respectively. For
the model-dependent approach, the results show
that only p (770) resonance is insufficient to
describe the data even considering p (770), w
resonances and the interference between them.
The fit performance get much better after including
the box anomaly (Fig.8 (a)) with a statistical
significance of larger than 37 s. We also try to
replace the box anomaly with p(1450) (Fig. 8(b))
by fixing its mass the width to be the world
The fit also

reasonable description of data.

average values. can provide a
Therefore, we
conclude that in addition to p(770) and w, the box
anomaly is necessary, but the contribution from

0(1450) could not be ruled out.

4 Conclusion

Based on the data samples taken at the peak of
J/¢s ¢p(3686), the recent progress on the hadron
spectroscopy is presented in this paper.

For the light hadron spectroscopy, besides the
confirmation of X (1835) in J/¢ radiative decays,
the X (1840), is observed in J/¢—yKsKsy. Its
spin-parity is determined to be J® =0"", which
implies that X(1835) is a pseudoscalar resonance.

The mass and with are consistent with the previous
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Fig. 8 The fit results for different cases: (a) p(770) —w »
(b) p(770) —w—box and () p(770) —w— p(1450)

measurements. In addition, the PWA of J/¢—
yr'7® is performed. For the baryon spectroscopy,
states, N (2300) and
N(2570), were observed based on the the PWA of
P(3686)—> ppr’.

on 77/77/ decays was achieved, including observation
+

two new excited N*

In addition, significant progress

of f >x"n x @ x ©, Dalitz plot of y>x" 7 2,

77/77/937r0 , and 77/9}/77‘ T .

The interesting results not only underline the
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importance of the study of hadron spectroscopy,
but also demonstrate the effectiveness of a

programmatic approach to studying hadron

spectroscopy at BESIII. With the high statistical
data accumulated at the BESIII detector, more

interesting results are expected to arrive soon.
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0 Introduction

The X (3872) resonance became the first in
XYZ
(X(3872), Y (4260), Z," (10610), Z," (10650),

Z.7(3900)), the interpretations of which as hadron

discovery of the resonant structures

states assumes existence in them at least pair of heavy
and pair of light quarks in this or that form.

Thousands of articles on this subject have
been published in spite of the fact that many
properties of new resonant structures are not
defined yet and not all possible mechanisms of
dynamic generation of these structures are studied,
in particular, the role of the anomalous Landau
thresholds is not yet studied. Consequently, this
spectroscopy took the central place in the physics
of hadrons.

Below we give reasons that X(3872), I°(J)=
0" (177), is the xa (2P) charmonium and suggest
program of experimental

a physically clear

researches for the verification of our assumption.

1 How to learn the branching ratio
X(3872) > D*° D" +c.c.

The mass spectrum 7" 7~ J/¢(1S) looks like
the ideal Breit-Wigner one in the X (3872) —
' w J/g(1S) decay. see Fig. 1(a).

100 - (@
80 [
£ 60|
s 60
5 T
40
20-|__+—|- _L-I_-I_ + |I+|+
¢ Tt
PRI | PR I S S T TR SR W |

0
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m/MeV

The mass spectrum 7' 7 #° J/¢(1S) in the
X@3872)—> x" x  J/p (1S)
similar™*!. The mass spectrum D*°D’+¢. ¢. in the
X(3872)—>D*"D’ +c. c. decayt™ looks like the typical

resonance threshold enhancement, see Fig. 2.

decay looks

If structures in the above channels are a
manifestation of the same resonance, it is possible to
define the branching ratio BR(X(3872)—>D"D’+c. c.)
treating data of the two above decay channels only.

We believe that the X (3872) is the axial
vector, 1777 In this case the S wave dominates
in the X(3872)—>D"°D°+¢. ¢. decay and hence is
described by the effective Lagrangian
Ly op () = gaX*(D%(x) D° () + DL () D’ ()

(@b

The width of the X—>D*°D"4-c. ¢. decay

DX =D D' +e.c.om) = E20 (14 K )

Tom 3mpro
(2)
where k is the momenta of D*°(or D°) in the D*°
D' center mass system, and m is the invariant mass

of the D*°D° pair.

(m* —m?) (m* —m*)
2 ’

v 2|k| _
o(m) = . =

n m
me= mp** tmp.
The second term in the right side of Eq. (2) is

very small in our energy region and can be

1500 -

i (b)
1000 -
g 0
> -
° -
500 -

B N 1 1 " h L
3865 3870 3875 3880

m/MeV

The solid line is our theoretical one taking into account the Belle energy resolution.

The dotted line is the second-order polynomial for the incoherent background.

Fig. 1 The Belle data™®’ on the invariant 7 7~ J/¢(1S) mass ( m ) distribution (a) and our undressed theoretical line (b)
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The solid line represents our theoretical prediction taking into account the Belle energy resolution.

The dotted line is a square root function for the incoherent background.

Fig. 2 The Belle datal® on the invariant D*° D’ -+ . c. mass ( 7z ) distribution

neglected. This gives us an opportunity to
construct the mass spectra for the X(3872) decays
with the good analytical and unitary properties as
in the scalar meson case"**.

The mass spectrum in the D*°D’4-c. ¢. channel

dBR(X —>D** D" +c.c. ym)
dm

1 m’I(X—>D""D°,m)
T ‘ Dx Gm) ‘2

The branching ratio of X(3872)—>D"*°D’ +-c. c.
BR(X—>D""D"+c.c.)=
ij‘m 7712F(X" D%O BO ’Wl)d
m

T m |DX(’}’1) |2
In other {i} (non-D*° D°) channels the

X (3872) state is seen as a narrow resonance,which

=4

(3

4 4)

is why we write the mass spectrum in the i channel
in the form
1 miI;

dBR(X —>i,m) _ P
dm 7w | Dx(m) |*
where I is the width of the X(3872)—>: decay.
The branching ratio of X(3872)—:
m%(Fi
| DxGn) |?

where m, is the threshold of the i channel.

(5

BR(X > i) — 2 ij dm (6

T

The inverse propagator Dy (m)
Dx(Gm) =
m% —m* + Re (ITx (m%)) — Ox(m*) — cmxI"
D)
where '=3T,<1. 2 MeV is the total width of the
X (3872) decay into all non-(D*° D’ 4 ¢. ¢.)

channels.
My(s) = éﬂ‘zuf)”’ﬁ” (DI (), md =5
T
(8)

When m =mp +mp<<in,

"By (m? —m?%) m_, mp*
I D) = 7?+ o B
. my mp

2 2
T

2
m? —mi

. ‘

m- 77’}7£ -
2

m? —m> +

where m_ =mp* —mp.

When m_ <om<ln.,

p(m) [m +In

B (m> —m?) m_ | mp
° D(m) _ - + “ln D"~
m my mp

5 5
A m- _17’1Z

mi— m®

2| pGn) | arctan (10)

(m% —m?) (m? —m% ) /m?.
and m*<0,

(m? —m?) moy mp
P
m

where [p(m) | =
When m<m

IP P(m) =
my mp

2 2 2 2
mi—m — m-—-—m

(1D

o(m)In

P P 2
mi—m? + mE—m®

Our branching ratios satisfy the unitarity

1=BR(X—>D""D’+c.c.)+
BR(X >D"" D +c.c.)+ >)BR(X —>1)

(12)

Fitting the Belle data"*', we take into account

the Belle results®' : my=3 871. 84 MeV=mp+> +
mpp =m~ and Ixeg << 1.2 MeV 90% CL, that
corresponds to I'<C1.2 MeV, which controls the
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width of the X(3872) signal in the " 7z~ J/¢(1S)

channel and in every non-(D*°D’+¢. ¢. ) channel.

The results of our fit are in the Tab. 1.

Tab.1 BR,,, is a branching ratio for 7, < 3 891. 84 MeV,
I'in MeV, g4 in GeV

r 1.2-04 mode D*°D°+c¢.c. D*TD™ +c.c. Others
ga/8x 1.475 BR 0.673:9 0.317912
x2/Ndf 45/42 BRuw 0.3501 0. 0355 93¢

+0.3
0.1501

0.0970:3

Our approach can serve as a guide to the
selection of theoretical models for the X (3872)
resonance. Indeed, if 3 871.68 MeV < My <
3 871. 95 MeV and I'xagry =I'<1.2 MeV then for
g3 /4x<<0.2 GeV? BR(X—>D""D’ +c. c. ; m<
3 891. 84 MeV)<C0. 3. That is, unknown decays of
X (3872) into non-D*°D" states are considerable or
dominant.

For example, in Ref. [ 10 ] the authors
considered mx=3 871. 68 MeV, I'=1.2 MeV and
gxon* = ga V2 =2.5 GeV, that is, g4/8x=0.1
GeV?. In this case BR(X—D""D’ +¢. ¢. )20. 2,
that is, unknown decays X (3872) into non-
(D*°D"+-c.c.) states are dominant. For details

see Tab. 2.
Tab.2 Branching ratios for the model from Ref. [ 10 ]

X— X— X—
mx 3 871.68 mode _
D*°D+¢.c. D* T D™ +c. c. Others

r 1.2 BR 0.176 0. 045 0. 779
g4/8r 0.1 BRuw 0.14 0.011 0. 761

[Note] TI'in MeV, myx in MeV, ga in GeV

2 X(3872), I°(J*) =0" (17"), as
the y., (2P) charmonium "’

Contrary to the almost standard opinion that
the X (3872) resonance is the D*° D° + ¢. c.
molecule or the geqe four-quark state, we discuss
the scenario where the X (3872) resonance is the
cc= xa (2P) charmonium which “sits on” the
D*°D" threshold.

The two dramatic discoveries have generated a
stream of the D*° D° + D° D*°
interpretations of the X(3872) resonance.

The mass of the X (3872) resonance is 50 MeV

molecular

lower than predictions of the most lucky naive potential
models for the mass of the y., (2P) resonance,
=—A=a—50 MeV (13)
and the relation between the branching ratios
BR(X —>x" 7 2"J/¢(18)) =~
BR(X —7x" 7 J/$(1S)) (14)

that is interpreted as a strong violation of isotopic

mx — My, ep

symmetry.

But the bounding energy is small, < (1~3)
MeV. That is, the radius of the molecule is large,
rxagrn > (3~5) fm =(3~5) X 10 " cm. As for
the charmonium, its radius is less one fermi,
ern 0.5 fm =0.5X 107" cm. That is, the
molecule volume is 100~1 000 times as large as the
charmonium volume, Vs /V, @p, > 100~1 000.

How to explain sufficiently abundant inclusive

rx( 1

production of the rather extended molecule X
(3872) in a hard process pp—>X(3872) +anything
with rapidity in the range 2. 5~4.5 and transverse
momentum in the range 5~20 GeV''*? Actually,
o(pp — X(3872) +anything) -
BR(X(3872) > x' « J/¢) = 5.4 nb
and
o(pp — Y(25) + anything) -
BR(p(2S) >z " x J/¢) =38 nb (16)
But, according to Ref. [7]
BR(y(2S) > "7 J/¢ =0.34 (1D
while
0.023 << BR(X(3872) ="« J/¢) << 0.066
(18)
according to Ref. [13].
So,

o(pp — X(3872) + anything)
0.74 < o(pp — P(25) + anything)

< 2.1

(19

The extended molecule is produced in the hard

process as intensively as the compact charmonium.
It’s a miracle.

As for the problem of the mass shift, Eq. (13),

the contribution of the D™ D* ™ and D° D*° loops.

see Fig. 3, into the self energy of the X(3872)

resonance, [Ix(s), solves it easily.

Let us calculate I” P (s) in Eq. (8) with the



578 PEMAFHEARAREFIR % 46 &
D q
X q
— ¢ > 9P ¥ g . c
D

Fig. 3 The contribution of the D°D"° and D~ D*~
loops into the self energy of the X(3872) resonance

help of a cut-off A.

2

P Dy — JA G —mDH G —m)

P / 7
mi S (S _S)

PR :
ZIHZA—Z . [P S retan 25 (20)
m. s mi—s

where s<lm% , A*>>m%.
The inverse propagator of the X(3872) resonance
Dx(s) = mfm(gp) —s—IIx(s) —emx” (21)

The renormalization of mass

ds’ a

777,)2(”(2]—?) —mk —Ix(mk) =0 22)

results in
ACmx +A) = IIx(m%) &~ (g4/8x°)4In(2A/my)
(23)

If A=m, op —mx==50 MeV, then gi/8x=
0.2 GeV? for A=10 GeV and BR(X—>D" D*° +
D'D*")=0. 3%,

Thus, we expect that a number of unknown
mainly two-gluon decays of X (3872) into non-
DD’ +c. c. considerable?,  The

discovery of these decays would be a strong (if not

states are

decisive) confirmation of our scenario.

As for BR (X —>w]/J) &~ BR (X —>p] /),
Eq. (14), this could be a result of dynamics. In
our scenario the w/]/¢ state is produced via the
three gluons, see Fig. 4.

As for the p J /¢ state, it is produced both via the
one photon, see Fig. 5, and via the three gluons (via
the contribution &~m, —m,), see Fig. 4.

Close to our scenario is an example of the J /¢

»‘m?/ and ]/gb—mnf decays. According to Ref. [7]

(Y]

c <

All possible permutations of gluons are assumed.
Fig. 4 The three-gluon production of the » and p

mesons (the o meson via the contribution ~ m, —m, )

P
c > > c
c < ¢

All possible permutations of photon are assumed.

Fig.5 The one-photon production of the o meson

BR(J/¢p—>pm") = (1.0540.18) X 107"
and

BR(J/¢p—>wy') = (1.8240.21) X 10" (24)

Note that in the X(3872) case the w meson is
produced on its tail (myx—my, =775 MeV), while
the p meson is produced on a half.

It is well known that the physics of
charmonium (¢¢) and bottomonium (&) is similar.
Let us compare the already known features of X
(3872) with the ones of 1, (2P).

Recently, the LHCb Collaboration published a

landmark result"

BR(X > 9 (2S) _ ~ (wges |’ _
IR (X 75 cx<ww) 2.46 0.7

(25)
where wys) and wy,, are the energies of the photons
in the X—>y ¢ (2S) and BR(X—>7y]/¢) decays.
respectively.

On the other hand, it is known"" that

BR (4, (2P) = yT(2S)) e <w>3:
BR (5, (2P) — yT(15)) 21 2P

2.16 £0. 28 (26)

wras)

@ The assumption of the determining role of the D* D+-c. c. channels in the shift of the mass of the %1 (2P) meson is based on the

following reasoning. Let us imagine that D and D* mesons are light. for example, like the K and K* mesons. Then the width of X (3872)

meson is equal 50 MeV for g4 /8x=0. 2 GeV?, which is much more than the width of its decay into all non-(D*°D°+-c. ¢. ) channels, '<1. 2

MeV. That is. to our case the coupling of the X(3872) meson with the D* D+c. c. channels is rather strong.

@ Note that in the y.1 (1P) case the width of the two-gluon decays equals 0. 56 MeVL7, which agrees with '<<1. 2 MeV satisfactory.
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where wresy and wras are the energies of the
photons in the y, (2P)—>yT(2S) and y, (2P)—
y T(1S) decays, respectively.

Consequently,
Cx = 136. 78 4 38. 89 27)
and
C,, om = 80.00 10, 37 (28)

as all most lucky versions of the potential model
predicted for the quarkonia C, ip)>>1 and G, cp) >1.

According to Ref. [ 7]

BR (31 (2P) = o1 (15)) = (1. 63 434 % (29)

If the one-photon mechanism dominates in the
X(3872)—>p] /¢ decay, see Fig. 5, then one should
expect

BR Gy (2P) — g7 (18)) ~ (e, /e.)* X 1. 605 =
(1/4) X 1.6% = 0.4% (30)
where e, and e, are the charges of the ¢ and b
quarks, respectively.

If the three-gluon mechanism (its part =~m, —
my) dominates in the X (3872)—p J /¢ decay, see
Fig. 4, then one should expect

BR(yu (2P) > ¥ (1S) ~ 1.6% (3D

3 Conclusion

We believe that the discovery of a significant
number of unknown decays of the X (3872) into
non-D*° D’ + ¢. .
discovery of the y,1 (2P) — T (1S) decay could
decide the destiny of X(3872).

Once more, we discuss the scenario where the

xa (2P) charmonium sits on the D*°D° threshold

states via two gluons and

but not a mixing of the giant D* D molecule and
the compact y, (2P) charmonium, see, for
example, Refs. [ 15-16 ]

Note that the mixing of such states

and references cited
therein.
requests special justification. That is, it is
necessary to show that the transition of the giant
charmonium is

molecule into the compact

considerable at insignificant overlapping of their

wave functions. Such a transition 2=,/V,  .p) /Vxsm2)

and a branching ratio of a decay via such a

transition %VXA 2P) /VX(3372) .
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With the LHC running and no new physics for Low Energies''’, started to pay off. Precise

found so far, the role of precise observables like
anomalous magnetic moment of the muon (g—2),
is becoming increasingly important. The quest for
precision, initiated many years ago by the
community attending the PHIPSI Workshops and

on the field of Monte Carlo generators and

data on hadronic cross sections, with the most
important (e e —>x' 7 ), as well as on meson
transition form factors, are coming up. More data
are analysed by BaBar experiment'?’. New data are
coming from BES-II®, CMD-3'Y and SND™
experiments, KLOE2 will produce results on y—7y
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form factors'™ making use of their newly installed
low angle detectors. We will soon have the new
(g—2), experiment running at Fermilab”', which
is going to improve the already impressive
accuracy-® by about factor 4. In some years from
now we could also expect data coming from a
completely independent method developed at
J-PARC™ and new precise hadronic cross section
measurements by BELLE-2"", Also on the theory
side continuous efforts towards improving the
accuracy of calculations of the (g—2), are to be
acknowledged. A summary and perspectives in this

field can be found in a short resume"

of two very
busy workshops held at Mainz last year (April 1~
10, 2014 in Mainz, Germany). Concluding their
outcome in one sentence one can say that it will be
difficult to reach the precision of the new (g—2),
Fermilab experiment, but with new emerging ideas
a significant improvement is guarantied.

This paper is a short review of the current
status of Monte Carlo generators used at meson
factories and scan experiments. The generators are
used there for many purposes helping in luminosity
measurements, in measuring the hadronic cross
section using scan and radiative return method,
and in measuring meson transition form factors in
virtual ¥ — ¥y scattering. In Sec.1 the status of
radiative corrections is given. It is discussed
whether one still needs to improve the radiative
corrections and/or its tests in view of the

Another

accuracy limiting factor, especially for accuracy of

improving  experimental  accuracy.
efficiencies and acceptance corrections, might be
the wrong modelling of the hadron-photon
interactions. This issue is discussed in Sec. 2.

Conclusions are presented in Sec. 3.

1 Radiative corrections

The radiative corrections are the most crucial
for the physical accuracy of Monte Carlo codes.
For low energies the most important, and for most
of the applications the only important, corrections

are the ones coming from quantum electrodynamics

(QED).
1.1 Monte Carlo generators used for luminosity
measurements

The experiments use mostly the Bhabha
scattering at large angles for luminosity
monitoring. As the considered energy is only up to
10 ~ 11 GeV the weak corrections are almost
negligible and definitively well under control. The
Monte Carlo generators used by the experimental
groups BabaYaga @ NLO"?', BHWIDE"' and
MCGPJ™ have been well established and stable
for a long time. The comparisons between them
made by various groups (see for example!'™) show
that they agree between themselves at about 0. 1%
for the integrated cross sections, but in some
corners of the phase space they might disagree up
to 1%. This accuracy is adequate for the precision
required at the low energy experiments and it looks
that right now further progress here is not needed.

The reaction e” ¢~ —y ¥ used for cross checks
of the Bhabha luminosity measurements is also
generated by BabaYaga@NLO"*, by MCGPJH7*
and a BKQED™/, Here no extensive comparisons
were made and for the accuracy one has to rely on
the authors estimates. The BKQED has a declared
precision of about 1%, the MCGPJ 0.2%, and
BabaYaga@NLO 0. 1%.

The reaction e" e” —u" p 7 is used as a

luminometer in some of the low energy

experiments using the radiative return method.

The generator PHOKHARA™" now including

2] was compared with

complete NLO corrections
KKMC generator.

muon invariant mass distribution were found™* %’

to be 0.25%, well contained in the PHOKHARA
[26]

The biggest differences for

estimated precision It is difficult to assess an

error of the generator AfkQed used by BaBar

271 The accuracy of the structure

experiment
function approach used in this generator was
discussed in Ref. [ 267]. Tt is very sensitive to event
selections used by an experiment as photons
spectra are partly integrated in the generator and

its typical value is from a few per mile to a few
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percent.

1.2 Monte Carlo generators used in scan measurements
For low hadron multiplicities the already

mentioned generators: BabaYaga(@NLO, KKMC,

MCGPJ, and PHOKHARA provide the possibility

"¢~ —hadrons and

of generation of the reactions e
e" e — "y with the accuracy estimated by
authors of the codes at a similar level as discussed
subsection.  Yet there are

in the previous

limitations: in BabaYaga@NI.O from hadrons only

7 n  channel is generated and only initial state

corrections (ISR) are included; in KKMC the
hadronic final
accuracy; in MCGPJ only 7 == and K™ K~
channels include radiative corrections going beyond
ISR and in PHOKHARA also only ISR corrections

are included. No systematic comparisons of the

states are modelled with low

codes was performed. A limited sample of
comparisons can be found in Ref. [25]. It would be
desirable to make such comparisons in future and
disentangle the radiative correction effects from the
modelling of photon-hadron interactions. Due to
the lack of final state emission (FSR) modelling in
the original generators most of the experiments use

PHOTOS? as a of additional FSR
emission. With this approach one neglects ISR-

source

FSR interference unless a dedicated “fine tuning”
of the PHOTOS is performed.

Monte Carlo generators used in inclusive
measurements have a completely different
philosophy as it is impossible to make a dedicated

fine tuning ( form factors modelling) for all

separate multi-hadron final states. Instead,
hadronisation models are used like in LUARLW
generator*)  or methods based on structure

function approach with a combination of Lund
model and decay chains based on the measured
branching fractions are deployed, like in ZRC

Lse], comparisons

generator Unfortunately no
between these generators are available. It is also
difficult to assess an error to the simulated
distributions. Another possibility of progress in

this direction might be offered by automatising the

cross section calculations like in Carlomat 3.0
generator™®” if a better modelling of hadron
production is provided.
1.3 Monte Carlo generators used for radiative
return measurements

For the
essentially only two generators were used: AfkQed
and PHOKHARA. At the early stage a precursor
of the PHOKHARA EVA
generator™?*), was used, but its development was
abandoned as the PHOKHARA approach provides

with much better

radiative return measurements

generator,

theoretical accuracy. The

structure functions used in EVAPY are the ones
used in AfkQed. The stated for
PHOKHARA in Subsection 1.1 is valid also for

hadronic final states as far as the ISR radiative

accuracy

corrections are concerned. In principle the
estimated 0.5% might look conservative as the
biggest difference with KKMC, which was found,
is 0.25%. Yet the tests were performed for
inclusive event selection and some event selections
might enhance the relative size of higher order

in PHOKHARA

generator. So without detailed dedicated studies

corrections neglected event
the conservative estimate of of 0. 5% has to be
taken. In Ref. [ 24] the observed difference was
guessed to have come from third order corrections
neglected in PHOKHARA. It is indeed true as
shown in Fig. 1. The test was performed using
analytic results with no cuts imposed, thus it is
only indicative and the event selection might
change the output. Yet it confirms the “guess”
from Ref. [ 24 ]. Relative differences between

differential, in the invariant mass of the muon pair
e utyy
calculated using NLO formulae from Refs. [ 35-36 ]
(marked as Ber in Fig.1) and the semi-analytic
ones available in KKMC based on Ref. [ 37 ] are

shown in Fig. 1. The semi-analytic KKMC result is

(@), cross sections of the reaction e

expanded and: @ only NLO terms are kept
(marked as KKMC(al) in Fig. 1); @ up to NNLO
terms are kept (marked as KKMC(al2) in Fig. 1);
® the complete semi-analytic result of KKMC is
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used (marked as KKMC in Fig. 1). In Ref. [38] it
was shown that PHOKHARA is numerically
equivalent to the semi-analytic results of Refs. [ 35-
367, if one integrates over the whole phase space
with the exception of the muon pair invariant
mass. Thus the comparison shown in Fig. 1 proves
that the bulk of the difference between KKMC and
PHOKHARA is NNLO

corrections and that beyond this level the

coming from the

corrections are well below 0. 1% level. From Fig. 1
it is also clear that the PHOKHARA generator in
its radiative return mode cannot be used close to
the nominal energy of the experiment as it lacks

the exponentiation.

0.012
. KKMC/Ber-1 -
; KKMC(al)/Ber-1=
0.0] 0 Y , ..............

K:KMC(aIZ)/EBer- I* =
0.008 | |
0.006
0.004
0.002

0

—-0.002

~0.004 i i i i
0 0.2 0.4 0.6 0.8 1.0

0’/ (GeVy

See text for details
Fig. 1 Numerical comparisons between four analytic
results concerning ISR radiative corrections to the

reaction et e~ —>utu"y

The FSR
PHOKHARA only for some of the final states.
For the e" ¢ —>y " p 7 reaction they are exact at
NLO level” and the code includes also ISR-FSR
interference at the same level. For the e ¢ —

x 7w y reaction an improved scalar QED was

used™  and

coming from radiative ¢ decays

corrections are included in

supplemented with contributions
Mol A similar
approach was adopted for the ¢e” ¢ = K" Ky
reaction supplemented with the modeling of the J/

¢ and ¢(2S) contributions to this process-'". The

modeling of the final state emission for the reaction
e e —>ppy was added to the code recently**). For
other final states FSR corrections are not included.
1.4 Monte Carlo generators used for reactions
¢ ¢ — e ¢ hadrons
Some of the experiments have their own,
“home made ”,

generators not relying on

theoretical groups. KILOE was using the generator

of the reaction ¢™ ¢” —>e¢" ¢ 7]

relying on
equivalent photon approximation (EPA) of the
matrix element. This approximation works well if
both virtual photons are quasi real and might be
wrong by large factors if this is not fulfilled.
CLEO was using TwoGam generator by D.
Coffman and V. Savinov not well documented in
publicly available sources and based on EPA.
BELLE was using TREPS"" again using EPA.
Publicly available generators were developed a long

+ - T was

e T

generated in Ref. [45], and in the QED part there

was no approximation, while for the modeling of

time ago. The reaction e e —>e

the y* —y* =" x amplitude the quark model was
Other

process were neglected. Aiming at being used at

used. amplitudes contributing to this
LEP, a GALUGA generator of processes e” e~ —
e e X with X being a meson produced in y* —y*
was developed*®, The modeling of the y* —y* —X
part used in this generator is quite involved and

discussed here. The EKHARA
\ \

will not be

generator of the process e ¢ —e ¢ 7 & was

born™"

as a tool to provide a background for the
pion form factor measurement by KLLOE. The two
photon amplitudes were negligible, as compared to
other amplitudes, for the KLLOE event selection
used in the pion form factor measurement and the

generator was not optimised for event selections

relevant for the y* — y* — x' x amplitude
measurement. Other modes ¢ ¢ — ¢ ¢ 7,
ete e e 7 and e" e el e 1/ were added to

this generator later'™® aiming at simulation of the
y* —vy* processes. The phase space simulation
was adopted from Ref. [ 46 ] and the modeling of

the transition form factors relies now, after the
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recent update, on the model developed in Ref. [49]
based on the resonance chiral perturbation theory.
All the generators mentioned above do not contain
corrections.  The only

radiative generator

containing radiative corrections through structure

function method is GGRESRCF" developed for a
single tag experiment and used by BaBar'.
Unfortunately there exist no other generator
corrections to allow for

containing radiative

independent tests of the code.
2  The importance of modeling of
hadron-photon interactions
A modeling of the hadron-photon interactions,
as well as the internal structure of the form factors
and transition form factors, is crucial for the

Even if the QED

included with care,

quality of event generators.
radiative corrections are
providing in principle a decent accuracy, a
generator can be completely wrong if the hadronic
part is modeled losely. This might affect for
example acceptance corrections giving wrong
extrapolation to the regions not covered by a
detector. In this respect a continuous improvement
of the generators and feedback experiment-theory

1S necessary.

3 Conclusion

Existing Monte Carlo generators used for

luminosity measurements at meson factories and

simulating reactions ¢ e — hadrons, e' ¢ —

hadrons—+photons or e" ¢~ —e¢" ¢~ 4 hadrons were
reviewed with emphasis on physical accuracy of the

codes.
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0 Introduction

Recent observations, such as the 511 keV
gamma-ray signal from the galactic center'™, the
CoGeNT resultst™, the DAMA/LIBRA annual
modulation® ", the total ¢ e flux"* and the
discrepancy between the calculated and measured
magnetic moment of the muon, a,, serve as
examples of possible physics beyond the Standard
Model. To explain the aforementioned anomalies,
extensions of the SM"*! by dark matter models,
with a weakly interacting massive particle (WIMP)
belonging to a secluded gauge sector, have been
proposed. The new gauge interaction would be
mediated by a new vector gauge boson, the U
boson or dark photon, which could interact with

the photon via a kinetic mixing term,
«p _ & rEMrouy
'f‘/mi:(‘ - 2 F/JL/ FW (1)

where the parameter, e, represents the mixing
strength and is defined as the ratio of the dark
photon to the SM electroweak coupling, ap/am. U
boson searches are conducted in e ¢ colliders via
different processes: e e~ —=U y, V— Py decays,
where V and P are vector and pseudoscalar
mesons, and e e —h'U, where h" is a Higgs-like
particle responsible for the breaking of the hidden
symmetry, Some of these searches, which are
reported in the following, have been performed by
the KLOE experiment.

1 The KLOE detector at DA¢PNE

The KLOE detector is operated at the DAgNE
¢-factory, located at the INFN-LNF in Frascati. It
consists of three main parts, a cylindrical drift
( DC i

electromagnetic

surrounded by  an
C EMC)H™, all
embedded in a magnetic field of 0.52 T, provided

chamber

calorimeter

along the beam axis by a superconducting coil

located around the calorimeter., The EMC energy

and time resolutions are op/E=5.7%/VE[GeV ]
and ¢, (E) = 57 ps/VE[GeV] @ 100 ps,

respectively. The EMC consists of a barrel and
two end-caps of lead/scintillating fibers, which
cover 98% of the solid angle. The all-stereo drift
chamber, 4 m in diameter and 3.3 m long,
operates with a light gas mixture (90% helium,
10% isobutane). The position resolutions are ., 2=
150 pm and . &~ 2 mm. Momentum resolution,
o, /P is better than 0.4% for large-angle

tracks.
2 ¢>—>77UwithU—>€L e

The U boson decay U—>¢" ¢~ in the process
¢—>nU was the first search to be conducted at
KLOE. A total of 13000 events of y>r" 7« from
1.5 fb " and 31000 events of y—>x'zx"z" from 1.7
fb™! taken in 2004 ~ 2005 were selected. The
corresponding background contributions were of
the order of ~2%"% and ~3%"", respectively.
The irreducible background from the Dalitz decay
" %77e+ e was directly extracted from the
data by a fit to the M, distribution parameterized
according to the Vector Meson Dominance
model'®,

No resonant signal was observed in the M,
distributions of both analyses, see Fig.1. The
peak around 400 MeV ¢ ¢ % is due to background
from the decay ¢ —>KsK;. The confidence levels
(CLs) technique'® was used to set an upper limit
on the kinetic mixing parameter, as a function of
the U boson mass, using the signal cross section
given by Ref. [20],

o(p =) =¢ | Fy(mp) |* o
2% (mi, m>, mi
A Gy my, 0)

In Eq. (2), |F,; Gng) |? is the form factor of

Dol =) (D)

the ¢—zy decay evaluated at the U mass and the
quotient corresponds to the ratio of the kinematic

functions of the decays involved in the process. In
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The red lines are the fits to the measured data.

Fig. 1 Di-electron invariant mass distributions,
M, . for g > " ¢ withy—>rz" 7 =’ (top)

and p— 7'z’ 7° (bottom)

Fig. 2 the 90% confidence level limit is presented
along with results from KLOE and other various

experiments,

10

107

° (9—2, £2
° 10°6 favored
WWE
_7 /
10 © E141

11l ol [ R

1 10 100 1000
my/ (MeV-c™?)

The results are compared with the limits from E141, E774[28],
MAMI/A1L29), APEXL0), WASABU, HADESS2), NA48/2033]
and BaBarl®). The gray band indicates the parameter
space favored by the (g,—2) discrepancy.

Fig. 2 Exclusion limits on the kinetic mixing parameter,
¢’ , from KLOE (in red) : KLOE, . KLOE, and KLOE;
correspond to the combined limits from the analysis
of 4 — 7;4* ¢, e e =y yand

e e e

e v, respectively

3 ¢ ¢ >UywithU — /qu 7

The next of the U boson searches carried out
at KLOE was studying the reaction e' ¢ —Uy with
Uy "y, in a sample of 239.3 pb ' of data

collected in 2002, The expected signal would
show up as a narrow resonance in the di-muon

mass spectrum. The process e’ e

pp Y
receives a very large contribution from the reaction
e e —u' 4, where photons are radiated by the
initial-state electrons (ISR) or the f{inal-state
(FSR). The FSR process is highly

suppressed by kinematical and geometrical cuts.

muons

The requirement to select the candidate events was
to find two opposite-charged tracks emitted at
large polar angles, with an initial-state radiation
photon emitted at small angles and thus
undetected. The photon was later kinematically
reconstructed from the charged leptons.

A variable called “track mass”, M,, was
reconstructed using energy and momentum
conservation and used to separate muons from
pions and electrons. The M,, was calculated
assuming two opposite charged tracks of equal
mass and an unobserved photon in the final state.

Residual backgrounds, consisting of ¢ ¢~ —e"

e v
ete >xx yand e e 99597(} x 7w were
determined using Monte Carlo simulation by fitting
the observed M,,

invariant

spectrum. The resulting

mass spectrum was obtained after
subtracting residual backgrounds and being divided
by efficiency and luminosity. Fig. 3 shows the di-
in excellent

agreement with the PHOKARA Monte Carlo

simulation. Since no resonant peak was observed,

muon invariant mass, which is

the CLs technique was used to estimate the number
of U boson signal events excluded at 90%
confidence level, N¢, and then the limit on the
kinetic mixing parameter,

(2= A Na, 1

3

apM Eeff He«TI- Lz}zregratzd
where e,/ is the overall efficiency, I is the effective
cross sections Ly the integrated luminosity
and H is the radiator function, which is extracted
from the differential cross section, dg,,/dM,,. A
systematic uncertainty of about 2% was estimated.

The 90% confidence level limit is shown in Fig. 2.
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Fig. 3 Di-muon invariant mass distributions, M, .
Comparison of data (full blue circles) and

simulation (open red circles)

4 ¢ e —>UywithU —>¢' e

Similar to the previous analyses, the reaction
ete =>U vy, U—>e¢" ¢ was investigated. This
process offers the possibility of investigating the
low mass region close to the di-electron mass
threshold?!.  For the

separated energy depositions in the barrel of the

event selection three

calorimeter were required, corresponding to two
opposite charged tracks and the ISR photon, which
is explicitly detected.

To reduce the background contamination from

+ + +

ete >y sete >y, e e —>yy, with a

photon converting into an e e —pair, ¢" ¢ —>¢—>

x 7 n°, a pseudo-likelihood discriminant was used
to separate electrons from muons and pions, and
then the “track mass” variable, M,,, was also
used to further discriminate the background
sources. The resulting background contamination
was less than 1.5%. Fig.4 compares the di-
electron invariant mass with MC BABAYAGA-
NLO simulation'*) modified to allow the Bhabha
radiative process to proceed only via the
annihilation channel, in which the U boson signal
would occur, showing an excellent agreement.

In an analogous way as the e” e” —>pu" ¥

study, the upper limit of the kinetic mixing

5000 ————F————T7 T
e m
e— measurement ]
o 4000 «— simulation -
N i
> ]
S 3000 -
v i
S ]
3 2000 - -
5 f .
> C
© 1000 — .
C 1 ] | ]

0....I...............‘
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
e | (GeV-c?)
Fig. 4 Di-electron invariant mass distribution, M., .
for the processe¢” ¢ — ¢" ¢ y (black circles)

compared to the MC simulated spectra (red circles)

parameter ¢” as a function of my was evaluated with
the CLs technique. The limit on the U boson
signal was evaluated at 90% confidence level and
the limit in the kinetic parameter was calculated
using Eq. (3). In this case the selection efficiency
amounts to e,;21. 5% ~2.5% and the integrated
luminosity corresponds to Ly = 1. 54 fb™! from
the 2004~2005 data campaign.

5 e e—>nUwithU—> /"

Given the fact that the U boson has mass, a

natural consequence is the breaking of the Up
Higgs-like

mechanism through an additional scalar particle,

hidden symmetry associated by a

called 2" or dark Higgs, giving rise to the so-called
“dark Higgsstrahlung” process. The production
cross section of e" ¢~ —>h'U with U=y "z » would
be proportional to the product ap X &', Thus
this process is suppressed by a factor ¢ compared
with the previous processes, already suppressed by
a factor €. Depending on the ratio of the masses of
the 2" and the U boson there are two possible
decay scenarios: if my > 2my, the dark Higgs
could decay via h' >UU—>4., 47, 2{+ 27, where [
denotes lepton. This scenario was studied by
Babar®) and Belle'®™ Collaborations in recent

experiments. If my,; <2my, then the dark Higgs

would have a large lifetime and would escape any

detection. This scenario was the one studied by
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KLOE™".

To perform the analysis a sample of 1. 65 fb™!
of data collected during 2004~2005 data campaign
at a center of mass energy at the ¢-peak and also a
data sample of 0. 2 fb™ ! at a center of mass energy
of ~1 000 MeV were used. The expected signal
would show up as a sharp enhancement in the

missing mass, M, , versus gy invariant mass.,

M, , two-dimensional spectra, shown in Fig. 5.

L=1.65fb"
400 -
>
Q
=
= 200+
O‘. ....... Lo b b b b a b b wa by
100 200 300 400 500 600 700 800 900 1000
M,/ MeV
L=0.206 fo'
off-peak
400 -
>
]
=
= 00k
0_‘..|...|...|...|...
200 400 600 800 1000
M,/ MeV
Fig.5 Missing mass, M, , versus di-muon mass,

M,, , for the 1. 65 fb™' on-peak data sample (top)
and the 0. 2 fb™! off-peak sample (bottom)

The candidate event selection required two
opposite charged tracks with associated calorimeter
clusters and missing momentum exceeding 40

MeV. Since most of the signal is expected to be in

just one bin, a sliding matrix of 5 X 5 bins was
built and used with data and Monte Carlo to check
the presence of a possible signal in the central bin
while the neighboring cells were used to estimate
the background. The selection efficiencies were
found to be about 15%~25%.

Different
identified in the upper plot of Fig. 5.

can be
The left
region of the on-peak data is populated by ¢—
K"K . K* =>4 v. The central horizontal band

0

sources of background

corresponds to ¢ — x x a  contribution.

Continuum backgrounds ¢ ¢ —> 4" p s 7 =«

populate the right lower side of the spectra and the
top point of the distribution is mostly due to ¢” e —
and e" e —e e

( off-peak
backgrounds from the ¢ decays are strongly

ee puu In the lower

plot of Fig.5 sample ), all the
suppressed.

A Bayesian limit on the number of signal
N%%’

separately

events, was derived for both samples

dark
observed.  The
product ap Xe” was then calculated with,
Ngo% 1

since no signal of the

Higgsstrahlung process was

ap Sgo%cL = 2 4
Eeff U/,'[](G[)E ) * Limegru/ed
with
1 1
oyy C — 7 (5)
' s (1—mb/s)?

where Ny is the signal events excluded at the
90% confidence level, e, the signal efficiency, oyy

(ape?) corresponds to the dark Higgsstrahlung

cross section for ap € = 1 and Ligua 15 the
integrated luminosity.  The combined 90%

confidence level limits for both on-and off-peak
data samples are presented in Fig. 6, as a function
of my (left) and of my (right). The limit values of
ap X €& of 1079 ~ 1078 at 90% confidence level
transform into a limit on the kinetic parameter, &,
of 107°~10"% Cap =amy). A conservative 10% of

systematic uncertainty was considered.

6 Conclusion

The KLOE Collaboration has extensively
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Fig. 6 Combined 90% confidence level upper limits
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contributed to the U boson searches by analyzing
four different production processes. Up to now, no
evidence for a U boson or dark Higgs boson was
found and limits at the 90% confidence level were
set on the kinetic mixing parameter, ¢, in the
mass range 5 MeV<Umy<<980 MeV. For the dark
Higgsstrahlung process, limits on ap X & at the
90% confidence level in the parameter space 2m, <<
my<<1 000 eV with m, <my have been extracted.
In the meantime a new data campaign has started

with the KLLOE-2 setup, which will collect more

than 5 fb™! in the next three years. The new setup
and the enlarged statistics could further improve
the sensitivity on the dark coupling constant
measurement by at least a factor of two.
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0 Introduction

Kaons are a source of tagged neutral pion
decays; the opportunity for precision studies on 7’
decay physics mainly proceeds via K& —>z= 7° and
K*— ;" 7"y processes. One of the high-intensity
kaon experiments focusing on such physics is the
NA48/2 CERN SPS, which
collected, between 2003 and 2004, a large sample

experiment at

of charged kaon (K*) decays in flight, that is

about 2 X 10" K= Analysing a large set of 7’

Received: 2015-11-30; Revised: 2016-04-20

mesons decaying in the fiducial volume allows for a
high-sensitivity search of the dark photon (A", a
hypothetical gauge boson appearing in hidden
sectors of new physics models with an extra U(1)
gauge symmetry. In such models, dark photons
interact with the visible sector through kinetic

Standard Model ( SM )

hypercharge®’. The observed rise in measurements

mixing with the

of the cosmic-ray positron fraction with energy and
of the (g —2) of the muon could possibly be

explained by scenarios involving GeV-scale dark

Biography : GONNELLA Francesco, PhD. Research field: high energy physics. E-mail: francesco. gonnella@]Inf. infn. it



5 74

Search for dark photons in 7z’ decays at NA48 and NA62 595

matter and therefore dark photonst!.

A recent
review of the status of dark photon searches can be
found in Ref. [4]. Experimentally, two parameters
characterise the dark photon and are unknown a
priori;: the mixing parameter ¢ and the dark photon
mass my. A’ production in NA48/2 occurs through
neutral pions coming from K* —z" 7’ (K,,) and
K*—u* 7y (K,;). Dark photons may be produced
and decay with the following:

P —=yA"L A > e (D
Three charged particles and a photon are produced
in the final state. The expected branching ratio of
the 7° decay is"';

2
my

3
BR(z" —>yA") = 22(1— ) BR(z" —> yy)

mi

(2
where my approaches m,9, the branching fraction
is kinematically suppressed. In the mass range
accessible in this analysis, 2m, <<my <m0, the
dark photon lies below threshold for each decay
into SM fermions, except for A'—>¢" ¢, whereas
the A" — 3y and A" —w processes, which are
loop-induced  decays, are strongly
Therefore,

photons only decay into SM particles, the only

allowed
suppressed. assuming that dark

allowed fermions are two opposite-charged
electrons, this leading to BR(A"—>¢ ¢ )=1. The

expected total decay width of the dark photon is"® ;

DA —>ete) = iozezmA/ 1— A, (1 -+ 277?; )

3 my mi
(3
Thus, for 2m,<<may <m, , the dark photon mean
lifetime 74 fulfils the relation:

10 6)(100 MeV>

cox = 0.8um (
: # & my

(4)

The NA48/2 analysis is performed assuming that
dark photons decay at the production point
(prompt decay ), which is wvalid under two
conditions: A" mass has to be sufficiently large
(my > 10 MeV/c*), as well as the mixing
parameter (¢ >5 X 1077). Provided these, the
dark photon signature is undistinguishable from

the Dalitz decay z° — ye' ¢~ which, therefore,

represents an irreducible  background and
determines the sensitivity of the measurement.
The largest #}, sample is obtained through the
reconstruction of the K, and K,; processes.
Furthermore, the K* = 7 22" decay (Ks,) is

considered a background in the K,; sample.

1 The NA48/2 experiment

A primary beam of 400 GeV/c¢ protons was
extracted from the CERN SPS; two simultaneous
K" and K~ beams of narrow momentum band were
delivered to the NA48/2 beam line, following a
common beam axis derived from the primary beam;
secondary beams with central momenta of (60£3)
GeV/c (r. m. s.) were used. A 114 m-long
cylindrical vacuum tank contained the fiducial
volume, with a length of 98 m, in which the beam
kaons decayed. A magnetic spectrometer, housed
in a tank filled with helium and placed after the
decay volume, measured the momenta of charged
decay products. The spectrometer was made of
four drift chambers (DCHs), with eight planes of
sense wires each; the chambers were placed two
upstream and two downstream of a dipole magnet,
which provided a horizontal transverse momentum
kick of 120 MeV/c to single charged particles.
After the spectrometer, a plastic scintillator
hodoscope ( HOD) was positioned in order to
produce fast trigger signals and provide precise
time measurements of charged particles. Further
downstream, a liquid krypton electromagnetic
calorimeter (LKr) was placed; the LKr was an

27X,

deep, with an active volume of 7 m® filled with

almost-homogeneous ionisation chamber,

liquid krypton; such a chamber was transversally
segmented into 13248 projective 2 X 2 cm?® cells,
segmentation. The LKr

without longitudinal

information was used for photon energy
measurements and charged particle identification.
A hadronic calorimeter made of alternated iron and
scintillator layers was located downstream,
together with a muon detector system. A dedicated

two-level trigger operated to collect three-track
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decays with an efficiency of about 98%. A detailed c —
description of the NA48/2 experimental apparatus 1E+6§ A\\ IE[DI}E;CHSH;
can be found in Ref. [7]. 1E+5; l y l %K*—-ZBZ% |
2 Event selection Tk / \

< 1E+4 3
For the analysis presented in this paper, the % \
whole NA48/2 data sample was used. The K3, and i 1B §
K, selections, with the following z° — ye' e~ § 1E+2;— \
event, require a three-track vertex to be ?
reconstructed in the fiducial decay region; the IEH;_ :
vertex has to be formed by the tracks originated - 1.

from a pion or muon candidate and two opposite-
( ¢* ) candidates.  The

identification of charged particles is based on the

charged electron
ratio of energy deposition in the LKr calorimeter to
the momentum measured by the spectrometer,
E/p. Pions

constrained above 5 GeV/¢ momenta, while the

and muons are kinematically
momentum spectra of electrons originating from =’
decays are soft, with a peak at 3 GeV/c. Thus,
the requirements for the kinematics of the process
are; p>5 GeV/c and E/p<C0.85 (E/p<<0.4) for
the pion (muon) candidate; p>2.75 GeV/c and
(E/p)min<E/p<1.15 for the electron candidates,
where (E/p)umn = 0.80 for p <5 GeV/c and
(E/p)min= 0. 85 otherwise.
insulated cluster of energy deposition in the LKr is
candidate.  The

reconstructed invariant mass of the e™ e y system

Moreover, a single

associated with the photon
is required to be compatible with the #° mass
(Imyey—me |<< 8 MeV/c* ), an
+ 5

interval

corresponding to times the resolution
on m,t, 4.
As far as the K,, selection is concerned, the

Te ¥ system (Fig. 1) is

invariant mass of the 7~ e
to be compatible with the K* mass, that is 474
MeV/c* <<m,,t. , <514 MeV/c*. Regarding the
K,; selection, the squared missing mass mj,, =
(Px— P, — Py )* (Fig.2) is required to be
<0. 01 GeV*/c*,

where P, and P, are the reconstructed four-

compatible with zero, i. e. |m?;,

momenta of )ui and 7° s and Pk is the nominal four-

momentum of the kaon.

1
400 420 440 460 480 500 520 540 560 580 600
Mg/ (MeV~c’2)

The cuts on the selection are represented by the arrows.
Fig. 1 Data and Monte Carlo (MC) reconstructed invariant

mass of 7 7%, for events passing the K, selection
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The cuts on the selection are represented by the arrows.
Fig. 2 Data and MC reconstructed invariant mass of 7z},

for events passing the K,; selection

After the two selections are applied, a sample
of 1.38 X 107 (0.31 X 107) fully reconstructed %
decay candidates, coming from K,, (K,;) with a
negligible  background, is selected. = Two
parameters are used to correct the observed
number of candidates: the acceptance and the
trigger efficiency of the apparatus; eventually, the
total number of K* decays in the 98 m-long
fiducial region for the analysed data sample is
found to be Nk =(1.57+0.05) X 10", where the
external uncertainty on the z decay branching

fraction dominates the error on Nk.
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Fig. 3 shows the reconstructed spectra of the
¢ e invariant mass for the K., selection, while
Fig. 4 displays the same reconstructed spectra for
the K,; selection; in addition to the two single
selections, a joint dark photon selection is taken
into account and considered passed whenever an
event fulfils either the K, or the K,; requirements.
The acceptance of the joint selection for any
process is equal to the sum of the acceptances of

the two mutually exclusive individual selections.

1E+6 K s.election}
— data
. kK i—> 7[37[1%

1E+5 & \\\ O K —mpuv|.

S 1B+ \\

>

[}

3 \\

Z 1E+3

2 \\

=

o

% 1E+2 ,]]7

1E+1

0 20 40 60 80 100 120
Mee | (MeV-c?)

1

Fig. 3 Data and MC reconstructed invariant mass 2,

for events passing the K., selection

K ,3p selection:
—data .
K= mdutv

K *—7z*n)
K~ 7 77|

A
5
S 1E+3 \\
z \,
) 1E+2
o f
IE+1E e b

i

\

\ ,

0 20 40 60 80 100 120
Mee | (MeV'c’z)

Fig. 4 Data and MC reconstructed invariant mass 7z,

for events passing the K ; selection

3 The 7’ Dalitz simulation

The #p decay is simulated using the following

lowest-order differential decay rate:
dI'r ., a , (1—2)° o
dxdy_Fon' | F | dx (1+y +x>
(5
where x and y are two kinematic variables defined
as:
2 2
= M _ Ma

2.9
my 7

2 J—
- % (6)
In these definitions, r=2m,/m, , whereas ¢, ¢
and p are the four-momenta of the opposite-
charged electrons and the neutral pion; I', is the
rate of the n” = yy decay, and F (x) is the

transition form factor (TFF) of the pion.
According to the classical approach of
Mikaelian and Smith"*), one can implement radiative
corrections to the differential decay rate, which is

thereby modified using the following formula;:

d;fd'j — 5y % %)

which does not take into account the emission of

inner bremsstrahlung photons.

The TFF is conventionally parametrised as
F(x)=1 +ax, where the slope parameter of the
TFF, a, is expected to be of about 0. 03, according
detailed
theoretical computations based on the dispersion
0.030 7 =+ 0.000 6.
Experimentally, the Particle Data Group provides a

to vector meson dominance models;
theory yield a =

measurement of a = 0.032 = 0. 004", mainly
determined by the CELLO experiment''"”, which

measured the rate of the e" e —et

e 7’ process in
the space-like region.

However, the precision on the Mikaelian and
Smith radiative corrections to the =#, decay is
limited. Indeed, the measured TFF slope lacks a
further correction, due to two-photon exchange,
which is estimated to be Aa= 0. 005?), For this
reason, the description of the backgrounds cannot
benefit from precise inputs on the TFF slope '™ ;
therefore, by fitting the data of the m, spectrum
itself, an effective TFF slope is obtained and used
to get a satisfactory background description, as
evaluated by a y” test, over the range m, > 10
MeV/c*, the one used in the search for the dark
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photon. The acceptance computation in the m,
region is less robust due to two reasons: the
abruptly falling geometrical acceptance at low
values of m, and the decreasing efficiency in
identifying electrons at low momentum; this
accounts for the fact that the m, region is not

considered for the aforementioned purpose.

4 Search for the dark photon

In the mass range 9 MeV/c?<lmy <120 MeV/
¢*, a scan to search for dark photon signals is
performed. The limited precision of MC
simulations on backgrounds at low mass affects the
lower extent of the considered mass range,
whereas the signal acceptance drops to zero at the
upper limit of the range. The mass step of the scan
and the width of the mass window for the dark
photon signal, around the assumed mass, are
determined by the resolution &m, on the e e~
invariant mass, which is a function of m, to be
evaluated with MC simulations; this function is
parametrised as g, (m,) = 0.067 MeV/c? +
0. 010 5m, , and varies between 0.16 MeV/¢? and
1. 33 MeV/c* over the mass range of the scan,
whose mass step is set to be g,,/2, while the mass
window of the signal region, for each hypothesis
on the dark photon mass, is defined as = 1. 5,
around the assumed mass. The width of such a
mass window has been optimised via MC simulations,
in order to obtain the highest possible sensitivity to
the dark photon signal; both the fluctuation of =},
background and the signal acceptance contribute to
the determination of the sensitivity.

Each mass value of the dark photon is
studying the number of observed
N,;,» and

the expected number of

considered,
events passing the joint selection,
comparing them to
background events, N,,. The latter is evaluated
from MC simulations and corrected for the trigger
efficiency, as measured from control data samples
passing the joint selection. Fig. 5 shows the numbers
of observed and expected events for each mass

value and their estimated uncertainties, &N,,, and

ON.., » the former being equal to V'N,,.» because
of its statistical origin; on the other hand, the
generated MC sample is rather limited, contributing
to the determination of ON,,, together with the
statistical errors on the trigger efficiencies, measured
in the signal region of the dark photon. One can
evaluate the local statistical significance of the dark

photon signal for each mass value (Fig. 6) :

7
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T T TTTTIT

Nobszjvcxp

.
1E+4 \

UL (Npp) at 90% CL \
1E+3 hﬂh ﬂ JNI ' A
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———
SNMCE o

1E+2 exp / ‘*‘

ON, obs ON, exp
1 1 11 1 1 1 1 11 1 1 11 1 1 1

20 40 60 80 100 120
my | (MeV-¢™?)

Nobs, Nexp and their uncertainties; UL (Npp)

T T TTTTIT

Fig. 5 Numbers of observed data events and expected 7,
background events passing the joint selection (indistinguishable
in a logarithmic scale) , estimated uncertainties and obtained
upper limits at 90% CL on the numbers of dark photon

candidates ( Npp ) for each mass value 72,

[\S)
T T 17T

S——

TT T T[T T T T[T 111

DP signal local significance
o

e ) AT R S o b

20 40 60 80 100 120
Mee | (MeV~c’2)

Fig. 6 Estimated local significance of the dark

photon signal for each A" mass value

Z - (Nu/).s - N(ﬁl‘[) )/ (SNU/].& )2 + (8N({1"D )2 <8)
The measurements of N,,, N,, and 6N,

allow for the computation of confidence intervals at
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90% CL on the number of A" — ¢ ¢

candidates, called Npp, for each mass hypothesis;

decay

this calculation is performed by using the Rolke-
Lopez method'**’, assuming Poissonian (Gaussian)
errors on the number of observed (expected)
events.

Furthermore, under the assumption BR(A —

BR(z* = A'y) =

e e )=1, one can also compute upper limits at
90% CL on the branching fraction BR(z"—>A"y).
considering each mass value of the dark photon;
the above-mentioned presumption is a good
approximation for muy < 2m,, in case that A’
decays to SM fermions only. Said upper limits are

calculated making use of the following relation:

Npp

where App (Ks,) s App (K,3) and App (K3,) are the
acceptances of the joint selection for K,,, K,; and
K, decays, respectively, followed by the z°—>A’y,
A’—>e¢" ¢ decay chain; e, and e, are the trigger
inefficiencies, which have been taken into account
neglecting their variations over the m, invariant
mass.

One can consider the angle between the e’
momentum (in the e ¢~ rest-frame) and the e™ e~

0

momentum (in the #” rest-frame); studying the

distribution of the angle between the two
momenta, one can observe that they are identical
for both the dark photon (that is z°—>A"y, A’ —
e e ) and the #}, decays, up to a negligible effect
of the radiative corrections, which does not have to
be applied in the former case, since the acceptance
was found to be affected by 1% by it. Therefore,
MC samples for background description are used to
evaluate the dark photon acceptances, so that no
dedicated MC productions are required in this
analysis.

Fig. 7 displays the resulting signal acceptances
for the 2" — A"y decay, while Fig.8 shows the
upper limits on the branching ratio of the latter
process, these being O(107°) and not exhibiting a
strong dependence on m,'.

In Fig. 9, one can observe the upper limits at
90% CL on the mixing parameter ¢, for each mass
value of the dark photon, as computed from the
upper limits on BR(x"—>A"y). by using Eq. (2);
in the same figure, one can also have a glance
on the constraints obtained by SLLAC E141 and

Ngere;[ BR (Ko ) App (Ks) + BR(K,5) App (K,5) + 2BR (Ks, ) App (K, ]

(€D

4.5

»
=

e
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N
W
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=

acceptance / %

W

=3

K3 (x10) \\
T \\\
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v ey by Py 1y T
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The K3, acceptance is scaled by 10 for visibility purposes.
Fig.7 Acceptances of the joint dark photon selection for K, ,
K,; and K, , depending on the assumed

mass of the dark photon, evaluated with MC simulations
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experiments. On the (my, ¢) plane, a band
between the two curved lines is displayed; if the
discrepancy between the measured and the
calculated values for the anomalous magnetic
moment of the muon lies in the # 25 range, the
anomaly could be explained taking into account
scenarios involving the presence of dark photons.

Likewise, a region accounting for the anomalous

magnetic moment of the electron is visible'*#2),
KLOE
WASA
N
QO
RPe,
@

1E-5

m

B = NA48/2

| 1 L ool 1

1E+1 1E+2
my | (MeV-c?)

Between the black lines, the band accounts for the muon
anomalous magnetic moment ((g—2),), whereas
the blue line marks the region which could explain the anomaly
of the magnetic moment of the electron ((g—2), )4,
Fig.9 The NA48/2 upper limits at 90% CL on the mixing
parameter ¢ versus m, , compared
to the results on exclusion limits from meson decays,
as published by SLAC E141, FNAL E774, KLOE, WASA,
HADES, Al, APEX and BaBar experiments

The upper limits on ¢ obtained from the
present analysis represent an improvement over the
existing data in the dark-photon mass range 9~ 70
MeV/c?  and
(g—2),M", in the hypothesis that the dark photon

exclude the whole region of
can only decay into SM particles. The irreducible
x5 background limits the sensitivity of the search
for the prompt A" decay. Moreover, the achievable
upper limit on ¢ scales as the inverse square root of
the integrated beam flux; this means that the

technique with which this analysis was carried out,

if applied to larger samples of K, as will be

collected by the NA62 experiment at CERN"* in
2015 ~ 2018 ,

improvements in future results.

could lead to rather modest
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0 Introduction

Well motivated New Physics ( NP) models
predict the existence of several new particles that
are not yet excluded by experiment. The BaBar
experiment has collected large samples of clean

e e collisions with a general purpose full solid-

Received: 2015-11-30; Revised; 2016-04-20

angle detector at and around the 7 (4S) on the
PEP-1I storage SLLAC National

Laboratory. This data sample is well suited to

ring at the

search for kinematically allowed NP particles that
are rarely produced and may have escaped previous
searches. The results of two recent searches for NP

light particles with BaBar are reported in the following.
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1 Search for dark photon intoe¢” ¢ or

php

Light NP particles may be loosely coupled
with ordinary matter through “portals”’, which
provide interactions between the Standard Model
(SM) fields and “dark” fields, which can be
scalar, pseudoscalar, vector or spin 1/2 fermions.
A model for weakly interacting Dark Matter

2] the existence of a “Dark

particles predicts
Photon” A’ with mass around 1 GeV, which

interacts with the SM particles via a “kinetic
mixing” term AY= (¢ /2) F"*F/,, with a coupling

constant ¢ <1,

A search for A’ production in the process
ete >yA >ylT I (" =e" or i+ as shown in
Fig. 1) has been conducted on the whole BaBar
data sample of 514 fb '), The A’ branching
ratios into [T [~ are expected to be sizeable over the
whole hypothetical mass range'*! (see also Fig. 2).

+

With respect to the process e ¢ —vy 7, the cross-

section for this process is reduced by a factor ¢ 2.

A

e AVAVAVAVAVAVAVAVAS

Fig. 1 Diagram for¢™ ¢ —> YA — y" [~

We select events with a final state containing
two oppositely-charged leptons and a photon and
do a kinematic fit of the reconstructed track
parameters to match the center-of-mass (CM)
energy with the constraint that all three particles
come from the interaction point (IP). We suppress
background removing events consistent with
having an electron conversion and requiring a good-
quality photon. According to simulation, which is
consistent with the data, the selection efficiency is
typically 15% (35%) for the electron pair (muon

pair) channel.

- pu

T T T T T
| j
Q
N 4

T

fraction

T

1E-2

s/ Gev

Fig. 2 Branching fraction predictions for A" — /' [~

and A" — ¢ as a function of 7,

We search for a signal peak on top of a smooth
background in the lepton pair invariant mass. The
SM background yield is fitted from the sidebands,
to avoid the need of an accurate simulation. We
Carlo (MC)

simulation is

nevertheless perform a Monte
and find that the
reasonably accurate except in the m, low-mass
region, Bhabha
(performed with BHWIDEY ) is known to be

relatively less reliable. Further details are in the

simulation

where radiative simulation

BaBar publication’®, In order to get a smoother

behaviour at threshold, we consider for muons the

reduced mass mg = «/W rather than the
invariant mass. Fig. 3 shows the mass and reduced
mass distributions in data and simulation.

We fit the signal yield on about 5 500 steps in
the mass m., with a variable step size close to half
the mass resolution, and on mass intervals 20~ 30
times broader than the mass resolution. We use a
likelihood function that includes a signal peak
centered on m over a polynomial background. The
signal peak shape depends on the mass and is
interpolated from simulated events, which are
tuned by comparing data and simulation on known
resonances.

In the vicinity of known resonances [w, ¢,
J/¢s ¢(2S), 1(1S.2S) ], the resonance peaks are
excluded from the scan, the resonance is fitted on
data, and the resonance tails are added to the
likelihood in addition to the signal and non-peaking
and ¢

background components. For the w
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On the bottom the data/simulation ratio is reported.
Fig. 3 Electron pair mass spectrum (top) and muon pair

reduced mass spectrum (bottom) for data and simulation

resonances, their interference with the non-
resonant channel is also fitted and used in the
maximum likelihood fits of the neighouring
masses.

In the fit, the signal component can be
negative, but the total probability density is
constrained to be non-negative. We determine the

significance of each fit as S =

v/ 2log(L/Ly) s where L and L, are the maximum

likelihood values for fits with and without freely

“ local ”

varying signal, respectively. The largest local
significance is 3. 46 (2. 95) for electron pairs (muon
pairs). Since we search for signal in many mass
hypotheses, we estimate the significance of the
whole scan by determining the trial factors with a
Carlo

experiments. With this correction, the “global”

large sample of simulated Monte
significance of the two scans is 0.57 (0.94) for
electron pairs (muon pairs).

In absence of signal evidence, we compute

90% confidence level (CL) Bayesian upper limits

+

on the cross-section e” ¢~ —>yA’, combining both

channels. The determination uses the BaBar
luminosity ( with ~ 0.6% uncertainty ), the
estimated efficiency (with 0. 5% ~4% uncertainty)
and the predicted branching fractions in Ref. [ 4]
(with 0.1% ~ 4% uncertainty) and models the
respective uncertainties with Gaussian
distributions. The muon pair final state search is
significantly more powerful than the electron pair
for m > 212 MeV because its backgrounds are

smaller. From the cross-section limits we derive

limits on the Dark Photon coupling constant ¢ as a
function of its mass m according to Ref. [4].

Results are shown in Fig. 4.
1E-2

1E-3

1E-2 1E-1 1 1E+1
my | GeV

The values required to explain the discrepancy between the
calculated and measured anomalous magnetic moment

of the muon®] are displayed as a red line.

Fig. 4 Upper limit (90% CL) on the mixing strength ¢

as a function of the dark photon mass

Bounds in the range 10 *~10"* for 0. 02<Tmy <<
10. 2 GeV are set, significantly improving previous
derived from

constraints beam-dump

L[7-9]

experiments-"*, the electron anomalous magnetic

moment-'",  KLOE!M',  WASA-at-COSYM*,
HADES'", Al at MAMI", and the test run
from APEX!,

These results improve and supersede existing
constraints obtained from a BaBar search for a light
CP-odd Higgs boson"'"'*) using a smaller dataset.
We reduce the experimentally allowed parameter
space that could explain with a Dark Photon the

discrepancy between the calculated and measured
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anomalous magnetic moment of the muon'®.

2 Search for long-lived particles in

¢ e collisions

When NP particles are weakly coupled to
standard matter, they can be long-lived if they are
restricted to decay to SM particles'’. Recent
anomalous astrophysical observations have induced
the elaboration of several NP models that include
low-mass, long-lived hidden-sector states, such as

[19-22] [23]
b b

dark photons an inflaton

24l 0 g dark Higgs boson® and

supersymmetry
with other dark-sector states?’.

Experiments have mostly searched for such
long-lived particles at small masses under 1
GeV™%2) and in the multi-GeV mass range****.
The BaBar collaboration has completed a search
that is sensitive to masses O(GeV)F™,

At the B factories, a hidden-sector scalar
particle may be produced in an 7 radiative decay or
in a B penguin decay and, in turn, may decay into

a pair of fermions as shown in Fig. 5.

7o odyii d,u

b ¢ w-
— " b —a J‘J:;H S
f ¢<<é::::f
b+ V4 J;

Fig. 5 Lowest-order diagrams for the production of
a long-lived dark scalar particle in radiative T decays

(left) and in penguin decays of B mesons (right)

We completed a model-independent search for
inclusive production of a long-lived particle L in the
process ¢ ¢ —LX, where L decays at a displaced
vertex into any of six different final states, e™ e,
wp se s s KNK and KW n'.
for 20 fb™! taken at the T(4S), which where used
to test the analysis, we use the entire BaBar data
collected at the T(4S), 40 MeV below the T(4S)
peak, at the 7(2S), and T(3S), corresponding to
a luminosity of 489.1 fb™!.

Except

We reconstruct L from two oppositely-charged
tracks that originate from a common vertex with

distance to the beam line in the transverse plane

from 1 to 50 ecm. The resolution on the radial
distance of the fitted vertex must be smaller than
0.2 cm. We require that both tracks have impact
parameters with respect to the beam line larger
than 3 times the resolution. We reject background
from K% and A decays, and we skip searching for
signal in several low-mass regions with problematic
structures in the mass distribution by requiring,
depending on the final state, that m,+,~ > 0. 44
GeV, m,",~ <<0.37 GeV or m, , >0.5 GeV,
m, 7 >>0.48 GeV, m, .~ =>0.86 GeV, myrx >
1. 35 GeV, and mg+,# >1. 05 GeV. According to a
Monte Carlo simulation, surviving background
consists primarily of hadronic events with high
track multiplicity, where large-d, tracks originate
mostly from K%, A, K*, and = decays, as well
as particle interactions with detector material.
Random overlaps of such tracks comprise the
majority of the background candidates.

Fig. 6 shows the mass distributions of the
signal candidates ( with uniform mass bins )

together with the respective background PDFs.
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Fig. 6 Observed mass distribution for 7(4S) =+ off-resonance
data (red solid points) , for T(3S) + 7(2S) data (blue open
squares) as a function of mass z for each final state with
the background PDF P overlaid (red, blue solid lines)
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We scan for a signal mass peak over a smooth
background with an extended unbinned maximum
likelihood fit with a polynomial background and a
signal peak corresponding to a mass m whose shape
and width we determine from a Monte Carlo
simulation for 11 mass hypotheses. We repeat the
of 2 MeV. We determine the

significance of the S =

v 2log(L / Ly), where L and L, are the maximum
likelihood values for fits with and without freely

fit in steps

signal yield as

varying signal, respectively.

For each final state mass scan, we determine
the background-only hypothesis p-values of the
largest found signal significances with positive
signal yields using a large amount of background-
only toy Monte Carlo simulations. No evidence of

signal was found, hence we compute upper limits

on the product g(e" e —>LX)ZA(L— )¢ (f) using
the signal yield and the estimated BaBar integrated
luminosity. We determine the signal yield profile
likelihood using convolutions with Gaussians to
account for systematic uncertainties on the signal
( obtained Carlo

simulation) and on the background likelihood

efficiency from a Monte
term. We obtain Bayesian 90% CL upper limits
using a flat prior, shown in Fig. 7.

For the purpose of testing specific NP models,
the signal efficiency has been estimated with a
Monte Carlo simulation using 11 L masses. The
simulation used lifetime large enough to populate
the acceptance in the radial distance of the
displaced vertex. With appropriate weighting,
properly
simulated. The estimated signal efficiencies as a

shorter signal lifetimes are then

function of the mass, the lifetime and the
transverse momentum are provided to allow model
testing"**.

We used the results to set constraints on a
specific model where L is produced in B decays via
B— L X, where X,

strangeness S= — 1 as in Higgs portal*?" and

is a hadronic state with

axion-portal® models of dark matter. By

ole'e ™= LX)B(L—f)&f) / fb

_
i
[\
-

1E-1f —YB9)+Y(2S)
E 3 Rt W,
1E-2F Y(4S)+off- resonance J\‘\

EL N R | s

M

il ————

3 4 567810

2x1E-1 1 2
my / (GeV-c?)
Fig.7 90% CL upper limits ono(e" ¢ — LX) (L — e( )
for each final state f as a function of L mass for 7(4S)
data (lower red curves) and for 7(3S) + 1(2S)

data (upper blue curves)

simulating the detection efficiency with this

production model, we obtained limits on the
product branching fraction %, =%(B—~L X,) -
B(L—>f), shown in Fig. 8. These limits exclude a
significant region of the parameter space of the

inflaton model™,

3 Conclusion

The e" ¢

have been used to search for new particles that are

collision data recorded by BaBar

predicted by several New Physics models. We did
not find evidence for any signal beyond the
Standard Model

experimental constraints to present and future

and we obtained significant
theory models.
No dark photon has been found in the 0. 02~

10. 2 GeV mass region, constraining the kinetic

mixing parameter ¢ to be less than 10°* to 10°
depending on the dark photon mass.

We did not find evidence of non-SM long-lived
particle in the 0. 2 GeV<{m<C10 GeV mass range
and proper decay lengths of 0. 5 cm<Ccr<C100 cm



606 T EAFHARAREFR

% A6 %

1E-3 |
1E-5E
1E-7F
1E-3F
1E-5E
1E-7F
1E-3
1E-5
1E-7
1E-3
1E-5
1E-7
1E-3 |
1E-5F
1E-7F
1E-3F
1E-5F
1E-7F

34

Br(B—X,L)BHL~/)

T

1.5 20 25 3.0 35 40 45
my / (GeV-c?)

Fig. 8 Upper limits on %;; = #(B— L X,) « (L — f)

as a function of the L. mass for a selection of lifetimes

and we published appropriate 90% CL upper limits
on the product g( e"e” —=LX) « Z(L—>f) * ¢ ,.

Belle has collected about twice the amount of
BaBar events, and has good prospects of improving
part of the above measurements. Bellell with 50
ab™! and an improved trigger for light New Physics
searches will be able to ameliorate all the presented

limits by one order of magnitude or more.
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1 The MAMI and MESA facilities

1.1 The MAMI facility

The Mainz Microtron MAMI is a continuous-
wave (CW) electron accelerator for beam energies
of up to 1.604 GeVI?#,

university accelerator by the Institute for Nuclear

It is operated as a

Physics of the Johannnes Gutenberg University
(JGU) of Mainz. MAMI is constructed as a
cascade of four microtrons, of which the last
stage, the harmonic double-sided microtron
MAMI-C, represents a new concept in microtron
accelerator technology. The beam intensity (up to
~100 pA), the beam polarization (up to 85%),
and the energy resolution (0.1 MeV) are among
the highest in the world. Also, the availability of
the accelerator, which is routinely operated by
students, is very high with approximately 7000
hours of beam delivered for the users per year.
Currently, two major installations are operated at
MAMI, the electron scattering experiment Al as
well as the A2 experiment at the tagged photon
beam facility.
1.1.1 The Al electron scattering experiment
The Al experiment consists of three high-
resolution magnetic spectrometers, allowing for
coincidence electron scattering experiments->. The
spectrometers with a weight of 300 tons each, can
be rotated around a common pivot. They have a
maximum momentum coverage of up to 870 MeV/c,
spatial acceptances of 28 msr and an outstanding
momentum resolution of 107*. The focal planes of
chambers,

Cherenkov

detectors, and a proton polarimeter. In addition, a

the spectrometers comprise drift

scintillators as timing detectors,
compact spectrometer (KAOS) for the detection of
kaons is available. At present, a highly segmented
neutron detector is under

large solid angle

construction. High-power cryogenic targets for
liquid hydrogen and deuterium, pressurized *He
and ‘He as well as a polarized *He target are

available as well.

1.1.2 The A2 photon scattering setup

The A2 collaboration runs a facility for energy
tagging of bremsstrahlung photonst’.  An
additional end point tagger was built to cover the
high-energy part of the photon energy spectrum
and to access the 77/ threshold. The primary
detector arrangement consists of the Crystal Ball
and TAPS detectors. This setup is particularly
suitable for the detection of photons with a solid
angle of almost 4x with high resolution and high
count rate capabilities. A set of two inner
multiwire proportional chambers and a barrel of
scintillation detectors serve for tracking and
particle identification. A recoil proton polarimeter
is also available. A polarized frozen-spin target for
protons and deuterons with longitudinal and
transverse polarization is operating successfully™-.
Very high relaxation times of up to 3 000 h have
been obtained.
1.2 The future MESA facility

In addition to MAMI, a new accelerator, the
Mainz  Energy
Accelerator ( MESA ),
accelerator using superconducting cavities and the

(ERL)

currently under construction at Mainz, see Fig. 1.

Recovering  Superconducting

a compact CW linear
energy-recovering linac concept'®™, s

It will be housed in existing underground halls as

well as a new hall and will run in parallel to

MAMI. MESA

maximum 155

exhibits a beam

MeV,

intensities (at least 1 mA) which exceed the

energy of
however with beam
intensities achieved at MAMI by more than one
order of magnitude when running in the ERL
mode.  The MESA
accelerator as well as the experiments P2 (operated
in the extracted beam mode) and MAGIX (an
internal target experiment for the ERL mode) is
foreseen for 2019. The MESA beam can be
polarized both in the external as well as the ERL

commissioning of the

operation mode.
1.2.1

The major goal of the P2 experiment is a new

The P2 experiment

precision measurement of the electroweak mixing
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new experimental hall
(forschungsbau)

Fig. 1 The future MESA accelerator facility with the accelerator itself (left) and the two experiments P2 and MAGIX (right)

angle, sin’@y at low momentum transfer. The P2
experiment is described in detail in a dedicated
contribution to these proceedings, see Ref. [7]. A
measurement of this kind has the potential to probe
New Physics scenarios at a mass scale of up to 49
TeV, hence being complementary to searches for
New Physics at the LLarge Hadron Collider. The P2
experiment might also be used for a measurement
of the neutron skin") of nuclei with important
implications for astrophysics and a detailed
understanding of neutron stars.
1.2.2 The MAGIX experiment

The operation of a high-intensity ERL beam
with intensities of at least 1 mA in conjunction
with an internal gas target is a novel experimental
approach and will yield competitive luminosities of
10% em ™% « s,
opportunities of such a setup, the MAGIX high-
will  be

constructed. MAGIX will allow to continue the

To fully exploit the physics

resolution double-arm  spectrometers
search for a hypothetical gauge boson ¥’ (dark
photon), which is predicted in the context of dark
matter models. Furthermore, precision
measurements of the electromagnetic form factors
of the nucleon at low momentum transfers will be
possible at MAGIX, as motivated by the proton
radius puzzle. The MAGIX spectrometers will be

equipped with large area GEM-based focal plane

detectors. For the internal target, a supersonic gas
jet target as well as a T-shaped target with the

option of target polarization are prepared.

2 Experiments related to the proton
radius puzzle

The charge radius of the proton currently is
determined using different methods™' : @O by
measuring the electromagnetic form factor of the
proton in electron-proton scattering experiments at
low momentum transfer; @) by measuring various
atomic transitions in hydrogen; @) by measuring
the lamb shift of the 2S—2P transition in muonic
hydrogen. The latter method comes out to provide
an extremely precise determination of the proton
radius on the permille level. It however shows a
dramatic difference with respect to the first two
methods, which themselves are consistent with
each other and provide measurements on the
percent level, This surprising situation was dubbed
the proton radius puzzle. It has triggered in the
past years a large number of theoretical
investigations, which have tried to explain the
discrepancy by unaccounted hadronic uncertainties
In the

meantime, there is however consensus in the

in the muonic hydrogen measurement.

community that the hadronic correction associated

with the two-photon exchange diagram represents
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by far the largest hadronic correction. electromagnetic form factors of the proton, which

Nonetheless, it, amounts to only about 10% of the
total discrepancy, and, furthermore, is known
with approximately 10% accuracy and therefore by
no means can be the sole reason for the proton
radius puzzle. There are speculations whether the
proton radius puzzle might indicate physics beyond
the Standard Model of particle physics. Before
coming to this conclusions, the experiments both
in electron-proton scattering as in electronic and
muonic atomic spectroscopy need to be scrutinized.

The most precise measurement of the proton
radius according to method @) has been performed
at A1/MAMI' . A momentum range of as low as
few 107 GeV? has been covered, yielding a proton
radius of () =0.879(8) fm. This deviates by
approximately 5 standard deviations from the
muonic hydrogen value, obtained at PSI with (r) =
0.840 9(4) fm™".

the momentum range covered by Al might not be

It has been speculated whether

low enough for a precise determination of the
proton radius as an extrapolation to essentially zero
momentum transfer has to be made'?! (see also the

In the

following, we present two new approaches to

reply in Ref. [ 13] to this critism).

achieving extremely low ranges of momentum
transfer, either by utilizing the method of initial
state radiation, or, by carrying out dedicated
measurements at the low-energy facility MESA,
2.1 [Initial state radiation measurement at Al

The radiation of a high-energetic photon from
the incoming electron, involved in the electron-
proton scattering process, leads to a reduction of
the effective momentum transfer probing the
proton. In fact, for a given setup of beam energies
and polar angles of the Al spectrometers, values of
momentum transfer down to 2X 107" GeV* can be
probed. The method of course needs a good
theoretical understanding of the effects of final
state radiation, or of the radiation of photons from
the protons. While the former is a pure QED
process and is therefore known precisely, the latter
knowledge of the

requires an a  priori

shall be measured. The present accuracy of the
form factor measurements is however sufficient for
background

the purpose of subtracting this

process.

At A1/MAMI, data at beam energies of 495
MeV, 330 MeV, and 195 MeV has been taken.
The analysis of the data is currently ongoing.
Preliminary results can be seen for the two higher
energy points in Fig. 2. In the upper panel the
counting rate for the two energy settings is shown,
along with the background expected from inelastic
processes. Both the data spectrum and the detector
simulation are shown as a function of the energy of
the electron in the final state. A very good
agreement between data and simulation on the sub-
percent level is found, as displayed in the lower
panel. The main limitation is presently given by
the systematic effects associated with the
background from the target walls. The current
results indicate that a precision measurement with
a competitive accuracy of the low-momentum
region can be carried out with the initial state

radiation method.

1E+7
e data at 495 MeV
= dataat 330 MeV
— simulation
L H(e,e')nx" and
3 1E+6 H(e, e’)piro contributions
[5) 3 background for 330 MeV
= 23 background for 495 MeV
%)
& 1E+5 -
g
S
T 1EH4
i)
=1
=]
3
1E+3
1%
|
=1
2
=]
=
=
E 0%
=
2
—
<
= syst. nucert. for 495 MeV
o syst. nucert. for 330 MeV
1 L

~1% . )
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See text for explanations.
Fig. 2 Initial state radiation analysis of the elastic

process ep —>¢'p’
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2.2 Future opportunities at MAGIX/MESA
of MESA in

combination with the high resolution of the

The low beam energy
MAGIX double arm spectrometer setup will be
ideal for the measurement of electromagnetic form
factors at low momentum transfer. It will also be
possible to measure the ratio of the electric to the
magnetic form factors, ;,Gr/Gu, using the double
polarization method, developed at BLLAST/MIT-
Bates. A
assuming a polarized MESA beam (1 mA beam

simulation has been carried out,

current), along with a target polarization of 80%
? as in the BLAST
target). Fig. 3 shows the results of the simulation
with the projected error bars of the MAGIX
together with the

(target density 3 X 10" cm™

measurement (red points),
currently existing world data set. The high
accuracy of the data and the fact that a low
momentum transfer can be achieved, will lead to
structure of the

new insights regarding the

nucleon.

. ¢ e eee ‘

=09} ® Bernauer (MAMI 2010) ¥ |

\LS* . Zhan (JLab 2011) N

~ Crawford (Bates 2007) i

TR = MacLachlan (JLab 2006)

Q Jones (JLab 2006) s
08l Punjabi (JLab 2005) \ i
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v Gayou (JLab 2001)

x Jones (JLab 2000)
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Fig. 3 Ratio of the electric to the magnetic form factor,
1Ge/Gu 5 as a function of momentum transfer:
projected error bars of the future measurement at MAGIX
(red data points) from a simulation., assuming a polarized
MESA beam and target. Shown is also the currently

existing world data set of this ratio

3 Investigations of proton and meson
structure using tagged photons

3.1 Proton polarizabilites at A2

As mentioned above, the largest uncertainty

for the determination of the proton radius from the
muonic hydrogen Lamb shift measurement arises
from the two-photon exchange diagram. This
effect can be related to the forward Compton
scattering amplitude, which in turn is related to

MAMI,

measurements of polarizabilities of the proton are

the magnetic polarizability Swi. At
possible at the tagged photon beam line with the
A2 setup and a major program of polarizability
measurements is currently ongoing. The use of
single polarization as well as double polarization
variables indeed provides new and exciting
opportunities for precision measurements, as will
be discussed below,

Proton polarizabilities describe the response of
the nucleon on an external electromagnetic field
and provide fundamental information on the proton
structure. We distinguish between the electric
polarizability az and the magnetic polarizability

Bwi. At higher

polarizabilities enter:

orders also the four spin

YeEiE s Yvim s Yenes and

Yug. Fig. 4 shows the current PDGMY average of
the electric and the magnetic polarizability along
with several theoretical predictions from (heavy)
chiral theory, dispersion

baryon perturbation

relations, and sum rules. Obviously, a precise

measurement of the polarizabilities has the

8 T T
J}/ af=11.2+£0.4
%, Bin=2.5+0.4
6F “% =
o ——__ ByPT
Lo = HByPT
E oab S i
< 12
o ]
= 1
g 1
3 2} ‘\ 4
%\ \
\
&\
[S)
0F 0&,‘.‘%\.\ 4
S
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¥ /(107 fm?)

Fig. 4 PDG average and theoretical predictions

for the scalar polarizabilities
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potential to distinguish between the various circularly polarized beam 1is scattered on a

theoretical models.
The A2 collaboration has carried out for the
very first time a pilot experiment and has taken

data on the cross section beam asymmetry 35,

_ do| —dg

in Compton scattering on protons below pion

threshold.

parallel ( || ) or perpendicular

either

to the

Linearly polarized photons,
(1>
scattering plane, are used for the measurement
together with an unpolarized target. It was
recently shown by the Mainz theory group'™ that
in a model-independent framework 3; can be
related to fBwi» since the term containing the
electric polarizability is negligible at low photon
energies.

Using an 883 MeV electron beam the degree of
linear polarization reached about 75% at photon
energies around 130 MeV. Since the recoil proton
has energies too low to be detected in the Crystal
Ball, one neutral hit was required in the trigger.

After

background from empty target measurements, a

subtraction of random events and
clean missing mass distribution was obtained.

The data analysis is almost complete and a
publication of this pilot experiment 1is in
preparation. Clearly more data are necessary to
improve the accuracy of B significantly. The A2
collaboration plans to take additional data in 2016
to reduce the error on B to a level of 10%. Such
an increase in accuracy will also be possible due to
the replacement of the photo multipliers for the
focal plane of the tagging detector in addition to
the recently installed new DAQ system.

In addition to the work related to the scalar
polarizabilities, the A2 collaboration has also
performed a  measurement of the spin
polarizabilities by using the double polarization
variable 3, ,

2 — UAI'{J' 7 U{(’J' — i.l' 7 JE;I
“ J‘IS’I + Uif afﬁz‘ + O{\)f
where a right-handed (R) or left-handed (L)

(2

transversally () polarized target. The variable
Son is
polarizability yg g » which is found to be ygg =
(4.6 £1.6) X10 * fm®, see Ref. [16]. Again,

with the improvements in the data taking rate for

particularily —sensitive to the spin

the A2 data taking, a significant improvement will
be possible in the upcoming years.
3.2 Timelike

measurements of 5 and 7' at A2

electromagnetic  form  factor

A new determination of the electromagnetic
ey
Dalitz decay was carried out at A2/MAMI'S,

Experimentally, such a determination can be done

transition form factor (TFF) from the p—>e"

by measuring the decay rate of y—>7" y—>e e y as
a function of a dilepton invariant mass m, =¢q and
by normalizing it to the partial decay width I'(y—
122K

dIr'ty—>e"e y) _ .

where F, is the TFF of the 9 meson, and [QED] is
the analytic QED expression of the decay ratio

F(@ |2 (3

assuming structureless mesons, which depends on

q» the mass of the  meson and the fine structure

constant ¢ only. Assuming Vector Meson
Dominance ( VMD ), TFFs are usually
parametrized within a pole description:
; 1
F(¢®) =—-+— 4
(¢*) = /A 4D

where A is the effective mass of the virtual vector
mesons, with A~% the FF slope at ¢*=0.

The statistical accuracy achieved in this work
ey

and matches the NA60 result™'”) based on q»/ﬁ 0wy

surpasses all previous measurements of y—>e

decays from peripheral In-In collisions. Compared
to the former determination of the 5 TFEF by the
A2 collaboration from 2011, an increase by
more than one order of magnitude in statistics has
been achieved. This was accomplished by an
analysis of three times more data and the use of a
kinematic-fit technique, which allowed for a higher
selection efficiency and for exploiting the full 5

production range available at MAMI-C,
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Our extracted slope parameter h/=A 2= (1. 95+
0. 1500 & 0.104.) GeV?
uncertainties with the results from all recent
n TFE.  The
approximation fit to the MAMI data shows almost

agrees within the

measurements of the pole-
perfect agreement with the model-independent
calculation of Ref. [ 20], which was discussed
above in the theory section. The calculation by
Terschliisen and Leupold®” and the dispersion
theory calculation'” by Hanhart et al. deviate
slightly from the fit, but the statistical accuracy is
still not sufficient to rule out any of the theoretical

predictions, see Fig. 5.

Ll = this work: data

this work: fit (p0=1) 40—

o A2,2011
L| ---- TL calculation H v
’

Padé approxim

\F

1 1
L | 1 | 1
0 0.1 0.2 0.3 0.4 0.5

m(I"17) / (GeV-c™?)

Shown are two measurements from A2 (this work from 2013,
2011) together with a fit to the more recent measurement and two
theoretical calculations (TL calculation, Pade approxim. ), see text.
Fig. 5 Timelike 7 transition form factor
measurement at A2/MAMI

4 Search for the dark photon

Extra U (1) bosons-so-called dark photons,
¥ -naturally appear in most string compactifications
and essentially in any extensions of the SM. A
prediction for the mass and the couplings is in
general not possible. As a consequence, dedicated
searches span a wide range of masses and
couplings, exploiting very different experimental
techniques (from atomic physics experiments to
experiments at the LHC).

Recently, the focus of dark photon searches

has moved to ¥’ masses in the MeV to GeV mass

range. As Arkani-Hamed et al. in Ref. [23] have
pointed out, dark photons in that mass range could
be related to Dark Matter phenomena. In fact, ¥’
particles coupling to ordinary matter via so-called
kinetic mixing give an elegant explanation for a
number of astrophysical anomalies, such as the
PAMELA/FERMI/AMS discovery of a positron
excess in the cosmic ray flux.

Furthermore, it has been realized that dark
photons with masses in the MeV to GeV range
could also explain the presently seen deviation
between the direct measurement of (g—2), and its
Standard Model prediction. Given the present size
of the effect, a firm prediction for the dark photon
parameter range (coupling parameter e versus Dark
Photon mass m,) can be made*"’,

4.1 Dark photon search at Al

The experimental technique for the 2014 Al/
MAMI measurement®! is similar to the one used
A high-

intensity MAMI beam was scattered on a tantalum

for the 2011 precursor experiment-?,
target. Electron-positron pairs are produced in
QED processes, in which a virtual photon couples
either in a timelike or a space like proecess to an
e e pair. A dark photon could be produced by
exchanging an ordinary photon with a dark
photon. This would show up in the experiment as
a bump over the QED background in the e e~
invariant mass spectrum.

In total, 22 kinematic settings were chosen
with beam energies ranging from 180 MeV to 855
MeV. Depending on the setting, a 99.99% pure
single foil '™ Ta target or a stack of these foils was
used. The result, which is shown in Fig. 6 in pink,
was the most stringent limit below 400 MeV prior
to a publication by BABARM™.,

4.2 Future opportunities at MAGIX/MESA

The dual-arm high-resolution spectrometers in
combination with a windowless internal gas target
are ideally suited for the detection of low-
momentum tracks and as such also for the dark
photon search at low masses. A simulation has

been carried out and it was found, that the
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KLOE 2013

1E-3

| PRI B | IR B R BT

005 0.10 0.15 020 025 030 035
my/ (GeV-e?)

The red (shaded) band shows the parameter range, in which
a dark photon would explain the presently seen deviation between
Standard Model prediction and direct measurement of (g—2),, .
The figure shows the parameter range after the publication of the
Al results; new BABAR data of Ref. [27] is not yet included.
Fig. 6 Dark photon exclusion plot in the parameter range

dark photon coupling ( ¢ ) versus dark photon mass ( nz, )

MAGIX measurement will extend existing dark
photon limits by almost an order of magnitude for
masses below 50 MeV. A luminosity of 10* cm™?
s~ ! has been assumed for the simulation, as also
expected for a MESA ERL beam of 1 mA in
conjunction with the high-density gas jet target.
According to current plannings, the excellent
resolution of the MAGIX spectrometers should
also allow for a highly competitive dark photon
search with an invisible decay of the dark photon
into dark matter particles or neutrinos. This
represents an extension of the Mainz dark photon

program.
5 Conclusion

We have presented in this paper several typical
measurements, which can be carried out at low-
energy facilities as MAMI and at the future MESA
facility. It is the low beam energy (or low energy
transfer) together with world class luminosities,
which allows for competitive measurements in the
field of hadron and low-energy particle physics. In
future, MESA will allow to extend this low-energy

frontier further.
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is physics beyond the Standard Model (SM), the
Belle/KEKB experiment will be upgraded to Belle
11/SuperKEKB™,  The
planning to take ~50 ab ' of ¢" e collision data.
The SuperKEKB asymmetric

collider can provide a clean environment for

upgraded detector is
electron-positron

producing B meson pairs via T (4S) resonance
—2

decay. Its designed luminosity is 8 X 10* cm
s ', which is about 40 times larger than the KEKB
collider. The 50 ab™' overall integrated luminosity
corresponds to 55 billion BB pairs, 47 billion
"¢ pairs, and 65 billion cc states.

In this article, we introduce the Belle II/

SuperKEKB experiment, the current status and

the future plan of the experiment, and the
opportunities for New Physics.
1 SuperKEKB

Many sub-systems of the SuperKEKB

accelerator need to be upgraded for achieving the
40 times luminosity compared with KEKB. The
most important part is the beam size. By using the
so-called nano-beam technology™, the beam
bunches are significantly squeezed to 60 nm thick
at the collision point as shown in Fig. 1. The beam
energies of positron and electron will be changed

slightly, from 3.5 GeV/8 GeV to 4 GeV/7 GeV,

EM Calorimeter:
CsI(Tl), waveform sampli
Pure Csl+waveform sa

electron (7 GeV)

‘ Beryllium beam pipe

W ; t 4
2 cm diameter //' ]
Vertex Detector ////
2 layers DEPFET+4 laye S

Central Drift Chamber >
He(50%): C,Hg(50%), Smal
lever arm, fast electronic

KEKB SuperKEKB

5 mm
I1um y
/100 pm 1 pm 7

Fig. 1 The beam size comparison between
KEKB (left) and SuperKEKB (right)

to achieve a less boosted center-of-mass system.

2 Belle 1I detector

As shown in Fig. 2, most sub-detectors of
Belle will be upgraded for Belle II. This includes
the newly designed vertex detection system (PXD
and SVD), a drift chamber with longer arms and
smaller cells, a completely new PID system which
consists of TOP detector in the central region and
ARICH detector in the forward end, the electro-
(ECL)
crystals and electronics, and upgraded K, — p

detection system (KLM). More details will be

magnetic calorimeter with upgraded

introduced in the following sections.
2.1 VXD

The vertex detector (VXD) consists of two
parts: PXD in the inner part' and SVD in the
outer part®/, PXD consists of two layers of
DEPFET ( DEPleted p-channel Field Effect
Transistor) and SVD consists of four layers of
DSSD (Double Sided Strip Detectors) , as shown in

Resistive Plate Counter (barrel)

KL and muon detector:
5 cihtillatoWLSF+MPPC(end—caps)

agation counter (barrel) J

positron (4 GeV)

Fig. 2 Overview of the Belle 1I detector and its sub-detectors
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DEPleted p-channel Field Effect Transistor~DEPFET
FET gate amplifjl{gr{v\/
p’ source

n" clear

clear gate

p’ drain

thinned down

to 75 pm
deep n-doping|  ~0.29% X,
= e$“intemal gate”|  per layer

depleted
n-Si bulk

p' back contact

impinging particle

Double Sided Strip Detectors
DSSD

sensor thickness
300~320 um

Fig. 3 The structure of the DEPFET (left) and DSSD (right)

Fig. 3. These two sub-detectors combined should
have a good vertex resolution for charged tracks.
Now the system integration is on-going, and a
beam test for VXD has just finished in the spring
of 2016.
2.2 CDC

As the main tracking device for charged
tracks, the CDC in Belle II is larger than that in
Belle and it has a smaller cell size, as shown in
Fig. 4. This should improve the momentum and
dE/dx resolution. The stringing for the CDC was
finished in January of 2014 with 51456 wires and

now it is being commissioned with cosmic rays.

Belle wire configuration {
% . el
\ " a

1200 mm
Belle II ) T
g
g
N
R
AN

Fig. 4 The comparison of CDC wire configurations
between Belle (top) and Belle II (bottom)

2.3 TOP
The imaging Time of Propagation sub-detector
(TOP or iTOP) will be used for particle

identification in the barrel region of Belle II'*,

There are 16 TOP modules, and each one consists

of two quartz bars, one mirror, one prism, and an

array of photo-detectors to collect Cerenkov
photons generated by charged tracks going through
the radiator, as shown in Fig.5. To distinguish
between kaons and pions, the photo-detectors have
excellent position and timing resolution. This is
using multi-channel-plate

(MCP-PMTs) and new

waveform sampling electronics.

achieved by
photomultiplier tubes

track

spherical mirror

)

expansion prism 0.

B

Fig. 5 The structure of the TOP detector

quartz bar

Prototype TOP modules have been tested
during the beam test at SPring-8 at LEPS in 2013,
and MC

with timing

and good agreement between data

simulation has been obtained™,
requirement ~0(100 ps), as shown in Fig. 6.

As of May 2016, all TOP modules have been
assembled, tested and installed to the Belle 1I
detector. The commissioning of all modules is
underway.

2.4 ARICH

Aerogel Ring Imaging Cerenkov (ARICH)
detector will be used for particle identification in
the forward end-cap. Two layers of aerogel with
different indices of refraction will be used to

improve the resolution of the detector®. For
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Fig. 6 The TOP beam test data (left) and simulated MC sample (right)

readout, 420 Hybrid Avalanche Photo Detectors
(HAPD), each with 144 channels, will be used,

as shown in Fig. 7.

4 cm aerogel single index

I

2+2 cm aerogel

Hamamatsu HAPD

ni<np

Aerogel radiator

Fig. 7 The focusing mechanism (left)
and the structure (right) of ARICH

2.5 ECL

For the upgrade of the ECL detector, the
crystals in barrel side will be re-used and the
crystals in the end-cap will be refurbished. New

electronics, such as bias filter and waveform

sampling will be used for the upgraded detector”-.
Now the cosmic ray test is underway. The
expected performance for ECL is shown

in Fig. 8",

0.25 T T T ]
- Belle II Simulation (Preliminary) §
0.20 [* .
S 0.15 - .
) F - ]
Co.10} ]
- . ]
0.05 - - -
B “‘.'-.-_.__.__._ i

L 1 1 1

0 it PR oty PR sty PR sty PR il
0 02040608 101214 16 1.8 20 22 24
E()/ GeV
Fig. 8 The expected performance of the ECL detector '’

2.6 KLM

The endcaps and the inner layers of the barrel
resistive plate chambers (RPCs) of KLLM has been
replaced with scintillators due to increased
backgrounds expected in Belle II, as shown in

Fig. 9. The barrel KLM was the first sub-detector
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to be installed in Belle II.

Fig. 9 The structure of the KLLM detector

3 Physics opportunities

There should be many potential signals for
new physics in Belle II, such as the flavor changing
neutral currents, probing charged Higgs, new
sources of CPV, lepton flavour violation decays,
and searches for a dark photon. With the much
larger data set compared with Belle and BaBar,
Belle II will contribute to the search for new
physics, together with the upgraded ILHCb. For
example, the CKM Unitarity Triangle should be

significantly improved, as shown in Fig. 10,

LS e )
: : y ]
L ETH 4
1.0 7(@) —
[ Belle [1 50 ab™"
[ : LHCb Upgrade -
0.5~ Vil B
I~ 0 :_ m ,,,,,, :_
045 1
; 0.40 ]
0.5 7&}/(a)&|:Vuh| -
: | 0.35 §‘_ i
-10} ne) 030 / ]
r v i 0.25 L 1

: 0.05 0.0 0.5 020 025

4 SR I | AT BT R AT BT e B
-1.0 -0.5 0 0.5 1.0 1.5 2.0

¥

This is a fit to the tree level measurements of the CKM UT angles.
Fig. 10 The predicted accuracy of CKM Unitarity Triangle
with data taken by LHCb and Belle II, from Ref, [ 11]

3.1 Direct CPV inD’ — ¢y, o'y
The direct CPV in radiative decays can be

enhanced to exceed 1% over standard model.

The Acp for D’ —>¢y could be up to 2%, and the
Acp for D’ —>p" ¥ could be up to 10%. The decay
for D" — ¢y was first observed by Belle with 78
fb~! of data, with the relative error on yield of
about 25%*. For Belle I, with 50 ab™! of data,
the A sensitivity will be reduced to 1%.
3.2 D" —>vyy

The branching fraction of the decay D°—>yy is
predicted by SM as =108 ~107!', Although the
rate is low, New Physics (NP) processes can lead
to significant enhancements*.

This decay has been searched for by BaBar®
and the upper limit with 470 fb™! of data is 2. 2 X
10~% with 90% CLM%, as shown in Fig. 11.

T T T T T T T T T T T T T T T

7727=1.53

10

events / (0.01 GeV-¢™?)

—
W
”'l””l"'/‘"” TTTT

0 NP B BRI PR PP 1
1.70 1.75 1.80 1.85 1.90 1.95 2.00

m(y) ! (Gev-c?)
Fig. 11 The decay of D’ — yy from BaBar-'*)

With 50 ab™' of data by Belle II, the upper
limit could be improved to ~2X107%, if it scales
with luminosity L, or ~ 2 X 1077, if it scales
with /L.

3.3 t Lepton Flavour Violation

The lepton flavour violation decays are highly
suppressed by SM, with a branching fraction of ~
102,
Physics

But they could be enhanced in certain New

scenarios, such as supersymmetry

(SUSY )M, little Higgs models® and extra
dimensions-'*.

Belle has searched for LFVI2!, but no trace

of NP has been found. As shown in Fig. 12, the

red dots show the sensitivity for some LFV decays

in Belle II'**!, The branching fraction of the decays

(D Recently, Belle has presented an upper limit on this decay; see Ref. [15].
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Fig. 12 The comparison of LFV upper limit by different experiments for different decay channels, from Ref. [22 ]

is within the capability of the Belle II experiment.
Belle II will push many limits below 10°.
3.4 Dark sector

The dark photon A’ is one candidate for dark
matter that could be searched for at an accelerator.
Its mass is predicted to be in the range of MeV to
GeV'™J, The dark photon could be searched for in
the reaction e ¢~ —>y5x A’. There are two ways to
detect a dark photon: probing leptonically decaying
dark photons through mixing, or probing sub-GeV
dark matter in invisible decays. In the latter case,
the signature for the decay is a single energetic
photon in the event, which requires the single
photon trigger. The single photon trigger was not
available in Belle but will be implemented in
Belle I1.

The upper limits of dark photon measurement
for different experiments are shown in Fig. 131",
Belle II has an advantage to search for dark photon
A’ with much higher integrated luminosity.

4 Schedule

The SuperKEKB accelerator is now at the
final stage of construction and the upgrade of the
Belle II detector is on-going. As shown in Fig. 14,
there are three phases in the commission and
operation of Belle II. In Phase 1, which begins in
early 2016, the

components will

various

the

commissioning  of

start without rolling-in

my | GeV

Fig. 13  The upper limit by different experiments
in search of the dark photon, from Ref. [ 24 |

detector. In Phase 2, which begins in the autumn
of 2017, Belle will  be
commissioned to take test physics data without the
vertex detector. Finally, in Phase 3, which is

expected to start at the end of 2018, the Belle II

II detector partly

detector with full apparatus will take physics data.

The plan for instantaneous and integrated
luminosity is shown in Fig. 15. According to this
plan, the target integrated luminosity of 50 ab™'
will be achieved by 2024.

5 Conclusion

Belle and BaBar as B factories have made many
contributions for flavour physics. As an upgrade,
the Belle 1I/SuperKEKB experiment should play an
important role in the search for New Physics. With
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Fig. 15 The plan for Belle II data taking

the upgraded accelerator and detector, the
experiment will have much higher luminosity and
much better performance for detecting final state
particles.

With the much larger data set collected with
the upgraded detector, Belle II has a rich physics
program, which makes it possible to study the
channels with missing energy and neutral particles
in the final states. Now the accelerator and
detector are under construction, and the physics

data taking will start at the end of 2018.
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