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Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

Universe Accelerating? Dark Matter?

(t‘ -

{

-
)

& W=

The expansion of the universe appears to be Matter and antimatter were created in the Big Invisible forms of matter make up much of the In the Standard Model, for fundamental particles
accelerating. Is this due to Einstein's Cosmo- Bang. Why do we now see only matter except mass observed in galaxies and clusters of to have masses, there must exist a particle
logical Constant? If not, will experiments for the tiny amounts of antimatter that we make galaxies. Does this dark matter consist of new called the Higgs boson. Will it be discovered
reveal a new force of nature or even extra in the lab and observe in cosmic rays? types of particles that interact very weakly soon? Is supersymmetry theory correct in
(hidden) dimensions of space? with ordinary matter? predicting more than one type of Higgs?

* Matter-antimatter asymmetry
* QGravity
* The origin of the Mass YT Y L
* New form of matter (exotic states) <mm

Dark matter/energy (%% R)
* Neutrino mixing
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Trigger: Tracks & Showers
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* Hadron form factors

* Y(2175) resonance

* Mutltiquark states
with s quark, Zs

* MLLA/LPHD and QCD

sum rule predictions
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* Light hadron spectroscopy
* Gluonic and exotic states

* Process of LFV and CPV

* Rare and forbidden decays
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c) Z (3900)
e Couples to cc

e Has electric charge 1

=> consists of at least four quarks of ccud
confirmed by BELLE and with CLEO-c data
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Notes from the Editors: Highlights of the Year

Published December 30, 2013 | Physics 6, 139 (2013) | DOI: 10.1103/Physics.6.139
Physics looks back at the standout stories of 2013.

As 2013 draws to a close, we look back on the research covered in Physics
that really made waves in and beyond the physics community. In thinking
about which stories to highlight, we considered a combination of factors:
popularity on the website, a clear element of surprise or discovery, or signs
that the work could lead to better technology. On behalf of the Physics staff,
we wish everyone an excellent New Year.

— Matteo Rini and Jessica Thomas

FOUI’-Quark Matter Images from popular Physics stories in 2013.

Quarks come in twos and threes—or so nearly every experiment has told us. This summer, the BESIII Collaboration in China and the
Belle Collaboration in Japan reported they had sorted through the debris of high-energy electron-positron collisions and seen a
mysterious particle that appeared to contain four quarks. Though other explanations for the nature of the particle, dubbed}Z. (3900
are possible, the “tetraquark” interpretation may be gaining traction: [BESIII has since seen a series of other particles that appear to
contain four quarks

Strangers from Beyond our Solar System

Detector experiments hunting for rare events can go years and never see anything out of the ordinary. So it was cause for excitement
when IceCube, a giant neutrino telescope at the South Pole, reported the detection of two neutrinos with energies of around 1000
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BESI BESIIZELS EHIZcFKHE

c
State Mass (MeV/c?) Width (MeV) | Decay ‘ Process
Z.(3900)*  3899.0+3.6+49 46+10+£20 e WAV ete” s ntn /Y
Z.(3900)°  3894.8+2.3+27 29.6+8.2+8.2 %] /Y ete” - n'n® /Y
3883.9+1.5+4.2 24.8+3.3+11.0 (DD*)*  e*e” -» (DD*)*n*
Single D tag Single D tag
Z(3885)" 3881 7+16+21 26.6+2.042.3 (DD*)t  e*e~ > (DD*)*n*
Double D tag Double D tag
Z.(3885)° 3885.77554+8.4 35t17+15 (DD*)° ete” - (DD*)°n?
Z.(4020)*  4022.9+0.84+2.7 7.94+2.7+26 nth, ete” > mntn~h,
Z.(4020)°  4023.9+2.2+3.8 fixed n%h, ete™ - nnCh,
Z.(4025)*  4026.3+2.6+3.7 248+56+7.7 D*D*  e*e” —» (D*D*)*m*
Z(4025)°  4025.5729+3.1 23.0+6.0+1.0 D*D* ete” - (D*D")°n°
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R - 2 0f Z
o Q 100}
~ 80 o F ° + .
5 o S JP is measured to be 1" with
z wf E wf ' o e
O ; e g n K o significance larger than 7.60
w93 04 06 08 10 12 E %3 34 36 38 40 42

. m. (G.eV/cz) M (G.eV/cz)
M, =3881.2+42+52.7 MeV, I' |, =51.8£4.6£36.0 MeV

e Born cross section fore'e > Z 7" +cc.>a'n J/y )
21.8+1.0t4.4 pb at 4.23 GeV
11.0+1.2+5.4 pb at4.26 GeV

~

pole

ofe’e > 2, (4020) w tee > TIIY) 4o 493 Gy
0 .

o(e'e > Z(3900) 7~ +cco>n'n J/y)
<13% at 4.26 GeV
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BESII

7 — m Y (2S) at BESIII

ISR returned productions The charged structure in
20of1r n+1/)(25) at BeIIe ete” o n'rm 1/)(25) at BESIII
. M h(25) : 4.0-45GeV NNE [ 4.416 Gev ﬂ :

2 15 - %150_
g | >350 14 S |
Q 10l 1] . 100}
g | Sl
E 5— = g 50:
0= = w -
4 4.1 4.2 15 16 17 18 ,
M, [7p(2S)] (GeV/c?) M (= (3686))(GeV/c?)
= (4054+=3+%1) MeV/c? M = (4032.1%+2.4) MeV/c?
= (45*=11%6) MeV M= (26.1%5.3) MeV
Belle, PRD91, 112007 (2015) BESIII, PRD96, 032004 (2017)

BESIII's result deviates from that of the structure observed by Belle by over 3.
+July 8, 2020 +EhfsERSEIOPPE % +38



BESIT Evidence for ZX — p*n,

% &
//’3 \‘i*\\
ACADENY O

rocess ete” - n.pint studi t fiv

SIOEREE R EAUELEE e e PRD 100, 111102(2019)

energies between 4.23 GeV < /s < 4.60 GeV

1600 200f- o oof

= + - —Bost it -~ 50F

b 1400 2 pesti do e o

% 1200 - = Background > 160 [ sideband of p % 30 E_

2 = 140 s 0%

o 1000 — 120 — 20

< 800 2 100 2 10

@ 600 P o Of

S 400 S & -10E

= > > C

w 200 i, W -20f
o] PSP E E N I Y0 )| S
27 28 29 3 31 32 8,7 3.8 3.9 4 3.7

M(n,—Hadrons) (GeV/c?) M(p*n,) (GeV/c?)

O Nine decay channel to reconstruct 7,

O Strong evidence of Z_(3900)* — p*7, at \/E = 4.23GeV(4.30)
O No significant Z/(4020) — p#. observed

prediction: " Physics Letters B746 (2015) 194-201
100 ' . ' ' ' '

— molecular state

— dynamical tetraquark type I

N 68% CL O
95% CL

Br(2pne) |
BT(ZEI) _)n]/lp) 1072

R, =

to discriminate between
molecular & tetraquark
assignments

+LXR 4+ Joint LHCb-BESIII workshop, 2019 +39



E RIS FLRIER

x(4700) SRIBZRFIEREBEBR HER T A4
i Y (4630) Lido0 KEB/ER
- - S _
L/ y(4415) X(4350)
Y(4360)———— X(4274) - Z(4250)"
[ Y(426())—W(4160) I —_—  X(4160) Z(4200) (4250)
- X@i40 - D*D* Z(4050)"
< 4000 [— —Y(#)()S)m —————————— - = — — — — X3940) — — — — Za030y
T S0 T = P —— — e — —— — 23550}
= [ _=—v(3770) __ 5&3_860‘_{ _X(3_872 _ Z_ . _w,(3820)_ BD_ _ Z_LT’_ f
2 - M.(2S) DD
= ) L v(2S) h (1P) + (1P) Z”(lp)
3500 —— v (1P) W SS\SLe
I — Godfrey-lsgur S5 &3
i J/y —— 20034 LIFIAIR
3000 |- NS ——— 2003FLUFEAEMM
JPC=0" 1 1 (O | 27 27 7
State Decay modes Seen by
Z (3900)*° |x=Jhp. (D*D)* BESIII, ) + - _
’ Belle ine"e” »>m Zc
CLEO
+0 = *)*) = . — —
Z (4020) 7=h_, (D*D*) BESIII in e+e N Ao
Z (4430)F | 7"w(29) Belle,
+ BaBar; :
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A ﬁ%XT@*fL(LHC)

- 1* v e o .
4 ‘AF rQM'.A..

> RFRREEEL 7 Tev
> RORXTIEME 40 MHz |
- BRRTRAEANE 103 em 2 L

L K27 B
1L N1 e
—HEx
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LHCbAYF

M2
SPD/PS HCAL

IBREIE RYIRARIFR

> [EESJHHEHMIE | BEFRER+sB=%E
- EEatHEEA  iBFIER , eSS
» HE . B5sYE , E5FIHE, ...
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N r . " N —a / —_— -
N/ S ° — - O D Z + H
NN ° / Y 1 —_— / A
LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV):2.19 /b
2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
° 2012 (4.0 TeV): 2.08 /fb
° 2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

7
\

T IIIIIIIIIlIIIIlIIII

LS1

O

LT TR T

a

I
A L

2010 2011 2012 2013 2014 2015 2016 2017 2018

Integrated Recorded Luminosity (1/fb)
N w H (8;] (¢] ~ (e0] [{e]

R ?

1 O

SEgg [ [
S L A 9 Q N A »H X H oo A DB O N N AHYYOD»
AP R Y [, VN DAL Y G, VRS AR 4 VN S VAN Y VR Y A G A
R Y A A

e e s

—HAFHE —HiAR
(i) (R
eee——— <:>
L =4x10%32 cm 2571 L=2x1033cm 2571 L=2x103* cm 2571

X9 fbl HERIREESO fb-l iHRIFRE ~300 fb-!
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LHCbE RS 1EA

RE1SAER, 805 MMUIIE1A00 ZRIR

5l
. 2000357%*’?‘*””)\ LHCbrhE ({84 , #£24E#H
201 SEEHEHTTAIN B(ETESEAHERA/18
v 2015 ER XA
v 2016 RBKFEMA + 20155 AT TS PRI
S 201BETRERT HRTAMA ¢ 20ITERIRRETEL
/ 2019EEIEHAEMA ¥ B - By RAAA o MANE
v 20204 BIRKEEMA MR
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LHCD

F.E TE AP & L

PRL 115 (2015) 072001

+  20154ELHCbFEAY - J/YypK B H RITL s *
ZraA: P.(4380)"FIP.(4450)" Sep o

RE (MeV)

P.(4380)*  4380+8+29 205+ 18+ 86
P.(4450)* 4449.8+1.7+2.5 39+5+19

o J/YpILIRALE
« WHIEADEZHENEIT .@
+EFHTFA? + EEREE?

LHCb

(uudcc)

Highlights of the Year
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LHCD

2019 R IFT LS A

+ 10[SGHIHE , WRTHERS [PRL 122,222001,(2019)

1200

+ ERUERSE(CKE—D) I = Lch

[ — backg round

+ {ET2015-2018RELIE

+ KM THHAEE , BEIFIES T
Etﬁ:u\mzsuk [ p gy P40 P (a457)"

+ X=ANBERSHEERRE A ..........
J—J—:EHQ1EE3: E?*D}iﬂiﬂ? 800 4250 4300 4350 4400 4450 450!?‘!J,‘:,§50 46]00
FREZH , BURERREFH
BN FHRHIRETS

Weighted candidates/(2 MeV)
(o]
o
(=]
T

»

o

o
|

B

o

o

_%IIIIIII
==y

| WY |

. = . . \NDEPTH pART\C\_EP\"W \CS k
> %D PRLEEIEHEF (Editor Suggestion) e pentedt?
> iﬁ «%ﬂ» *lp\?ﬁg;&?: (V|EWpO|nt) ,:d;?;\::maﬂda«\\‘a‘\ﬁns
> (M) XERERE
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ﬁﬁ’?g LHCb confirms the Zc(4430)

e originally found by Belle in B — (Z(4430)— J/w n~ Kand B — (Z(4430)— w(2S) n~) K
[PRL 100(2008) 142001, PR D80(2009) 031104, PR D88(2013) 074026]
— not confirmed by BaBar [PR D79 (2009) 112001]

LA Y

With Z No Z 0.0

——— T
-@- data N
| N / N
=~ total it - totalfitwithno Z(4430M, QP / Bo - 1,)(25)1[ K+
| —— Z(4430F excluded % ) —
K (8%2) 9, Gy,
- —e Z(4430) ’
*K:S-nve
{1430 34 e
| —e— background 4 A
K'(1680) d ad

500 —« Koso " -

Slgnlflcance >13.90 |

2
ja=)

0.03

0.02i

+
Efficiency corrected yield / ( 25 MeV )

Candidates / ( 0.2 GeV?)

4.6 ‘4.8
T ] My [GeV]
6 18 20 2 M = 4475+7"5  MeV/c?

* () [=172+13% >  MeV

N4

J=1" Measured for the first time

0

0.2 -

Im A%

Argand plot indicates a resonance
nature of the Zc(4430)

Argand diagram Re A%
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% Evidence of Z,(4100)" in B® - n K+
[EPJ C78, 1019 (2018)]

Dalitz plot analysis of B° — n_K+*n~ decays performed where 1.(15) - pp
o L =4.7fb1, 2011-2016 data

e 2D fit to m(ppK*n~) and m(pp) distribution, N, = 1870 + 74

e Dalitz plot dominated by K*(892) signal

— 3.40 significance

—— Data —— Total PDF — K'(1680)]
) [ comvinatoria vie i & o2 # K'asof,, l ;
n; [ T oo T 30 B° - ppK*7 (NR) bkg EK‘rS-wave K430 + *# LHED -
§ » - 1 LHCb 10 _ B z-4100r - *.’ . i
A 5 100/ With exotic [ #},5¥ { :
:7: 30 = g0 |- - ﬁ B T
S 0 _ T A g I
£ 5k = g o0F +ﬁ+ t +“# &
S : < 40p % ¥
I 1F=10 20F o , —i
i /\ - - AT e 11 :
1) S A SR B N %3 3.5 4 4.5 5
2 4 i m(n (1S)77) [GeV]
m’(K ) [GeV-] ZC(4]_ 00)_ ‘
K*(892)  D°veto M = 4096 + 2075 MeV
[ =152 + 587 MeV
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LHCD

sy Exotic contributions to B® — J/YKtm™

e Belle reported another exotic Z(4200)" in J/ynm system [PRD 90 (2014) 112009]

2,4 2,4
45 1.2 GeVZc <M2(K.n)<2.OSGeV/c/—— 7.(4430) presented via
- with Z(4430) -~

) - destructive interference
40 without Z(4430) ’ i 180 Z:(4200) H
35- o

o

R0 — ot
o B - J/yK =
25"
20
150
10-

Events / 0.17 GeV?/c*

.,,:,: % R st : . . v ]
15 16 17 18 19M2(2\|(,)’ 3)21692\?2/0?*3 0 12 14 16 18 20 22

M(JAy.m), GeV/c?

» LHCb implemented model-independent amplitude analysis
e B9 — J/yK+n decay dominated by many [PRL 122 (2019) 152002]

overlapping K*, states = K3 (1980)
=S K§(1950) L ] s
.y —] K*{1680)

It: 2000_ ’1—‘ ]
+ — K;(2045) 7
e Run-1 data, x20 Belle % T I e . :
— signal yield B® — J/p 1~ K* ~5x105 S EN vy, Ki(4m)  Seerchregion |
1000 i —
.. . i K*(892) T
e dataset allows for 4D angular analysis in 35 bins S e ——————————— 7

of m(K+n-) P, M :

0 | 2 3 4

Spin J of K7 resonances
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July 8, 2020

ﬁ’iﬁlﬁ New Zc components needed

e data inconsistent with K*-only
contributions by 10c

e K*(892) region: well described by contribution

with J,,,, = 2 only

e K*(892) veto: unphysical J,,,, = 15 needed to

describe the data

—- m(J/yr) ~ 4200 and 4600 MeV regions

e model dependent amplitude analysis needed
to determine properties of these structures

[PRL 122 (2019) 152002

In the K*(892) mass region

> '~ LHCD
= m(K*7~) = 895 + 15 McV
=]
S o
\3150()0._ |
g —>
]
= 10000 - -
% —
) + data
5000 B —— ']1‘1{1;1\ = 2 |
Jxlfmx = 15 l
1 1 1
3500 4000 4500
m(J/Ym) [MeV]

> 70
z N
& [ Q
— 4500 = 2000
| =
S 3
S B 7 1500
\g 4000 =3 E‘
| = 1000
3500 Background subtractei 500
| ~5.5k events ‘ Truncated z-axis | |10
1

After vetoeing K*(892) mass region

N T | T
| m(Kt7~) € [1085, 1265] MeV

— LHCDb

1 L L 1 " " L
800 1000 1200

1400

m(K*n~) [MeV]

EdIfsERKEZEIOPPILIE

1
3500

m(J/yr~) [MeV]

50



Z 7 (3900)

Summary of the reported Zc states

3890 + 3

& (4020) 4024 + 2 10+£3 1(7)+tM-

33+10 1+-

from S. L. Olsen, arXi1v:1511.01589, arXiv:1812.10947

Y(4260) — 7= + (J/ip )
Y(4260) — 7~ + (DD*)*
Y (4260) — 7~ + (hemt)
Y(4260) — 7~ + (D*D*)*

BESIII [49], Belle [50]
BESIII [69]
BESIII [51]
BESIII [52]

Z}(4050) 4051733 g2tot 7"t B K+ (xanh) Belle [53], BaBar [66]
Z+(4200) 4196135 370199,  1t— B K+ (J/gnt) Belle [62]
ZF(4250) 424811 177+32) 77t B> K+ (xarh) Belle [53], BaBar [66]
Z+(4430) 4477+20 181+31 1t— B K4+ (@ nt) Belle [54, 56, 57], LHCb [58]
B— K+ (Jynt) Belle [62]
Y(4660)
e
DD*(2S)-— X(4500). .. 2(3430)
Y(4390)
. Wsl—veen 4+ Most of them are close to the mass
xa@r vz 2 thresholds of charmed meson pairs
o T 4+ More efforts are needed to pin
- down their nature
Dst “““““ _§$gg “““““““““““““““““““““
DD* :::::oiiziacaccaaas x(3872);::::::::::::::mz (.3900)
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BRI 2% 5485 (cccec)

* Existence of T, ¢,3,q, States (Q; = ¢ or b) is expected by many QCD models

o Likely compactly bounded since the interaction between heavy quarks is
dominantly mediated by short-range gluon exchange

o Usually described with the attraction of a diquark (Q, Q) and
an anti-diquark (Q30Q4)

o Never observed before

*Proposed as early as 1985 from Maiani

L. Heller and J. A. Tjon, On Bound States of Heavy Q*Q? Systems, Phys. Rev. D 32, 755 (1985);
A. V. Berezhnoy, A. V. Luchinsky and A. A. Novoselov, Tetraquarks Composed of 4 Heavy Quarks, Phys. Rev. D 86, 034004 (2012).

*Widely considered after the observation of doubly heavy baryons together with

doubly heavy tetraquarks

W.Chen, H.X.Chen, X.Liu, T.G.Steele and S.L.Zhu, Phys. Lett. B 773, 247 (2017); Y.Bai, S.Lu and J.Osborne, arXiv:1612.00012
[hep-ph]; Z.G.Wang, Eur. Phys. J. C 77, 432 (2017); M.Karliner, S.Nussinov and J.L.Rosner, Phys. Rev. D 95, 034011 (2017);
J.M.Richard, A.Valcarce and J.Vijande, Phys. Rev. D 95, 054019 (2017); J.Wu, Y.R.Liu, K.Chen, X.Liu and S.L.Zhu, Phys. Rev.
D 97, 094015 (2018); M.N.Anwar, J.Ferretti, F.K.Guo, E.Santopinto and B.S.Zou, Eur. Phys. J. C 78, 647 (2018); A.Esposito and
A.D.Polosa, Eur. Phys. J. C 78 , 782 (2018); M.A.Bedolla, J.Ferretti, C.D.Roberts and E.Santopinto, arXiv:1911.00960 [hep-ph].

“* Tpppp Was not searched for at LHCb and CMS, but not observed

% T..cz states predicted to have M € [5.8,7.4] GeV/c, away from known
guarkonia and quarkonium-like exotic states

July 8, 2020 HEhIfsE KEFIOPPIS s [~)



» Using J /1 pair final states to reconstruct T,.z¢
J/W = utu has good trigger efficiency

[arXiv: 1803.02522]

Jre S-wave P-wave
07 0 (S (IO J/wd/w | 108 )xa(IP), J/yho(1P)
0" ne(18)xeo(1P), J/wrhe(1P) Il Single parton scattering (SPS)
0~ J[4xa (IP) J/ym(18) w/ or w/o Tecee
1+ - J/Whe(1P), (18 )xe1 (1P),
nc(IS)XCO(IP) p ‘/\—’— gl
1+ J/yme(18S) [779x0(IP), T/yx 1 (1P)] . o
1.8 h(TP) p M S0
1 Iy (1P), 7 (1S e (1P) - Q
1= [T70xe(P). T7xa (0P J/yme(1S)
718 )h:(1P)

Decays in 2] /1 directly or with feed-down

» T.qez state production via SPS is dominant
over DPS
» DPS: dominates high J /1 pair mass region

July 8, 2020 HEhIfsE KEFIOPPig s | ~p¢ ]



LHCh J /Y-pair mass spectrum

arXiv:.2006.16957

> Full Runl+Run2 LHCD data corresponding to 9 fb™1
> | /i candidates reconstructed using the J /Y — u*u~ decay
» SPS enhanced sample with J/y-pair pt > 5.2 GeV/c

3000 = LHCb —+ Data

F — Total fit
¢ BRIy Hly,
-- bkgl+J/ v,
----- J/ I//l+bkg2
bkg +bkg,

= 1000

o 220 ——— N(J/y pair) = :
~~ 200 Data 3 c
% l0f LHCD b (33.57 £ 0.23)x10
- o 3200 e o
5 = 3150 =
o 23 1 - n
5 X 41]1 <
g 3

o el
Lé 60 F 3100 E
g 40
) : =
@ 20f 3050
=z

0 7000 8000 92000
Mdi-J/w [MeV/c?] S g g2 8 g 8 ° 00000 3050 3100 3150 3200

oooooo
NNNNN

(2/ASN T) / SaKepIpue) MY, MeV/c?]

» The ] /P-pair invariant mass spectrum is inconsistent with non-resonant SPS and

DPS only hypothesis by more than 50 in the [6.2,7.4] GeV/c? mass region
v’ A broad structure next to threshold ranging from 6.2 to 6.8 GeV/c?

v' A narrower structure at about 6.9 GeV/c?=2 X(6900)
» A narrow peaking structure matching the lineshape of a resonance and a broader
structure close to the threshold are fitted in two scenarios
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LHCD

The obtained X(6900)

» Assuming X(6900) is a resonance with Breit-Wigner lineshape:
v" Model I: Based on no-interference fit (worse fitting quality) arXiv:2006.16957
M[X(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?
I'[X(6900)] = 80 + 19(stat) + 33(syst) MeV/c?
v Model II:Based on the simple model with interference (better fitting quality)
M[X(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
I'[X(6900)] = 168 + 33(stat) + 69(syst) MeV/c?
consistent with predicted T .z States
» The lower broader structure is objected to many uncertainties:
v’ feed-down from heavier quarkonia, e.g. T,ozz = X (= J/Yy) + ]/
v' near-threshold kinematic rescattering effects

~ 220 ———F—————1——————— — ]

200 LHCb = Toulfu LHCb _— 'l’:t:l fit
180 === Resonance s Resonance

= = Threshold BW1

160 ! = = Threshold BW2

140 }
Ly s NRSPS

120 1 | Ll M ) * ~—— = DPS-NRSPS
100 3 I ‘ i

SO ~
QT
60 fF / Jf
WOF
20 B4

Weighted Candidates / (28 MeV/c

it —L S — =
Mg ;1 MeVic?] Mgy, [MeV/c?]
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ABOUT NEWS SCIENCE

News » News » Topic: Physics

Voir en frangais

LHCb discovers a new type of
tetraquark at CERN

The LHCDb collaboration has observed an exotic particle made up of four charm quarks
for the first time.

1 JULY, 2020

Observation of structure
in the J/i-pair mass spectrum

LHCb collaboration'

Abstract

Using proton-proton collision data at centre-of-mass energies of /s = 7, 8 and 13 TeV
recorded by the LHCb experiment at the Large Hadron Collider, corresponding to an
integrated luminosity of 9 fb~?, the invariant mass spectrum of J/i pairs is studied.
A narrow structure around 6.9 GeV/c? matching the lineshape of a resonance and
a broad structure just above twice the J/) mass are observed. The deviation of
the data from nonresonant J/i-pair production is above five standard deviations
in the mass region between 6.2 and 7.4 GeV/c?, covering predicted masses of states
composed of four charm quarks. The mass and natural width of the narrow X (6900)
structure are measured assuming a Breit—Wigner lineshape.

Submitted to Science Bulletin
(© 2020 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

fAuthors are listed at the end of this paper.
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Fits in J /1-pair pt bins

> Resonant parameters shared between -pair p+ bins
P J/w-pailtprbIng, - 006.16957

Weighted Candidates / (56 MeV/c?) Weighted Candidates / (56 MeV/c?)

Weighted Candidates / (56 MeV/c?)
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T T
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— Data
Total fit
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{58 DPS
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Significance evaluation

Significance
Structure dic T/ di-Jfb 1.
pp ' -threshold | pp ™" -binned
Any structure beyond NRSPS+DPS 340 6.00
threshold structure+6.9 GeV/c¢* peak 6.40 6.90
threshold structure 6.0 0 6.50
6.9 GeV/c? peak 5.1c Sdo

Systematic uncertainties

No-interference Interference

Component M (MeV/c?) T (MeV/c?) | M (MeV/c*) T (MeV/c?)
sPlot weights 0.8 10.3 4.4 36.9
Mass resolution 0.0 1.4 0.0 0.6
NRSPS+DPS shape 0.8 16.1 3.5 9.3
Signal shape 0.0 0.3 0.4 0.2
P cut 46 13.5 6.2 56.7
From-b 0.0 0.2 0.0 5.3
7.2 GeV/c? peak 1.3 9.2 6.7 5.2

Threshold structure shape 5.2 20.5 - -

NRSPS phase - — 0.3 1.3
Total 7 33 11 69
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Relative production cross-section

»Based on the no-interference fit,
production cross-section of X(6900) times the B(X-> 2J/psi), relative to that of
all prompt J /1 pairs, R, is measured at /s = 13 TeV

»Fiducial region: pr(J/¥) < 10GeV/c, 2.0 < y(J/Y) < 4.5
» Per-event efficiency-correction is applied

» For total prompt J /1 pairs, from-b contribution is determined using
simulation together with a(pp — bb) and o(prompt J /) then subtracted

» Systematic uncertainties
v'Resonance yield: similar as the systematics on mass and width
v'From-b subtraction: propagated from o(pp — bb) and ¢ (prompt J /)

\/(Mﬁ), Mﬁt)) fit and efficiency estimation: cancel in ratio

»R =[2.6 + 0.6(stat) + 0.8(syst)] % for J /y-pair pr > 5.2 GeV/c
»R = |1.1 + 0.4(stat) + 0.3(syst)] % for full ] /i-pair py range
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