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“Open” heavy-flavor measurement in yN scatterings in UPCs

With a single probe, scan a large region of x and Q2 (shadowing/saturation, anti-shadowing, and beyond)
— “combine” the low-x, Q2 reach of J/y exclusive measurements with the kinematic coverage of dijet measurements (see Brian’s talk)

pQCD-based description
down to pt=0
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Clean experimental condition,
limited final state effects (e.g. flow
or beyond-vacuum hadronization)

non perturbative

No ambiguity of the incoming ATLAS, ATLAS-CONF-2017-011 | 10-4 108 102 10 1
photon direction S. Klein, R. Vogt et al: Phys. Rev. C, v66, 2002 XBJ
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https://cds.cern.ch/record/2244822/files/ATLAS-CONF-2017-011.pdf
https://www.sciencedirect.com/science/article/pii/S0370269319306483

Experimental strategy and signal definition

no neutrons (On)
in the Zero Degree Calorimeter (ZDC)

Rapidity gap in the hadronic forward
calorimeter (HF) in the photon-going direction

DO - K-rt+ with charged
tracks In the tracker

@]

at least one neutron
in the ZDC (Xn)

(. )
“Semi-inclusive” photonuclear production in XnOn with a large rapidity gap on the y-going side

- dominated by non-diffractive photoproduction (due to the requirement on the broken nucleus)

. includes both direct and resolved-photon events, prompt (c—D?9) and non-prompt (c—D0) contributions y
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New trigger strateqy for heavy-quark photonuclear events

— signals from electromagnetic/hadronic calorimeters (HCAL/ECAL) combined with ZDC at Level-1 (hardware triggers)

(ZDC for the first time used as L1-trigger detector in CMS)

no neutrons (0On)

y in the ZDC

c — jet

c — jet

at least one neutron
in the ZDC

For low-pt D° mesons ( < 5 GeV)
— at least one ZDC with >1n signal (ZDCOR)

For high-pt D% mesons ( > 5 GeV)
— ZDCOR in coincidence with a Level-1 jet (Ejet > 8 GeV)

CMS Prel/m/nary PbPb UPCs 1.38 nb™' (5.36 TeV)
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“Data-driven” trigger efficiency vs DO prand y
— Good control of the trigger efficiency
also for low pt D% mesons (pt>5 GeV)
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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

1 dNEvt

NEvt Nch

calorimeter (3.0 < n <5.2)

rapidity gap condition no deposit
above Ethin the forward hadronic
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PbPb UPCs 1.38 nb ' (5.36 TeV
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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
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D% reconstruction and yield-extraction

DO candidate reconstruction and selection: Fitting strategy:
— topological selection optimized in bins of * exponential function to model the combinatorial background
DO pr and rapidity * double Gaussian to model the signal
. for candidates with the “swapped” mass hypothesis
P CMS Preliminary PbPb UPCs 1.38 nb™' (5.36 TeV)
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Events / ( 0.005)

Invariant mass distributions in intervals of D’prand y

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)

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

CMS Preliminary PbPb UPCs 1.38 nb™' (5.36 TeV)
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D0 reconstruction and selection efficiencies

l. Helenius arXiv:1806.07326
K. J. Eskola et al.,, arXiv.2112.12462v2

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

0.2

~ CMS D’ eKn + ch. con,.
- Preliminary — D’ Inclusive
— PYTHIA8 + EviGen —— DO Prompt (c-D"
- e [ Non -prompt (b—D°
- 4 8< D p <12 GeV
] 5 < D° p <8 GeV
B 2 <D’ p <5 GeV
B s
| r
- .
& - =
- " A .
i N —
B o —_—
— {7
—_—
- v
I | I I | I | I
—2 —1 0 1

vV\N\»

PbPb UPCs (5.36 TeV)

resolution, topological selections

2
y 00000
DO efficiencies strongly dependent on pr and y:

due to acceptance, primary/secondary vertex

Distribution (normalized)

Data/MC ratio

o
~

o
W
a

o
&)

o
N
o1

O
N

o
—h
o1

o
—r

0.05

(@) —k
G . O

CMS Preliminary

PbPb UPCs 1.38 nb™ (5.36 TeV

N

B || | | | || | | | L | | | | L | | | L | :
= SGeV<D°pT<8GeV,-1.O<D°y<O.O -
:_ 0 T+ :
- D" = Kn —— Pythia 8 simulation -
— ——=— CMS data =
- g ]
_: ................... I == :_
3 =2 1 0 1 2 3

V

Charged-hadron n, pT>O.5 Ge

Pythia 8 YN simulations provides a very good
description of the data distributions
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https://arxiv.org/abs/1806.07326v1
https://arxiv.org/abs/2112.12462v2

da/dprdy for photonuclear D? production in UPC collisions

CMS Preliminary 1.38 nb™" (5.36 TeV Pbe)

ZDC XnOn w/ gap :
Global uncert. + 5.05% =

—I—2<,D <5 GeV
+5<p <8 GeV
+8<,D <12 GeV
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Doy
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DO K—7+ ¢lot
dedy 2 Z int P trig,presc BRZ =87 ApTAy Cevt €tr1gger 5 €EMpzleup

Main sources of systematic uncertainties:
- trigger correction (for pr> 5 GeV)
- rapidity-gap condition
- DO0-selection efficiency, mostly driven by MC-data differences in:
- distributions of selection variables
- multiplicity, pt/y shape,
- fraction of prompt/non prompt DO, resolved vs direct photon events
* Yield-extraction and modeling of the peaking backgrounds

L0000
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da/dprdy for photonuclear D? production in UPC collisions

CMS Preliminary 1.38 nb™ (5.36 TeV PbPb) CMS Preliminary 1.38 nb™ (5.36 TeV PbPb)
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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)
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S. Frixione, P. Nason, JHEP 0203 (2002) 053
M. Cacciari, M.Greco and P. Nason, JHEP 9805:007,1998
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https://arxiv.org/abs/hep-ph/0201281
https://arxiv.org/abs/hep-ph/9803400

“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
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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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https://arxiv.org/pdf/2404.09731

FONLL with EPPS21 nPDFs

CMS Preliminary 1

.38 nb™' (5.36 TeV PbPDb)

- UPCs, ZDC XnOn w/gap 8 < pT(D°) <12 GeV

' (D°+ D)2 -
: FONLL (c — D°) w/ EMD -
— EPPS21 (scale unc.) —
- EPPS21 (nPDF unc.) R ]
B R R R N N N R T T

-2 ~1 0 1 2
decreasing X8y D%y

. : prompt FONLL predictions for inclusive photoproduction with

scale variations
» central values: ur/Mo=1 MF/HMo=1, Mo~ MT

- scale variation only (0.5 < ur/M0< 2.0, 0.5 < Ur/Ho < 2.0)

- Dotted blue band: EPPS21Pb nPDF uncertainty only

* BF (c—D9%) =0.577 as measured in ep, ee data.

* Fragmentation function based on BFCYO01 r=0.1 parametrization

L0000

K. J. Eskola et al.,, arXiv.2112.12462v2

A.M. Stasto et al., paper in preparation
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Comparison with FONLL with EPPS21 nPDFs

Data / Theory
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» Light blue band: prompt FONLL predictions with scale variations
* Dotted blue band: EPPS21Pb nPDF uncertainty only
* FONLL+EPPS21nPb scaled for the probability of no-breakup (EMD)

—at higher pr, data are overall above the central values of the predictions

A.M. Stasto et al.,

paper in preparation
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Comparison with FONLL with EPPS21 nPDFs

CMS Preliminary 1.38 nb™' (5.36 TeV PbPb)
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** based on Pythia 8 photo-nuclear simulations
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Comparison with FONLL with EPPS21 nPDFs

d°c/dydp_ (mb/GeV)

Data / Theory

CMS Preliminary 1.38 nb™' (5.36 TeV PbPb)

__UPCs, ZDC XnOnw/gap 2< pT(DO) <5GeV_
- Global uncert. = 5.05% D%+ D)2 -

D0 2<pr<b5 GeV:
« Xgydown to 5-8 * 103 **
* Q2down to = 20 GeV2

— Constraints in the saturation region at low Q2
— At low pr, the data/FONLL ratio is below unity.
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** based on Pythia 8 photo-nuclear simulations
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Comparison with FONLL with EPPS21 nPDFs

decreasing Q2

CMS Preliminary 1.38 nb™" (5.36 TeV PbPb)

CMS Preliminary 1.38 nb™" (5.36 TeV PbPb)
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CMS Preliminary 1.38 nb™' (5.36 TeV PbPb)
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pt dependence of the data/FONLL comparison:
- “new” constraints coming from charm yN collisions (in the absence of final state effects)?

“overall” poor description of the DO ptr dependence in FONLL photonuclear events?(hints already in HERA data vs FONLL)
* pr dependence induced by the “missing” diffractive component?

« EMD correction? 18



Comparison with FONLL with EPPS21 nPDFs i,

decreasing Q2
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Main caveats affecting data and theory predictions:
* Theory includes only c— D9, while CMS data includes a (small) contribution of b— D9
* Predictions based on inclusive nPDF. Data are dominated by non-diffractive production due the requirement (Xn) on the broken nucleus
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(Selected) Prospects for Run 3 data

— Open the way for a broad heavy-flavor program in inclusive, semi-inclusive, diffractive (and yy) UPC events

HQ-tagged jets
or HF hadron

Heavy-quark (di) jets and correlation measurements measurements:

— strongest kinematic constraints on (x,Q2)
— sensitivity to the Qs scale via <k?t> broadening

do/dprdy of heavy-flavor mesons and baryons in yPb (PbPb) and yp (pPb)

» prompt and non prompt D9, D+, Ac with improved low-prtand y reach
— lowest x, Q2regime
— benchmark for the description of hadronization in yp and yN

-

— work in progress to improve the low-pt kinematic reach with 2023 data A
and with higher-statistics data from 2024 and 2025

C} reduce systematic uncertainties y

— In Run 4 (2029-2032), improved accuracy and kinematic reach thanks to the extended pseudorapidity coverage of the tracker (|n|<4.0)

and the new PID capabilities (see backup)

G.M. Innocenti, MIT, Diffraction and Low-x, Palermo (ltaly)
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summary and conclusions

First measurement of the D? photonuclear production in XnOn UPC collisions with 2023 PbPb data at Vsnn= 5.36 TeV
— dynamic constraints on PDFs with clean “perturbative” probes in a large regime of (x,Q2) with limited final-state interactions
— first step toward a broad program of heavy-flavor hadrons, jets and correlations in UPCs
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Data/FONLL (pLR =W pto)

|
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Inputs needed from theory (e.g.):

» predictions for charmed meson cross-sections based on
different theoretical approaches (nPDFs, dynamic description
of shadowing/saturation)

- predictions for heavy-flavor dijet production and heavy-flavor
correlations (e.g. kT broadening)

- theoretical constraints on nuclear diffraction (MC/calculations)
uncertainties of the photo-flux parametrization
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summary and conclusions

First measurement of the D? photonuclear production in XnOn UPC collisions with 2023 PbPb data at Vsnn= 5.36 TeV
— dynamic constraints on PDFs with clean “perturbative” probes in a large regime of (x,Q2) with limited final-state interactions
— first step toward a broad program of heavy-flavor hadrons, jets and correlations in UPCs

d?o/dydp_ (mb/GeV)

Data / Theory

—

CMS Preliminary 1.38 nb™ (5.36 TeV PbPb)

i Global uncert. + 5.05%
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Inputs needed from theory (e.g.):

» predictions for charmed meson cross-sections based on
different theoretical approaches (nPDFs, dynamic description
of shadowing/saturation)

- predictions for heavy-flavor dijet production and heavy-flavor
correlations (e.g. kT broadening)

- theoretical constraints on nuclear diffraction (MC/calculations)
uncertainties of the photo-flux parametrization

Thank you for your attention!

Special thanks to Anna Maria Stasto, Mark Strikman, llkka Helenius, Petja Paakkinen, Vadim Guzey
and all the theorists that supported this effort with discussions, calculations, and simulations
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BACKUP: UPCs and
heavy flavors in UPCs




Constraining parton dynamics in nuclel

Constrain parton dynamics from high to low-x, from high to low Q2 and the transition across the different regimes
In nuclel, high-density effects are expected at higher x-values

4 )
QZ(GeVZ) splitting recombination

(100)2 1
pertubative @
saturation
Linear evolution Non linear evolution

DGLAP (as DGLAP and BFKL) (e.g. BK)
(10)2 - J

BK BFKL :
- Emergence of gluon saturation
— properties of saturation as a function of x,Q?2
(1)2 |

— dependence on the atomic number A

non perturbative
104 108 102 10 1
Bjorken x

>

K. Hencken, M. Strikman et al. Phys.Rept.458 1-171, 2008 K. Hencken, M. Strikman et al. Phys.Rept.458 1-171, 2008
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https://www.sciencedirect.com/science/article/pii/S0370157307004462?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370157307004462?via=ihub

UPC collisions: LHC as a photon-nucleus collider

Ultra-peripheral collisions (impact parameter b > Ra+Rb)
- the flux of quasi-real photons is proportional to Z2

 Photon kinematics:
\ - * pT < h/Ra ~ 30 MeV

* Emax ~ 0(100) GeV at LHC.
b>R4Ry <

b = Impact parameter

Access to photo-nuclear collisions to test nuclear matter:
- at the highest yN center-of-mass energies experimentally reachable
- in the absence of significant final-state interactions (as in hadronic pPb collisions)

K. Hencken, M. Strikman, R. Vogt, P. Yepes, Phys. Rept. 458:1-171, 2008
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https://doi.org/10.48550/arXiv.0706.3356

Coherent J/y in PbPh UPCs

- 4 02~ 95 2
gluons with x<104, Q2 ~ 2.5-4.0 GeV Constraints on a “fixed” region of Q2

Complex theoretical description

« J/P production at low prand NLO

calculations are challenging ALICE, JHEP 10 (2023) 119
CMS, Phys. Rev. Lett. 131 (2023) 262301
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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

Untagged di-jets in yN scatterings

Dynamic constraints on (x, Q2)
by varying dijet kinematics

Pb 7. g Pb
Y * “‘
g i I + “yntagged” ™ Limited access to low x and low Q2
A > s light jet — jets limited to pt >10-15 GeV/c
< q
8
Pb+X+Xn "s T 7
: - S “untagged
e light jet

ATLAS, ATLAS-CONF-2017-011
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Converting CMS into a yy, YN detector for the “LHYC"

ZDC Layout

Zero-Degree Calorimeter (ZDC) as a trigger detector for the first time in CMS
— integrate ZDC in the Level-1 (hardware) trigger-emulation chain
— develop a strategy for fast online calibration

4 HAD secti sssssss ked

EM 1-5
~

Reaction Plane Detector (RPD)

BEAM to each other

Improved low-pT tracking and vertexing performance

New trigger algorithms for yy and yN “hard” events
— photonuclear high-Q2triggers (ZDCOR with L1 jets) 0.5
— photonuclear low-QZ2triggers (ZDCOR)

— yy and diffractive triggers (no HF coincidence)

CMS Simulation Prelimina PbPb 5.36 TeV 1

0.4 -
%’ 3
D o3 . >
e | s @
: o
_5 0 n 0.4E
IC_E 0.3
0.1 0

O_UPC reco STARLIght Pbe—)Pb*Pb*

i
—25 —2 —15—1 —05 0 05 1 15 2 25

Track

o
-

0



Experimental strategy and signal definition

no neutrons (On)
in the Zero Degree Calorimeter (ZDC)

Rapidity gap in the hadronic forward
calorimeter (HF) in the photon-going direction

Tracker: |n| < 2.4

. _ .
D° — K-tt+ with charged ECAL and HCAL: |n| < 3.0

tracks in the tracker

COIL

@]

Hadronic Forward
(HF) calorimeter
3.0<|nl<5.2

Zero-Degree

at least one neutron Calorlirl:ritgrs(ZDC)

in the ZDC (Xn)

Beam line

-4 ; ! - 5
~140m >§>

~ 11 m

Interaction point
“Semi-inclusive” photonuclear production in XnOn with a large rapidity gap on the y-going side

- dominated by non-diffractive photoproduction (due to the requirement on the broken nucleus)

* iIncludes both direct and resolved-photon events, prompt (c—DO%) and non-prompt (c—D?9) contributions
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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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CMS (half) detector

Tracker: |n| < 2.4
ECAL and HCAL: |n| < 3.0

COIL

Hadronic Forward
(HF) calorimeter
3.0<|n[<5.2
Zero-Degree
Calorimeter (ZDC)
In| > 8.3

Beam line

- ~ 140 m 4 »
: ~ 11 m :

Interaction point

G.M. Innocenti, MIT, Diffraction and Low-x, Palermo (ltaly)
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[DC noise distributions with empty-BX data

To test the hypothesis of negligible ZDC noise, we performed a study in empty-BX events in 2023 data, where we do not expect the

presence of any signal events (or EMD processes)

Entries

1 05 0 05 1 15 2 25

CMS Preliminary 2023 PbPb (5.36 TeV)

Empty Bunch Crossing
Pileup Subtraction: TS2 - TS1‘
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CMS Preliminary 2023 PbPb (5.36 TeV)
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ZDC Energy Sum Minus (TeV

* Negligible ZDC noise above the 1n threshold due to the strict Out-Of-Time Pileup subtraction (TS2-TS1)
(which acts as a noise/pedestal subtraction)

3
)

10°

10*
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MC-data validation

Monte Carlo samples based on Pythia 8 + EvtGen simulations for photonuclear events with EPPS21Pb nPDF:
* Both resolved and direct-photon events, prompt and non-prompt D9
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da/dprdy for photonuclear D? production in UPC collisions

d°c 1 1 10 50 1

CMS Preliminary 1.38 nb™ (5.36 TeV PbPb) dprdy 2 L Pyig prese BRP" =K AprAy eyt Eigaer €158 €EMpitenp

ZDC XnOn w/ gap -
Global uncert. = 5.05% =

- . integrated luminosity
* Eevt: €VENt-selection efficiency
- &p : DO-selection efficiency
* Pirig,presc: average prescale of each trigger algorithm
* Etrig . trigger efficiency evaluated in intervals of D0 ptand y
(only for triggered sample)
* EEMpileup
— account for the probabillity that electromagnetic
dissociation affecting an independent PbPb collision

—h
o
BRRBRILI BN

—h

<

N

T T
+

107 = = 2< p. < 5 GeV would lead to a neutron in On side of the analysis
- e 5< p <8 GeV
10_4;_ +8<p <12 GeV _

-2 -15 -1 -05 0 05 1 15 2

SN\ D'y 00000
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“Building” FONLL-based predictions for D% in UPCs at the LHC

FONLL code for prompt charm photo-production (used for HERA prediction)
- Photon PDF based on GRV parametrization
- D0 fragmentation function (Peterson, BFCYO01)
- Fragmentation fraction (FF) set to 0.577
 Factorization and renormalization scale pr/Ho = 1, ur/o= 1 (“central” values)
- FONLL pQCD uncertainties: 0.5 <ur/Mo < 2 and 0.5 <ur/Ho < 2, independently.
— full agreement with original FONLL predictions for H1 and ZEUS D* measurement at HERA

’>-\ - [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [
G /N  —o H1ETAG33data, Iyl <1.5 -
S 10 :/ \« E==1FONLL w/o factorization scale uncert. _]
= 0 >~. N\ --- FONLL -
— 0 C NG ]
o I N
kS, g i
S 4L _|
SR -
107 E
1072 =

10—3 | | | | | | | | | | | | | | | | | | | | | | |

0) 2 4 6 8 10 12

p_ (GeV)
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Comparison with FONLL with CT18

CMS Preliminary 1.38 nb™ (5.36 TeV PbPDb)

.. -1
N I | I I I I | I I I I | I I I I | I I I I | I

q) _UPCS ZDC Xnon W/ gap 2 < p (D ) < 5 Gev > B 7] N I | I I I I | I I I I | I I I I | I I I I | I :
S - } = - - Global uncert. = 5.05% (D +D )/2 : ) - ~ Global uncert. + 5.05% (D°+ D)2 -
~— 5__ —_ R 03_ B é - .
-81_ - - o - 00351 E
> - . O 0.25 _ S - + ]
© 4— ] . B ] > - n
5 L 1% - F ook . -
3 - 18 o0g - B - -
O S - o 02r - [ - “o 0.025 =
- - 0.15 — 0.02F- =
21— ¢ o oE . E 0.015/— ¢ -
:_III CMS Inclusive D° _: - & CMS Inclusive D’ - 0'01;_ _;
1= FONLL (c -» DY) w/ EMD - 0.05 FONLL (c — D°) w/ EMD T - - OGS Inelusive D evid -
- [ Proton PDF CT18 (scale unc.) - - 3 Proton PDF CT18 (scale unc.) - 0.005——) Proton PDF CT18 (scale unc.) ° B
B N I T T TN N S TR T S (N TR N S I I L H _
> et > T T > e
8 2:_ Data/FONLL (MR =u_= Mo) E 5 of Data/FONLL ( = U= MO) = 9 2:_ Data/FONLL (MR =u_= Mo) e
IE g g I: 15_ _________________________________________________________________ _E IE g ® ® o ® g
o L o —  — S — © - ® - ® ® - p L ey SEELEEEEEESSES S —
EG O: I _|2 I I I I _|1 I I I I (|) I I I I -|I I I I I 2| I ] CD‘S O_ | _|2 SEE— _|1 SEE— O| SEE— .|I SE—— 2| Ol . g O: I _|2 N I B _|1 L1 1 | O| [ I -|I I O 2| I ]
DO y D y DO y

M. Yan et al., Phys. Rev.D 107 (2023) 11, 116001
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BACKUP: theory predictions




Electromagnetic pileup

no neutrons
in the ZDC (0On)

At least 1n
in the ZDC

In overlap with another independent PbPb collision (in the same bunch crossing) that leads to one or more neutron in the ZDC
corresponding to the On side of the charm event.

On

Xn Xn
Single EM dissociation with Xn on < > Mutual EM dissociation with Xn on
the the side of the On of the charm event the the side of the On of the charm event
Xn 4—‘ ’-—

 We have estimated a survival probability of 0.96 with a systematic uncertainty of 0.04

G.M. Innocenti, MIT, Diffraction and Low-x, Palermo (ltaly)

41



Hard-processes in UPCs:
to test the transition towards low-X



Jets and open heavy-quarks in yp scatterings in pPb collisions

— yp scatterings in pPb collisions as the baseline for yPb measurements

ZEUS
% e ZEUS 96-97 X >0.75
A 10° == NLO (GRV) ® HAD
a8 pe e NLO (AFG) ® HAD
= ' Jet energy scale uncertainty
“HERA™-like mg
o % -
1031 = 1
: l@"‘“ ﬁlﬁ 1 <2< 2.4
. - (X 20000)
; 1 == ———
L |2 ety +
:_ 1<n*"<24 | -
2 $_1<n;etz<o 1<n<2.4
i (x 20) 0 < n**< 1
el (x 100)
: °
o -
L
3 3 0 < "%« 1
L _ 0<n<1 (x 0.01)
i -1<n®*?<0
. . . = (x 0.0005)
In combination with HERA and EIC measurements: : I A <1120 (x 0.00001)
—New constraints on proton nPDFs, GDF, TMD e - . - .
. . . 20 30 40 50 60 10
at the highest yp center of mass energies available Eie!! (GeV)

ZEUS, Eur.Phys.J.C23:615-631,2002
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New observables in yp/yPh collisions

Basic concept: “over-constraining” low-x models by measuring both barrel and very forward observables
M. Strikman, V. Guzey et al., arXiv.2402.19060

0.09
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0.07
0.06
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0.04
0.03
0.02
0.01

0.00
) 0 5 10 15 20

N - Emitted neutrons

Pcomb(N)

Hard-scattering production at central rapidities with information on the number of neutrons in ZDC:
— stronger discrimination power on low-x nuclear matter
— new experimental challenges for ZDC reconstruction and calibration
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https://arxiv.org/abs/2402.19060

Diffractive production of jets and heavy

45
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— test for factorization: diffractive PDFs ® partonic coefficient functions
— benchmark for PbPb measurements

quarks

lilkka Helenius, arXiv:2107.07389
C. Marquet, C. Rayon et al. arXiv.1306.4901
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Need for theoretical calculations and MC simulations for diffractive events in both yp and yPb collisions!
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Short and long-term prospects
with CMS at the LHC and HL-LHC



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?
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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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CMS, CERN-LHCC-2019-003

CMS, CMS-TDR-014

New high resolution silicon tracker with ~ factor 2 larger coverage
from Intracks|< 2.4 tO frOm Intracks|< 4.0

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
Inl<2.4 —Inl <4

CMS Simulation
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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

G.M. Innocenti, MIT, Diffraction and Low-x, Palermo (ltaly)

50


https://arxiv.org/pdf/2103.02752

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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— 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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CMS, CERN-LHCC-2019-003

CMS, CMS-TDR-014

New high resolution silicon tracker with ~ factor 2 larger coverage
from Intracks|< 2.4 tO frOm Intracks|< 4.0

Big jump in the xgy coverage of
future Run-4 analyses

G.M. Innocenti, MIT, Diffraction and Low-x, Palermo (ltaly)

52


https://cds.cern.ch/record/2667167?ln=en
https://cds.cern.ch/record/2272264?ln=en

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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Improved pr resolution by about 25% Impact parameter resolution improved by 40%

 Improved mass resolution for resonances - Improved heavy flavor measurements (B/D hadrons
& b/c-jet tagging)
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MIP timing detector (MID)
CMS Phase-2 Simulation PbPb (5.5 TeV)

Barrel Timing Layer (BTL) Endcap timing layer (ETL) L L B B
- Coverage: Inl <1.45, pr>0.7 GeV * Coverage: 1.6 <Inl <3.0, p>0.7 GeV 'i-

- Timing resolution: ~ 30 ps » Timing resolution: ~ 30 — 40 ps 1.6
» Tech: Scintillator + Si photo-multiplier  * Tech: Silicon w/ internal gain (LGAD)
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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

/K separation
up top = 2.5 GeV
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Combined with dE/dx from pixel detector, /K/p coverage down py = 300 MeV!
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A new ZDC CMS detector

' .h/ PMTs: Hamamatsu R2059

Plate & rod assembly

Fused silica rods

Divider wall(s)

« Joint ATLAS & CMS effort: radiation-hard ZDCs for Run 4
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* Crucial part of heavy-ion min. bias trigger from Run 3 onwards | Top View
» Used to identify & characterize ultra-peripheral collisions Hadronic Section Roa/Hight Guide Intertace
* Bias estimation for centrality, especially in small systems A T e Tomey . TN
* Exclusively HI detector (removed for high-lumi pp) g 0.9 ® pr™=35Mev A P T=50Mev
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