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CMS dimuon & trigger

13.1 b7 (13 TeV, 2016)
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Excellent detector for B physics, especially for studies with muons

* Muon system
— High-purity muon ID, Am/m~0.6% for | /W
e Silicon Tracking detector, B=3.8T
— Apr/pr~1% & excellent vertex resolution
* Special triggers for different analyses at increasing Inst. Lumi.

—  upn (up) pr. (up) mass, (up) vertex, and additional u



« X(3872) studies
— Measurement of X(3872) to Jlwza*tn~ (2013) JHEP 04 (2013) 154
— Observation of BY — X(3872)¢ (2020) PRL 125 (2020) 152001
— Evidence of X(3872) in PbPb collisions (2022) PRL 128(2022) 032001

« Observations of new exotic hadrons MPLA 32 (2017) 1750139

— Observation of X(4140) in Jiw¢ from B* — J/w¢dK* (2014)

— Observation of new structure in J/¥ J/v¥ — p"pu~ p*p= (2024)
PRL 132 (2024) 111901

« Observations of new decay channels (after 2022 only)

— Observation of B® — w(2S)K2x+ 7~ (2022) erics2(2022) 499

— Observation of AY — J/E"K* (2024) EricC84(2024) 1062

— Observation of E;” — 4(25)E~ (2024) PRD 110(2024) 012002



p = 0(X(3872)) / o(1)(2S))

Coalescence with particles in QGP = Enhance X(3872)
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X(3872) in heavy-ion collisions

X(3872)/y(2S) Ratio in PbPb

1.7 nb” (PbPb 5.02 TeV)
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« Breakup by co-moving particles = Suppress X(3872)
« Coalescence with particles in QGP = Enhance X(3872) |
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Molecule indication? Still debatable



Heavy flavor spectroscopy studies at CMS

« X(3872) studies

— Measurement of X(3872) to Jlwz*zn~ (2013)
— Observation of BY — X(3872)¢ (2020)
— Evidence of X(3872) in PbPb collisions (2022)

Observations of new exotic hadrons

— Observation of X(4140) in Jiw¢ from B* — J/w¢dK* (2014)
— Observation of new structure in J/¥ J/v¥ — p"pu~ p*p= (2024)

Observations of new decay channels (after 2022 only)
— Observation of B —» w(2S)K2z* 7~ (2022)
— Observation of A} — J/4E"K* (2024)

— Observation of E, — 9(25)=" (2024)




« First mention of 4c states at 6.2 GeV (1975):
Y. Iwasaki, Prog. of Theo. Phys. Vol. 54, No. 2

6 :l"!ll]llIIJILIITTFFYII[IIIIIiIlY: Illllll T AT T T l T ”,I
= 3 R W yas) :
— {*' - 103 Y T ZI'E
- 4, d :| E fs
4 ‘.H% 'q*tl"'l}t'” » 5
E i ———— v i
R E =
- - ey
*E E / Y = o
- 3 \V’“
L | 1 quqqqrpmqnt Ll 1 -1 \/—[( V]
0 ] - 10 l | Illll | | llllll | | llllll
> C-LBL collaboration,1980) s 1 5 -

Js  (GeV)

 Inspired by 1980 R curve, first calculation of 4c states (1981):
K.-T. Chao, Z. Phys. C 7 (1981) 317



Designed 3 signal regions based on Run | hints

<+—>

LHCD first got X(6900) out of the door! Congrats !

Sci.Bull.65 (2020) 23
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CMS merged 3 regions into one: [6.2, 7.8] GeV after LHCb's X(6900)


https://doi.org/10.1016/j.scib.2020.08.032

135 1" (13 TeV)

CMS Preliminary
LA A L AL L A L L AL R DL L

oooooooo
@@@@@@@@

oun jels

Candidates / 5 MeV

_IIIIIIIII|III|IIIIIII|IIIIIII|Ill _%_2;' 34 CS rllmlna,y
oTe 5] ) L]
- HlF18 = 7 Mylasis
= L [ ~ GJ

= i ; B OCEE
= e =2 O 3.
I 1|12 = =
\sl E /l-\N
S =

w = = ——

I 1 ::g E

S 3
= -
2 RSN
T =~ .
= S
== %,
5= 3 o 2
ERE s
LI e
53 + )
I 1 g .
CUE oo donl © vao S 8 2.9 3 3.1

3.2

3.3

3.4
m(ww)1 [GeV

$))
o
o

AN
S
Candidates

300 « ~15000 J/ pairs after
oo (MUY JP) <15 GeV)
100 « ~0000 J/ pairs

o (MU JAp) <9 GeV)

135 fb™' (13 TeV)

2000 ¢ Data

E— IV (W) VI ()]
E— I W) J(ww),

||l|IIII|IIIIIII|III|III|I

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

—Fit

(W) Jy[=(w),]

=W

PRL 132 (2024) 111901

3.2 3.3

34

M) [GeV]

11



CMS background (SPS + DPS + BWO)

CMS background (SPS + DPS + BWO)

135 fb™! (13 TeV)

Candidates / 25 MeV
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* Most significant structure 1s a BW at threshold, BW0--what 1s its meaning?

* Treat BWO as part of background due to:

* BWO parameters very sensitive to SPS and DPS model assumptions
* Aregion populated by feed-down from possible higher mass states
* Possible coupled-channel interactions, pomeron exchange processes...

* SPS+DPS+BWO as our background
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PRL 132 (2024) 111901
x? Prob. = 1%

[6.2,7.8] GeV

Statistical significance based on:

2 In(Lo/Lns)

6552 = 10 £ 12
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The dips &)

180 . _ 135 fb'l' (13 Tev)
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» Possibility #1:
* Interference among structures?

* More secrets to dig out
* We explored possibility #1 in detail

» Possibility #2:

* Multiple fine structures to reproduce
the dips?

* Mentioned in paper/PAS
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CMS J/p)/
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 Fit with interf. among BW1, BW2, and BW3 describes data well

« Measured mass and width in the interference fit

BWl BW2 BW3
Interference ~ m [MeV] 6638733110 6847132758 71347521
[[MeV] 44030000 19175575 97150

15



Comparison with theoretical calculations

Nucl. Phys. B 966 (2021) 115393

Ty(nS) states

chE c

S-wave
P Mass(n=1) Mass(n=2) Mass(n=3) Mass(n=4)
M[BW1] = 6638723*1¢ MeV
0* | 6055°%) 655530 68837 71542 M[BW2] = 6847+44+48 MeV
2+ 609dh 656672 6890°% 71602 M[BWS3] = 7134+38+11 MeV

Ground states ° Radial excited states?

Missing n=1
L (C) X(7200) =
fesssssssenaa. {73007 Y(35)J /¢
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------------ 5i Tle 2S e
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L L L = TeTle

LHCb CMS ATLAS

measure JPC to clarify

« PRD 109 (2024) 054034 (2024)
new theoretical result

* More explanations?
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Heavy flavor spectroscopy studies at CMS

« X(3872) studies

— Measurement of X(3872) to Jlwz*zn~ (2013)
— Observation of BY — X(3872)¢ (2020)
— Evidence of X(3872) in PbPb collisions (2022)

 QObservations of new exotic hadrons

— Observation of X(4140) in Jiw¢ from B* — J/w¢dK* (2014)
— Observation of new structure in J/¥ J/v¥ — p"pu~ p*p= (2024)

« Observations of new decay channels (after 2022 only)
— Observation of B —» w(2S)K3z*z~ (2022) B — (25)KJ
— Observation of A} — J/4E"K* (2024)

— Observation of E;" — 94(25)=Z" (2024)
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Multi-body decays of b-hadrons may proceed through exotic

intermediate resonances

— E. g. pentaquark J/y p structure in A, — J/@Y p K- observed by LHCb

— 4, — J/Y E-K* final state can unveil yet-unobserved (e. g. doubly-strange)

First-time observation of 4, — J/( =" K"

— Infinal states with J/¢ — uu, & — A(— pn)m-

pentaquarks

— 5.80 significance

Candidates / 16 MeV
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Observation of 4, — J/Y = K*

« A, — J/Y EK* branching fraction ratio measurement
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— Large systematics cancellation in the measured ratio R

— Result dominated by low signal statistics
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« 103 bt @ 13 TeV pp collision data

CMS 103 b (13 TeV)
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Significance > 30
First observation

BBY - w(2S)KJztz~)/B(B° — w(2S)K]) = 0.480 + 0.013 (stat) + 0.032 (syst)
BB? - w(2S)K/BB® — w(2S)KJ) = (3.33 + 0.69 (stat) + 0.11 (syst) + 0.34 (fi/fy)) X 1072
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No evidence of new resonant
structures at this signal statistics

EPIC 82 (2022) 499
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Candidates / 50 MeV
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Increasing data statistics @LHC allows exploration of ground and excited £, states

* Weak ground £, decays: possible intermediate resonances or CP violation

» Measurements of both ground and excited (=) state properties constrain heavy
quark EFT = better understanding of quark dynamics and hadronization

Full Run2 140 fb"

By reconstructed via: By — J/wE™, Eo — w(2S)( — J/ynr)E",
By = w2S)( = upw)E, By = JwA K™

withJ/w — uypand 2= - A (pr)n~

=, from fitting Ej, virtual track and 7™
from PV

rich topology: leverage vertex refit,

long 2 and A lifetime, mass constraints,
mass differences
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=, — w(2S)= observation and =,*0 studies

140 b (13 TeV) CMS 140 fb" (13 TeV)
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* Novel measurements of b-baryon properties

Properties of =}’
 Using ;% - E;nt with multiple 5, decays (W (2S)E~,J/Y E~,J/YAK™,] /Y £°K™)

° 70

Z3° mass and decay width extracted ina fitto AM = M(E, %) — M(E) — mPDG
- Improved mass resolution wrt. M(E, ™)

PRD 110 (2024) 012002
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: — Fit

g — Signal

25 F --- Background

Mgwo = 5952.4 & 0.1(stat + syst) + 0. 6(mz; ) MeV
FH*o = 0.871022(stat) + 0.16(syst) MeV

Events / 0.75 MeV

Latest LHCb result mo  5952.37 £ 0.02 4 0.01 £ 0.6 (Z)
Al wi.uml I lMMH}H“

['(E;%) = 0.87 £ 0.06 + 0.05MeV h
(Phys. Rev. Lett. 131 (2023) 171901) S AM [GeV]

=0 —— . . . CMS 140 fb™ (13 TeV)
* EX," and Xz, production cross-section ratio (in tight fidual region) g ol thaeE - y@S)T
S 165— —Slignal
—~x() "‘*0 F
d(pp - :4; X)B("‘b - s.:b , TT ) *2 14;’ --- Background
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a(pp > E, X)
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> ~1/, of 5 are produced in 5;° - 5, nt A % _____ | ‘ [11] 411 .
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11.0 4 Observed by ATIAS | ] ] ] ] ] ] ] ]
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49 new conventional hadrons at the LHC
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11.0 1 1 1 1 1 1 1 1 1 1 1 1
, Observed by CMS,
7 5. 23 new exotic hadrons at the LHC waiting for confirmatiom
704 76500 from other experiments |
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Candidates / 1 MeV

New triggers in Run-3!

CMS Preliminary L=0.2fb™" (Vs = 13.6 TeV, 2023) _,

L L L L e e L ' L ]
108 _ : :;;':I:Z:JT:'wmn?::sd;?gzg:t'ggs; https://cds.cern.ch/record/2868780 N Y(nS) trigger J
1 05 = J/LIJ ] Y

F wo
104 =N P(2S)

: —108
108} :
102}

101}
0 : 1 1 I 1 L 1 1 l 1 2
10 1 2 3 4 5 6 7 8 10 11 10

Thank you!

m(p*u7) [GeV]
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Backup
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X Polarization in production
: * Spin-0: gg = X
* Spin-1: q@ = X produce J, = +1
N * Spin-2:
gg — X produce J, = 0,%2, minimal coupling: J, = +2
qq - X produce J, = +1

g Polarization in decay
v @" + Spin-0: 0%, 0"
............... >Z2 ® Spln-l 1_’ 1+
e, * Spin-2: 2%, 2~

14000 original 0* 14000 original 0*
0*->0 0*->0
original 0 original 0

12000 12000

10000! 10000

8000 8000

6000 6000

4000 4000

2000 2000

0 -1.00 -0.75 050 -025 000 025 050 075 1.00 ?00 076 -050 -025 000 025 050 075 1.00
cos 04 cos 0,
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Signal yield: 51%4§events

Significance > 50

o(pp—J/wd/wd/wX)
=272 +141-104 (stat) = 17 (syst) fb

Nature Physics 19 (2023) 338

Events / 50 MeV

—_

Observation of triple J/

—
CMS Experiment at the LHC, CERN (( ﬁ\\/ %
% Data recorded: 2017-Oct-18 16:07:04.866439 GMT S

Run / Event / LS: 305237 / 1277785997 / 682

cMS 133 b (13 TeV cMs 133 b (13 TeV cMs 133 b (13 TeV
e L L %10:'|"'| I %10:'1"'1"'1"'|':
9F ¢ Data 3 E 9 ¢ Data 3 E 9F ¢ Data 3
8k — Total fit ] o gE — Total fit = o gE — Total fit =
7_ Jhy iy Jly signal _ % 7_ Jhy Jly Iy signal _ .% 7_ Jhy iy Iy signal _
i E I ] 24 :
st ] 4 ] e -:
)] I& E
3 3 3t E 3t E
-
O'A_ L SN NN o2 EYER TR FEETER PH 3 QFdzmddebacbegeed-k i)
2.9 3 3.1 3.2 3.3 2.6 2.8 3 3.2 2.6 2.8 3 3.2
My [GeV] My [GeV] M3 [GeV]

“6c’” search in future?
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Sci.Bull.65 (2020) 23

{ CMS Data

¢ LHCb Data

ents / 0.04 GeV

>
w

PRL 131 (2023) 151902

250(— } CMS Data g 600:— o { CMS Data
:_ %%?#} #h[ e ATLAS Data*1.8 z 500— % ATLAS X 4.6 e  ATLAS Data* 4.6
1502_ ; H +.. ﬁ ‘H. @ 4002— K
- 5 ## {,}% #‘} %H?TLAS X1.8 - )
100/— {' 300:_ i l
- ! . $ i {.H» Jr% #% % ol #g +++§
50;— “'., - 1007 W*{»oﬁ' 6‘“ ém Q{,m““‘
o:.. L Ll Ll ...ﬂ'T'..“’..-p‘r-'."vo'r...- A RN TS .ﬂ %0090 0 "2000°)
6 6.5 7 7.5 8 s.sM e (Gev)g 6 6.5 7 7.5 8 8. 5 (e \5/9)

Consistent shape for X(6500) for 3 experiments
Consistent shape for X(7100) for 3 experiments after scaling
Consistent shape for X(6600) for CMS and ATLAS after scaling

Hard to say between CMS/ATLAS and LHCb
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https://doi.org/10.1016/j.scib.2020.08.032

Fit CMS data with LHCb model I : 2 auxiliary BWs + X(6900) + bkg

CMS _Preliminary _

2]
o

N
o

o
o

Candidates / 25 MeV
2 2 2 3
o

135 " (13 TeV)

¢ Data
-+ BWO
— NRSPS

T
— Fit
== BW1

11 BW2[X(6900)]

N
¥

llllllllll

9

https://doi.org/10.1016/j.scib.2020.08.032

% 220 -
2 —F— Data
% 1s0F LHCD — e
E == = Threshold BW1
o s = Threshold BW2
S 1a0E i =1y
é igg J[ } | (oo
T ol - sl | !
Q / '} {‘ ']' ' + ,l.
O
g 40
g 20
00 7000 8000 9000

Mg 5, MeV/c?)

_» BW?2 are in good agreement with LHCb X(6900)

https://cms-results.web.cern.ch/cms-results/public- ~ Munpuny [GeV]

results/superseded/BPH-21-003/index.html

Exp. Fit m(BW1) I (BWI1) 1(6900) T(6900)
LHCb [15] ModelI | unrep. unrep. | |6905+11+7 80119133

CMS ModelI | 6550 4+10 112 +27 6927 £10 117 24

* LHCD did not give parameters for BW1

CMS has a shoulder before BW1
* helps make BW1 distinct

* Does not describe 2 dips well
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https://doi.org/10.1016/j.scib.2020.08.032
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html

N~—"

Fit CMS data with LHCb model II : “X(6700)” interferes with NRSPS + X(6900) + Bkg

CMS _Pre 135 fb” (18 TeV

— NRSPS

LIII|IIII|IIII|IIII|

‘N,
‘.,
‘-,
t.,
-----

OLNWh O

..........

7000

WN

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

MeV
o o
2 ®
S o

LHCb [15] 6886 £11+11 [ 168 £33 =69

Candidates / 25 Me

* CMS obtained larger amplitude and wider width for X(6700)
* Does not describe X(6600) and below

—J— Data

= Total fit

= Resonance
== = [nterference
m Interference BW

B ovs

.I. = NRSPS

8000
M 51, MeV/c?)

https://doi.org/10.1016/j.scib.2020.08.032

9000

CMS _Preliminary

135 1" (13 TeV

3 Data
— Fit

snnns BW2
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= = = (X6700+NRSPS) Interf.

.,
‘-

154
g
Ll

lll"lllllu‘II||||||I|||||||||||||||||||||||||

* Does not describe X(7200) region

8.5
My, GOV


https://doi.org/10.1016/j.scib.2020.08.032
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/superseded/BPH-21-003/index.html

https://arxiv.org/abs/2304.08962

% 400_\_ T | T 1T L I LI I | I L | L | |__ % 400 _|_ T I T I LI | T 1T | LI | T 17T |__
o [ ATLAS |~ Sig.+Bkg. 1 ® [ ATLAS , — Sig.+Bkg.
3300:_\/.§= 13TeV,140fb™ — Background = 3300:_\/.E= 13 TeV, 140" BW, + Bkg. + Int. .
o C di-Jhp ---- Bkg. w/o Feed-down o - di-Jhp ---- Bkg. w/o Feed-down -
=~ [ ‘/ e . T =~ B L . ]
%) 200 Sig. w/o Int. 2200k Sig. w/o Int.

OCJ I S Sig. Int. OCJ """ Interference

i1+ nnk —— Data 1 G —— Data

-1ooi—lnterf. Among BWO0-1-2 4 -100f lfary BW intert. SPS_f
~200- @ 4 -200f (b) 3
65 7 75 8 85 9 s 778 e 88 o
m,, [GeV] m,, [GeV]
di-J/y model A model B
mo 6.41 +0.08*0:9% | 6.65+0.02*0-0
Iy 0.59 +0.35*0-38 | 0.44 +0.0570%
mi 6.63 + 0.05’:8:%’%
r 0.35+0.11*0-11
- 14
X(6900) > 5 my 6.86 + 0.03*0:0"  6.91 +0.01 +0.01
( ) g I 0.11 +0.05*0-92  0.15 +0.03 + 0.01
As/s 15.1070‘:%;277‘; —

ATLAS model A: analogous
to LHCb model |, but 2

auxiliary BWs interfere with

X(6900

ATLAS Model B: analogous

to LHCb model Il, one
auxiliary BW interferes with
NRSPS

Both models describe the
data well

®* the broad structure at
the lower mass could
result from other
physical effects, such
as the feed-down

The 3rd peak mass is
consistent with the LHCb
observed X(6900), with

significance > 50
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH-21-003/index.html

Events / 0.025 GeV/c?

J. High Enerqy Phys. 09 (2014) 094

\s=7TeV,L=471fb'
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100}
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i \Mr').L
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107"

do/dM,,,,,, (nb/(GeV/c?))

102

Ns=7TeV,L=4715

_I TTT | T TTT T TTT T TTT | T T TT | T T TT | T T TT | T 1T I_
. CM .
CMS Unpolarized JAp
i 1‘ Stat. unc. 7
—}— Stat. and syst. unc.

- _l_ JIp phase space: B
B p,>6.5 GeVic for lyl < 1.2 ]
o p,>6.5—>4.5 GeV/cfor1.2<lyl <1.43 -
r P, > 4.5 GeV/cfor1.43<lyl<2.2 n
C _]— } .
= I | | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | L1114
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J/wJ/w (GeV/c )

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%.


http://dx.doi.org/10.1007/JHEP09(2014)094

« The inner structure of X(3872) affects its production in HI collision

Tightly bound
Tq:l'l‘a?w\rk Small radius

Compact four quark state D-D* hadron molecule
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* Breakup by comoving particles = Suppress X(3872)

Tightly bound

Tetroquark.
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« Coalescence with particles in QGP = Enhance X(3872)

Td'l‘&?unrk Small radius
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