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The Large Hadron Collider (LHC) at CERN is the ' AT

world's largest particle collider. It lies in a tunnel 27
# kilometres in circumference and as deep as 175

metres beneath the France—Switzerland border near
neva.

.....
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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.

2 —  upn (up) pr. (up) mass, (up) vertex, and additional u
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« MPI (multiple parton scattering) studies are important for
o Probing partonic structure of proton
o Tuning of Monte Carlo event generators ’ N v

o Background for new physics searches U

« Associated heavy flavour production

— Initial state: e.g. sensitivity to the concepts of
single (SPS), double (DPS) and triple (TPS) parton scattering

— Final state: e.g. sensitivity to heavy flavour hadron formation (colour
singlet vs. colour octet), sensitivity to resonant multi-heavy-flavor
states

ws’ Zhen Hu May 30, 2024, FPCP :



« Double J/Y in pPb at 8.16 TeV (2024)

— First observation

« Double J/y in pp at 13 TeV (2023, Kai Yri’s talk)
— New structures in double J/ mass spectrum

« Triple J/U in pp at 13 TeV (2023)
— First observation

« Double Upsilon in pp at 13 TeV (2020)

Early analyses with Run 1 data
« Double Upsilon in pp at 8 TeV (2017) - First observation
« Double J/y at 7 TeV (2014)

e’ Zhen Hu May 30, 2024, FPCP




J/WIJ/P in pPb

« MPI cross section increases with Vs; increased parton densities

— Many measurements from UA2 to LHC

' : GPPolyx _ (1 gEPD X PP/ X
« DPS cross section can be written as “ors 5

Ueff,pA

— Effective cross section o4 = (Interpretation transverse distance)?

« pPb data provide an independent tool to extract o«

— DPS is enhanced by a factor of 600 in pPb collisions as compared to pp

TToye— — CMS, Vs =13TeV, J/y+J/y+J/y  This work
I CMS*, Vs =7TeV, Jly+Jly Ref. 60
— ATLAS, Vs =8TeV, JJy + JJy Ref. 2
— DO, Vs =1.96 TeV, J/y + Jly Ref z
Y\ P — DO*, V§=1.96 TeV, J/y +Y Ref.
k\\& I ) ATLAS*, Vs =7TeV, W+ J/y Ref. ®
4 P\\\\Q\\\ SR ATLAS*, VS =8 TeV, Z + JJy Ref. &
> ATLAS*, Vs =8TeV, Z+ b>J/y Ref. %7
— DO, V§=1.96 TeV, y + b/c + 2-jet Ref. %
Y - DO, V5 =1.96 TeV, y + 3-jet Ref i:
A \Q J/W B e DO, V5 = 1.96 TeV, 2-y + 2-jet Ref.
N —— DO, V5 =1.96 TeV, y + 3-jet Ref. %
|« o CDF, v§=1.8 TeV, y + 3-jet Ref. *
— UA2, V5 = 640 GeV, 4-jet Ref. '
. CDF, V5 =1.8 TeV, 4-jet Ref. #
- ATLAS, V5 =7 TeV, 4-jet Ref. ®
- CMS, Vs =7 TeV, 4-jet Ref. 2
. CMS, Vs =13 TeV, 4-jet Ref. '°
— I CMS, V5 =7TeV, W+ 2-jet Ref. '
— B ATLAS, Vs =7 TeV, W + 2-jet Ref. :3
I CMS, Vs =13 TeV, WW Ref
. 1 1
0 20
Oefi.pps (MD)
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pPb data sample collected at

Vsyn = 8.16 TeV during 2016
— Integrated luminosity: 174.56 nb™"

Channels considered

= Jy(—=pp)d/w(—pp)
- Jy(—pp)diy(—ee)
Signal Yield

— JY(—=pp)d/y(—py) : 8.5 £ 3.4

— JIy(—pp)d/p(—ee): 5.7 £ 4.0

Significance is 4.9 sigma for the

4 muon channel (Likelihood ratio of
the fits + asymptotic formula under Wilks

theorem)

5.30 (combination with Fischer

Formalism)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-013/index.html

* Using J/y(—pp)J/p(—up) only, fiducial cross section
o (pPb — J/PJ/p +X) = Nyig/ (€ Line B;

= 22.0 £8.9 (stat) = 1.5 (syst)nb

J/p—p™ )

CMS-PAS-HIN-23-013

Source of uncertainty o(pPb — J/¢J/¥ + X)
—— . ]/ meson signal shape 4.0%
Fiducial requirement Dimuon continuum background shape 2.5%
For all muons pr > 2;1 gez ior 8 3< |17|| |< 0.? 1 Luminosity 35%
pr > 3.3Ge or03 < |y < 1. . ) o
pr>55-207|GeV  for1.1 < |y| < 2.1 Branching fraction 11 O/"
pr > 13GeV for2.1 < || < 2.4 Scale factors 1.3%
For the two J/¢ mesons pr > 6.5GeV and |y| < 2.4 Total 6.1%
oPb 174.6 nb™ (8.16 TeV CMS f’re.llmlrzary pPb 174.6 nb™' (8.16 TeV)
S | 3 T e huey
S S ok + Daa 4 Separate DPS and SPS
77 5 Ui a ore « events (SPS)=6.4 = 4.2
o - - events (DPS)=2.1 £ 2.4
Fiducial cross section:
10" SPS: 16.5 = 10.8 (stat) = 0.1 (syst) nb
DPS: 5.4 + 6.2 (stat) = 0.4 (syst) nb
10.2. 10-1----|--.-|----|----| 1.

Y(J/\If1, J/wz)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-013/index.html

o) can be extracted using formula

off pA o VB — )

b—J/w]/w+X _
AR (NIRRT

4514042 ub
20,2353 pb

from theory

apr—>I/tP+x
SPS

pPb—J/p+X
Ogps

large upper uncertainty
indicates the possibility of the
absence of DPS contribution

= 0.537%,

from data

Neglecting parton correlations, factorization of double PDF in transverse and
longitudinal components, o (pp) can be calculated as

. Ueff,pA
eff —
A— Ueff,pA E pA/ A

A =208, and F , =29.5 mb~! from Glauber
MC Model

Oeff (pp) = 401?05 mb

g..> 1.0 mb at 95% CL
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CMS, |s,,=8.16 TeV, Jy+JAy

CMS, Vs=13 TeV, JAy+Jy+Jy Nat. Phys. 19 (2023) 338

CMS*, ¥s=7 TeV, Jy+Jiy
ATLAS, Ys=8 TeV, JAy+Jiy
DO, Vs=1.96 TeV, J/y+J/y
DO0*, ¥s=1.96 TeV, J/y+Y
ATLAS*, Ys=7 TeV, W+J/y
ATLAS*, {s=8 TeV, Z+J/y
ATLAS*, Vs=8 TeV, Z+b—J/y
DO, Vs=1.96 TeV, y+b/c+2-jet
DO, Vs=1.96 TeV, y+3-jet

DO, V5=1.96 TeV, 2-y+2-jet
DO, Ys=1.96 TeV, y+3-jet
CDF, Vs=1.8 TeV, y+3-jet
UA2, Vs=640 GeV, 4-jet
CDF, Vs=1.8 TeV, 4-jet
ATLAS, ¥s=7 TeV, 4-jet
CMS, Vs=7 TeV, 4-jet

CMS, {s=13 TeV, 4-jet

CMS, Vs=7 TeV, W+2-jet
ATLAS, ¥s=7 TeV, W+2-jet
CMS, Ys=13 TeV, WW
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J/WJ/W cross section

Ns=7TeV,L=4715

J.quhEnerqvphVS.09(2014)094 N: [N L L L L L L L L L O O L L O
o . CMS .
S Unpolarized JAhp
()
350 Vs=7TeV,L=471b Vs=7TeV,L=471 S 1‘ Stat. unc.
[oVIREE® 10| U N o o o o o O 3 [« [ O ~
S ovs | <oma ° Fows 0 om0 RS —|— Stat. and syst. unc.
% 300 C —— All components % 250 —— All components - 5 10_1 | _I_ |
S LLLLLT Prompt i Y () T N T TE Prompt 1 - . i
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Y A P Jip-combinatorial > JHUN R A W Jhp-combinatorial = C p,>6.5 GeVic for lyl < 1.2 ]
S 250 __ s Purely combinatorial _: S 200 [\ e Purely combinatorial 7] Eﬁ | p-,— > 6.5—4.5 GeV/c for 1.2 < |y| <1.43 4
@ P D - > 4.5 GeVic for 1.43 <lyl <2.2 .
£200 2 B Pr y
(0] () 150 — 'O I~ -
o, f o
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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

J/WIJ/Y candidates in pp at 13 TeV
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CMS Preliminary

135 fb™ (13 TeV)
—— —

——

— Fit
Bkg1J/\|/2

—Bkg1Bkg2

¢ Data
—J/\|/1J/\4/2
—J/y Bkg,

CMS data: 135 fb~1, taken
in 2016, 2017 and 2018 LHC

Candidates / 5 MeV
>
3

1000
runs 800
J /¥ mass and vertex related o
cuts removed “

Clean J /iy signals are seen & "%‘E}%M LA e %

33 3.4
m(w)1 GeV
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Phys. Rev. Lett. 132 (2024) 111901

New Structures in the J/4J /4 Mass

! i 180 1 R I - 1350 (13 TeV)

Spectrum in Proton-Proton Collisions at > - ' ' ' ]
® - 90 cmMs 7

a=13 TeV S 160 9.80 -
A. Hayrapetyan et al. (CMS Collaboration) UN) 140 - I ¢ Data —Fit =
Phys. Rev. Lett. 132, 111901 (2024) — Published 15 March 2024 >3 - 1Y ’ —BW, ---BW, 3
o 120 L) } 470 BW; ---Background
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ic|e
Three structures, X (6900) and two new ones around 6.64 L:g 5 2
and 7.13 GeV, are seen in the J/vJ /1 mass spectrum that ©lg °
are consistent with being part of a family of radial excitations. Ol -

Show Abstract + 655 % 7i5 é 855 9

« Fit with interf. among BW1, BW2, and BW3 describes data well
« Measured mass and width in the interference fit
X(6600) X(6900) X(7100)

43416 44148 48-+41
Interference ~ m [MeV] 6638 ;2720 6847 55 oy 713475210
[[MeV] 44005575 191155755 9755075

First observation First evidence
May 30, 2024, FPCP 13



http://dx.doi.org/10.1103/PhysRevLett.132.111901

Significance > 5o

o(pp—J/wd/wd/wX)
=272 +141_104 (Stat) + 17 (SySt) fb

Signal yield: 51%4§events

Nature Physics 19 (2023) 338
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—

CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-18 16:07:04.866439 GMT
Run / Event / LS: 305237 / 1277785997 / 682

CMS

Compact Muon Solenoid
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http://dx.doi.org/10.1038/s41567-022-01838-y

Pure prompt production:

p °°i—>—b =TT

n B

I/

3np

2 3
SPS: ‘TSIES Aoo000000, I/ s

< J/Y
= J[y
= [y

Ol T Tl T Tl T

« Expect dominance of DPS, with some TPS and very little SPS
— SPS: ~6%, DPS: ~74%, TPS: ~20%

2% Zhen Hu May 30, 2024, FPCP 15



Octt,DPS = 2

.7+1.4-1.0 (exp)+1.5-1.0 (theo) mb

F AL N

CMS, \s=13 TeV, Jiy+Jy+Jy

CMS, 1s=8 TeV, Jy+J/y

Phys. Rept. 889 (2020) 1

Ot pps [MP]

Two

Zhen Hu

——
e ATLAS, \s=8 TeV, Jiy+Jy  Eur. Phys. J. C 77 (2017) 76
— DO, \s=1.96 TeV, J/y+J/y Phys. Rev. D 90 (2014) 111101
< DO, 1s=1.96 TeV, J/y+Y Phys. Rev. Lett. 117 (2016) 062001
fr— ATLAS, \s=8 TeV, Z+b—J/y Nucl. Phys. B 916 (2017) 1312
— ATLAS, \s=8 TeV, Z+J/y Phys. Rept. 889 (2020) 1
S ATLAS, \s=8 TeV, W+J/y  Phys. Lett. B 781 (2018) 485
- DO, 1s=1.8 TeV, y+3-jet Phys. Rev. D 81 (2010) 052012
- CDF, 1s=1.8 TeV, y+3-jet Phys. Rev. D 56 (1997) 3811
—_— UA2, \s=640 GeV, 4-jet Phys. Lett. B 268 (1991) 145
M CDF, 1s=1.8 TeV, 4-jet Phys. Rev. D4 7 (1993) 4857
it ATLAS, \s=7 TeV, 4-jet JHEP 11 (2016) 110
- CMS, 1s=7 TeV, 4-jet Eur. Phys. J. C 76 (2016) 155
' . CMS, \s=13 TeV, 4-jet arXiv:2109.13822
R —— CMS, \s=7 TeV, W+2-jet JHEP 03 (2014) 032
N — ATLAS, 1s=7 TeV, W+2-jet  New J. Phys. 15 (2013) 033038
N — CMS, \s=13 TeV, WW Eur. Phys. J. C 80 (2020) 41
l 1 L L l 1 1 1 I
0 20 40

Consistent with results
from di-quarkonium

3-10mb

Inconsistent with jets,
photons and W bosons

10-20mb

“clusters” of results -> o, might not be universal
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35.9 fb~1 pp collision at 13 TeV, both [Y(1S)|<2
0g = 79 = 11 (stat) £ 6 (syst) £ 3 (B) pb,

35.9 o™ (13 TeV)
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Phys. Lett. B 808 (2020) 135578

35.9fb" (13 TeV)
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http://dx.doi.org/10.1016/j.physletb.2020.135578

Outlook for Run 3

« New trigger at CMS for Run 3, new possibilities!
- JY + (295)
— Y(2S) + Y(29)
— J/Y + Upsilon
— Y(2S) + Upsilon

CMS Preliminary L=02fb" (Vs =136TeV, 2023) ,
IIIIIIIIIIIIIIIIIIII l T T T T I T T T T I T T T T l T T T T I T l: T l T T T T l T T T L) T T |

L B Inclusive low mass dimuon trigger E Y(nS) trigger 7]

= W Displaced low mass dimuon trigger https://cds.cern.ch/record/2868780
I | Y
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Thank you!
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