I I I 8 = Laboratory for
l l Nuclear Science

P2024

N A

Highlights from CMS

12th International Conference on Hard and Electromagnetic

Probes of High-Energy Nuclear Collisions
September 22-27, 2024

Gian Michele Innocenti

Massachusetts Institute of Technology
(on behalf of the CMS collaboration)

MIT HIG group’s work was supported by US DOE-NP

. he]

C MS D
c

k]

[=]

3

c

S s

N S

\ g =

< 8
9 A Qo

. g

« o

\ (]




Overview of CMS contributions

In this conference — many new preliminary and final results, presented in 23 parallel talks + 2 posters
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CMS Highlight Overview

© 09/23 10:00 Q Hall1

Understanding initial and

final states with charm meson pair and charm
baryon production in pPb collisions with CMS

Search for jet quenching

with high pT hadron azimuthal anisotropy

using subevent cumulants in pPb collisions at

Improved constraints on

nPDFs using dijet production in pPb collisions
at 8.16 TeV with the CMS Detector

Identifying the onset of

early-vacuum showers and medium-modified
showers with the Lund jet plane in high-pT jets

Study of full event energy-

energy correlation in high-pT Z tagged events
in PbPb collisions in CMS

First measurement of the jet

axis decorrelation with photon-tagged jets in
pp and PbPb at 5.02 TeV with CMS

Measurement of collective

flow of DO meson with CMS at 5.02 TeV

Study of modified near-side

jet peak structure in a longitudinally boosted
flowing medium in PbPb collisions with CMS
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Studying the interplay of

medium effects on heavy quarks and
quarkonia using high-precision charmonium
measurements in PbPb collisions with CMS

Lida Kalipoliti
PhD Student
LLR Ecole Polytechnique

Probing bottom quark mass

effects in jet substructure with CMS using a
novel technique to cluster the b-hadron
decays

Zaochen Ye
Professor

Austin Alan Baty
Assistant Professor
University of Illinois Chicago

First observation of the
multiplicity dependence of (2S) / )/ in pPb
collisions with CMS and its implication
regarding comover effects in small systems
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parallel | Dead cone effect and charm

quark mass effects in high-pT D-jets with the
CMS experiment

Yen-Jie Lee
Professor
Massachusetts Inst. of Tech.

parallel | Revealing the medium-recoil

effect with high-pT Z boson tagged underlying
event distribution in PbPb collisions at CMS

Massachusetts Inst. of Tech.

First measurement of the DO

production in photonuclear ultraperipheral
heavy ion collisions with CMS to probe low-x
nuclear matter

University of Illinois Chicago

Search for jet quenching

using high-multiplicity pPb collisions at the
CMS Experiment

Indian Inst. of Tech. Madras

parallel | First measurement and

observation of exclusive coherent bottomonia
photoproduction in PbPb at 5.02 TeV with the
CMS experiment

South China Normal University

Detecting fluctuating gluonic

structure via energy-dependent incoherent
photoproduction in PbPb at 5.02 TeV with the
CMS experiment
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CMS-PAS-HIN-23-010 #New result 24'Sep
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CMS-PAS-HIN-24-007 #New result 24'Aug
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© 09/2416:35 Q DEJIMA MESSE NAGASAKI

© 09/2415:35 @ Room 103 © 09/2509:40 Q Hall1

CMS-PAS-HIN-24-005 #New result 24'Sep
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Measurements of the light-

by-light scattering and the Breit-Wheeler
processes, and searches for axion-like
particles in ultraperipheral PbPb collisions at

Measurement of the tau g-2

factor in the ultraperipheral PbPb collisions
recorded by the CMS experiment

~
parallel | Constraining the color-

charge effects of energy loss with jet axis-
based substructure studies in PbPb collisions

Detection of jet shower

width and survival bias effect with photon-
tagged jet girth and groomed jet radius in pp

Hadronization and Energy

Loss of Beauty Quark from Flavor-ldentified B-
Hadrons RAA in pp, pPb, and PbPb Collisions

Time-of-flight PID upgrade at

CMS for hard probes in dense QCD matter at
the high-luminosity LHC era

Study of energy-energy

correlator of jets in PbPb collisions at CMS

Measurements of xc

production in pPb collisions with CMS

at 5.02 TeV and PbPb at 5.02 TeV with CMS 5 02 TeVv © 09/2318:10 Q Room 107 © 09/24 09:20 Q Hall1 © 09/2411:10 © Room 103 with CMS © 09/24 14:20 @ Room 107
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Focus of this talk o
s
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Properties of nuclear matter in nuclei

Heavy-quark parton shower in vacuum

Phenomenology of jet-medium interactions
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Characterizing the parton dynamics in nuclel

Q(GeV?) Ultraperipheral heavy-ion collisions
(100)2 1 - highest y-nucleon center-of-mass energy
@ » absence of sizable final state effects
rtubati
[y

I DGLAP

_—

non perturbative

(10)2

(1)2
|

.\>

10+ 103 102 107 1~ | ',; )
Bjorken x 7,4;.‘.
i
splitting recombination (¢ %‘3
: : L ARY
searching for the possible _ J.\.
emergence of gluon |
Saturation at sma" XB. Linear evolution Non linear evolution ! K. Hencken, M. Strikman et al.
(as in DGLAP and BFKL) (e.g. BK) Phys.Rept.458 1-171, 2008
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https://www.sciencedirect.com/science/article/pii/S0370157307004462?via=ihub

CMS, Phys. Rev. Lett. 131 (2023) 262301

Coherent J/z) production in PbPh UPCs

Low ptJ/y (~50 MeV)

_ _ CMS Pb-Pb 1.52 nb™ (5.02 TeV)
* Photon interacts coherently with the nucleus LI L L L L L 0 0 P 2 A B L
— average gluon density at fixed Q2 0L
a
I d
o)
al
2
)
T 10_2 B ® CMS _LTA_SS _bBK_GG
ol [ & 00 ALICE* (-4.0 < y <-3.5) -7 LTAWS == bBK_A
> N O ALICE* (|y| < 0.15) —— CD_BGK CGC IPsat
© A LHCb* (-4.5 < y < -3.5) -~ CD_GBW -~ GG-hs
B Syst.exp. CD_IIM --= Impulse approx.
B Syst. y flux
_IailllllllllllllllllllIlllllllllllllllllllll
0 50 100 150 200 2350 300 350 400

y-nucleon center of mass energy Wyn (GeV)

— strong suppression at high Wyn values (small xgy) compared to scenarios without nuclear effect (lA)
— both shadowing models (/inear evolution) and saturation (non-linear) fail in describing the observed Wyn dependence
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301

See Zaochen Ye’s talk

First measurement of incoherent J/y in UPCs vs Wyy - cuseasianzeaes

— Probing the local gluon density and fluctuations

IR

9

(A
plii
")\?:".3

<pt>~ 500 MeV
* Photon interacts with a single
nucleon or sub-nucleon

U

[
(e
W
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https://indico.cern.ch/event/1339555/contributions/6040928/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-009/

First measurement of incoherent J/z in UPCs vs Wy

IR

<pt>~ 500 MeV
* Photon interacts with a single
nucleon or sub-nucleon

ncoh. o(y+Pb — JAp+Pb*) (ub)

large
XBJ

CMS Preliminary

X 107°

See Zaochen Ye’s talk
CMS-PAS-HIN-23-009

PbPb 1.52 nb™ (5.02 TeV)
10~

- Pb +Pb — Pb + Pb”
m CMS
~ o ALICE
- -- 1A
CGC_SubFluct

"—‘
-

—'—‘
‘l
—"‘
____
-t
L -
—"
-
—‘
-

- -
- -
- -
--
-
_—---
-
-
-
- -
-
e =

Syst. exp.

Syst. vy flux

|IIIII |
+ J

50

W\ (GeV)

Strong suppression observed at large Wyn (small x) w.r.t. no-nuclear effects predictions
- CMS data “challenge” both shadowing and saturation descriptions
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https://indico.cern.ch/event/1339555/contributions/6040928/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-009/

See Zaochen Ye’s talk

First measurement of incoherent J/y in UPCs vs Wyy - cuseasianzeaes

CMS Preliminary PbPb 1.52 nb” (5.02 TeV)
by 107° 107
| L | | | | | | | | | | | | | I |
’g . Pb + Pb — Pb + Pb* + JAp
— m CMS
?f 102 — @ QL'CE ""‘:
e S i~ -
J 770 g_ CGC_SubFluct c\eafﬁ‘.‘.—e-?"’
S .---CGC_noSubFluct U=
A -LTA
<pt> ~ 500 MeV o [ e
* Photon interacts with a single Qr.
nucleon or sub-nucleon %‘ 10 5_;_...,------r-"""_’_'_'_' """""
& e
8 Syst. exp.
C Syst. vy flux ¥
large — — =

—
W\ (GeV)

XBJ

— Need to “overconstrain” calculations with new probes that provide additional/complementary constraints
— Overcome the main limitations of current J/i) measurements: complex theoretical description and limited Q2 coverage
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https://indico.cern.ch/event/1339555/contributions/6040928/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-009/

Open charm production in UPCs: a new probe for small-x matter

See Chris McGinn’s talk
CMS-PAS-HIN-24-003

CMS Experiment at the LHC, CERN

- % Data recorded: 2023-Oct-10 05:24:04.000512 GMT
easier pQCD description at any pr 7= | Run/Event/LS: 374925 /591414336 / 646
(also beyond LO) due to simple 1-gluon
exchange channel

C Accurate final state
reconstruction

_ (e.g. D9 = K-rt+ or HF jets)

C

Wide x, Q2 coverage
— differential measurements in
y and pt of the heavy hadron:

— ideal probe to test the transition towards low-x nuclear matter
] ) ] ATLAS, ATLAS-CONF-2017-011
iIn absence of sizable final state effects S. Klein, R. Vogt et al: Phys. Rev. C. v66, 2002
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https://cds.cern.ch/record/2244822/files/ATLAS-CONF-2017-011.pdf
https://www.sciencedirect.com/science/article/pii/S0370269319306483
https://indico.cern.ch/event/1339555/contributions/6040908/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

D% photonuclear production in UPCs

— in XnOn PbPb events with rapidity gap with 2023 PbPb data

See Chris McGinn’s talk

CMS-PAS-HIN-24-003

CMS Preliminary PbPb UPCs 1.38 nb™" (5.36 TeV)
80_Illllllll‘lIlllllll‘lIlllllll‘Illllllll‘lllllllll_
no neutrons (0On) .
in the Zero Degree Calorimeter (ZDC) | OnXn UPC collisions (N +v) * E,?ta -
D°— K=+ & chg. conj. m Signal
Rapidity gap in the hadronic 60 - ZDC 1n OR K-t swa[()
forward calorimeter (HF) 2<p <5GeV " Gomb bkg
2 T eKK+C C.H
-1.0<y <1.0 \ — Doemc+c C.

C

Events / ( 0.005 )

at least one neutron
in the ZDC (Xn)

0
1.68 1.754

A new trigger strategy for both soft and hard photonuclear events
— O(1000) times more photonuclear events than in Run 2

1.828 1.902
m,_[GeV]

1.976

2.05
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10


https://indico.cern.ch/event/1339555/contributions/6040908/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

First measurement of the D? photonuclear production in UPCs

See Chris McGinn’s talk

o2 CMS Preliminary 1.38 nb™' (5.36 TeV PbPb) CMS-PAS-HIN-24-003
g EIII|IIIIIIIIIIlllllllllIIIIIIIlllllllllllllllll;
(iD) i ZDC Xn0n + reflected OnXn w/ gap -
e 10k Global uncert. + 5.05%—
- [ :
Q — 0 -

©
& 1 =
B - -
"o ~ . ]
107" . -
* B "' E
102 : ~
= t =
10-3:_ +2<pT<5GeV _:
s +5<pT<8GeV =
- +8<p <12GeV :
\/\AN 10—4 IIllIIllIIl.rlllIllllllllllllIlllllllllllllllllll M
-2 -15 -1 05 0 05 1 15 2

D°y
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https://indico.cern.ch/event/1339555/contributions/6040908/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

First measurement of the D? photonuclear production in UPCs

See Chris McGinn’s talk

_CMS Preliminary 1.38 nb™' (5.36 TeV PbPb) CMS-PAS-HIN-24-003
LT 10 ElllllllllllllIllllllllllllllllllllIllllllllllllf
> e - 2(GeV?2
(3 - ZDC XnOn + reflected OnXn w/ gap - - (fae )
e 10E Global uncert. +5.05% (100)2 @
g f : : e
5 IF =
O - -
“o N . - ’ 102 open charm T DGLAP
10—1 = & = N UPCS
: ; - : -
i B ] BK
1072 = =
- t -
_ _ (1)2
10° =-2< PT <5 GeV | non perturbative
= +5<p_<8GeV = | 104 10® 102 101 1.
- +8< p_< 12 GeV | Biorken x
\/\/\/\” 10—4 111 | L1 11 I | l.rl | | L1 11 | L1 11 I L1 11 | L1 11 | L1 11 | L1 11 | L 11 M J
2 -15 -1 05 0 05 1 15 2
Dy

— First constraints on nuclear gluon PDFs over a wide region of Q2(0O(10) < Q2 < hundreds GeV?)

at low-x (~5*104<x < 102) in the absence of sizable final state effects
— opens the way for a large program of open heavy-flavor hadrons, jets and correlations in UPCs collisions at the LHC
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https://indico.cern.ch/event/1339555/contributions/6040908/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

Heavy-quark parton shower
In vacuum



ALICE, Nature 605 (2022) 440-446

New Insights into the dead-cone effect in vacuum

Dead-cone effect: suppression of emissions from a radiator (quark) within 84 < my/Eq

Reclustering technique:
“Follow” the heavy quark
using the heavy-flavor hadron
as proxy for the heavy quark

light charm
partons quark

— |led to the first direct observation of the charm dead-cone
ALICE, Nature 605 (2022) 440-446

G.M. Innocenti, Overview of CMS results, Hard Probes 2024
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https://www.nature.com/articles/s41586-022-04572-w
https://www.nature.com/articles/s41586-022-04572-w

See Jelena Mijuskovic’s talk

Charm dead cone with late-kr algorithm ~ cvseashinzeon

CMS Preliminary  pp 301 pb™ (5.02 Tey)) -

G\:_ B 100<p’ft<120 GeV Late - k ;
. A - et _
- PF jets pr> 100 GeV £ o5 "M I<16R02 r>1GeV
- Reclustered with late-kt groomin 2 .
. . .Tg . 9 Z - —I—Dojetsdata
— most collinear splitting with kr>1 GeV O T o
— 0.4~ —=—Inclusive jets data
~ N
- 0.3
L. Cunqueiroetal, Phys. . i i I
Rev. D 110, 014015 (2024) . i : o i .
“““““““““““““ ::: :_:: 0.2:_ . /§ ’ | | ——
. : : B / B : : + / :
: y // j ’ >
0.1 “charm” dead cone
- | . ng g
) - with late-kr splitting
....."u........ 3 1 L1 | L1 1 | L1 | L1 | | L 1| | [ | [ | I
pblg — 15_ ............................................................................................................................................................
L ;
'®) I - s SRR
% 1 — " 1
m .........................

— stronger constraints on the “perturbative” collinear radiation (where the dead-cone effect is largest)
— more direct/unbiased comparison with pQCD calculations

G.M. Innocenti, Overview of CMS results, Hard Probes 2024
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https://indico.cern.ch/event/1339555/contributions/6040768/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-007/index.html
https://arxiv.org/abs/2311.07643
https://arxiv.org/abs/2311.07643
https://arxiv.org/abs/2311.07643

First direct manifestation of the beauty dead cone

light
partons

New experimental technique based on BDT

» tag hadronic and non-hadronic B-hadron decays

- substantial increase in B-jet statistics

— enable reclustering analyses for b-hadron jets

See Lida Kalipoliti’s talk
CMS-PAS-HIN-24-005

G.M. Innocenti, Overview of CMS results, Hard Probes 2024
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https://indico.cern.ch/event/1339555/contributions/6040771/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-005/index.html

See Lida Kalipoliti’s talk

First direct manifestation of the beauty dead cone  cuseasiuzeces

s—
pp 301 pb™ (5.02 TeV )%
1 I | I I 1T 1 I I 1T 1 I I 1T 1 I I.i%

CMS Preliminary

=) B | I I I
= = + , antiky, R=0.4 jets
[ 100<p’T <120 GeV, | <275
§ i } Soft drop (charged particles) _
2 0.8 L Zoy=0.1,p=0,k_>1GeV—
light - Fe — :
0.6 — -’
partons N, - _ -
2 - i } i
i 041 : ~
] B # Inclusive jets i
- - 0.2~ + - : & = O —
New experimental technique based on BDT i b jets -
* tag hadronic and non-hadronic B-hadron decays | T P D P DU T D SUE S
- substantial increase in B-jet statistics o 2 l — —
— enable reclustering analyses for b-hadron jets S 5t b-quark dead-cone! -
3 e f
2 osF — E I
First observation of a reduction of the collinear radiation o Qb
. 0 02 04 06 08 1 12 14 16 1.8 2
for B-hadron tagged jets = b-quark dead-cone! In(R/R,)
| ] ] | ] | ] | ]
04 0.3 0.2 0.1 0.05
/ Rg
~> :t
Large Rg small Rq
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Phenomenology of
jet-medium Interaction



Jet-medium phenomenology: a schematic overview

Medium-induced jet modifications Medium response
e.g. medium-induced gluon radiation, positive and negative wakes,
elastic scatterings medium recoils, QGP holes...

— “entangled” in a complex scale
1 (space/time, ..) dependent evolution

Two strategies:
- Option 1) maximize the control of the underlying interaction mechanism (e.g. medium response)
- Option 2) maximize the control on the scale of the interaction

G.M. Innocenti, Overview of CMS results, Hard Probes 2024
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New observables to constrain jet-medium interactions

L

Sensitivity to
medium-induced
jet modifications

Jet-axis ~ First energy-energy
decorrelations w "™  measurement in PbPb
— angular scale

Z-hadron
correlations

Sensitivity to
medium <+ @ ))
response

G.M. Innocenti, Overview of CMS results, Hard Probes 2024
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See Molly Park’s talk,

Photon-tagged jet axis decorrelation

— isolate the effect of jet-medium modifications with a calibrated probe with limited sensitivity to medium response

Photon does not interact strongly in QGP
— y tags the initial parton pr

Ay = \/ (Mg — '7WTA)2 + (¢E — ¢WTA)2

E-Scheme axis = direction of average energy flow in the jet
— sensitive to soft radiation

WTA axis = direction of leading energy flow Iin jet

— aligned with the hard-collinear core of the jet

A] has a strong sensitivity to the jet’s internal structure:
* Aj = 0 — collimated “hard” jets
* Aj > 0 — wider jet with more soft radiation

Large fraction of
quark-initiated jets
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Photon-tagged jet axis decorrelation

CMS Preliminary PbPb 1.69 nb”", pp 302 pb”" (5.02 TeV)
B [ [ 1T 11 | [ [ 1T 11 | | [ 1T 11 | [ [ 1T 11 | [ |
- 30 < p°' <60 GeV T 60 < p*°' <100 GeV -
3.5 T 1 T -
- 60 <p. <200 GeV .
SE __ - 'l < 1.442 _
% 2_5; _:_Aq) >?I’etl<16 -
~~ - L anti-k; R=0.3 -
o) 2 . -
% B ® | _
o 1o ES :
C — T N
1 M “““““““““ =
05 T .
- Cent. 0-10% T Cent. 0-10% =
O_ BRI | | R iR BRI | | RN B
0.01 Aj 0.1 0.01 Aj 0.1
For low-prjet For high-prjet
— similar Aj in PobPb and pp — suppression of large-Aj jets in PbPb

Unambiguous evidence for a higher survival rate of narrow jets in PbPb collisions:
— in the presence of an energy-calibrated probe (no bias due to jet-pt bin migration)
— limited dependence on the medium response

See Molly Park’s talk,
CMS-PAS-HIN-21-019

@ CMS data
HYBRID, no elastic, no wake
~— HYBRID, no elastic, wake
HYBRID, elastic, no wake
= HYBRID, elastic, wake
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PbPb / pp

Jet axis decorrelations for inclusive jets

CMS Preliminary
T ! ! T

- 30 <p* <60 GeV
3.5 T

- ‘@ CMS data
3 - - HYBRID, no elastic, no wake
55 - = HYBRID, no elastic, wake
N HYBRID, elastic, no wake
-~ EEHYBRID, elastic, wake

Cent. 0-10%

60 < pj:t <100 GeV

+ 60< p?r <200 GeV
T l<1.442
A9 > 2% 1 < 1.6

3

+ anti-k; R=0.3

Cent. 0-10%

PbPb 1.69 nb™", pp 302 pb™ (5.02 TeV)
I I T T T ‘ I I I I T T ‘ I ]

0.01 Aj

01

" 0.01 A 0.1

1 dN
N dA]

Ratio to 50-80%

20

0.8

0.6 .

CMS Preliminary  PbPb, \s_ =5.02 TeV (0.66 nb™)
= . 1 T T T T

See Raghunath Pradhan’s talk
CMS-PAS-HIN-24-010

10

120 < pft <150 GeV
¢ centrality: 0-10% 1
m centrality: 10-30%
A centrality: 30-50%
v centrality: 50-80%

anti-k; R = 0.4 .
M’ <1.6 -

1.21
1

Correlated systematic error i
B Uncorrelated systematic error 7

Complementary (highly-differential) constraints from jet axis decorrelations with inclusive-jet measurements:
— folding medium-induced jet medium modifications with bin-migration effects
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https://indico.cern.ch/event/1339555/contributions/6040798/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-010/

See Yen-Jdie Lee’s talk

[9-hadron correlations in PbPb CH-PAS N 23,06 |

— “isolate” the effects of medium-response

Positive Wake

X

o A

Less QGP left behind More QGP going in the
In Z direction jet direction
Negative Wake
Z0 provides an unquenched reference with high experimental accuracy Z° and Wake Hadron correlation in Hybrid model

— medium response effects without jet fragments D. Pablos, K. Rajagopal, YJ Lee
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-006/index.html

Medium response with [%-tagged hadrons in PbPb and pp

CMS Preliminary

4 |- 40<pZ<350 GeV  1<pi'<2 GeV
q 3 E_ ly |<2.4 | e PbPb 0-30%
o t = pp
2 23 + Q - PbPb 0-30% Reflected
2 E * | - pp Reflected
—° + 4R T e—
S OFesezzzizzraa = Hadron-yield enhancement
S _4E along the jet direction
—2
QO oFE
a t 4
Clear depletion in PbPb _clz 0 S + }+ + P,
on the Z side (A$=0) & L7 I
& 1B gt 4T
See Yen-Jie Lee’s talk D-_2:|_| Lo b b b bieaa b
CMS-PAS-HIN-23-006 -1 0 2 3 4
A(I)ch Z

— Without wake/recoil effect models (dashed lines) under-predict the depletion in PbPb on the Z side
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Medium response with Z-tagged hadrons in PbPb and pp

CMS Preliminary

- ‘ 1<p§"<2 GeV
ly,|<2.4 o PbPb 0-30%
| == PP

AN
o
A
O
N
A
W
Q
O
G
®
<

-~ pp Reflected

e PbPb 0-30%

HIIII””P“”III”I']' ) IIIIIIIIIIIIIIlIIIIII

= Hybrid
- = Hybrid No wake
Q 9 == PYQUEN
sl Jewel v2.2.0
! .
O 0 Jewel No recoll
o _4 E ColLBT
Q E - = PYTHIA8 p%>20 GeV
See Yen-Jie Lee’s talk D-_2:1_1 SERISNERERERNESRRNE ARRRANEE T
CMS-PAS-HIN-23-006 -1 0 1A 2 3 4
(l)ch,Z

— Good agreement when including medium response (e.g. recoil, wake, ..)
— direct evidence of medium-response with the Z+Jet event (confirmed by analogous study as a function of Aych z)

~ PbPb 0-30% Reflected
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Energy-energy correlators

— scan the medium interaction at a fixed/tunable scale

Angular dist e of barticl it I 1 n
ngular daistance pairs of particles within the jet, EEC(Ar) = e Z 2 (pT,ipT,j>

weighted by the product of their momenta Wpairs jets€[pr 1.pr o] jetsE[Ar Ar ]
T,1°FT,2 a—"a

Carlota Andres et al., Phys. Rev. Lett. 130, no.26, 262301 (2023)
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Energy-energy correlators in pp collisions at 5.02 TeV

| EEC(Ar) = Y Y ( B
Intermediate Ar C(An) W... & PTiPT;
pairs L. :
transition toward Jets€[pr, 1Pyl JetsE[Ar,Ar,]
hadronic phase
Small Ar P See Jussi Viinikainen’s talk,
free hadron i CMS-PAS-HIN-23-004
phase 120 < jet p_ <140 GeV
anti-k. R = 0.4
10+ h 1<1.6
i T]jet ]
= p?“ >1 GeV
O - . . n=1
TT! CMS Preliminary Large angular scale Ar
LL] L perturbative parton shower
o l /
[
— i
- [
- B "
traceable transition . S T I S
- 2 1
between perturl?at“’e 1 O 1 O See Jussi Viinikainen’s talk,
and non-perturbative QCD Ar CMS-PAS-HIN-23-004

G.M. Innocenti, Overview of CMS results, Hard Probes 2024 28


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-004/index.html

First EEC measurement in PbPb collisions at 5.02 TeV

—EEC measurements are feasible with high accuracy in PbPb collisions!
—PbPDb results present qualitatively the same structure as in pp collisions

EEC

10

1.70 nb™' PbPb (5.02 TeV) + 302 pb ' pp (5.02 TeV)

120 < jet p_< 140 GeV
anti-k; R=0.4
hqjetl <1.6

p?“ >1 GeV
n=1

CMS Préliminary
—= PbPb 0-10%

= pp

1072 107!
Ar

See Jussi Viinikainen’s talk,
CMS-PAS-HIN-23-004
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EEC PbPhb/pp ratio at 5.02 TeV

See Jussi Viinikainen’s talk,

CMS-PAS-HIN-23-004

Shift in the position of
the “transition” peak

PbPDb

Theory

Data

0.5

1.5

0.5

1.70 nb Pbe (5 02 TeV) + 302 pb pp (5 02 TeV)

C|V|S Pl‘ellmlnal’y 120 < |et p, <140 GeV
antl k: R=04

=5= PbPb 0-10% / PP

s

Hybrid, no wake h
= Hybrid, pos. wake p$ >1GeV
- Hybrld fuII wake n=1
——— — | |
— Data syst unc. — - Data stat. unc. o
- —— I :
10°° 107

Ar

First PbPb measurement shows the potential of this new observable:

— Map the angular properties of jet-medium interaction with a “self-analyzing” observable

with well-defined boundaries between perturbative and non-perturbative physics

Large angular scale Ar
— sensitivity to medium response

Intermediate angular scale Ar
— modification of the parton shower
(e.g. coherence scale)

Carlota Andres et al.,
Phys. Rev. Lett. 130,
no.26, 262301 (2023)
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Conclusion and outlook

New experimental constraints on nuclear matter down to small x:
* incoherent + coherent charmonium photoproduction in UPCs vs Wyn
— first energy-dependent characterization of global and local gluon

properties at small x

— high-accuracy constraints at fixed Q2 on the possible emergence

of gluon saturation

- first measurement of open-heavy flavor production in UPCs:
— First constraints on nPDFs over a wide region of Q2 at small-x

In the absence of sizable final state effects

— likely the best and “simplest” observable for the transition toward saturation

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)

80_IIII|IIII‘IIII|IIII‘IIII|IIII‘IIIIlIIII‘IIIIlIII
OnXn UPC collisions (N +y) & Data
D°— K n* & chg. coni. ; glignal
5 60 ZDC 1n OR K-t SI\DNSE —
- 2<p_<5GeV -- L0m g
< . Py -[ge’eKK+c.c.
2
-
)
>
LL]

0
1.68 1.754 1.828 1.902 1.976 2.05

m,. [GeV]

1CMs Preliminary PbPb 1.52 nb! (5.02 TeV)
Ogng+Pb—>Pb+le*+Jhp | g
"f = CMSincoh.  ---LTA :
08F o ALICE Incoh. - -CGC_SubFluct H@ E
<_Eb 0.7F ~ CMS Coh. ---CGC_noSubFluct -
—~ o ALICE Coh. :
2 0.6 :
0 - Syst. exp. Incoh. L
Eb 0.5F Syst. exp. Coh. . E
Il 04 _ [] Syst. y flux g T i = _
0 03p | e e ;
0.2F éﬂ = o S | E
Foroioss o El-ﬁ.

0.1F =

O:—5 ' ' """'_4 ' - .....,._3

10 10 Bjorken-x 10
Q2(GeV?)
(100)2 |
- pertubative @
saturation
T DGLAP
(10)2
BK BFKL

(1)2

non perturbative
! 10-4 10-3 10-2 10-1 1
Bjorken x

>
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Conclusion and outlook

Substantial advancement in the characterization of in-vacuum parton shower:
with new experimental techniques and grooming algorithms
— first manifestation of the dead cone effect for beauty quarks in vacuum
— open the way for the first “microscopic” observation of flavor-dependence
of in-medium Eioss iIn PbPb collisions

CMS Preliminary

1<p;“<2 GeV

40<p$<350 GeV
ly,I<2.4

Fundamental progress in the characterization of jet-medium interactions:

* measurements of the jet-axis decorrelation in y-jet
— evidence for a higher survival rate of narrow jets in PbPb without “known” biases
Z-hadron correlations
— direct observation of medium-response in Z%hadron correlations

IIIIIIII.]. l."lllIIIIIIIIIIIIlIIIIIII

: : CMSP limi 120<|etp|<140GeV
- first EEC measurement in PbPb s elmnan aniik R =04
— angular properties of jet-medium interaction with a “self-analyzing” observable . | 'ﬂjet'<1-6
with a traceable separation between perturbative and non-perturbative effects %‘% R .
-Pbe_ 0-10% / pp
05 o TS, pey
g \:\Hybl‘ld fuII wake —1 | -
1.5_— ' -Data syst unc. ——Data stat. unc. —
o o ) :
| — 4
R =
- - -
05 o ]
1072 Ar 107
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Conclusion and outlook

CMS Preliminary

— 40<pZ<350 GeV  1<p'<2 GeV
ly,|<2.4

Substantial advancement in the characterization of in-vacuum parton shower: N

with new experimental techniques and grooming algorithms s

— first manifestation of the dead cone effect for beauty quarks in vacuum

— open the way for the first “microscopic” observation of flavor-dependence
of in-medium Eioss iIn POPb collisions

4
3_
2

---------

Fundamental progress in the characterization of jet-medium interactions: 5

* measurements of the jet-axis decorrelation in y-jet 0 1 2 3 2
— evidence for a higher survival rate of narrow jets in PbPb without “known” biases AO
Z-hadron correlations ch.z

1.70 nb” PbPb (5.02 TeV) + 302 pb™” pp (5.02 TeV)

— direct observation of medium-response in Z%hadron correlations
* first EEC measurement in PbPDb ' 5
— angular properties of jet-medium interaction with a “self-analyzing” observable

T
CMS Preliminary 120 < jet p. < 140 GeV
P anti-k; R=0.4
m 1<1.6
jet

o] B i
with a traceable separation between perturbative and non-perturbative effects %‘% e R :

- === PbPb 0-10% / pp
" [ Hybrid, no wake .
= Hybrid, pos. wake Pr >1GeV
- [ Hybrid, full wake ~ n=1

I Déta syét. unc i Déta stat. dnc. |

Thank you for your attention! _ -

05

T [ :
© 1—-“
O L ]

Meet CMS speakers > TS
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CMS as a broad-spectrum high-density QCD experiment

----------- Muon

Electron

== Hadron (e.g.Pion)
== === Photon

Superconducting
Calorimeter Solenoid

Iron return yoke interspersed
Transverse slice with Muon chambers
through CMS

Wide pseudorapidity coverage, from high to low pr:
» Charged tracks in |ntracks| < 3

» Calorimetry (ECAL/HCAL) in |ncall< 5.2
» Muon detectors in |Nmuon| < 3.0
« ZDC + PPS detectors

— With even stronger capabilities after HL-LHC upgrades

Large-coverage high-rate detector for hadronic and EM probes

 charged hadrons
- jets, heavy-flavour hadrons
- isolated photons, Z/W bosons

Xion ™ EXP (_y V) 20

—

‘.\\ ~16
\\
s o HB
e E \‘
\.\'\ \~
o S . NG
. o ~0
E_— S
B N EB
HE gy S -
\_\.\.\. \\‘
EE \\\ \ MSCGs
= =2 Tracker

\.
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Hard probes for high-dens

— Multi-scale ch

ity ACD with CMS

aracterization of the properties of QCD matter at high temperatures and high partonic density

Electron
Hadron (e.g.Pion)
== === Photon

2m
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G |

i |
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fron return yoke interspersed
with Muon chambers

— selected CMS results
from Run 2

Run 2

Long Shutd

7m

— first results with the Run 3
PbPb dataset collected in ‘23

Run 3

LS 3

— Future heavy-ion measurements
with the upgraded CMS for Run 4

Expected PbPb (7 nb-1

Jets, heavy-flavor and exotic hadrons, Z/W over a wide pt and n range:
— partonic properties of the hot QCD medium

— in-vacuum and in-medium parton propagation
— mechanics of hadron formation
— parton dynamics in cold nuclear matter

Run 4

PbPb (2.2 nb-1) PbPb ‘23 (1.7 nb-1) CMS Phase-2
pPb (0.18 pb-1) Total PbPb (6 nb-1 Pb (0.5 pb-
50 (nb), 0O (nb upgrades P P
2015 2018 2019 2020 2021 2022 2023 2024 2020 2027 2028 2029 2030 2031 2032

G.M. Innocenti, Overview 0

f CMS results, Hard Probes 2024




BACKUP: New HP results not covered



See Raghunath Pradhan’s talk

Medium-induced jet axis decorrelations CUS PAS-HIN 24010

CMS Preliminary ~ PbPb, \s_ = 5.02 TeV (0.66 nb™")’*
= T

— How does the medium modifies the structure of jets? - 120 < p’® < 150 GeV
i T
¢ centrality: 0-10%

o0l Eve mcentrality: 10-30% |

= | M A centrality: 30-50%

© 'g I = 2 v centrality: 50-80%
™ Z I |
10k - anti-k, R=0.4 _
: e M*l<1.6 1

Ratio to 50-80%

A] Correlated systematic error
B Uncorrelated systematic error

More collimated jets in central than peripheral PbPb collisions:
» suppression of wide-fragmenting jets?
» “bias” bin-by-bin migration from higher-pr jets?
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See Raghunath Pradhan’s talk

Medium-induced jet axis decorrelations

— How does the medium modifies the structure of jets?

Jet quenching “bias”

Quenched @
narrow jet
“—\

narrow broad

o

[ &, Unquenched spectra

> ~

R ~
Quenched ~

E-Scheme axis direction of average energy flow in the jet broad jet . | ™ .
WTA axis = direction of leading energy flow in jet .

Measured jet pt

. 5 > PbPb and pp jets, at the same pr, are “different”
Al = \/(”E ~wra)” + (P = dwa) — they do not correspond to the same initial parton pr

* Aj = 0 — collimated “hard” jets,
* Aj > 0 — less collimated jets, more soft radiation
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[ransverse momentum balance in high-multiplicity pPh

CMS Preliminary  pPb 174.56 nb™

Study of the transverse momentum balance Xy = p1,sub / PT, lead = A
for pairs of jets with different pseudorapidity: " 4 — anti-k; R = 0.4 —
. - p.! > 100 GeV -
X i pj2 > 50 GeV _
Z T
Leading jet Subleading jet é\) i A(I)dijets N 5%5 _
midrapidity midrapidity . Midrapidity: |nCM| <1 = 2 _
el forward . Forward (p direction): 1.2 <7, <2.4 3 S )
- PR i A o —,— -
midrapidity backward - Backward (Pb direction): -3.3 <7.,,<-1.2 0
= X
ot - .
forward midrapidity ?\ 0L Leading: forward -*-Unfolded Data B
backward midrapidity & i / PYTHIA8+EPOS _
t ©1 < b
o - Systematic uncertainties -
—
I N N N [ Y (N N (N N (N (N N AN N N | | 1 1 1 | L 1 1 1 | [ 1 1 1

-2
03 04 05 06 0.7 08 0.9 1
High-multiplicity/low-multiplicity x, ratio: X,
* no modifications were observed at high multiplicity for any configuration of jet-jet geometry

- well described by MC simulation without Ejoss See Dener's talk

CMS-PAS-HIN-23-010
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[ransverse momentum balance in high-multiplicity pPh

CMS Preliminary  pPb 174.56 nb™ (8.1 \’7‘)'

Study of the transverse momentum balance Xy = pr.sub / PT, lead 1.21 e b4 | | ]
for pairs of jets with different pseudorapidity: - 1T (; v _# Unfolded Data )
- P >100Ge 7 PYTHIA8+EPOS _
1.1 psz > 50 GeV Systematic uncertainties  —
Leading jet Subleading jet 'g I A¢dijets > %‘J -
o o =} - :
midrapidity midrapidity . Midrapidity: I5_ | <1 D -
ey T . Forward (p direction): 1.2 <7, < 2.4 N I — ey ]
. . ~ 5 ]
midrapidity backward - Backward (Pb direction): -3.3 <7.,,<-1.2 qév i |
E O ] 9 __ Leading: forward __
forward midrapidity /><\-— i _
N | / _
backward midrapidity ~ (P > 1 () n
0.8 A -~
i | | | |
High-multiplicity/low-multiplicity x, ratio: 0.7 60to 120 120to 185 18510250 250 to 400
* no modifications were observed at high multiplicity for any configuration of jet-jet geometry N;;ffline
rk

- well described by MC simulation without Ejoss

See Dener’s talk
Average transverse momentum balance decreases for increasing Nch : CMS-PAS-HIN-23-010

— Energy-momentum conservation, multi-jets
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Near-side Jet peak structure

CMS Preliminary PbPb |s, =5.02 TeV (0.607 nb™)
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See Sayan’s poster
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BACKUP: UPCs



First energy-dependent measurement of incoherent J/; in UPCs

Incoherent production (<pt> ~ 500 MeV)
* Photon interacts with a single nucleon or sub-nucleon (— nuclear breakup)
* Probing the local gluon density and fluctuations
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See Zaochen Ye’s talk
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https://indico.cern.ch/event/1339555/contributions/6040928/

First energy-dependent measurement of incoherent J/; in UPCs

See Zaochen Ye’s talk

CMS Preliminary PbPb 1.52 nb™ (5.02 TeV) CMS-PAS-HIN-23-009
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Vector-meson photoproduction in UPC

Vector mesons (VM) probe gluonic structure of nucleus and nucleon.
— At LO in pQCD, cross section ~ photon flux & [xG(x)]2

Coherent production (<pt> ~ 50 MeV)
* Photon fluctuated dipole couples coherently to entire nucleus
» Target nucleus remains intact
p, I, Y. + VM <pr> ~ 50 MeV
* Probing the averaged gluon density

Incoherent production VM (<pt> ~ 500 MeV)

* Photon fluctuated dipole couples to individual nucleons
» Target nucleus usually breaks

* Probing the local gluon density fluctuation

Sketches from Zaochen Ye’s talk at GHP2023
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Coherent J/2) in PbPh UPCs: CMS vs ALICE
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https://link.springer.com/article/10.1007/JHEP10(2023)119
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.262301

CMS Experiment at the LHC, CERN
Data recorded: 2023-Oct-10 05:24:04.000512 GMT
Run / Event / LS: 374925 / 591414336 / 646

Clean dijets events with negligible
underlying QCD background

A photonuclear dijet candidate in PbPb UPCs ‘23
collected with the new triggering algorithms



Rapidity gap selection

PbPb UPCs 1.38 nb ' (5.36 TeV

S—

E - ‘ | L L L L L L L L L

Z G11S D° Cand. Required =

— 3 Prelfmmary Xn0n (y-N) events -

ol :

rapidity gap condition no deposit 107 g‘ o . . .

above Ein the forward hadronic N s-Sllaln _

1072 & T =

calorimeter (3.0 < n <5.2) = =

107 lﬁ'-' -

:

107 ET =

10° = = Particle-flow HF * E,,, < 9.2 GeV E

- —e Particle-flow HF * E,,, > 9.2 GeV .
" - y —7 | | | | | | | | | | | | | | | | | | | | | | | |

See Chris McGinn’s talk 107 50 100 150 200 250

CMS-PAS-HIN-24-003 Charged hadron multiplicity N

ch

Events passing the rapidity gap condition
Events failing the rapidity gap condition (high Ncn)
(mostly coming from “hadronic” PbPDb collisions)

- Event selection efficiency €evt > 98% for both direct-photon and resolved-photon events
- With simultaneous requirements on ZDC XnOn and rapidity gap
— negligible contamination from “hadronic” events

G.M. Innocenti, Overview of CMS results, Hard Probes 2024

49



D% reconstruction and yield-extraction

D0 candidate reconstruction and selection:

— topological selection optimized in bins of
DO pr and rapidity

Ptrack l+ I'flight

Secondary vertex
DY flight length
(decay length)

Primary vertex

» pointing angle (a)

» decay length normalized to its error (do)

» DO vertex probability

* opening angle between the DO daughter prongs

See Chris McGinn’s talk
CMS-PAS-HIN-24-003

Fitting strategy:

* exponential function to model the combinatorial background

* double Gaussian to model the signal

. for candidates with the “swapped” mass hypothesis

80 _II I | L | L | L | L | L | L | L | L | ;-:‘; -‘
OnXn UPC collisions (N +y) & E?’[a <
i ] | =
D°— Kn* & chg. conj. s Signal
60 — ZDC 1n OR K-m ngg[()
2 5 GeV [ om g
| S S Prso e DKk

-1.0<y<1.0 '1‘ = Doecrm+c C.

Events / ( 0.005 )

0
1.68 1.754 1828 1.902 1976 2.05

\ m,[GeV] T

Crystal Ball functions to model the contribution from D9 - K+K-and D% = mt+rt- decays

G.M. Innocenti, Overview of CMS results, Hard Probes 2024 50
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

See Chris McGinn’s talk
CMS-PAS-HIN-24-003

Invariant mass distributions in intervals of D’prand y

Events / ( 0.005)

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)
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CMS Preliminary PbPb UPCs 1.38 nb™' (5.36 TeV)

CMS Preliminary PbPb UPCs 1.38 nb™' (5.36 TeV)

* 2 < pt <5 GeVin the rapidity bin -1 <y < 1
* 5 < pr < 8 GeV with rapidity boundaries [-2, -1, 0, 1, 2]
« 8 < pt < 12 GeV with rapidity boundaries [-2, -1, 0, 1, 2]
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https://indico.cern.ch/event/1339555/contributions/6040908/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-24-003/

l. Helenius arXiv:1806.07326

DY reconstruction and selection efficiencies

Monte Carlo samples based on Pythia 8 + EviGen yN events with EPPS21Pb nPDF parametrization

PbPb UPCs (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb” (5.36 TeV)
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DO efficiencies strongly dependent on pr and y:
due to acceptance, primary/secondary vertex
resolution, topological selections

Pythia 8 YN simulations provides a very 9 o
description of the data distributions
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da/dprdy for photonuclear D? production in UPC collisions

CMS Preliminary 1.38 nb™' (5.36 TeV PbPb)
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- *95< P <8 GeV - - Yield-extraction and modeling of the peaking backgrounds
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See Chris McGinn’s talk
CMS-PAS-HIN-24-003
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da/dprdy for photonuclear D? production in UPC collisions

CMS Preliminary 1.38 nb™ (5.36 TeV PbPb)
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XnOn and OnXn cross section are first measured separately
— clear rapidity dependence of the DO cross-section with respect to the incoming photon direction
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“Building” FONLL-based predictions for D% in UPCs at the LHC

FONLL for prompt inclusive charm photoproduction
— full agreement with existing predictions for ZEUS/H1

FONLL predictions developed with Anna Maria Stasto, based on the

original code for photonuclear heavy-flavor production

(paper in preparation)
/>'\ : I I I | I I I | I I I | I I I | I I I | I I I :
8 ¥ —o— H1 ETAG33 data, lyl < 1.5 }
S 10 . N\ E==]FONLL w/o factorization scale uncert. __|
€ 5" .\ --- FONLL -
S S\ .
Q [ O B
'Q - AN _
S 1= Y —
©E BRENN >
107" AN E
107 E
- H1 D* photoproduction cross section :
- compared to FONLL calculations .
—3 I I I I I I I I I I I I I I I I I I

107, > 4 6 8 12

p_(GeV)

S. Frixione, P. Nason, JHEP 0203 (2002) 053
M. Cacciari, M.Greco and P. Nason, JHEP 9805:007,1998
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“Building” FONLL-based predictions for DY in UPCs at the LHC

FONLL for prompt inclusive charm photoproduction Reweight photon flux to match those expected in UPCs
— full agreement with existing predictions for ZEUS/H1

UPCs Pythia8+STARIlight simulation
Flux+EMD parametrization from arXiv:2404.09731

N | | | | | | | | | | | | | | | | | | 2
> [ | | | | | - z 075
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_\8. I \\\ | 0.5;— 'g
b 1 - ON — E 06 Q
© — TN\ - O Q.
E \\\\\ E E g
: | . 05k 0.55 g
| N N 7] C O 5 '9
-1 NN N\ _ il .
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- H1 D* photoproduction cross section 2
- compared to FONLL calculations .
10—30 L1 2' L1 4|1 L1 é - é L '1|o' — Multiply for the predicted XnOn “survival” probability In
b (GeV) the presence of EM dissociation (EMD)

- estimated by reweighting gen-level Pythia events by the

ATLAS, ATLAS-GONE-2017-011 EMD-corrected photon flux for OnXn topologies

K. J. Eskola et al., https://arxiv.org/pdf/2404.09731
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BACKUP: heavy-quark
parton shower




Lund plane of D-tagged jets to expose charm mass effects

Lund jet plane regions of
prompt D% jets

% Gluon splitting
Q |(g~co)
=
L=
_____________ k_~1GeV
hadronization ~
large angle In(1/0) small angle

Late-kt groomer (6L)

* most collinear among the perturbative
splittings in the jet tree the latest splitting
that satisfies a hard kt cut (kT > 1 GeV)

In(k;)

In(k;)
Modified SoftDrop groomer (Bmsp)

- first splitting that satisfies zcu=0.1,
B3>0, kt> 1 GeV

» Expose modification of the angular scale in D-jets relative to inclusive jets

- Study different regions of the Lund jet plane using different grooming algorithms

— sensitivity to the ¢ mass, gluon splitting, and hadronization effects

— first measurement of c jet substructure in the hard and collinear region of the jet shower
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Lund plane of D-tagged jets to expose charm mass effects

-

Fully corrected 0L nd Bsp distributions for DO-tagged and inclusive jets and their ratios

CMS Preliminary pp 301 pb' (5.02 TeV)
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- Shift observed towards bigger angles with respect to the inclusive jets (dead cone effect) See Jelena Mijuskovic’s talk
* A more prominent shift is observed for the late-k.algorithm CMS-PAS-HIN-24-007
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Lund plane of D-tagged jets to expose charm mass effects
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- Late-kr: the gluon splitting contribution is negligible
and has an effect mostly at large angles.

See Jelena Mijuskovic’s talk
CMS-PAS-HIN-24-007

pp 301 pb™ (5.02 TeV)

A

6 18 2 22 24 26 28 3
In(1/05p)

- SD: contribution stronger from gluon splitting
* emissions at larger angles than the ones found by
late-kr
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First direct observation of the b-quark dead cone
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b quark Y ’ ':A | initial jet

per-track partial

X e final jet
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QS with BDT reconstruction
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b hadron decays crucial for b jet substructure measurements = developed a tool to partially reconstruct the b hadron
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b-jet substructure with aggregation of b-hadron decays
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See Lida Kalipoliti’s talk
CMS-PAS-HIN-24-005
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b-jet substructure with aggregation of b-hadron decays
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b /inclusive jets
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See Lida Kalipoliti’s talk
CMS-PAS-HIN-24-005
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BACKUP: Jet-medium
Interactions



See Rohit Singh’s talk

Search for energy loss in pPhb collisions: high-prvz  cverssimzes

— insights into the potential indications of high parton energy energy loss with 4-subevent cumulant method extended to high pr

pPb 186 nb™ (8.16 TeV) + PbPb 0.60 nb™' (5.02 TeV) CMS preliminary
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: _ pT N 4 Ine
In absence of sizeable non-flow effects: tr

— positive v2 {4} persisting up to pr ~20 GeV

Similar magnitude and similar trend for both PbPb and pPb

similarity between high-multiplicity pPb and peripheral when POI > 6 GeV across all multiplicity bins

PbPb events in magnitude and prt dependence
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OGP diffusion properties with low pr B hadrons

charmed and beauty mesons down to low pr =@ brownian particles inside the hot medium

* Mcb> Mugds : ‘Brownian regime” in the QGP
— sensitive to the QGP diffusion and drag properties

See Tzu-An’s talk
arXiv:2409.07258
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[%-hadrons: comparison with models w/o medium response

(dashed lines) underpredict magnitude at low hadron pr

 PYTHIAS8 lower prz-tagged events can describe jet quenching (similar to no-wake/recoil models with only
the jet shower). It fails to describe data for hadron pr< 4 GeV.

‘PYQUEN, (no 4-momentum conservation), fails to describe generally the data

and

CMS Preliminary
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See Yen-Jie Lee’s talk
CMS-PAS-HIN-23-006
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[%-hadrons: comparison with models w/ medium response

and
and

CMS Preliminary

(dashed lines) underpredict magnitude at low hadron pr
(solid lines) agree better with the data with hadron pt< 4 GeV
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See Yen-Jie Lee’s talk
CMS-PAS-HIN-23-006
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[%-hadrons: comparison with models w/ medium response

and (dashed lines) underpredict magnitude at low hadron pr
, and (solid lines) agree better with the data with hadron pt< 4 GeV
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See Austin’s talk
CMS-PAS-HIN-24-001

* Yield ratios to cancel out common modification

from initial-state effects

» Decrease with increasing multiplicity for prompt

while constant for b-hadron decay contributions

- relative P(2S) suppression from final-state

interactions (comoving-particles picture)
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CMS-PAS-HIN-24-001

Muttiplicity dependence of ¥(2S) / J/¥ in pPh

Trend-line slope
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» decreasing trend observed for all P rapidities
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LHC long-term schedule N
PbPb PbPb ??7?
2021 2022 2023V | 2024 ¥| 2025 V| 2026 V| 2027 202 2029
J|FIMAM 3| 3|AlS|OIN[D[3|FIMIAM 1| J|A|S|OIND] 3| FIM|AIM]| 3|3 |A[S|ON|D] 3| FIMAM| 3| J|A[S|OINID{ 3| FIM/AM| 3| 3 |AlS|O|N[D{ 3 | F|[MIAIM| 3| J|A[S|OIN|D{ 3 | FIM[AIM]| 3| 3 |A|S|ON|D| [ FIMAM[ 3| 3 |A[S|O|NID| 3| F|M/AM| 3| 3 |AlS|OIN[D)
|" Run 3 l Long Shutdown 3 (LS3)
PbPb/pPb EIC physics data-taking
2030 + 2031 + 2032 + 2033 2034 2035 2036 2037 2038
J[FIMAM|1]3]|A[s|ON[D[ 3| FIMAIM| 3|3 |A[S|OIN[D{ 3| F|MIAM| 3| J|A[S|OIN|D] 3 [ FIM[AIM| 1| 3 |AlS|O|N|D{ [ FIM[AIM] 3| 3| AlS|O|N[D{ 3| FIM|AIM| 3| 3 |AS|OIN|D{ 3 | F|M|AM| 3| 3 |A[S|ON|D] 3| FMIAM| 1 | 3 |AlS|OIN|D] 3| FIM[AIM| 3| J|AlS|OINID|
| Run 4 \ | LS4 Run 5 ‘
EIC physics de
2039 2040 2041
J|FIMAM {3 |A[S|O|N[D{J|FIM[AIM[J| J|AIS|OIN|D{ | FIMAM| 1| J|A[S|ON|D| Shutdown/Technical stop
v | | Protons physics
LS5 - Run 6 ’ éoonrrswmissioning with beam
_I-rﬂ Hardware commissioning

Last update: April 2023

- About a week of OO/pO0O in 2025: statistics is enough for very soft-probe measurements, assessing quenching in small systems
— we would need a few weeks of data to constrain nPDFs with EM probes or high-accuracy heavy-quark probes

- Additional run in Run 3? pPb in Run 4?

- Inputs for Run 5/6 from the “parton-structure” community?

G.M. Innocenti, Overview of CMS results, Hard Probes 2024



The upgraded CMS detector for Run 4 (Phase Il)

Track-based triggers at Level-1 to sample the
entire cross section of photon-induced collisions

in both pPb and PbPb events

Particle Identification over (MTD) in Inl <3
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Big jump in the xgy coverage of
future Run-4 analyses
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The upgraded CMS detector for Run 4 (Phase lI)

New MIP Timing Detector (MTD)
Precision timing Inl <3

Particle Identification over
several units of n!
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CMS Phase-2 Simulation PbPb (5.5 TeV)
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New silicon tracker
Improved granularity
Lighter material budget
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Upgraded Precision Proton Spectrometer (Run 4 and J)

Basic working principle of the PPS: Protons which lose a fraction of momentum at the interaction point (¢ = Ap/p) are
deflected away from the beam and measured by PPS — direct measure of the & = Ap/p

Staged installation
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PPS upgrade will further extend the ¢ acceptance of the existing PPS (already operational in Run 3)
* 1.42 < £ < 20 % for the first three stations (from Run 4)
* 0.33 < £ <20 % for the first three stations (from Run 5)

CMS NOTE -2020/008
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Highlight: exclusive vector-meson production in pA

* Vector mesons (Spin 1) are produced in y — IP interactions

A = A * lons emit a photon at Q2~0
* In coherent production, the proton remains intact
— PPS would provide high-accuracy tagging of coherent processes
— Similar technique applicable to exclusive dijet production
P . Starlight PPb, sy, = 5.02 TeV
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i S 4 . BPIS i ils'f--:'-.* = 0 01 02 03 04 05 06 07 08 09 1
x[mn*?] - 1 . - -|t| [Gev-?] pl’O'[On ‘t [GeV ]

— Proof of principle for proton (and ion) tagging with the upcoming pO/OO run (scheduled for 2025)
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The upgraded CMS detector for Run 4 (Phase Il)

Track-based triggers at Level-1 to sample the
entire cross section of photon-induced collisions

in both pPb and PbPb events

Particle Identification over (MTD) in Inl <3
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New high resolution silicon tracker with ~ factor 2 larger coverage
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Simulated trackn

Big jump in the xgy coverage of
future Run-4 analyses
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High-resolution, large acceptance silicon tracker (|n| < 4)

CMS, CMS-TDR-014

from 100 x 150 to 50 x 50 ym2 pixel size
Tracking out to Inl < 4 !
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MIP timing detector (MID)
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Unlock a wide set of semi-inclusive “DIS-like” measurements with identified hadrons with CMS

CERN-LHCC-2019-003
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Future CMS PID coverage

Large acceptance PID: Inl <3

Complementary w/ ALICE & LHCb Experiment | n coverage r (m) o+ (ps) r/o; (x100)
CMS Nl < 3.0 1.16 30 3.87
ALICE nl <0.9 3.7 56 6.6
STAR nl <0.9 2.2 30 2.75
<AL|CE > LHCDb > igAUCE > LHCb >
(;MS Phase-2§ ('BJ S Phase-zé
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A new ZDC CMS detector
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