Observation of new structures

In the J/WJ/PY mass spectrum at CMS

==
=

%42 NNU-FFunE

Tsinghua University NANJING NORMAL UNIVERSITY

B=ERFYEERLOINIS
2022575221 , hILKZE

-




ICHEP 2022 6
XLl 13 07 2022

International Conference
on High Energy Physics

Bologna (ltaly)

= WAPQF TV RYBHE ST YIRE IR
D ok dy 39 i e FEZR IR RERER

FERXTF
3R-6/

Quarks and gluons are elementary particles of nature that participate the strong interaction. How quarks are
confined to form matter is a fundamental problem of QCD, the theory for the strong interaction in the Standard
Model. The last two decades witnessed observations of new types of hadrons consistent with four or five
constituent quarks, which provide new insights into QCD. Among them is the observation of X(6900) by LHCb
in 2020 in the di-J/psi final state, compatible with a fully charmed tetraquark . A structure close to di-J/psi mass
threshold was also reported, however its nature is uncertain in LHCb analysis. Recently, new results on studies
of states in di-J/psi mass spectrum are reported by ATLAS and CMS collaborations. The X(6900) state is
confirmed by both experiments, with similar mass and width measurements. Besides, a new state X(6600) is
observed with 5.7 sigma significance, and another new state X(7300) is reported with 4.1 sigma significance.

Fully charmed tetraquarks are likely compact objects, in which four charm quarks interact with by exchanging
gluons. Other interpretations include hadron molecules where two charmonia are loosely bound with nuclear-
like interaction, and co pled multiple di-quarkonia channel rescattering effect. These states provide an ideal

cggafinement. In this seminar, results of by ATLAS, CMS and LHCb as well as their
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Dimuon at CMS & trigger

13.1 b7 (13 TeV, 2016)

> :E Trigger paths
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Excellent detectors for quarkonium
* Muon system

— High-purity muon ID, Am/m~0.6% for | /W

Silicon Tracking detector, B=3.8T

— Apr/pr~1% & excellent vertex resolution

Special triggers for different analyses at increasing Inst. Lumi.

u P, (up) pr. (up) mass, (uu) vertex, and additional u
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Selected CMS contributions with low p; muons

Y suppression in PbPb collisions
PRL 109 (2012) 222301
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B physics at CMS

« vs RHIC

— better resolution
.C.MS' 1st Y(1S,2S,3S) measu.r.ements in HI Accept_ances @ LHC
— additional detector capability 5 : : ;

CMS'  1st secondary vertex meas. in HI (eg b—J/y)
« vs ALICE
— complementary acceptance (ALICE access low-pt)
— CMS better resolution

ATLAS/CMS
(b)

LHCDb
(b)

« vs Tevatron experiments
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— extend kinematic (pr,y) acceptance 0 2 a
n of Q-hadron

« vs ATLAS
— more flexible trigger, better resolution
« vs LHCb

— complementary acceptance, LHCb great particle ID

— higher luminosity
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First LHC experiment re-discovered X(3872) EMS Py R N———

N(B*)/20 MeV
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7 First X(3872) signal in PbPb
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Myurr (GEV/C?)

CMS played the following leading roles

» First LHC experiment to see X(3872)
» First LHC experiment to see exotic hadron
* First LHC experiment to see X(3872) in PbPb data
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Exotic hadron
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4c exotic meson

Progress of Theoretical. Physics, Vol. 54, No. 2, August 1975‘

« First mention of 4c states at 6.2 GeV (1975) 4 Possible Model for New Resonances

——Ezotics and Hidden‘ Charm

— Just one year after the discovery of J/y)

Yoichi IWASAKI

Research Institute for Fundamental Physics
Kyoto University, Kyoto '

We expect at least three exotic meson..s with hidden charm, cz (Pﬁ-r_zﬁ) [be-
tween 3.7~4.1 GeV], ccid [~4.1GeV] and czce [~6.2 GeV], to. which we refer ' ‘
a ; i i } % 1 CYxz - -~ g —_ (Received January 20, 1975)

« First calculation of 4c states (1981): Z. Phys. C 7 (1981) 317
(Cc)g"“(ﬁ)g*

L S JEC Mass {GeV) 1
1 0 1=~ 6.55
1 0-f, 1+ 2"
5 13- 3-- L S JFe Mass (GeV)
’ | f:j 2t 3t o (CC)Q* _@)g " { 0 1=~ 6.82
2 0++‘1++‘2++’3++’4++ 0 2++ 715
3 0 377 6.98 - -
1 2= 37T 4 3 0 3 741
2 177,277,377 ,477,5~

« Many recent theoretical studies on (cccc), (bbbb), (bbct):
— controversial on existence of bound states below n,n, threshold;

_— consistent on existence of resonant states above nyn, threshold.
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J/WJ/W cross section at 7 TeV

J. High Enerqy Phys. 09 (2014) 094
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Total cross section, assuming unpolarized prompt J/pJ/p pair production
1.49 £+ 0.07 (stat.) = 0.13 (syst.) nb

Different assumptions about the J/wJ/yp polarization imply modifications to
the cross section ranging from -31% to +27%.
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http://dx.doi.org/10.1007/JHEP09(2014)094

;1 Blind mass window for 13 TeV

VYR

We saw hints at Run I data Blinded mass windows for Run II:
Proposed three signal regions for Run II data

1. [6.3,6.6] GeV
2. [6.8,7.1] GeV

3. [7.2,7.8] GeV

(for potential wide structure)

These mass windows will be windows
for LEE for potential structures

1 : 3 Run I data will be ignored for
significance calculation

CMS eventually decide to blind the whole region: [6.2, 7.8] GeV after LHCb released their result

/ Zhen Hu July 22, 2022 o



CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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13 TeV dataset and MC samples

Signal: X - J /] /i - urp—ptu”

Data: 135 fb~ 1, taken in 2016, 2017 and 2018 LHC runs
Signal MC samples:

— JP = 0% resonance

-- Generator: Pythia8, JHUGen
Background MC samples:

— Nonresonant single-parton scattering (NRSPS)

-- Generator: Pythia8, HelacOnia (next-to-next-to-leading order),
Cascade (next-to-leading order)

— Nonresonant double-parton scattering (NRDPS)
-- Generator: Pythia8

July 22, 2022 14




Event selections

Muon selection J/y selection
=295 < <3.25 GeV
= pr(pt)> 2.0 GeVic My ©
n "pr(J/y) > 3.5 GeV/c
" n(uH)] <24 svtxprob(Jiy) >0.5%
= All muons are soft »Constrained vtxprob(J/y) >0.1%

= For 2017-18 years: pp(ut) > 3.5 GeV/c for at least
one utu~ pair, which has vtxprob(ptp™) >0.5%
and 2.95 <m+,- <3.25GeV

JhyJhy selection
sptxprob(4p) > 0.5%
sptxprob(J/yly) > 0.1%
"Proper HLT is fired in event

Multiple candidates

. . : .. MJ/y1)-MJ/Yppe)\2 , MI/Y2)-MJ/Wppe)y 2
Choose the best candidate with minimum ( s MOVL)) ) +( M) )
value if there are 4 muons in event, but more than one candidate (~0.2%)

=Keep all candidates if there are more then 4 muons in event (~0.2%)

Baseline mass variable — invariant mass of two constrained J/y candidates

July 22, 2022 15


https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06015/pdf

J/¢¥ candidates

_ 135" (13 TeV)
%_I‘IIIIIIIIIIIlIIIlII\|III|III|II I 5 ..-- — m
of JEs O
ol 500 +=
8 ool o
400
300
| e
= -
- -
| | *_g 100
-o cl> cI> cI> L <|3 <|3 t|3 ov:\Aoc\l : 2'8 0
¢ $ 8888 %K ' 2.8 2.9 3 3.1 3.2 3.3 3.4
N8I G / SelepIpUED L M) GeV
1

> ~CMS____Preliminary —— '13?fl?'1('13'T('aV)
S 208 4oun T
L g0 —Iv iy, BkgJ/y,
 J/3 mass and vertex related £ v Bkg, — Bkg Bkg,
cuts removed (3%
(@)

» Clean J/y signals are seen

Zhen Hu
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CMS background (BWO + NRSPS + DPS)

CMS Pre//m/nary 135 fb (13 TeV

a—

w
o
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t Data —Fit
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---BW3 — Background

ndidates / 50 MeV
N N
S8 B

X
o
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CMS background (BWO0O + NRSPS + DPS)

'l
1]
N

100

(&)
o
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x2 prob =79%

[6.2,15] GeV

AQJ\)LO_J\)COB o

m(J/\uJ/1|:)4(GeV1)5
* Most significant structure in first step 1s a BW at threshold, BW0--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

(Data-Fit)/Error
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CMS model: 3 BWs + Background

CMS _Preliminary _

135 fb’ (13 TeV)
6.50

{ Data — Fit
== BW1 ' BW2[X(6900)]

....... BW3 — Background

180
160
140
120
100

Statistical significance
based on:

Candidates / 25 MeV

x2 Prob.=1%

2 lIl(Lo/ Lmax)

[6.2,7.8] GeV 60

..................................................................................................................................................

(Data-Fit)/Error

mJApdiy) (GeV)

BEEREEEETEE - 5w (6.50) - observation (> 5.70 with syst)

m 6552 = 10 6927+ 9  7287% 19  BW2[X(6900)] (9.40) -- confirmation
r 124% 29 122+ 22 95+ 46  BW3 (4.10) -- evidence

N  474% 113 492+ 75  156% 56 S
Statistical significance only

98 Zhen Hu July 22, 2022 .



CMS result with BWO explicitly shown

CMS Preliminary 135 fb™ (13 TeV) CMS Preliminary 135 b (13 TeV)
> e L L L e > e
| ] 1 _
§soo:_ ¢ Data —Fit - = 80; ¢ Data —Fit
B r -~ BWO — BW1 . Q 160 | -~ BWO  ==BW1
-~ M — -~ __ ‘ A
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%’goo:_ Ul --NRDPS - BW3 3 $ 120~ om¥ * "|. -...NRDPS ' BW3
c E : - 2 100 y
[ ] 4]
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Data-Fit
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Significance with systematics

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

Source AMpwr AMpw, AMpws Alpw; Algw, Alpws
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 6.5¢ to >5.7¢

» No relative significance changes for BW2 and BW3

M[BW1]=6552 = 10 = 12 MeV T[BW1]=124 = 29 = 34 MeV >5.7c

M[BW2]=6927 = 9 = 5MeV T[[BW2]=122 22 * 19MeV >94¢

M[BW3] = 7287 + 19 = 5MeV  [[BW3]= 95 *+ 46 = 20 MeV  >4.10

Significance with systematics

%/ Zhen Hu July 22, 2022

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

M[BW2]=6905+11+7 MeV
[[BW2] =80+ 1933 MeV

consistent (

20



X(6900) reported by LHCb

In 2020, LHCb reported X(6900) state in J/yJ/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 II: 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 I

140
120

Weighted candidates / (28 MeV.

7000

8000 9000

A dip Mdi-J/y/ (MCV/ C2)

July 22, 2022
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https://doi.org/10.1016/j.scib.2020.08.032

A shoulder ¥ prob =51% [6.2,15] GeV g 220 .
CMS Prellmlnary 135 fb' (13 TeV) S 200 LHCb i__ :::1 -
3 X(6900 . —me o _
2o (6900) + wa  —ea E = 450 X(6900) -
31402— -+BWO = BW1 _; o 160 ::ngx
8120 } —NRSPS 1111 BW2[X(6000)] | 3 I S o
2 00 —NRDPS 5 b= 104 3 < 140
g = BWI1 X proo= = § 120 -[- -l- :E::f:mps
S a0 }. [62.7.8]GeV 3 5
oF - . g 10 bt
A\ 2 ool uiiria { |
S A WA — = T O t I
i I g o % 40
g5 éé miﬁﬁ# £ 1»’;%2—;; Tttt g § 20
: e o
K 65 7 75 NS 00 7000 8000 9000
Sy Iy Mdi_]/y, (MeV / C2)
=B S| bW P mGn0) I6900) I\ X(6900) parameters are in good agreement with LHCb

LHCb [15] Model I unrep. unrep.

6905+ 11 £ 7| |80 +£19+33] \

CMS  Modell | 6550+ 10 112+27 || 6927+ 10 117 + 24 LHCD did not give parameters for another 2 BWs
* CMS Data shows a shoulder before BW1 * CMS vs LHCb comparisons:
« CMS shoulder helps make BW1 distinct * 135/9= 15X (int. lum.)

* Does not describe well dips

* (5/3)*= 8X (muon acceptance due to pseudo-rapidity range)
* Higher muon py (>3.5 or 2.0 GeV vs >0.6 GeV)

* Similar number of final events, but DPS suppressed

July 22, 2022 22
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Try LHCb model 2

DPS + X(6900) + “X(6700)” interferes with NRSPS

.,
‘-,

- CMS _Preliminary 135 fb' (13 TeV) {\‘: 220 ——— r _I_, s
350 R B B Data
- ;% % Dat —rm 1 >29F 1HCH Bt
S i % wmBW2[X(6900)] —NRDPS § 5 180 —— Resonance
Q 250 — ! —] = = Interference
& 2 i --=- X(6700) — NRSPS % 160
=] C i : erence
2200~ ; - = - (X(6700)+NRSPS) Interf. = I 140 %;‘)‘: S
© 150 ; = 8 120 ——— NRSPS
x? prob =104 1505 - g 100
[62,7.8]GeV T E ER:
= = 8
- - Q
= =
8
5
o
=

Y S e, - 60 f
g2t g M o
| R g;g P 1?17%%7?1?% 7;{171’73?%% 20
:ﬁ RS E|
° °° e * e [GeV] 00 7000 8000
[GeV]
“X(6700)” Mg, MeVic?)
Exp. Fit m(BWI1) T(BWI) m(6900) T'(6900)
LHCb [15] Modell | unrep.  unrep. | 6905+ 11+7 80+ 19 +33
CMS  Modell | 6550410 112427 | 6927 410 117 + 24 , _
LHCDb [15] Model Il | 6741+£6 288+ 16 ||6886:I: 1+ 11|[168 £33 + 69| All CMS fits presented are not very good:
CMS  Modelll | 6736 +38 439465 || 6918 +10 187 + 40 ...other interference scenarios are under

study in CMS

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

Zhen Hu July 22, 2022
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Summary

« CMS found 3 significant structures using 135 fb~! 13 TeV data

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

M[BW1] =6552 = 10 = 12 MeV  T[BW1] =124 = 29 = 34 MeV >5.70
M[BW2] = 6927 = 9 = 5 MeV MBW2] =122 £ 22 * 19 MeV >9.40
M[BW3] = 7287 = 19 = 5 MeV MBW3]= 95 = 46 = 20 MeV >4 1o

« BW?2 consistent with X(6900) reported by LHCb
« Two new structures, provisionally named as X(6600) [BW1], X(7300) [BW3]
« A family of structures which are candidates for all-charm tetra-quarks!

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

“iBiE-EIf’CMSHAH ( 2019-2022)
— 4 faculties : S8, #BE , £X , Gerry Bauer
— 3 postdocs : K&K , Muhammad Ahmad , Samet Lezik
— 10 grads : XU, , iR=ME , B, &5, RIEE , W, TWR , KIS, FR=  FE=
— ~30 undergrads

— 3 engineers and technicians

I{ECMSERE — N EIRARU1A -
— Muhammad Ahmad (PPD DQM)
IMECMSSLIE = ETRERRI2 A :
— tHZ(BPH P&P) , Samet Lezik (DPG Tracking)
SIECMSIEEE R EREU3 AR :
— #AZ (PPD PdmV) , Jordan Martins (PPD PdmV) , Jordan Martins (BPH VFS)
E{ECMSEERE = RERERI7AIR :
— 8 (B¥pIE Production), (Quarkonium), (Spectroscopy)

— #Z (PPD PdmV) , Muhammad Ahmad (PPD PdmV) , XU&tK (PPD PdmV) , Jordan Martins
(PPD PdmV)
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Physics Performance & Datasets (PPD) organisation

Physics Performance & Datasets (PPD) Organisation as of 05/22
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PPD General Meeting, 31 March. 2022
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Significance with systematics

« To include systematics, alternative resonance/background shapes applied in the
fit.
« Calculate signal- and null-hypothesis NLL_syst including systematic using:
NLL _(syst—sig) = MIin{NLL_(nom-sig), NLL_(alt—i—sig)+0.5+0.5-Adof}
O NLL_(nom-sig): the NLL of nominal ‘signal hypothesis’ fit.
O NLL_(alt-i-sig): the NLL of i-th alternative fit of ‘signal hypothesis’

O Adof: the additional free parameters comparing to the nominal ‘signal
hypothesis’ fit.

e NLL_(syst—null) = Min{NLL_(nom—-null), NLL_(alt—j—null)+0.5+0.5-Adof}

« Significance including systematics as usual from NLL_(syst—null)-NLL_(syst—sig)

_ Significance with syst.

BW1 5.70
BW2 no sensible changes
BW3 no sensible changes

Zhen Hu July 22, 2022 .y



Line shape

« S-wave relativistic Breit-Wigner (used in default fit):

m qmo

,whereI'(m) =T, —,
mg — m? — imI'(m) (m) =To gom

g is the momentum of a daughter in the mother particle rest

BW(m, mo, Fo) =

frame; g, means the value at peak position (m = m,).

« NRSPS and NRDPS:

fnrsps (X, X0, @, D1, D2, D3)

_ a 1 P1 (x — x¢)P3
= (=) (1- ((15 —x)? 1) a5 -?); eXp<_ 2P )

fvrops (X, @, Do, D1, D2) = Xt - exp(—a - x¢) - (po + 01 - X¢ + Dy - XE),

where xo = 2m; /y, Xt = X — X
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Steps to identify structures in J /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 1n baseline only if > 30 significance
* Repeat until no more > 30 structures

e/ Zhen Hu July 22, 2022 33



Weighted candidates / (56 MeV/c?)

Weighted candidates / (56 MeV/c?)

LHCb collaboration /Science Bulletin 65 (2020) 1983-1993

- (b)
+Dala
LHCb w— Total fit
pdV <50 GeVie
T

100 =

= Resonance
== === Threshold BW1
== === Threshold BW2

= NRSPS
== === DPS+NRSPS

Weighted candidates / (56 MeV/c?)

140
120
100

7000 8000 9000 200 7000 8000 9000
M .51, (MeV/c?) M g 51, MeV/c?)
@ =
< 70 _
= 8.0<pi’'V<9.5GeVic
s 60
Ne)
2 50
5..; 40
=
% o e = A
20 il 4 T
B //fﬂ A'L [
10 P4 : £
Qo
S =z
200 7000 8000 9000 8200 7000 8000 9000
M g5, MeV/c?) Mg, MeV/c?)
f — — :
) < - —
- 120< pj"’*“’ <50.0 GeVic
60
50 ‘

Weighted candidates / (56 MeV/c?)

7000
Mg 51, MeV/c?)

8000

7000

8000
Mg g1, MeV/ c?)

Fig. 4. Invariant mass spectra of weighted di-J/{/ candidates in bins of pﬂi'” ¥ and overlaid projections of the p?i'” Y_binned fit with model 1.
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