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UPC at the LHC

ﬂ ¢ Relativistic heavy-ions induce strong EM fields

e Ultraperipheral collisions (UPCs) occur when
quasireal photons interact w/o nuclear overlap
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UPC at the LHC

¢ Relativistic heavy-ions induce strong EM fields
e Ultraperipheral collisions (UPCs) occur when
> quasireal photons interact w/o nuclear overlap
¢ Results in UPC dijets, J/v), other processes
* Probing partonic densities across a broad x, Q2
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Open Heavy Flavor in UPCs

Mass of charm — pQCD control at pt =0!
Probes Q? ~ (charm/bottom mass)?
Complements higher Q? of dijets down to Q2 J/v

Excellent control for higher order theory
corrections
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Open Heavy Flavor in UPCs

Mass of charm — pQCD control at pt =0!
Probes Q? ~ (charm/bottom mass)?
Complements higher Q? of dijets down to Q2 J/v

Excellent control for higher order theory
corrections

Q(GeV)
> C (100)2 —7il"
@ Probes x from the
Deaton anti-shadowing,
to shadowing,

and possibly the
saturation regime!

] G- R4 J/y scale

—

-
[}

O ) Cl o N —cc/bb

DGLAP

non perturbative
104 108 102 107 1

XBJ

Illi- M o Christopher McGinn



Experimental Analysis Definition

ﬂ 1. Select On ZDC signal
>

1 ® ~-going
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Experimental Analysis Definition

ﬂ 1. Select On ZDC signal
>

1 ® ~-going

v 2. Xn ZDC signal indicating nuclear breakup
* Pb-going

3. Rapidity-gap in y-going direction

3
E"F-> 8.6 GeV
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EMFt> 9.2 GeV
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Experimental Analysis Definition

CMS, I -
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3
E"F-> 8.6 GeV

'min

EMFt> 9.2 GeV

min

1. Select On ZDC signal
® ~-going

2. Xn ZDC signal indicating nuclear breakup
* Pb-going

3. Rapidity-gap in y-going direction

4. DO candidate in tracker acceptance
® ViaK 7' decay channel
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Experimental Analysis Definition

ﬂ 1. Select On ZDC signal
>

1 ® ~-going
2. Xn ZDC signal indicating nuclear breakup
* Pb-going
E¥F+> 0.2 GeV 3. Rapidity-gap in y-going direction
———_ 4. D°candidate in tracker acceptance
® ViaK 7' decay channel

3
E"F-> 8.6 GeV

'min

Semi-inclusive measurement by XnOn selection
— Diffractive component reduced

2 — Inclusive selection for direct/resolved processes
— Inclusive selection for prompt/nonprompt
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Triggering with the ZDC

e ZDC positioned +-140m from IP
¢ Signal indicates nuclear breakup

ZDC Layout

4 HAD sections - stacked
behind each other

HAD4

EM 1-5

Reaction Plane Detector (RPD)
5 EM sections - next to each other

BEAM
AIP Conf. Proc. 867:258-265, 2006

Zero-Degree Calorimeters Inl > 8.3 (0.5 mrad)
— detect neutrons produced in the nuclear break-up process

<>< Pb + X + neutron(s)
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Triggering with the Z

e ZDC positioned +-140m from IP
¢ Signal indicates nuclear breakup

e ZDC incorporated into CMS trigger
system for the first time in 2023
CMS Preliminary 2023 PbPb (5 36 TeV)

L B e e
10 ZDC Plus 1n, w: 2478 37 GeV,0:624.44 GeV

------ ZDC Minus 1n - 2634.73 GeV,o: 810.72 GeV
----2ZDC Plus 2n, w: 4655 20 GeV,o: 1405.85 GeV
----2ZDC Minus 2n w: 5195.58 GeV 0:1373.81 GeV

T | M ZDC Plus 3n, u: 7026.83 GeV,o: 1815.64 GeV

--.-. ZDC Minus 3n w: 7764.20 GeVo: 991.46 GeV
—— ZDC Plus Combined Fit

—— ZDC Minus Combined Fit

CMS-DP-2024-002

ZDC Layout

4 HAD sections - stacked
behind each other

HAD4

EM 1-5

Events / 100 GeV

Reaction Plane Detector (RPD)

5 EM sections - next to each other

AIP Conf. Proc. 867:258-265, 2006

BEAM

10*
Zero Bias

Zero-Degree Calorimeters Inl > 8.3 (0.5 mrad)
— detect neutrons produced in the nuclear break-up process

~
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ZDC Offline Energy Sum (GeV)
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Trigger Strategy for D°

A D° pr [GeV/c] ¢ D% 1 2-5 GeV on pure ZDC based trigger
27 e DO pr > 5 GeV add hardware jet trigger
® Threshold Jet py > 8 GeV
.l L1 ZDCXOR in + Jet 8
5 -
L1 ZDCOR 1n
2 -+
0 t t } +—>
2 -1 0 1 2

DO rapidity
D° pr and y map
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Trigger Strategy for D°

A D° pr [GeV/c] ¢ D% 1 2-5 GeV on pure ZDC based trigger
124 . .
e DO pr > 5 GeV add hardware jet trigger
® Threshold Jet py > 8 GeV
e Jet trigger substantially reduces prescale
< ZDCXOR 1n + Jet 8 e Correct for efficiency in pr, y
¢ Significant source of uncertainty
N CMS F‘-‘re‘hrr‘\m‘ary‘ F"bF"b‘UF"Cf 1‘33‘ n?’FS ‘36‘Te‘\/) N CMS Prellmmary Pbe UPCslss nb (5 36 Te\/)
%O’4§5Gev<o°p7<seev 7: § o7E 8GeV<Dp<1ZGeV E
L1 ZDCOR 1n F;,—'i e i
9 4 7 i CMS-HIN-24-003 ;
0:515 D° - KT ; 02; D° - KT E
. , . L E T Varied mbin eficency ] £ Varied mbin aficiency E
0 T T T T » 0.05 |- [_] Symmetrized in-bin variation 3 0.1~ [ ] Symmetrized in-bin variation |
2 -1 0 1 2 3 Fmal‘ systematic u‘ncerla\nly ‘ 1 d Flna\‘systemallc u‘ncenalnly ‘ 1
DO l'kl‘pidity %3 -1 0 1 2 % Y o 1 2
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D° pr and y map [ [
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Rapidity Gap Selection

¢ Require also a y-going rapidity gap
e Tuned to minimize bias to resolved events

>
Y

Rapidity gap
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Rapidity Gap Selection
¢ Require also a y-going rapidity gap
¢ Tuned to minimize bias to resolved events

> ¢ No candidates in HF~ (HF ") above 8.6 (9.2) GeV
v ® Clear separation in charged track multiplicities
PbPb UPCs 1.38 b (5.36 TeV)
. g 5 = e [ e T
Rapldlty gap Z2 1 CcMS D° Cand. Required E
.z E Preliminary XnOn (y-N) events 3
z 1L |
—C o, CMS-HIN-24-003 :
o le '.. .
| O e e :  Gapremoves
100 et ] hadronic event
C ;‘_.""'" . E contamination
104 F - 3 after ZDC
o ’ | selection
107 g E
10° %+ Particle-flow HF * E, ., < 9.2 GeV é
F - Particle-flow HF * E, 5 > 9.2 GeV 7
107 L1 T L | L T L

50 100 150 200 250
Charged hadron multiplicity N -

o
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DO Selection and Efficiency (1)

D? candidates are constructed from tracks
1. pr>1GeV
2. |n|<2.4
3. Passing high-purity condition

Ptrack 1

Ptrack 2

Secondary vertex
DY flight length
(decay length)

Primary vertex

D? kinematics
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DO Selection and Efficiency (1)

D? candidates are constructed from tracks
1. pt>1GeV Phrack 1
2. |y <2.4
3. Passing high-purity condition

Secondary vertex

Selections on D° kinematics (pr and y dependent) D(:;(‘fjji}li(‘ifélt%f)ll
1. Pointing angle («) ‘
2. Decay length significance
3. Secondary vertex probability Primary vertex

4. Opening angle between decay products (A6)
D? kinematics
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DO Selection and Efficiency (ll)

CMS-HIN-24-003

D? candidates are constructed from tracks — PbPb UPCs (5.36 TeV)
w’ [ CMS D° - K1t + ch. con.
1. PT > 1 Gev X L Preliminary e DZ :;IWCL(S:iveCDnJ
2. |77| <2.4 g 0.8/~ PYTHIAB + EvtGen —— BO ’F\"'O"n’:i’r‘;;;:’z‘on)
. . . . w F ——8<D°p <12Gev
3. Passing high-purity condition X b 5<D°p! <8 Gev
o] 0.6? 2<D°pT<SGeV
. . . 04;
Selections on D? kinematics (pr and y dependent) —— i
1. Pointing angle (o) o2f—— L, . —
2. Decay length significance i
- fo P S T s
3. Secondary vertex probability -2 -1 0 1 2
y

4. Opening angle between decay products (A6)
Reco. Efficiency

Analysis is inclusive for prompt/nonprompt D°
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DY Yield Extraction

CMS-HIN-24-003

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)
8O [T T T ke e

R L e s
I OnXn UPC collisions (N +y) & Data
F

OnXn UPC collisions (N +y) & Data
D KTt & chg. coni. — Fit

0 L .
Signal B D" - K" & chg. conj. Signal i
60 - ZDC 1n OR = Ko swap 3001 7DC 1n XOR + Jets E Koy Swiap
2<p_<5GeV omb bkg o 5<p_<8GeV omb bkg
L <SPy m D’ KK+c.c. | ST N m D0~ KK+c.c. |
-1.0<y <1.0 = Doam'[+c.c. o 0.0<y <1.0 0

m D - mwc.c.

Events / (0.005)

0 0
168 1.754 1.828 1.902 1.976 2.05 168 1754 1.828 1.902 1.976 2.05
m,. [GeV] m,. [GeV]
2 <pr <5GeV 5<pr<8GeV

e Model D° signal peak with double Gaussian; swapped mass with single Gaussian
° Background modeled with exponential; K"K—, 77~ with Crystal Ball
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D® Systematic Uncertainties

¢ Trigger correction uncertainty

¢ Rapidity gap selection uncertainty by varying HF energy threshold

e Global uncertainties from luminosity and D° —K~ 7+ branching ratio
¢ Tracking uncertainty accounting for Data/MC differences

e Prompt/non-prompt fraction Data/MC differences

¢ DO selection uncertainties; vary kinematic selections and re-extract yield/efficiency
¢ Uncertainties in efficiency from Data/MC

* Differences in D° spectral shape
¢ Differences in event multiplicities

¢ Fit modeling uncertainties

¢ Varying background shape from exponential to 2nd order Chebyshev polynomial
* Fixing the mean of the signal peak to MC value
¢ Modeling of the KTK~ and =7~ peaks

Blue — a typically dominant uncertainty for pr > 5 GeV
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DO Differential Cross Sections in pt, y

CMS Preliminary 1.38 nb™ (5.36 TeV PbPb) CMS Preliminary 1.38 nb*(5.36 TeV PbPb)
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DO Differential Cross Sections in pt, y

CMS Prel|m|nary 1 38 nb (5 36 TeV Pbe) CMS Prel|m|nary 1 38 nb (5.36 TeV PbPb)
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¢ Extracted for XnOn (left) and OnXn (right) conditions
¢ Result probes a broad range in x and Q?, with pr and rapidity coverage
¢ Statistically consistent after rapidity reflection; combine for theory comparisons
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D° Theory Comparisons (I)

@s\ S CMS Preliminary 1.38 nb? (5.36 TeV PbPb)
Lt~ L e L s S
FONLL w/ EPPS21 nPDFS &Y § s omoiemu 2enosscar
¢ Light blue band indicates scale uncertainty E .
e Hatched dark blue band is nPDF uncertainty 1‘;{
¢ Via A.M. Stasto et al., paper in preparation NE 3

2<D%pr<5GeV
9 I-cea CmS Inclusive p°

* Lowest x/Q? probe - EPPSo1 focalo ey
. [ g3 EPPS21 (nPDF unc.)
¢ Central value slightly below FONLL ]

. . [ Data/FONLL (pR= Ho= uo)

e Observe agreement within theoretical and

experimental uncertainties

Data / Theory
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D° Theory Comparisons (ll)

@s\ CMS Preliminary 1.38 nb? (5.36 TeV PbPb)
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D° Theory Comparisons (lll)

@ CMS Preliminary 1.38 nb™ (5.36 TeV PbPb)
L‘;@y{“,‘)g Frrr T e
FONLL w/ EPPS21 nPDFS &Y 8 0.045p UPCs, ZDC Xnln wi gap & < pT(D()D<D izscg;;/f
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e Hatched dark blue band is nPDF uncertainty g‘fz $
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9’\"‘3_5’??';’?1“”?"¥ PbPh UPGs 1.38 nb (5.3 TeV) CMS Preliminary 1.38 nb” (5.36 TeV PbPb)
25 I e s A LAt AR R AR AR A
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24¢% 0 - : k] lobal . £5.05%
24 300 D°- K" & chg. con;. - Slgnal | € 10 Global uncert. £ 5.05%
3 ZDC 1n XOR + Jet8 K=t SWaE -
8 | 5<p_<8GeV Gomb bkg 3 I —
S 0.0<y <10 -Do ~KK+c.c.] 3
: : mD" - ec.c. fte

=2<p_ <5GeV

+5<p <8GeV

0 +8< P, < 12 GeV

168 1754 1.828 1.902 1976 2.05 e e T R “4‘”1‘.‘5“‘5;‘
wn [GEV] D'y

¢ First measurement of UPC D? differential cross sections at the LHC

¢ New sensitivity to nPDFs over a broad x, Q2 with a pQCD controlled probe

e Constraints from the cleaner UPC (compared to hadronic) environment
¢ Opening a new program at CMS; stay tuned!
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The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes.
Overall diameter :15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

P (100150 )1 66 cansl Study of Hl enabled by

Microstrips (80-180 um) ~200 m? ~9.6M channels

SUPERCONDUCTING SOLENOID The CMS DeteCtor

Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS ¢ Silicon trackers for

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers ch a rg ed h ad ro n s
PRESHOWER ° ECAL for photons / ﬂ'o
e HCAL for neutrals
FORWARD CALORIMETER

j swicemimoman: o Forward calorimeters
for event activity /
centrality

e All detectors in
combination produce
jets

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CMS, W Massachusetts A )
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DC in Empty Bunches

CMS Preliminary 2023 PbPb (5.36 TeV) CMS Preliminary 2023 PbPb (5.36 TeV)

S B e . ? B A I B
(] 10 ‘£ 10%: i =
£ 5 = E r5  Empty Bunch Crossing E
n w [ rr 1 Pileup Subtraction: TS2 - TS
2 10° 10°¢ i ZDC Plus E
c F I : 1|:|ZDC Minus 1
> 104 ™™ -
n E 3
> 10° g ]
g 0PE ZDCp 1n > 1100 GeV |
c R ZDCm 1n > 1000 GeV 7
| 102 S ]
Q 10%: : 3
o B 3
N ERSRER ]
10 0 -

= by E

1 1?}‘u‘\{mmm@u‘mm'l], {1 Y P

-5 4 3 2 -1 0 1 2 3 -1 -0. 0O 05 1 15 2 25 3

ZDC Energy Sum Minus (TeV) ZDC Energy Sum (TeV)

¢ Empty bunches used to map noise distributions
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HF in Empty Bunches

CMS Preliminary 2023 PbPb (5.36 TeV) CMS Preliminary 2023 PbPb (5.36 TeV)
= R R e e o AEEEEEERE e s e c R R R e o R S R
o [ m . L == . 3
N 1071k Empty Bunch Crossing _ 3 E =B Empty Bunch Crossing E
A HF Plus E = S HF Plus 1
5 f S [ HF Minus ] 2 107 & [ HF Minus E
102k e E o LH 1

c E g E = S

8 £ el 1 ®1072: X at E
2100 * 2 f
£107: ¢ ! 3 S %2 ]
3 G £ 0107 %) 3
[a) C Sk ] E i E
_4? 3y | E et ]
- = 10 0,
§ !‘Lﬁ'l. ] E LL‘: 3
5| tecr | L ]
107 g 107 =
B e S e B S e s B T e

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

E™ HF (GeV) HF Cumulative E™ (GeV)
¢ Empty bunches used to map noise distributions
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Data/MC Comparis

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)
DT o e o e A S 0BT T T T T
©0.35— 0 0 - (5] C 0 0 ]
% C 5GeV<D pT<BGeV,-1.0<D y<0.0 | .(_Hu L 8GeV<D pT<1ZGeV,»1.0<D y<0.0 ]
E o3b 0 e = £ 025 0 s —
§ 0'3: D" - K ——— Pythia 8 simulation E C D~ KT ——— Pythia 8 simulation ]
s 0250 —— CMS data = 5 0_2; —— CMS data {
2 02: + 7 3 C ]
= .2 4 - = |- .
2 C ' E B 015~ —
o £ ] o E ]
015 , + 3 E ]
S E 01 + 1
0.1— + — E o+ . 1
0.05- - 3 005t B
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@ E e 4T § | 3
o FUPURTL S o™ st T
2 | ST 1]
= 30 40 50 = 0 10 20 30 40 50
[a] o

Number of selected tracks Number of selected tracks

e Track mult. distributions in data and MC
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Data/MC Comparisons (Il)

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)
T o B B LA A A A
5GeV <D’ p,<8GeV,-1.0< D°y<0.0 E 1§+ 8 Gev <D’ p, <12GeV,-1.0< D’y <0.0
o . B = o 5 B
D" - K ——— Pythia 8 simulation I D" - K ——— Pythia 8 simulation 1

—— CMS data —— CMS data

==

Distribution (normalized)
Distribution (normalized)
I
o

= 107 -+
3 F 4y ]

E 107 Ty
o - % o % | Yol
® J B10E
jid g
Q 1 Q1 e T T 1
% E % E
T 25 30 T 5 10 15 20 25 30
[a] [a]

Charged-hadron P Inl < 2.4 [GeV] Charged-hadron [ nl < 2.4 [GeV]

e Track py distributions in data and MC
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ta/MC Comparisons (1l

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)
=~ Tt = BT
B 04 0 0 8 E 0 )

% 5GeV<D p <8GeV,-1.0<D y<00 % 0.4 8GeV<D'p <12GeV,-1.0<D y<00
£035 0 - £ o -

5 D" -~ K —~— Pythia 8 simulation e D" - K ——~— Pythia 8 simulation
z 03 —=— CMS data z —=— CMS data

£ S
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a 02 e o
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Q =
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-2 -1 0 1 2
Charged-hadron n, pT>0.5 GeV

Data/MC ratio
o
Data/MC ratio
o
o

1
Charged-hadron n, pT>0.5 GeV

¢ Track 7 distributions in data and MC

o
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N
O

N
o

Events / (0.005 )

¢ Remaining mass fits for all rapidity bins in 5-8 GeV, OnXn

Mass Fits, 5-8 GeV

CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)

A L R B B
ann UPC collisions (N +y) & Data
D% K¢ & chg. conj.

- Slgnal -
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Mass Fits, 8-12 GeV in OnXn

CMS pretminasy PbPb UPCs 1.38 *(5.36 TeV)
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Probability of No-breakup from EMD

UPCs Pythia8+STARIight simulation
Flux+EMD parametrization from arXiv:2404.09731
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Benchmarking FONLL
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https://arxiv.org/abs/hep-ph/9803400

