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What else after the discovery of Higgs?
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Three Generations of Matter
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Any new fundamental particles?
Any new format matter with building blocks?

Historic discoveries with leptonic decays



Milestones with leptonic decays

J/y (cc) Y (bb) Z Higgs
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It is very beneficial for leptonic decays due to their clean signatures, however,
anything can happen even so.



Volume 56B, number §
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Oops-Leon

PHYSICS LETTERS

OBSERVATION OF HIGH MASS ELECTRON-POSITRON PAIRS
PRODUCED IN PROTON-PROTON COLLISIONS AT THE CERN ISR

F.W. BUSSER', L. CAMILLERI, L. Di LELLA, B.G. POPE and A.M. SMITH
CERN, Geneva, Switzerland

B.J. BLUMENFELD and S.N. WHITE
Columbia University?, N.Y., USA

A.F. ROTHENBERG, S.L. SEGLER and M.J. TANNENBAUM
The Rockefeller University®, N.Y., USA

M. BANNER, J.B. CHEZE, J.L. HAMEL, H. KASHA*,
J.P. PANSART, G. SMADJA, J. TEIGER, H. ZACCONE and A. ZYLBERSTEIN
CEN, Saclay, France

Received 22 April 1975
In an experiment performed at the CERN Intersecting Storage Rings (ISR), 11 e*” pairs of high invariant mass
value (> 2.5 GeV/c?) have been observed. Of these events, 9 can be interpreted as arising from the reaction p +.p

J(3.1) + anything. The cross-section for this reaction is estimated and compared with the result obtained at lower
centre-of mass cnorgics.
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Fig. 2. Invariant mass distribution for the observed e*e™ pairs.
The curves represent the shapes of the acceptance, as a func-

tion of the e*e” invariant mass value, for the Arm 1 and Arm

2 triggers, respectively.

FIG.2

cluded that the 11 e*e~ pairs are genuine and corre-
spond to the occurrence of reaction (1).

The invariant mass of each pair was calculated using
the momenta of the particles as measured in the mag-

natic enactramatare Tha dictrihitinn ~f ineavia -+

CERN ISR-1975

26 May 1975

PHYSICS Lljgtter Upsilon (Y ). After taking further

Jops-Leon is the name given by
article physicists to what was
1ought to be a new subatomic
article "discovered" at Fermilab in
976. The E288 experiment team, a
roup of physicists led by Leon
ederman who worked on the E288
article detector, announced that a
article with a mass of about 6.0 GeV,
/hich decayed into an electron and a
ositron, was being produced by the
Fermilab particle accelerator.['l The
particle's initial name was the greek

production of electron—positron
pairs as a function of invariant
mass (in GeV). The apparent peak
around 6 GeV was initially identified
as a new particle,[” but named
Oops-Leon when it turned out not
to exist.

data, the group discovered that this
particle did not actually exist, and the
"discovery" was named "Oops-Leon" as a pun on the original name and the
first name of the E288 collaboration leader.[?]

The original publication was based on an apparent peak (resonance) in a
histogram of the invariant mass of electron-positron pairs produced by
protons colliding with a stationary beryllium target, implying the existence of
a particle with a mass of 6 GeV which was being produced and decaying
into two leptons. An analysis showed that there was "less than one chance
in fifty" that the apparent resonance was simply the result of a
coincidence.!'l Subsequent data collected by the same experiment in 1977
revealed that the resonance had been such a coincidence after all.[2]
However, a new resonance at 9.5 GeV was discovered using the same
basic logic and greater statistical certainty,®] and the name was reused
(see Upsilon particle).
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A range lacking of experimental data

e*e cross section as a function of energy

10 II\\\\l T I

! (

A) Lack of e*e” experimental data

T from GeVs to Z mass
© 10°
107 B) Constraint of various physics
10 : ” ” models in this range is loose
I IR I
3 r
10 E Jip | [4p(28)

A new window for unknown by LHC

07 GeVs to Z . (Leptonic searches)
S =N

N
P
|
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Figure 51.2: World data on the total cross section{pf ete~ — hadrons and the ratio R(s) = o(ete™ — hadrons,s)/o(ete™ — ptpu~,s).
a(ete™ — hadrons, s) is the experimental cross sectidh corrected for initial state radiation and electron-positron vertex loops, o(ete™ —
utu~,s) = 4ma®(s)/3s. Data errors are total below 2 eV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and théisolid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review. Ea. (9.7) or. for more details. K. G. Chetvrkih et al.. Nucl. Phys. B586. 56 (2000) (Erratum ibid. B634. 413 (2002)). Breit-Wigner

BES made significant contributions to this range



never fully explored (GeVs-Z mass)
Multiple-lepton final states

http://arxiv.org/abs/hep-ph/0312114

Experiment Eem [GeV]
* ADONE-MEA 2.23
BEPC-BES 2.0 - 4.8
BEPC-BES 2.6 - 5.0
* SPEAR-SMAG T 2.4 - 5.0

* SPEAR-SMAG+LGW
SPEAR-Crystal Ball
SPEAR-Crystal Ball
SLAC-MARK-II
DORIS-DASP
DORIS-ILLENA

* DORIS-II-ARGUS
DORIS-II-Crystal Ball

* DORIS-II-DHHM
DORIS-II-DASP
VEPP-4-MD1
CESR-CUSB
CESR-CLEO
CESR-CLEO Tt
CESR-CLEO II
DORIS/PETRA-PLUTO

* PETRA-TASSO

* PETRA-TASSO

* PETRA-TASSO
PETRA-TASSO
PETRA-JADE
PETRA-MARK-J

* PETRA-MARK-J

* PETRA-MARK-J
PETRA-CELLO
PEP-MAC

+* PEP-MARK-II

* TRISTAN-AMY

* TRISTAN-TOPAZ

* TRISTAN-TOPAZ

* TRISTAN-TOPAZ

* TRISTAN-VENUS

* TRISTAN-VENUS

3.508 - 3.886
3.67T0 - 4.496
50-T.4

3.670 - 3.8T2

3.6025 - 5.1950

T.440 - 9.415
9.360

9.39 - 9.46
9.45 - 10.04
9.51

7.30 - 10.29

10.43 - 11.09
10.49

10,60 - 11.20
10.52

3.6 - 30.8
12.0 - 41.4
12.00 - 31.25
14.03 - 43.70
41.45 - 44.20
12.00 - 46.47
12,00 - 46.47
31.57

34.85

14.0 - 46.6
29.0

29.0

500 - 61.4
500 - 61.4
5ET.TT

LT.37 - H9.84
500 - 52.0
63.6 - 64.0

A) Not enough enerqy (associated production)
B) Not enough data

C) Opportunity comes with LHC
Enough energy and luminosity

D) Rich physics motivation + curiosity,
BSM—new scalar, Higgs-like,...
QCD—new dynamics, 4b states,...
anything else unexpected?

m,=90 GeV



Motivation—Beyond Standard Model
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Dimuon result from CMS  arxiv:1808.01890 [hep-ex]
accepted by JHEP
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An exploration in the low mass region at LHC 8



Motivation--Quark model

Hadron building block Meson Baryon

an 3rd

15t
jons

Generat

D°-D™ “molecule” Diquark-diantiquark

Two possible extensions of meson to tetra-quark states Possible penta-quark state
Focus of today s object, revitalized by X(3872) (2003) o



Motivation—heavy tetra-quark states

® Heavy-quark tetra-quark states--PRD 86, 034004(2012)
bbbb open to 4-lepton final states through upsilon pair

0++': M =18754GeV, M —
1+=": M =18808GeV, M —
2++. M =18916GeV, M —

positronium molecule analog:

antielectron

M,;, = —544. MeV,
M,;, = —490. MeV,
My = —382. MeV.

ceccece --Kuan g - Ta Gha O  FERMILAB-Pub-30/70-THY

Table I(a)}. The quantum mumbers and masses for the {ccdy" - IEE)J

(e s orrdon Tt oo 70 s
bbar € N

Will be a breakthrough for exotic —

mesons If established, and reveal |: : o “

potential new dynamics

10



Molecule structures from electrons

Vol 44913 September 2007|doi:10.1038/nature06094 nature
Positronium (1951) Nature letter LETTERS
\\ The production of molecular positronium
\\ D. B. Cassidy' & A. P. Mills Jr'
\
Positronium |
/// NEES > One-Minute World News

Mirror particles form new matter

By Jonathan Fildes
Science and technology reporter, BBC News

\
N\
\\ News Front Page Last Updated: Wednesday, 12 September 2007, 17:03 GMT 18:03 UK
B Positron ﬁf BS E-mail this to a friend & Printable version
;. " %,

Africa
Americas

positronium molecule (2007) A2 pragilepatces rarey seen (UK

. Europe in our Universe have been
o Middle East merged with ordinary
antielectron South Asia  electrons to make a new

o UK form of matter.

) Business
electron P <y o Health Di-positronium, as the new
G Science &I molecule is known, was

g Environment] predicted to exist in 1946 but
Technology has remained elusive to
Entertainment SCience.
Also in the news

,‘. _________________
— Video and Audio

Now, a US team has created
thousands of the molecules by
_________________ merging electrons with their
antimatter equivalent:
OIQC"OH Programmes !
Have Your Say ~Positrons.

In Pictures e 8

&, > The discovery, reported in the 1 "B
— Country Profil [ s
antielectron ountry Proflies o rnal Nature, is a key step in Antiparticies are the mirror image of

Special Reports  the creation of ultra-powerful ~ ordinary particles
lasers known as gamma-ray annihilation lasers.

RELATED BBC SITES

Analog structures at quark level? i.e. (b bbar)+(b bbar)?
A potential place to study new multi-body dynamics at quark level

11



Combined Result

* Do a simultaneous fit to
both channels, with fixed
signal shapes but floating
mass value.

£
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2011+2012

Candidates / 0.2 GeV
-
o
Candidates / 0.4 GeV
8

* Bestmass: 18.4 + 0.1
(stat.) = 0.2 (syst.) GeV

- L%}
[, [=]
0 LAY LA

e
(=]
TTTTT

+ Local Significance: 4.86c

h: (p_value = 5.8x1077)
- g _ 2_1.:
) ,Z W* *“*# ”‘*ﬂ*&rvﬂ“ﬂﬁ% ) _vj}-m*+J-*+H41+*-;;1+-*-Hm-*++ i

m(u. uu u) [GeV] miu*uete) [GeV]
* In order to calculate global significance, Look-Elsewhere-Effect must be taken into account. Lots of toy
MC generations are required, not an efficient method.

» Global significance is calculated using Gross-Vitells method which is used in Higgs discovery.
Eur.Phys.J.C70:525-530,2010

» The returned global significance was 3.60.

Taken from: http://meetings.aps.orq/Meeting/APR18/Session/U09.6
How about the full run Il data and future data?
If true, can be a breakthrough in QCD, or even something more exciting

12




The LHC experiments

* The LHCb experiment has excellent hadron PIDs, excellent lepton IDs,
excellent mass resolutions. Comparing to ATLAS/CMS, limited by
integrated luminosity and acceptance.

 ATLAS and CMS have excellent lepton IDs but do not have hadron PIDs,
comparing to LHCb, ATLAS and CMS have edges on integrated
luminosity and acceptance.

 What ATLAS and CMS can explore in this new window for unknown?

13



Potential channels to explore

o X2 ylfy = '

o X2 yl'l-=> I I*"

o XD w(2S)y(2S), Jyy(2S) = I*I7I*]"
o X22y2S)I' = I’

* X2 Y(nS)Y(nS), Y(nS)y(nS)=> I*I7I*]~
o X2 YmS)I'lI- =2 'l

o XD Ifudp DI
o XD Y(nS)p > I'IT-

X= "I, yy (inclusive and associate production)
e Even more bizarre: X=> 1/yl/yl/y = [*I7I*171°], ... ...

Act actively and discover nature’s secret as early as possible

14



Hints before the discovery of X(3872)—»>J/yrn*n

CDF internal, 1994

Dec 134 : /ndf31#0 / 21 1

120 e F’ 1 ............... i I, _._109;4 i 55881
S SN - S - 3487+ i 0.2665

01O T e B 55 G535 & s
SR NN . S U 5. P4 ... . .SBEEE. D 16S1E0T.

= P5 0.3827E—-02 + 0.1723E-03
10 T I S 2 . .................. IR T _ .................
WX o [ TSR SR R , ...................................................................

20 DU AN -4 ¥ | RPN | 1) | ST -1 © BRER AR £ R P , ................................................................

| 1 | Lo 1 |

03.6 3.65 37 375 35:8 &85 59 3.95 4

M 2.5Mev c10+minpi+dr.4

BaBar internal, 2003

B*— Jyrntn Kt

V2S) . T AWQ meeting June 2003
L T motivation: background to
* P B0E owmEal Jhy K ; test factorization...
Eﬂ '»QHi 1 * ‘Hf.n‘\
f P QO97EL2 £ O428IE.D2
| P 13&?1 6060 ) Yoy,
5 : » ’Qoo7lso;t 0.1946E.02 I Mass=3800 £6
| |
| I‘ ’7
\ ’ (3836)

}

H f t+ 0 4
RSN %Jﬂj ﬁ%*ﬁi.
38 6 ass Ipsivik vs 4

My ) (GeV)

From BaBar B-Factory Symposium (C. Hearty)

http.:.//www-conf.slac.stanford.edu/b-factory-symposium/talks.asp

E705, PRD 50, 4258 (1994)

E705 saw w(3836) (2-)in 1994, 3.836 +0.013 GeV
PRL 115011803, PRL 111 032001

3.6 4 4,
MU ™) Ge‘l-",i:"

CDF saw a hint in 1994, unpublished
BaBar saw a hint in 2003, unpublished

Both CDF and Babar spotted hints of
X(3872) before its discovery!

15



X(3872) (Belle)--2003

30 N | | | | | Run Il — CDF Preliminary ~220 pb™!
L a) sianal region " ‘ 2
7> PRL 91, 262001 | © 2500_' 3678 + 00 w(25) M(nm) > 500 MeV/c
- () 7 § ] Masa: 3685.67 +0.08 (atat) MeVic
L i ] g:3.41 +0.00 stat) MeVic®
R D 2000
= - . 2 1 704 + 67 Candidates
Q 45| _ q 1 1 Mazs: 38714 + 0.7 (atat) MeVic”
E 2 15004 o (Fixed): 4.3 MeVic®
=2 _ 1 s 1
2]
£ - S | B A ACESC
2 _+ ] 5 10004
L ® + o ]
: SUTE N RS
| ® T _..
0 4’ ' + - 1
| + I | | L EE—E————
' ' ' TR YT R T AR

3820 3860

3900 Mass of J yx'x Candidates [GeVic °]

M(m 't J/y) (MeV/c?)

2017 Laureates

“...The X(3872) was discovered by Dr. Sookyung Choi and
Dr. Stephen Olsen with their colleagues in the Belle
experiment among the final states of the decay of B mesons.
The X(3872) was confirmed by seven other experimental
groups thereafter and is the first example of a new type of
XYZ meson and the most well-established state among them.

29

2017 Korean Ho-Am Science Prize 16



Summary

* Rich BSM and QCD physics motivation for low mass multiple lepton
final state

* This region has never been fully explored before
* Great opportunities at LHC

* A new window for unknown

Thank you! ©

17



A XYZ project at Belle I1



The history of Y(4140)—CDF (2009)—LHCb (2016)

CDF—PRL102:242002 [2009) MOd.PhyS.Lett. A32 [201 7) no.26, 1750139
~ 5 nbg n 10 Y[4140J 10
0 .- Sep V(#140) 3 S\, peak2? ¢)
$ 45 . 27t ) 2 sf 2
& = o
< 4 o6 T . T ol |
o 25t g g
¥ 3.5 o 9 o
A ﬂ‘ 3 4 @ 4
RE ¥ T3 3 %
22 :6 2 :a 2 | ‘ e l- - ‘
2.5 @ £ £ il mllrl"h“ i
o o 30 1
618 20 22 24 T 11 12 13 14 15 111 12 13 14 15 111 12 13 14 15
mz(J/\M)) (Gev2lc4) AM (Gev/c2) m{u*p K K)'m(}l B ) [GeVie?] m{u*w’K K)-M(p w) [GOV/C?]
_ Yc1(4140) (renamed), mass-4.146 GeV, width—15 MeV
E Ye1(4274) (renamed), mass-4.274 GeV, width—32 MeV
120
E, significance mass (MeV) width (MeV)
§ 100 All X (1) 16+3 *§
5 X(4140) 840 4146.5+4575Y 83+217% 13.0+£3.2%57
= 80 >
S ave.  Table 1 4147.14+24 15.746.3
60 X(4274)  6.00 4273.3+8.3*+72 56FI11 S 71425733
CDF [26] 427447837419 32772+38
40 CMS 23] 4313.8+5.3+7.3 3873+ 16
20 All X(07) 284+ 5+ 7
X(4500)  6.10 4506411 +12 924212 6.6+2.4133
my.,, [MeV] X(4700)  5.60 4704+1071 12043142 124 5 * 2

Four resonances were claimed by LHCD, three of them needs 50 confirmation
X(4500) and X(4700) have no confirmation at all! 19



dr/dM;,,(J/wo) (arb. units)

dr/dM,,,(D; Dy) (arb. units)

The history of Y(4140)—

VALUE (MeV)

CDF (2009)—LHCb (2016)

Xc1(4140) WIDTH

EVTS

i' '8] OUR AVERAGE Error includes scale factor of 1.3.

DOCUMENT ID

TECN _ COMMENT

See the ideogram below.

@ 21 T2 4280  LlAAl 17C LHCB Bt — J/pokt

15371044 25 19  2AALTONEN 17 CDF Bt — J/poKT

16.3+ 5.6+11.4 616 3 ABAZOV 15M DO pP — J/1é + anything

20 +13 * 3 52 4 ABAZOV 14A DO BT — J/poKT

28 J_fﬁ’ +19 0.3k S CHATRCHYAN14M CMS Bt — J/ypoK™T

Impact due to its J'“ and large width on the

| 68CL I lon— - - = D**

120 | X(4140) ) mterpretatlon. The below-J/yo-threshold D ,S;D s CUsp
M=4.135GeV | reeeee X(4140) may have an impact on the X(4140) structure” (PRL 118
B Fulatao | (2017) no.2, 022003
— — u -
80 | —— |LHCb ( ) no.z, )
60 3 . . . .
Other opinions on its large width
40 |
X(4160) (PRD 97 (2018) no.1, 014017)
20 | ., M=4169GeV
..,{". 89MeV
0 """" LER NN RN R R e e ° L]
0 100 4120 4140 4160 4180 4200 4200 asss  The CDF one-dimensional fit to mass spectrum was
Min(Jy6) MeV criticized, and we can improve it using amplitude

160
140
120
100

80

68CL
— == X(4160)
------- X(4140)
—— Full

60
40
20

0
4200 4220 4240 4260 4280 4300 4320 4340
Min (D5 D)) MeV

~
D,"-anti-D," CUSP

4——— atits threshold 4.22 GeV

I=89 MeV

analysis this time

Can Belle II clarify it?
20



