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Photon-induced interactions @ the LHC

@ Accelerated charged particles emit photons

b>Ri+ Ry
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Photon-induced interactions @ the LHC

@ Accelerated charged particles emit photons

° Photoproduction usually studied in ep colliders
' — clean photoproduction environment

@ However, the LHC is an excellent source of photons
— can reach extremely large W,
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Photon-induced interactions @ the LHC

@ Accelerated charged particles emit photons

o Photoproduction usually studied in ep colliders
o — clean photoproduction environment

@ However, the LHC is an excellent source of photons
— can reach extremely large W,

@ Energies available at the LHC:
e pp @ /s =13 TeV — W =5 TeV — XD = 0.14
o pPb @ \/syy =8.16 TeV — WP ~ 1.5 TeV - xm =o0.03
@ Energies available at ep colliders:
o W HERA = 240 GeV
o W FC =100 GeV
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Photon-induced interactions @ the LHC

@ Accelerated charged particles emit photons

o Photoproduction usually studied in ep colliders
o — clean photoproduction environment

@ However, the LHC is an excellent source of photons
— can reach extremely large W,

@ Energies available at the LHC:
e pp @ /s =13 TeV — WW',’Z,‘?X
o pPb @ \/syy = 8.16 TeV — WW"I’;"X
@ Energies available at ep colliders:

o W HERA = 240 GeV
o W FC =100 GeV

5 TeV — X =014
1.5 TeV  —xm=o0.03

Qo

@ At hadron-hadron colliders: Ultra Peripheral Collisions select photoproduction
@ Done so far only for exclusive processes
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Photon-induced interactions @ the LHC

@ Accelerated charged particles emit photons

o Photoproduction usually studied in ep colliders
o — clean photoproduction environment

@ However, the LHC is an excellent source of photons
— can reach extremely large W,

@ Energies available at the LHC:
e pp @ /s =13 TeV — WW',’Z,‘?X
o pPb @ \/syy = 8.16 TeV — WW"I’;"X
@ Energies available at ep colliders:

o W HERA = 240 GeV
o W FC =100 GeV

5 TeV — XTI = 0.14
1.5 TeV  —xm=o0.03

Qo

@ At hadron-hadron colliders: Ultra Peripheral Collisions select photoproduction
@ Done so far only for exclusive processes

We advocate inclusive quarkonium photoproduction can be measured via UPC at
the LHC
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Photon-induced interactions via UPC @ the LHC

@ So far focus of UPCs @ LHC on exclusive processes (fully determined final state) [1—4]

@ Recently there have been studies with nuclear break up [5,6"]

@ Only existing inclusive UPC study [7]

0 (2 o

8 0

5]

6]

[7

Exclusive dijet: CMS, PRL 131 (2023) 5, 051901

Exclusive dilepton: ATLAS, PRC 104 (2021) 024906,
PLB 777 (2018) 303-323, PLB 749 (2015) 242-261;
CMS, JHEP 01 (2012) 052

Light-by-light scattering: ATLAS, Nature Phys. 13 (9)
(2017) 852-858; CMS, PLB 797 (2019) 134826

Exclusive quarkonium: ALICE, EPJC 79 (5) (2019)
402, PRL 113 (23) 232504; LHCb, JHEP 06 (2023)
146, JPG 40 (2013) 045001, JHEP 10 (2018) 167

Diffractive quarkonium with nuclear break up: ALICE,
PRD 108 (2023) 11

Peripheral® quarkonium photoproduction: ALICE,
PRL 116 (2016) 22, 222301, PLB 846 (2023) 137467;
LHCb, PRC 105 (2022) L032201

Inclusive UPC: ATLAS, PRC 104, 014903 (2021),
Not yet published: ATLAS-CONF-2022-021,
ATLAS-CONF-2017-011

*non-UPC
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Photon-induced interactions via UPC @ the LHC

@ So far focus of UPCs @ LHC on exclusive processes (fully determined final state) [1—4]

@ Recently there have been studies with nuclear break up [5,6"]

@ Only existing inclusive UPC study [7]
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[7

Exclusive dijet: CMS, PRL 131 (2023) 5, 051901

Exclusive dilepton: ATLAS, PRC 104 (2021) 024906,
PLB 777 (2018) 303-323, PLB 749 (2015) 242-261;
CMS, JHEP 01 (2012) 052

Light-by-light scattering: ATLAS, Nature Phys. 13 (9)
(2017) 852-858; CMS, PLB 797 (2019) 134826

Exclusive quarkonium: ALICE, EPJC 79 (5) (2019)
402, PRL 113 (23) 232504; LHCb, JHEP 06 (2023)
146, JPG 40 (2013) 045001, JHEP 10 (2018) 167

Diffractive quarkonium with nuclear break up: ALICE,
PRD 108 (2023) 11

Peripheral® quarkonium photoproduction: ALICE,
PRL 116 (2016) 22, 222301, PLB 846 (2023) 137467;
LHCb, PRC 105 (2022) L032201

Inclusive UPC: ATLAS, PRC 104, 014903 (2021),
Not yet published: ATLAS-CONF-2022-021,
ATLAS-CONF-2017-011

[8]Inclusive quarkonium photoproduction:
NOT YET MEASURED AT THE LHC!

*non-UPC
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Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state
Dijer dfrt’ olileptn
Diteglon E é
vector
. .l:‘s‘ht' Vector
by Light MeSOW
Sa‘ﬂ!ﬂv}
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Exclusive vs. inclusive photoproduction at the LHC
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Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state

Di'jd’ dirt’ clifepton

Diteglon E é
\ector
. .l:‘s‘ht’ Vector
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e Probe Generalised Parton e Probe Parton Distribution Functions
Distributions e Colourful exchange

e Colourless exchange
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Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state

Di'jd’ dirt’ clifepton

Diteglon
\ector
T i Vector
\’f"ﬂﬂ“ meson
Sa'ﬂ!ﬂv}

e Probe Generalised Parton e Probe Parton Distribution Functions

Distributions e Colourful exchange

o Colourless exchange e Experimentally challenging: large

e Experimentally clean: even @ LHC backgrounds
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Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state

Di'jd’ dirt’ clifepton

Diteglon
\ector
T i Vector
\’f"ﬂﬂ“ meson
Sa'ﬂ!ﬂv}

e Probe Generalised Parton e Probe Parton Distribution Functions

Distributions

Colourful exchange

o Colourless exchange e Experimentally challenging: large

e Experimentally clean: even @ LHC backgrounds

e Smaller rates e Larger rates

. Lynch (1JCLab & UCD) Inclusive UPC @ LHC May 28, 2024



Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state

Di'je‘\' dirt’ clifepton

Diteglon
\ector
T i Vector
\,’-I;S\.g meson
Sa'ﬂ!ﬂv}

e Probe Generalised Parton e Probe Parton Distribution Functions

Distributions e Colourful exchange

o Colourless exchange e Experimentally challenging: large

e Experimentally clean: even @ LHC backgrounds

e Smaller rates e Larger rates

e |Initial state kinematics fully e Initial state kinematics not fully
determined determined
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Exclusive vs. inclusive photoproduction at the LHC

Exclusive: fully determined final state Inclusive: not fully determined final state

Di'je‘\' dirt’ clifepton

Diteglon
\ector
T i Vector
\,’-I;S\.g meson
Sa'ﬂ!ﬂv}

e Probe Generalised Parton e Probe Parton Distribution Functions

Distributions e Colourful exchange

o Colourless exchange e Experimentally challenging: large

e Experimentally clean: even @ LHC backgrounds

e Smaller rates e Larger rates

e |Initial state kinematics fully e Initial state kinematics not fully
determined determined

e Measured at the LHC e Should be measured at the LHC
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Quarkonium production status

@ Discovered 50 years ago quarkonia are bound states of heavy quarks
@ To date there is no theoretical mechanism that can describe all of the data
@ Different models make different assumptions of the hadronisation

Colour Evaporation model: 1 free parameter per meson

fails to describe di-J/1 data

Colour Singlet model: no free parameters

tends to undershoot large pr data

Colour Octet mechanism (extension to CSM via non-relativistic QCD): free parameters
cannot simultaneously describe the photoproduction and polarisation data

X o X @ X o

Maxim Nefedov, QaT 2023

LDME fit J/ hadropr. J/v photopr.  J/v polar. 7. hadropr.
Butenschon et al. | /(pr > 3 GeV) v X X
Chao et al. + 7. /(pr > 6.5 GeV) X v v

Zhang et al. /(pr > 6.5 GeV) X v/ v/
Gong et al. /(pr > 7 GeV) X v/ X
Chao et al. /(pr > 7 GeV) X v/ X
Bodwin et al. /(pr > 10 GeV) X v X
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Quarkonium production status

@ Discovered 50 years ago quarkonia are bound states of heavy quarks
@ To date there is no theoretical mechanism that can describe all of the data
@ Different models make different assumptions of the hadronisation

Colour Evaporation model: 1 free parameter per meson

fails to describe di-J/1 data

Colour Singlet model: no free parameters

tends to undershoot large pr data

Colour Octet mechanism (extension to CSM via non-relativistic QCD): free parameters
cannot simultaneously describe the photoproduction and polarisation data

X o X @ X o

Maxim Nefedov, QaT 2023

LDME fit J/ hadropr. J/v photopr.  J/v polar. 7. hadropr.
Butenschon et al. | /(pr > 3 GeV) v X X
Chao et al. + 7. /(pr > 6.5 GeV) X v v

Zhang et al. /(pr > 6.5 GeV) X v/ v/
Gong et al. /(pr > 7 GeV) X v/ X
Chao et al. /(pr > 7 GeV) X v/ X
Bodwin et al. /(pr > 10 GeV) X v X

Want more inclusive photoproduction data — EfCin10-years LHC today!
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Existing J/1 photoproduction measurements from HERA

@ Data exists for diffractive (exclusive and proton-dissociative) & inclusive/inelastic
photoproduction @ HERA /s = 320 GeV
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Existing J/1 photoproduction measurements from HERA

@ Data exists for diffractive (exclusive and proton-dissociative) & inclusive/inelastic
photoproduction @ HERA /s = 320 GeV

Pp-Py

@ Different contributions separated using experimental cuts on pr and z = PP,

diffractive region: pr < 1 GeV, z > 0.9; inclusive region: pr > 1 GeV, z < 0.9
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Existing J/1 photoproduction measurements from HERA

Data exists for diffractive (exclusive and proton-dissociative) & inclusive/inelastic
photoproduction @ HERA /s = 320 GeV

Pp-Py

Different contributions separated using experimental cuts on pr and z = PP

diffractive region: pr < 1 GeV, z > 0.9; inclusive region: pr > 1 GeV, z < 0.9
. HERA ~ ~HERA HERA
HERA reSU|t' Oexclusive = Odissociative — Tinclusive
Expectation: o/l .~ gHHC L~ GLHC s only difference is photon flux!
Exclusive and proton-dissociative photoproduction have been measured @ LHC

Expect that inclusive yield is sufficently large we will demonstrate this

. Lynch (1JCLab & UCD) Inclusive UPC @ LHC May 28, 2024



Existing J/1 photoproduction measurements from HERA

Data exists for diffractive (exclusive and proton-dissociative) & inclusive/inelastic
photoproduction @ HERA /s = 320 GeV

. . . . . Py-P.
Different contributions separated using experimental cuts on pr and z = & P”’
Py
diffractive region: pr < 1 GeV, z > 0.9; inclusive region: pr > 1 GeV, z < 0.9
. HERA ~ ~HERA HERA
HERA result: Oexclusive = Odissociative — Oinclusive

Expectation: o/l .~ gHHC L~ GLHC s only difference is photon flux!

Exclusive and proton-dissociative photoproduction have been measured @ LHC
Expect that inclusive yield is sufficently large we will demonstrate this

Measuring inclusive quarkonium photoproduction presents the opportunity to
understand the production mechanism

. Lynch (1JCLab & UCD) Inclusive UPC @ LHC May 28, 2024
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Methodology
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Is it feasible to measure inclusive quarkonium

photoproduction at the LHC?

We must:

@ Evaluate yield & Pt reach: need reliable Monte Carlo (MC) sample
Problem:
@ Only LO MC for quarkonia + QCD corrections are large!

o LO CS undershoots undershoots large Pr data
o LO CO captures large Pt data

T
— HO2.6.7: 1Sl

ot HO2.6.7: 35(1
10° -~ H1 data: NPB 472 (1996) 3,
E - 4 EPJC 25(2002) 25,
el EPJC 68 (2010) 401
—
% 1071 =
Q +=
= e
e — 3
g F epoeajiyx 3
5 [ VSep =320Gev B
S .., 02<25Gev? —f—
107 03<2<0.9 E
o <0pCsi)> =125 GeV?, m.=1.5 GeV El
[ <015l > =0.076 GeV3, m. = 1.6 GeV
10-4L CT18NLO 4

0 2 7 3 8 10
pr[GeV]
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Is it feasible to measure inclusive quarkonium

photoproduction at the LHC?

We must:
@ Evaluate yield & Pt reach: need reliable Monte Carlo (MC) sample
Problem:
@ Only LO MC for quarkonia + QCD corrections are large!

e LO CS + PS undershoots improved but still undershoots
@ LO CO + PS captures overshoots low Pt data

T T T
HO2.6.7: 1S[F! 4
HO2.6.7 + PYTHIA8.310: 1S}
HO2.6.7: 3si!!

HO2.6.7 + PYTHIA8.310: 3s{!!
H1 data: NPB 472 (1996) 3,
EPJC 25 (2002) 25

= EPIC 68 (2010) 401
v E
Q E
= 3
a ]
c ]
~ =
% > e®jlyX ¥ 3
B -» =320GeV ]
3 2.5 GeV? 4 -

.3<z<0.9 U

p3StH) > =1.25 GeV3, mc=1.5 GeV

[ <05l > =0.076 GeV3, m. = 1.6 GeV

10-4L CT18NLO
,

0 2

|

7 6
pr[GeV]

[l
IS
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Is it feasible to measure inclusive quarkonium

photoproduction at the LHC?

We must:

@ Evaluate yield & Py reach: need reliable Monte Carlo (MC) sample
Solution: perform tune in Pr to HERA data + keep /s and y dependence from

photon flux
F - ‘ ‘ HDZ.E‘J: 1siel ‘ 1 , (35%21) HO2.6.7 + PYTHIA8.310
L | HO2.6.7 + PYTHIA8.310: 1S[f! bl 10° = (35{") HO2.6.7 + PYTHIA8.310 + tune
100 HO2.6.7 + PYTHIAS 310 + tune: 1LF) -- (1sP) HO2.6.7 QF <2.5GeV?
SAu— HO2.6.7: 3s{!) —_ —  (’5{¥) HO2.6.7 + PYTHIA8.310 + tune 03<z<0.9
= "7 HO2.6.7 + PYTHIA8.310: *S{!) i o 4 H1data EPJC 68 (2010) 401 pr>1GeV
= [ HO2.6.7 + PYTHIA8.310 + tune: 351 | '
> H1 data: NPB 472 (1996) 3, ! —
L 1071 EPIC 25 (2002) 25, ! —
(2 E EPJC 68 (2010) 401 <
2 ]2
S 0 1=
1072 +
Q E ep-eajlyx T 3>
3 F V/Sep =320GeV B 3¢(1) 3
5 R i ] L0 <0yy(3s) > =1.25 GeV3, mc=1.5 GeV
. > 8)
© 10} §3<7%09 T S <Opy(1s) > =0.076 GeV3, mc = 1.6 GeV.
E =ur=m
F <0p(S1) > =125 GeV?, m = 1.5 GeV E A a0,
[ <0u('si) > =0.076 GeV3, m. = 1.6 GeV ]
10-4L CTI8NLO i
2‘ A‘l : é 10 60 80 100 120 140 160 180 200 220 240
pr [GeV] Wy [GeV]

@ pPb no ambiguity as to the photon emitter: allows for reconstruction of z & W,,
© Reject background: reliable background MC + background reduction strategy
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Background Monte Carlo: hadroproduction Pt distribution

@ Just as for photoproduction we tune our background Monte Carlo to data

@ Compute tune factors using 5 TeV rapidity-integrated LHCb data under the
assumptions:
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Background Monte Carlo: hadroproduction Pt distribution

@ Just as for photoproduction we tune our background Monte Carlo to data

@ Compute tune factors using 5 TeV rapidity-integrated LHCb data under the
assumptions:

@ Tuning is y independent

Validation 1: tune vs. y-diff. data @
5 TeV.

HO2.67 '+ PYTHIAB310 + tune: *s{!!

do/dprdy [nb/GeV]

LHCb data JHEP 11 (2021) 181, 2021
5x 107

2.0<y<d.5x10¢
2

6 8
pr [GeV]
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Background Monte Carlo: hadroproduction Pt distribution

@ Just as for photoproduction we tune our background Monte Carlo to data

@ Compute tune factors using 5 TeV rapidity-integrated LHCb data under the
assumptions:
@ Tuning is y independent
@ Tuning is v/s independent

Validation 1: tune vs. y-diff. data @ Validation 2: tune vs. 13- and 2.76 TeV
5 TeV. data.
107
HO2.6.7 + PYTHIAB 310 + tune: *s{1!
1050 ~HO2.67 + PYTHIAB310 + tune: s _]
~ HO2.6.7 + PYTHIAB.310 + tune: *s{Y
— 105 e 3 108 ~H02.6.7 + PYTHIAB.310 + tune: *s{®) _|
3 =
[
o 10°L 4 3
2 ©
3L Qo

= 10 [=
> 1 Ty

10 =~
13 §
T 10t &
Swp =7
S) LHCb data JHEP 11 (2021) 181, 2021 °
T 100F ¥ 2<y<25x100 3

A o
w0 % S5sy<aon 108 E 2.76 TeV LHCD data JHEP 02 (2013) 041, 2013 1
4.0<y<4.5x 10* 13 TeV LHCb data JHEP 10 (2015) 172, 2015 L
"
10 7] 0o 12 14 3 1 14

6 8 6 8
pr[Gev] pr [GeV]
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Background reducing techniques

@ Sufficient yields but huge backgrounds!
%10’7— @ Background reduction critical at large Pr
5 H_+++ (S =8.16 Tev @ Background J/1 are associated with more
:;s ] ++++ a8 sylt<-20 detector activity than photoproduced J/4
% 10 +_|__|_
&
el —t
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Background reducing techniques

@ Sufficient yields but huge backgrounds!

[Oppb - Pb @ Jrpx] / [Oppb - jrpx]

+-|- Vs =8.16 TeV
—-45<yV<-2.0

@ Background reduction critical at large Pt

@ Background J/1 are associated with more
detector activity than photoproduced J/v

-10 -5

5 10

@ We propose 3 background reduction techniques based on different regions of

detector acceptance
K. Lynch (1JCLab & UCD)

Inclusive UPC @ LHC

May 28, 2024
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Background reducing techniques

@ Sufficient yields but huge backgrounds!
<
S0 {1 @ Background reduction critical at large Pt
g . .
) e Vo =8.16 Tev @ Background J/1 are associated with more
< —45<yl< -2, ..
! i 45 <yism20 detector activity than photoproduced J /4
51073 | k|
i’ o
i
5
104} 4
0 2 4 6 8 10
pr[GeV]
Any
A ” -
 a—— . : * . .
= T o N
» %S. * * O

@ We propose 3 background reduction techniques based on different regions of

detectOI acceptance: I Centra| An~: distance in rapidity between main detector on photon-going side and
v
closet particle activity

K. Lynch (1JCLab & UCD) Inclusive UPC @ LHC May 28, 2024



Background reducing techniques

@ Sufficient yields but huge backgrounds!

‘%10'2{_'_ @ Background reduction critical at large Pr
§ +++ Vo =816 Tev @ Background J/4 are associated with more
”53 . e hesarezo detector activity than photoproduced J/1
;10 3 —|—+

i

0 2 4 6 8 10
pr[GeV]
* *
*
S ” -
*x
——— .
- L d ¥
__.2 - hd *
LR
il M x -
— » * * = i

@ We propose 3 background reduction techniques based on different regions of
detector acceptance: | central Il forward
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Background reducing techniques

@ Sufficient yields but huge backgrounds!

1o-zE-_'_ @ Background reduction becomes more critical at
+
+ VSyn =8.16 TeV larger PT
— W< — . .
Ty 45 <ylr<-20 @ Hadroproduced J/1) are associated with more
1073} ==

+ 3 detector activity than photoproduced J/v

[Oppb-pb@rux] / [Oppb-»jrx]

i

0 2 4 6 8 10
pr[GeV]
* *
*
S ” -
*x
——— .
- L d ¥
__.2 = hd *
LR
il MR x -
— * * * » *

@ We propose 3 background reduction techniques based on different regions of
detector acceptance: | central Il forward Il far-forward
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Method |: Rapidity gaps in CMS-, ATLAS-, and LHCb-like

detectors
CMS/ATLAS-like detector

108
- Pbp - Pb @ Jjy X:
D == [Sww = 8.16 TeV {123 HO2.6.7 + PYTHIAB.310 + tune: 35%”
e} 0| <2.4 [ HO2.6.7 + PYTHIAB.310 + tune: 'S[®
C 105 - Pbp = JIy X: ]
10° ¢ T Ry p—
S .5 <P¥ <10iGeV 1 HO02.6.7 + PYTHIAB.310 + tune: g
S entrality>80% [ HO2.6.7 + PYTHIAB.310 + tune: ’s{®!
Lo S S— 1enl < 2.5, Prey > 200 MeV.
104 L 2.5<|0cal <52, Prea>200MeV
-
<
N
2903 L 4
>
<
g
°
2 L 4
10
Ey
= O I T
°
10! :
10-2 . . . . . ;
1.6 32 4.8 6.4 8.0 9.6
Any

Wide rapidity coverage: clean separation
between photo- and hadroproduction events
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Method |: Rapidity gaps in CMS-, ATLAS-, and LHCb-like

detectors
CMS/ATLAS-like detector

LHCb-like detector

——
106 108 .
oo poemx 10 0. FE PPb~ Pb @ J/i X: e
- — o - 2777 HO2.6.7 + PYTHIAB.310 + tune: *S;
D == Sy = 8.16 TeV i HO2.6.7 + PYTHIAB.310 + tune: 3s}!) | L = I
2 //’:,"'< 2.4 £ H02.6.7 + PYTHIAB 310 + tune: 15,71 a 107 ¢ 1 HO267 4 FYTHIAB310 + tune sl 4
10% PSS S Pbp = Jiy X: q S H02.6.7 + PYTHIAB.310 + tune: *s{2!
=3 .5 <P¥ <10iGeV 1 HO02.6.7 + PYTHIAB.310 + tune: 3s{!) T
S entral?ty>30 ) H02.6.7 + PYTHIAB.310 + tune: 351! Q 10° H02:6.7 + PYTHIAS 310 + tune: 'sy"!
'ﬁ' L 7] < 2.5, Pren > 200 MeV o
n 104 2.5< 10l <5.2, Prea >200 MeV 2 10° F ppb (syy =8.16 TeV
< k= 3.0<y<35
.‘é ,,,,,,, 2 10 -
> 107 | 9 s
5 T - 4
2l \§ 777777
\i 10% £ k| ="10% F ]
T
3 1Penl > 5 GeV, =5 < nen < =2
,,,,,,, 10! ; ; ; } "
10 b 1
3 - stat.
, e
102 ‘ ‘ ‘ ‘ 10 05 10 15 20 25 3.0
1.6 32 4.8 6.4 An,
v
Any
arrow rapidity coverage: less pronounced

Wide rapidity coverage: clean separation

: i hoto-
between photo- and hadroproduction events separation between photo- and

hadroproduction events
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Method |: Rapidity gaps in CMS-, ATLAS-, and LHCb-like

detectors
CMS/ATLAS-like detector

LHCb-like detector

——
100 108 .
b Pb @ Jiy X:
pop-poeyyx 10 0L  FE PP ennt
- — o - 2777 HO2.6.7 + PYTHIAB.310 + tune: *S;
[ == Sy = 8.16 TeV i HO2.6.7 + PYTHIAB.310 + tune: 3s}!) | O b
2 //’:,"'< 2.4 3 HO26.7 + PYTHIAB 310 + tune: 151 a 107 ¢ T HO267 4 PYTHIB310 + tune: 151
10% PSS S Pbp = Jiy X: q S H02.6.7 + PYTHIAB.310 + tune: *s{2!
o .5 < PI¥ <10iGeV 71 HO2.6.7 + PYTHIAB.310 + tune: 3S{!! -
S entral?ty>30 5 1 H02.6.7 + PYTHIAB.310 + tune: *s* < =5 HOZ6.7 + PYTHIAB 310 + tune s
'ﬁ‘ L [Nl < 2.5, Prep > 200 MeV I S
n 104 2.5< 10l <5.2, Prea >200 MeV 2 10° F ppb (syy =8.16 TeV
< =] 3.0<y<35
= S S— 2
2100 ¢ 4 &
= =
5 °
° =t
2 L 4 X
\% 10 %
% |Pcn| > 5 GeV, =5 <nen < -2
,,,,,,, 10! ; ; ; } "
10 b 1
3 - stat.
s e
10 05 1o 15 20 25 3.0
1.6 3.2 4A8n 6.4 Any
v
arrow rapidity coverage: less pronounced

Wide rapidity coverage: clean separation

: i hoto-
between photo- and hadroproduction events separation between photo- and

hadroproduction events

@ Selecting a cut value that minimises that statistical uncertainty:
— removes 0(99.99%) ((99.9%)) of background events
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Background reducing techniques

— - s " .
e * . “
Method Il: forward activity with HeRSCheL at LHCb

@ forward scintillator sensitive to charged particle activity in the region 5 < |n| < 10

@ Photoproduction events identified with no HeRSChelL activity
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Background reducing techniques

__.é - .. » ‘ .
i o B i

Method Ill: far-forward activity with zero-degree calorimeter at ALICE, ATLAS, & CMS

@ detector close to the beam pipe (|7)| = 8) sensitive to neutral particles

@ UPCs identified as most peripheral events (80 — 100% centrality)

@ Selecting events with 0 neutrons in ZDC can further enhance signal purity

K. Lynch (1JCLab & UCD) Inclusive UPC @ LHC May 28, 2024



Part Il

Results
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Photoproduction yields

10° — @ |t is possible to isolate
b /5o = 8.16 TeV photoproduced J/y 410% ) .

A hadroproduced J/y photoproduction in the CMS &
L0 e 2 ATLAS detectors using methods | &
§ égll>32 j10 :c\x III
g L2 e With Run3+4 lumi it is possible to
L £ double the HERA Pt reach
v 102} -

% 410t I (10 GeV—20 GeV)
3.l ¢ o pPbin Run 37
36 71 Workshop: https://indico.
100 S . cern.ch/e/pA_LHC_2024
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5 20.0
Pr[GeV]
detector | CMS-like LHCb-like |  CMS-like LHCb-like |
Run 2 lumi: Run 344 lumi:
yield O(10° —10°) O(10°* —10%) | O(10* —10°) O(10* — 10°)
Pt reach 14 GeV 8 GeV 20 GeV 14 GeV

K. Lynch (1JCLab & UCD)

Inclusive UPC @ LHC

May 28, 2024
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Kinematic reconstruction: W, and z

@ We have shown that it is possible to measure a Pr differential inclusive
photoproduction cross section

@ We would also like differential to be in W, and z:

e complementary to HERA measurement
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Kinematic reconstruction: W, and z

@ We have shown that it is possible to measure a Pr differential inclusive
photoproduction cross section

_ . . KRAMER, hep-ph/016120
@ We would also like differential to be in W, and z:

T T T
do(yP — J/y + X)/dz (nb) total

e complementary to HERA measurement 103 L Vo= 100GeVip> 1 Gev
e quarkonium production mechanism 7805 cOoutira

octet vs. singlet 102

CO-res i3
CS-direkt
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Kinematic reconstruction: W, and z

@ We have shown that it is possible to measure a Pr differential inclusive
photoproduction cross section

_ . . KRAMER, hep-ph/016120
@ We would also like differential to be in W, and z: /

T T T
do(yP — J/y + X)/dz (nb) total

e complementary to HERA measurement 103 Vo= 100GeVip > 1Gev
o quarkonium production mechanism R

4 ZEUS (prelim.)

CO-direct

octet vs. singlet 102

e control the resolved-photon contribution

direct and resolved photons

N | Za

CO-res i3
CS-direkt
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Kinematic reconstruction: W.

@ We have shown that it is possible to measure a Pr differential inclusive
photoproduction cross section

_ . . KRAMER, hep-ph/016120
@ We would also like differential to be in W, and z:

'do‘{yPL)J/w+X)‘ldz(nb) T
e complementary to HERA measurement 103 L Vo= 100GeVip> 1 Gev

e quarkonium production mechanism L COudiret

total

octet vs. singlet 102

e control the resolved-photon contribution .

direct and resolved photons CS-dirett

71%1% 7 10 Biegres oo ¥
AN i

@ Both variables are dependent on the photon energy! » :
Pb(Ppu) + p(Pp) = Pb(Ppy) + J/1(Py) + X (Px)
@ By momentum conservation P, = P, + Px — P,

Wop =~ (2(Py + Px — Pp)-P)'? & z=
—_—

Py - Py
Pp'(P1£‘)+PX7Pp)
P.

@ In the exclusive case z = 1 and the rapidity of the J/v gives W,,
@ In the inclusive case we have to examine the final state
? How well can we capture Px at the LHC?
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Kinematic reconstruction: results

@ We remind that Py = Z,N P and due to limited detector coverage Nucas < Nirue

1
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Kinematic reconstruction: results

@ We remind that Py = Z,N P and due to limited detector coverage Nicas < Nirue
@ This results in the following biases;

® Zioe > Zgen

Zrec
°
S
&
P
H

T & TpPb > Pb @ Jly X
! Y| <2.4, p}¥>6.5 Gev
0.30 1n<"| <2.5, p§" > 200 MeV
! 2.5< 0| <5.2, p§? > 200 MeV
i <29 > = 0.61
median: (z9°", z'): 16 — 84™ percentile Wyge:
3glil T s
x 15 T 15
o T st
0.0
800 0.30 0.45 0.60 0.75 090 1.00
Z9en
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Kinematic reconstruction: results

@ We remind that Py = Z,N P and due to limited detector coverage Nucas < Nirue

1

@ This results in the following biases;

Zl‘(‘(' > chn
rec gen
Wq’ o < Ww

1.00 -
% median: (WEE", WiE): 16 — 84™ percentile Wy
X | o 3si T 3
0.90 % x 15£sl T 15
800 - ;
075 | lpPb - Pb @ J/y X :
i 700{W%1 <2.4, P > 6.5 Gev I
- d _ 1n" <2.5, p§" > 200 MeV k
0.60 i = 3 600/25<In <52, p$ >200 MeV =
M | o <WEE" > = 400 Gev
N ’ s
| g2
045 = & pPb > Pb @ Jlg X & 500 %
! Y| <2.4, p}¥>6.5 Gev 200 | %
0.30 In| <2.5, p§h > 200 MeV !
! 2.5 < |0 <5.2, p§ > 200 MeV 300 %
I <790> = 0.61
median: (297, 2%): 169" - 84 percentile Wz ¥
i T ep 200
< I ;
00950 030 0.45 0.60 075 0,90 1.00 “"loo 200 300 400 500 600 700 800 1000
gen W [Gev]

@ z reconstruction improves with increasing values of z

@ W,, reconstruction improves for decreasing values of W,,
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Summary and outlook

The LHC can be used as a photon-nucleon collider

@ measuring inclusive J/1 photoproduction at the LHC appears feasible which
is complimentary to existing HERA measurements

CMS is the most favourable experiment with the largest yield and Pt reach
Possible to make a measurement at ALICE, ATLAS, and LHCb too!
The An, cut value allows for control over statistics and purity

Both z and W, reconstruction appear possible with varying resolution which will
allow control of the resolved contribution and offer the possibility to constrain the
quarkonium production mechanism.

Possible addition to the virtual access using: https://nloaccess.in2p3.fr/
Possible extension of gamma-UPC to inclusive regieme JHEP 09 (2022) 248
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Backup
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Activity in HeRSCelL

=
o
>

200nb~1

104

10°

AN,/ dNep, with L

10°

107!

P(Ncn.)

K. Lynch (1JCLab & UCD)

105F |

Ncp, in 5 <n<10 (Pb-going side)

2
————— &
4107
3 o
2
IS
=
H103%
L =
— =
PPb syy =8.16 TeV ~
20<y¥<45 I
pPb— Pb @ J/y X: 410215
E— [» (35{") HOV2.6.7 + PYTHIA8.310 + tune wn
3 (*S{) HOV2.6.7 + PYTHIA8.310 + tune =
PPb > Jlp X: o
[Z273 (S{Y) HOV2.6.7 + PYTHIA8.310 + tune |
1 (*s®) HOV2.6.7 + PYTHIAB.310 + tune {101
0 6 8 10 12 14

=200nb~?!
= = I~ =
=) o o o
o 2 5 >

dN,,./ dNes, with L

P(Nen.)

Inclusive UPC @ LHC

Pbp /syy =8.16 TeV
—-45<y¥<-2.0

Pbp = Pb @ J/y X i
(35{Y) HOV2.6.7 + PYTHIA8.310 + tune
(15{¥) HOV2.6.7 + PYTHIA8.310 + tune
Pbp = J/y X

(S{") HOV2.6.7 + PYTHIA8.310 + tune
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Direct and resolved photon rapidity comparison

Pbp @ 8.16TeV

10°
—— Direct Photon
104 3 — W<50 GeV
— W>1000 GeV
1004 A7 TN Resolved Photon
' A W<50 GeV
= 10°3 S W>1000 GeV
{= .
> 10': kS
g 3
© 1004
10—1 o
10—2 o
1073 T T T

-100 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
y

Resolved photon contribution increases with increasing photon energy (W,,); however,
at most forward rapidities is suppressed.
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Results: photoproduction Pt distributions and yields

CMS-like detector LHCb-like detector
102 T T T T T T T T T T T T T
pPb - Pb @ Jly X 103 L
VSyn = 8.16 TeV py&—» Pb @ J/iy X
Y| <2.4 \zsoNN =12’.1641:V
10' p¥¥ > 6.5 GeV | O<ylv<a,
: 1000 nb-1 T 102 £ =200 nb |
o [
g ©
X o)
N 100 Bl S 10tb 4
[
© S -
) Q
S ol Pl ter |
3 R
B B
° T qp-1L 4
1072 E
{273 HO2.6.7 + PYTHIA8.310 + tune: 35} 773 HO2.6.7 + PYTHIA8.310 + tune: 35}
[ HO2.6.7 + PYTHIA8.310 + tune: ‘sz,‘” 1072 | HO2.6.7 + PYTHIA8.310 + tune: ‘s!,s‘ |
0705 25 50 75 100 125 150 175 20.0 0 2 Z 3 g 10 12 14
pr [GeV] pr[GeVv]
Run 2 lumi:
. 4
yield  O(10° — 10°) | O(10% — 10%)
P+ reach 14 GeV 8 GeV
Run 344 lumi:
4 4
yeld  O(10* — 10°) | O(10* — 10°)
Pt reach 20 GeV 14 GeV
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From p to Pb in the HeRSChel region

@ The background is modelled by generating pA events with HELAC-Onia and
passing them through PYTHIA; PYTHIA reads these as pp events.

@ In a pp collision Ny, = 1; whereas in a pA collision there are many more nucleons
and therefore it is possible to have Ny, > 1 [typically modelled using Glauber-type models].

@ Using minimum bias events generated by PYTHIA, one can obtain a probability
distribution for the number of charged tracks in the HeRSChelL region. [bottom left]

@ To model the HeRSChel signal using the PYTHIA events (i.e., converting pp to
pA) events are randomly assigned a centrality class and then assigned N.o. based
on ALICE results. [bottom centre arXiv:1605.05680]

@ For a given event, the total number of charged tracks in the HeRSCheL region is
given by throwing i = 1,.., Neoy. — 1 points into the probability distribution, and
summing over Neoy..

@ The transformation from pp to pA HeRSChel distribution. [bottom right]

= minimum bias PYTHIA o 1 bok singlet Pb
) 0 ok sty |
Centrality class| (Neon)opt. | (Neon)arice _|b [fm] Em

2-10% 147 [11.74+1.24+0.9| 4.14 £ ]

10-20% 136 [11.04£04£0.9) 4.44 El

20-40% 114 | 9.6+£0.240.8 | 4.94 £ 3

40-60% 77 | 71+£03+06] 5.64 o ]

60-80% 37 43403403629

80-100% 15 [21£01£02]6.91 %
R, charged vacs i feon's <1 10 () (Peing sice]

15 20 25 30 35
racks in region 5 < 1< 10 (Nes) [Pb-going side
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Kinematics: z and W, reconstruction

Pb(Pes) + p(Pp) — Pb(Ppy,) + J/1(Py) + X(Px)

@ By momentum conservation P, = Py, + Px — P,

o Ppp ~ %Pgbn+: lead-ion moving backward with negative rapidity
o P,~ 1P 'n : proton moving forward with positive rapidity

p—2"p
o Px = Z,N Pi: sum over particle momenta
7= Pp - Py ~ P;
~ Po(Py+Px—Py) T Py + P,
N—————
Py
Ww’:\/2(P’15)+PX*PP)'PPQ\/(P)?‘FPJ)P;
@ A particle / collinear to the proton has P, = 0 and does not contribute to z

o Exclusive case: Py =0 —=z=1
@ A particle i collinear to the photon emitter has a large P~

o As we expect a rapidity gap between the photon emitter and the produced
particles, much of the produced particles can be captured by the main LHC
detectors
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Lightcone four-vector representation

@ Choose two vectors along an axis such that,

et =0 & npteont=2. (1)
@ A particle's four-momentum can be written as,
p = (E, px; py,pz) = [P*, P, p]. (2)
© The scalar product of two four-momenta is given as,
1
pa=5(PQ +PQ")-p-a (3)
@ If p lies along the vector ™, then the scalar product reduces to,
1, __
pra=5(P Q7). (4)

© Consider some massless particle q,
o If g lies on the vector n: p- g is maximised — p- g = A.
o If g is perpendicular to the vectors n*: p-q= A/2.
e If g lies on the vector n™: p- g is minimised — p-q = 0.
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NLO inclusive J/1 photoproduction at HERA

"NLO inclusive J /1 photoproduction at large P at HERA and the EIC”, Flore et. al. 2021

101 . .
H1 data: HERA2 [EP]C 68, 401 (2010)] Fe-1
Hl data: HERA2 [EPJC 68, 401 (2010)] (b — J/1 subtracted) -
100 Prompt CS QCD LO 55
& Prompt CS QED LO
% 1 J/p+c LO VENS 27
Q 10tV /7 Prompt CS QCD NLO* %% +
ey - Prompt CS (QCD NLO¥ +
[= \\sﬂ“ J/p+c LO VENS + QED LO)
= A -
* 10 s 3
S - &\\\}!_' WE = PR = M7
~ R
= @ SNy m, = 15 Gev
>§<)_ 1073 £ 20% FD W-Jm //\ \ CT14NLO
[H
< <Opp=145GeV3 o -
T 104 XX 49
9~ & L ~
o KL P
5 .5 [Vs=319Gyv . L 2
B 107 F Q2 <25Gev? s 19
Pr>1GeV TS 2
03<z<09 a4 &
10'6 L 60 GeV < W’YP < 240 GeV v =)
1 10 100
P% [GeV?]
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ATLAS UPC dijet Study

ATLAS-CONF-2022-021

@ Pb-Pb @ ,/syy = 5.02 TeV
o OnXn requirement [Ezpc < 1 Tev]
° Zv An requirement finstead of Anc%°]
@ Include resolved photon in analysis
@ What is the effect of higher order corrections on choice of gap
definition?
Event topology (experimental)
Photon-goin
-y « n direc;?on g» +y
“ N ~

A 0 neutrons
in ZDCa ZAn=a+b+c | Viizpc, Event Topology: “Resolved”

Nucleus intact

. { } No neutrons
o “On”
¢ y N I
v Gap partially
l filled ‘I"
Depends on hadronic/ Xy Rapidity

partonic structure of photon
XA

B
Traditional “edge gap

No rapidity

e
—

Nucleus breaks up
Multiple neutrons.
22 “Xn” 7

Slides from A. Angerami
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Luminosity targets

From LHC programme coordination meeting; pPb and PbPb targets are for Run 3
and 4 and pp targets are for Run 3 only.

\ATLAS CMS  ALICE LHCb

pp 160 fb~1 200 pb~1 25 fb !
PbPb 13 nb™! 2 nbt
pPb 1pb~1t 0.5pb~1 0.2 pb!
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Pb-Pb inclusive dijets

ATLAS-CONF-2017-011, ATLAS-CONF-2022-021

@ Triply differential cross section in,

jets 4+ Yiet. _ 'jets Yiet:
—— e 195’ Xp = ——e 195’

Zy =
2l
SNN SNN

@ Jets defined using anti-kr with R = 0.4; p/'®) > 15(20) GeV and || < 4.4.

@ selection of events:

etl jet2
Hr =pr" +pF

e Ana < 3 [hadro.] and
>-, An > 2.5 [photo]

@ sum-of-gaps retains high
efficiency for the resolved-photon
contribution

@ OnXn biases towards lower
impact parameter collisions

[ub/GeV]
3;

0.003 < x, <0.006 (x10%)
0.006 < x, <0015 (x10)
0015 <x, <003 (x10%)
0036 < x, <0084 (x10%)

T
ATLAS  Proliminary
PbsPb 502TeV, 1.721b"
0,015 <2, <0.027

UPC 7 +A — jets

anti-k, A=0.4 Jots

35< M, <185 GoV

< Pytna8 N ots,
=2 nGTEQ POFs wih Pb pholon flux
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Pb-Pb inclusive dijets

Guzey, Klasen, PHYSICAL REVIEW C 99, 065202 (2019)

@ Resolved contribution dominant in

region xa > 0.01 [equivalently, =TS
resolved-photon contribution Bl T T
) ! e - p . - 1
dor.nlnant for J/1 in most forward £ S
region] 8.0 Vo
@ Resolved and direct contributions .\\
comparable in region x4 < 0.01 Wk Pb-Pb, 5.02 Tev A A
—%—  nCTEQ1S |
@ LO results (PYTHIA 8 + EPPS16 T
nPDF) quantitatively similar o

@ However, resolved contribution is
larger @ NLO [this statement is
scheme and scale dependant]
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Set-up: generating samples

Comput.Phys.Commun. 184 (2013) 2562-2570
@ Use MC samples generated by HELAC-Onia in the NRQCD framework to
model the photoproduction and hadroproduction
o Signal [yg — J/v(*S])g ] and [vg — J/u('58)g |
o Background [gg — J/(°S)g | and [gg — J/U(*ST)e]
@ Use PYTHIA to shower partonic events

@ The Pyt distribution is not well described by leading order NRQCD or
leading order NRQCD + Parton shower

@ Perform a tune of leading order NRQCD + Parton shower MC to
experimental data to correctly describe the Pt shape

e photoproduction signal H1 ep 320 GeV data
10.1140/epjc/s10052-010-1376-5; 10.1007 /s10052-002-1009-8

e hadroproduction background LHCb 5 TeV pp data
10.1007/JHEP11(2021)181
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