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7 coverage (track & muon):
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The CMS detector & trigger

13.1 fb'' (13 TeV, 2016)

Trigger paths

CMS -
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Excellent detectors for (exotic) quarkonium:

Muon system
» High-purity muon ID, Dm/m~0.6% for J/yp

Silicon Tracking detector, B=3.8T
* Dpt1/pt~1% & excellent vertex resolution

Special triggers for different analyses at increasing Inst. Lumi.
* wupT (uu) pr, (up) mass, (up) vertex, and additional u



Selected CMS contributions to heavy exotic states

First LHC experiment re-discovered X(3872)
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First X(3872) signal in PbPb

CMS Preliminary 1.7 nb™ (2018 PbPb 5.02 TeV)4

Any surprises?



Near Threshold puzzle
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Clean vector-vector (VV) system: IJMPA Vol. 28, No. 18 (2013) 1330020
--excesses when both V has no isospin

--not clear when one V has isospin
extend to other VV system, where V is composed of heavy quark?



New Domain of Exotics: All-Heavy Tetra-quarks

J . S
» First mention of 4c¢ states at 6.2 GeV (1975): Prog. of Theo. Phys. ATL%%%;%%&%%Q?QE
Vol. 54, No. 2 (2007-2011) ZWERE&
(Just one year after the discovery of J/y) WA
IR BB R
2011511 5198

 First calculation of 4c states (1981): Z. Phys. C 7 (1981) 317 W/ R ER (CMS)

WIBTFMNERIL. Jpsi1, Jpsi2 B{ES, B H5.97.

 Many theoretical studies on (cccc), (bbbb), (bbct):

« controversial on existence of bound states below nyn, threshold; S
 consistent on existence of resonant states above n,n, threshold. @i 300830, RAKMIM

« Jianguo Bian initialized di-J/y
cross section analysis @CMS
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J/YP)/P--Data samples & Event selections

« 135 fb'' CMS data taken in 2016, 2017 and 2018 LHC runs

 Blinded signal region: [6.2,7.8] GeV
based on preliminary investigation on data collected in 2011-2012

* Main selections:
 Fire corresponding trigger in each year
e pr(u)>=2.0 GeV; [n(u)|<=2.4; pt(n) (JIp) >=3.5 GeV (2017&2018); pr(u*u)>=3.5 GeV;
* m(u*u)in [2.95,3.25] GeV; then constrain m(u*u’) to J/ mass
* 4u vertex probability >0.005

 Signal and background samples produced by Pythia8, JHUGen, HELAC-Onia...

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html|
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* Remove J/i mass related cuts

» Clean J/y signal is seen
100

« ~15000 J/y pairs after final selection
(m(J/Y P <15 GeV)

* ~9000 J/y pairs after final selection
(m(J/Y JP <9 GeV)



Steps to identify structures in J /Y] /Y mass spectrum

* Null-hypothesis (initial baseline model): NRSPS+NRDPS

» Add potential structures to baseline model
« Add most prominent structure to baseline model
 Calculate its local significance
« Keep in baseline only if > 3¢ significance
* Repeat until no more > 30 structures

NRSPS—Non-Resonant Single Parton Scattering
NRDPS—Non-Resonant Double Parton Scattering
Local significance: standard likelihood ratio method

L (m) , whereI'(m) = F(,m

BW(m;m,,T,) =
0770 02 _ 2 i _. v’
mg — m? — imI'(m) gom

Relativistic S-wave Breit-Wigner (BW) for each structure
convolved with resolution function .



CMS background (BWO + NRSPS + DPS)

CMS Preliminary 135 b’ (13 TeV)
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» Most significant structure in first step is a BW at threshold, B\W0--what is its meaning?
« Treat BWO as part of background due to:
« Inadequacy of our NRSPS model at threshold though one floating parameter?
 BWO parameters very sensitive to other model assumptions
« Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...
« NRSPS+NRDPS+BWO as our background



Final CMS model: 3 BWs + Backgrounds+ BWO

CMS _Preliminary 135 fb™ (13 TeV)

CMS Preliminary 135 b (13 TeV) >  F — ]
> -7y T e eI o 180 . .
s _ = = m ¢ Data —Fit
= 300 ¢ Data — Fit —] 10 160 — BWO BW1
=] — —] — - _—
o F - BWO  — BW1 = ~ . F ﬂ ]
- — ] o 140 — LAl ) — i
82 — NRSPS ---- BW2[X(6900)] e E Wl } My NRSPS t:1 BW2[X(6900)]
S 200 NRDPS - BW3 = 2 E M \ NRDPS i BWS
2 E - € 100 —
s F = S E ‘
O 150 — —
100 H — =
sof 3
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Data-Fit
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Final CMS model: 3 BWs + Background (null)

- CMS Prellmlnaly . 135 fb (13 TeV)
180 o =
%: 160 6 50 0 4o ¢ Data —Fit =
?, 140 ” == BW1 s BW2[X(6900)]
O] _ -
T 120 =
.-6 : : [ [ [ . gm
5% E Statistical significance based on:
x?% Prob. = 1% 80 [ =
6.2,7.8] GeV 60— ¢ =
o EGe oE " 2 In(Lo/Losr)
203—
_, 0= ~
i 2 fr :
—2E e
-3E -
6 9

BW1 (MeV) | BW2 (MeV) | BW3 (MeV)
_ + BW2[X(6900)] (>9.40) — confirmation

6552+10  6927+3  7287+19 « Observation of BW1 (>5.7¢)
r 124+ 29 122+ 22 95+ 46 - Evidence for BW3 (>4.10)
N 474+ 113 492+ 75 156+ 56

istical significance onl
Statistical uncertainties only Statistical significance only
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Significances including systematics

To include systematics, alternative resonance/background shapes applied in the fit:
Calculate signal- and null-hypothesis NLLg,,: including systematic using:
NLLgyst—sig = MIn{NLLyom_sig» NLLgjt—i—sig + 0.5+ 0.5 - Adof}

* NLLypym—sig means the NLL of nominal ‘signal hypothesis’ fit.

* NLLgy—i—sig means the NLL of i-th alternative fit of ‘signal hypothesis’
* Adof means the additional free parameters comparing to the nominal ‘signal hypothesis’ fit.

* NLLsyst—null = Min{NLLnom—nullv NLLalt—j—null +0.5+0.5- AdOf}

Significance including systematics as usual from NLLgy,s;puii — NLLgys—sig

_ Significance with syst.

BW1 5.70

BW2 no sensible changes

BW3 no sensible changes

12



Summary of systematic uncertainties and CMS result

Table 2: Systematic uncertainties on masses and widths, in MeV.

Source AMpwi AMpyw, AMpws Algw; Al'gw, Alpps
signal shape 3 4 3 14 7 7
NRDPS 1 <1 <1 3 3 4
NRSPS 3 1 1 18 15 17
feeddown shape 11 1 1 25 8 6
momentum scaling 1 3 4 - - -
resolution <1 <1 <1 <1 <1 1
efficiency <1 <1 <1 1 <1 1
combinatorial background <1 <1 <1 2 3 3
total 12 5 5 34 19 20

* Investigated effects of systematics on local significance by a profiling procedure
a discrete set of individual alternative signal and background hypotheses tested in minimization

« Significant change: BW1 significance changed from 6.50 to >5.7¢

* No relative significance changes for BW2 and BW3

M[BW1] = 6552 + 10 + 12 MeV  T[BW1] = 124 + 29 + 34 MeV >5.70
M[BW2] = 6927 + 9+ 5MeV  [[BW2] =122 + 22 + 19 MeV >9.4G
M[BW3] = 7287 + 19 + 5 MeV  T[BW3] = 95 + 46 + 20 MeV >4.10

consistent

X(6900) [LHCb]
(somewhat different fit model)

>  M[BW2]=6905+11+7 MeV
[[BW2] =80+19+33 MeV

13



X(6900) reported by LHCb

 In 2020, LHCb reported X(6900) state in JiyJ/y final state, Sci.Bull.65 (2020) 23

* Tried two different models

* Model I: background+2 auxiliary BWs+ X(6900) — poor description of 'dip' around 6.7 GeV
* Model ll: a “virtual” X(6700) to interfere with NRSPS background to account for dip

« LHCb agnostic on which one is to be preferred
 What happens if fit CMS data using LHCb models?

Model | Model 11
20— —
200 b —— Dua
iwof THCY  X(6900) =i = nain
160 - = = Threshold BW1 = Resonance

1 == = Threshold BW2 = = Interference
140 ; B2 ors
120 i I ! : E::f:lRSPS

Weighted candidates / (28 MeV/c?)
Weighted candidates / (28 MeV/c?)

“X(6700)” Masry MeVic?)
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Fit with LHCb model I--background+2 auxﬂlary BWs+ X(6900)

A shoulder x2 prob =51% [6.2,15] GeV
- CMS IF’rellm/nary N fb (13 TeV)
2 160p X(6900) 4:. Data  — Fit =
& 1a0F - BWO  ==BW1 =
% 120 — NRSPS 111:BW2[X(6900)]
% 100f_ BW1 - NRDPS _f
8 802— } —i

60 < 2 _3

a0 — ", £ x?prob=10

20(- $ % [62,7.8]GeV =
e — —
&5 é%ﬁ}ﬁé*&}*#}*ﬁ%‘f & *é#ig;éﬁ*#;%ﬁi%{%}mé

:36 65 — 7 7.5 8 85 ----- 9

Myany [GEV]

Exp. Fit m(BWI1) T(BWI) m(6900) T(6900)
LHCb [15] ModelI | unrep. unrep. ||6905+11+7| |80+ 19433
CMS Model I | 6550 £10 112 +27 6927 + 10 117 +24

 CMS vs LHCb comparisons:

« CMS Data shows a shoulder before BW1
 CMS shoulder helps make BW1 distinct

* Does not describe well dips

* 135/9 = 15X (int. lum.)
(5/3)* = 8X (muon acceptance due to pseudo-rapidity range)
Higher muon pr ( >3.5 or 2.0 GeV vs >0.6 GeV)
Similar number of final events

2X yield @CMS for X(6900)

File Edit View

Events /0.028 GeV
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180
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60

40

20

X(6900) } CMs Data

LHCDb Data

,J*_I._L_I1|III|III|\IJ|III|I

o
o

.5
M, ns (GeV)

. X(6900) parameters are in good agreement with LHCb
LHCDb did not give parameters for another 2 BWs
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Fit with LHCb model I1—DPS+X(6900)+“X(6700)” interferes with NRSPS

CMS Preliminary 135 b’ (13 TeV) a
% 350 :_‘ L “ L L L L ‘_: \L)
= ¢ Data — Fit = %
S win BW2[X(6900)] — NRDPS S
52°F - X(6700) — NRSPS o
2 200 i ===(X(6700)+NRSPS) Interf. = -
O — ' - (72}
© 150 \ — g
x?prob=104 E ¥ E =
[6.2,7.8] GeV = 9 = B
b SRR N 2
N - T e 3
E S § ?%3 . - . I'{‘r . . . %D
% 5 7 L ?T ? TMTTT I r’?* % L Z.Z-: i1 - -
DD:E ii::::z::iig::::Ti:::gf*'z 3‘;'?' Hﬁ‘}ﬁ‘}i{‘%’ﬁ#; ﬁ;ﬁ%iiﬁ‘}{‘ é’
~*6 55 75 8 85 )
My [GeV]
Exp. Fit m(BW1) T (BW1) m(6900) T'(6900)
LHCb [15] ModelI | unrep. unrep. | 6905+11+7 80£19+33
CMS Model I | 6550 =10 112 +27 6927 + 10 117 £ 24
LHCb [15] ModelIl | 6741 +6 288416 ||6886+11+11||168 £33 +69
CMS Model IT | 6736 38 439 465 6918 =10 187 4+ 40

X(6900) parameters are consistent
CMS obtained larger amplitude and natural width for BW1

CMS's X(6600) is 'eaten' —does not describe X6600 and below
Does not describe X(7200) region

220 ————— —
200 9 B
LHCb = Total fit
180 X(6900) = Resonance
160 @ Interference
Interference BW
140 Il. lll B2 prs
120 -[- { ——— NRSPS
100 - b
SORL - 7 } }
60 1 Jr
OF R
20 2 3 oot
(9200 7000 8000 9000
“X(6700)° Mg, MeV/c?)
All CMS fits presented are not very good:
...other interference scenarios are under study in CMS
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ATLAS result and comparison

> ilIIIIII|IIII]IIII|IIII]IIII__>
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e ATLAS Data* 1.8

ATLAS assumed interference among BWO0, BW1 and BW2

Cannot compare numeric result yet

Direct data point comparison seems consistent
ATLAS has a dR cut that changes mass shape
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Exotic zoo

—  X(7300)
—  X(6900)

Up to 2018, thanks to Liupan An
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arXiv:2108.04017 [hep-ph]

TABLE 4: The mass-spectra of S and P-wave tetraquark T}., generated from our model. M, [49] is

What are they—an accident?

Candidates / 25 MeV
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M[BW1] = 6552 + 10 + 12 MeV
M[BW2T= 6927 + 9 + 5 MeV
M[B 7287 + 19 + 5 MeV

» “ Radial excited p-wave states like J/ip series?
« _JPC=1-+?7 An exotic quantum number!
* - Next important step: measure JPC

threshold mass of two mesons. (Units are in MeV)

N2S+iL; gPC (k.E) EO (v vy (vi)y vy vy vO(r) M; My, [49] Threshold
1P, 1 363.9 320.3 -366.7 337.5 -144 0 0. 926 a8 &
13P,  0-+ 356.7 320.2 -366.7 337.5 -7.2 -56.9 -43.1 -2.6 6460 6398.1 7c(1S)xco(1P)
13P1  1-+ 356.6 320.3 -366.7 337.5 -7.2 -28.4 21.5 -2.7 6554 6494.1| nc(1S)xc1(1P)
13P, 2-+ 356.6 320.2 -366.7 337.5 -7.2 284 -2.1 -2.4 6587 1e(18)xc2 (1P)
15P1 17— 3424 3204 -366.7 337.5 7.2 -85.3 -30.2 -2.7 6459 6508.8 15)he1(1P)
15P, 2-— 3422 320.2 -366.7 337.5 7.2 -28.4 30.2 -25 6577 6607.6 J/y(1
15P3  3—— 3423 320.3 -366.7 337.5 7.2 569 -8.6 -2.5 6623 6653.1 J/9%(1S)xc2(1P
21P; 1~ 414.7 688.7 -263.4 5486 -11.2 0 0 16 6925 - s
2Py 0~t 410.0 689.6 -263.4 548.6 -56 -46.2 -34.5 -1.7 6851 - :
2Py 1-t 410.0 689.6 -263.4 548.6 5.6 -23.1 172  -1.6 6926 i _ .
23p, 2-+ 4100 689.6 -263.4 548.7 -56 231 -34 -1.7 6951 - -
25P, 1~ 398.7 689.5 -263.4 548.6 -5.6 -69.3 -24.2 -1.7 6849 - :
25P, 27— 398.7 689.5 -263.4 5486 5.6 -23.1 242 -1.5 6944 - -
25P; 3~ 398.8 689.7 -263.4 5486 5.6 462 -69 -1.6 6982 -
3P, 17— 479.8 982.2 -2155 727.8 -93 0 0 -11 7221
3Py 0~t 475.2 982.7 -215.5 727.7 -4.6 -41.9 -31.0 -1.2 7153
33pP, 1-+ 4751 9826 -2155 727.7 -4.6 -20.9 155 -1.2 7220
33p, 2+ 4751 982.6 -215.5 727.8 -4.6 209 -3.1 -1.0 7243 - =
35P, 1-— 465.9 982.8 -215.5 727.7 4.6 -62.8 -21.7 -1.2 7150 -
35P, 27— 465.7 982.6 -215.5 727.8 -4.6 -20.9 217 -1.1 7236 -
35P; 3-— 465.8 982.6 -215.5 727.8 4.6 419 -6.2 -1.1 72711 -
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What are they?

Nucl. Phys. B 966 (2021) 115393

CMS Preliminary 135" (13 TeV)
Table 1. Predictions of the masses (MeV) of S-wave fully heavy Tyo(nS) tetraquarks. Only 0** E 180 ' ' '} Dat | Fit | —
. e . = ata — Fi =
and 2** are considered for 7}, ;.. The uncertainty is from the coupling constant 0 160 3
a,=0.35+0.05. Q 140 == BW1 =1 BW2[X(6900)] =
S 120 o wn BW3 — Background |
o - ]
£ 100/ =
© g - —
60 — —
Tyg(nS) states 7 Mass(n=1) Mass(n=2) Mass(n=3) Mass(n=4) w0E 4
Tz 0% 6055+ 6555738 688327 7154722 20 N
U
il . i
2% 6090*62 656654 6890727 7160"2, % X g : ﬂi T
35 _ b T
y 4 0" 598470 64683 679550 70663, ° 5 - %
++ +109 +48 +35 +29 mJ/\vJ/'v [GeV]
T, s 0 123871199 12911718 13200735 13429*%
2% 1240117 1291479 1320273 1343073 M[BW1] = 6552 + 10 + 12 MeV
T, ;- o 12300 1281673 13104135 13333733 M[BW2] = 6927 + 9 + 5 MeV
Tots o+ 184751151 19073139 19353172 19566733 M[BW3] = 7287 + 19 + 5 MeV
2" 1843’8 19075139 19355173 19567133
Ty 0 183837} 189763 19256 194683}  Radial excited S-wave states?

« JPC=0**or 2+*?
« Next important step: measure JPC

* Other possibilities exist! i.e. threshold effect... .



Summary
CMS found 3 significant structures using 135 fb-! 13 TeV data

M[BW1] = 6552 + 10 + 12 MeV MBW1] = 124 + 29 + 34 MeV >5.7¢
M[BW2] = 6927 + 9+ 5 MeV MBW2] = 122 + 22 + 19 MeV >9 46
M[BW3] = 7287 + 19 + 5 MeV MBW3] = 95 + 46 + 20 MeV >4.1¢

« BW2 consistent with X(6900) reported by LHCb

« CMS found two new structures, provisionally named as X(6600), X(7200)
« A family of structures which are candidates for all-charm tetra-quarks!

« CMS data seems consistent with ATLAS data

* Dips in the data show possible interference effects --- Under study
« More data/knowledge needed to understand nature of near threshold region

« All-heavy quark exotic structures offer system easier to understand
* A new window to understand strong interaction

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html|

CMS has good sensitivity to all-muon final states in this mass region
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