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Motivation SM @ LHC SM @ EIC BSM @ LHC Summary

Photon 2003 (Frascati): “... workshop on γγ collisions”

Executive Summary, Research Promotion Bureau, MEXT, March 7, 2019

Following the opinion of the Scientific Council of Japan, MEXT has not yet reached declaration for hosting the ILC
in Japan at this moment. The ILC project requires further discussion in formal academic decision-making processes
such as the SCJ Master Plan, where it has to be clarified whether the ILC project can gain understanding and
support from the domestic academic community.

MEXT will pay close attention to the progress of the discussions at the European Strategy for Particle Physics
Update.

The ILC project has certain scientific significance in particle physics particularly in the precision measurements of
the Higgs boson, and also has possibility in the technological advancement and in its effect on the local community,
although the SCJ pointed out some concerns with the ILC project. Therefore, considering the above points, MEXT
will continue to discuss the ILC project with other governments while having an interest in the ILC project.

CERN press release, May 13, 2019

The European particle physics community is meeting this week in Granada, Spain, to discuss the roadmap for the
future of the discipline. The aim of the symposium is to define scientific priorities and technological approaches for
the coming years and to consider plans for the medium- and long-term future.

Opinion of E. Elsen (CERN RD), May 29, 2019

To fully understand the absolute width of the Higgs, for example, a lepton machine will be needed, and no fewer
than four implementations were discussed. So, one key conclusion is that if we are to cover all the bases, no single
facility will suffice. One way forward was presented by the ACFA Chair, Geoff Taylor, representing the Asian view,

who advocated a lepton machine for Asia, while Europe would focus on advancing the hadron frontier.
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Outline
SM @ LHC: [N.Saoulidou (CMS), E.Masson (ALICE), M.Höfer (NNLO), L.Cieri (NNLO), F.Siegert (MC);

F. Kapusta (4l), V. Goncalvez, A. Luszczak, I. Babiarz (cc̄), M. Broz (ALICE), V. Khoze,

A. Szczurek (WW , tt̄), D. d’Enterria (h)]• T. Jezo, MK, F. König
Prompt photon production and photon-hadron jet correlations with POWHEG
JHEP 1611 (2016) 033• MK, C. Klein-Bösing, H. Poppenborg
Prompt photon production and photon-jet correlations at the LHC
JHEP 1803 (2018) 081• V. Guzey, MK
Inclusive dijet photoproduction in UPCs at the LHC in NLO QCD
Phys. Rev. C (in press), 1811.10236• V. Guzey, MK
Constraints on nuclear PDFs from dijet photoproduction at the LHC
Eur. Phys. J. C 79 (2019) 396• Z. Citron, V. Guzey, MK et al.
Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams

Physics HL-LHC and perspectives HE-LHC (WG 5), 1812.06772

SM @ EIC: [cf. A. Luszczak (cc̄), E. Aschenauer (EIC)]• MK, K. Kovarik, J. Potthoff
Nuclear PDFs from jet production in DIS at an EIC
Phys. Rev. D 95 (2017) 094013• MK, K. Kovarik
Nuclear PDFs from dijet photoproduction at the EIC

Phys. Rev. D 97 (2018) 114013

BSM @ LHC: [F. Giacchino (ALPs), L. Harland-Lang (SUSY DM); X. Chu, G. Kozlov, C. Taruggi,

L. Peruzzo (γD ); O. Gould (Monopoles)]• X. Cid Vidal, J. Fiaschi, MK, M. Sunder et al.
Beyond the Standard Model physics at the HL-LHC and HE-LHC

Physics HL-LHC and perspectives HE-LHC (WG 3), 1812.07831
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Prompt photon production and photon-jet correlations at the LHC
JHEP 1803 (2018) 081• V. Guzey, MK
Inclusive dijet photoproduction in UPCs at the LHC in NLO QCD
Phys. Rev. C (in press), 1811.10236• V. Guzey, MK
Constraints on nuclear PDFs from dijet photoproduction at the LHC
Eur. Phys. J. C 79 (2019) 396• Z. Citron, V. Guzey, MK et al.
Future physics opportunities for high-density QCD at the LHC with heavy-ion and proton beams

Physics HL-LHC and perspectives HE-LHC (WG 5), 1812.06772

SM @ EIC: [cf. A. Luszczak (cc̄), E. Aschenauer (EIC)]• MK, K. Kovarik, J. Potthoff
Nuclear PDFs from jet production in DIS at an EIC
Phys. Rev. D 95 (2017) 094013• MK, K. Kovarik
Nuclear PDFs from dijet photoproduction at the EIC

Phys. Rev. D 97 (2018) 114013

BSM @ LHC: [F. Giacchino (ALPs), L. Harland-Lang (SUSY DM); X. Chu, G. Kozlov, C. Taruggi,

L. Peruzzo (γD ); O. Gould (Monopoles)]• X. Cid Vidal, J. Fiaschi, MK, M. Sunder et al.
Beyond the Standard Model physics at the HL-LHC and HE-LHC

Physics HL-LHC and perspectives HE-LHC (WG 3), 1812.07831 3 / 27



Motivation SM @ LHC SM @ EIC BSM @ LHC Summary

Prompt photon production at the LHC
ATLAS Coll., JHEP 1904 (2019) 093, ALICE Coll., 1906.01371;

N. Saoulidou, E. Masson, M. Höfer, F. Siegert, talks at Photon 2019

N. Saoulidou, Univ. of Athens, Greece
10

Inclusive Photon Cross Section at 8 and 
13 TeV and their ratio : ATLAS

• The significant reduction of the experimental and theoretical uncertainties
allows for a more stringent test of NLO QCD.

• NLO pQCD predictions and data agree given uncertainties. This validates the
description of the evolution of isolated-photon production in pp collisions
with the centre-of-mass energy.
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Figure 7: The measured R�13/8 (dots) as a function of E�T in di↵erent regions of |⌘�|. The NLO QCD predictions based
on the MMHT2014 PDFs (black lines) are also shown. The inner (outer) error bars represent the statistical (total)
uncertainties. The shaded band represents the theoretical uncertainty in the predictions. For most of the points, the
error bars are smaller than the marker size and, thus, not visible. The lower part of the figures shows the ratio of the
NLO QCD predictions based on the MMHT2014 PDFs to the measured R�13/8 (black lines). The ratios of the NLO
QCD predictions based on di↵erent PDF sets to the measured R�13/8 are also included.

20

Table 2: Uncertainties (in pb) in the fiducial cross section: photon identification (“� ID”), photon energy scale and
resolution (“� ES+ER”), lower limit in Eiso

T in regions B and D (“Eiso
T Gap”), removal of upper limit in Eiso

T in
regions B and D (“Eiso

T upp. lim.”), variation of the inverted photon identification variables (“� invert. var.”), correl-
ation between � ID and isolation in the background (“Rbg”), signal leakage fractions of Sherpa (“Leak. Sherpa”),
unfolding with Sherpa (“Unf. Sherpa”), modelling of Eiso

T in MC simulation (“Eiso
T MC”), mixture of hard and

bremsstrahlung components in MC samples (“Hard and brem”), pile-up (“Pile-up”), statistical uncertainty in MC
samples (“MC stat.”), trigger (“Trigger”), statistical uncertainty in data (“Data stat.”) and luminosity (“Luminos-
ity”).

Uncertainties [pb]
� ID (�5.2,+5.4) � ES+ER (�7.9,+8.4) Eiso

T Gap ±0.3
Eiso

T upp. lim. +0.6 � invert. var. (�4.1,+3.5) Rbg (�6.2,+6.1)
Leak. Sherpa ±4.1 Unf. Sherpa ±2.9 Eiso

T MC �2.8
Hard and brem (�1.0,+1.9) Pile-up (�1.1,+1.3) MC stat. ±0.4
Trigger ±1.1 Data stat. ±0.4 Luminosity ±8.4

9 Summary

A measurement of the cross section for inclusive isolated-photon production in pp collisions at
p

s =
13 TeV with the ATLAS detector at the LHC is presented using a data set with an integrated luminosity of
3.2 fb�1. Cross sections as functions of E�

T are measured in four di↵erent regions of ⌘� for photons with
E�

T > 125 GeV and |⌘�| < 2.37, excluding the region 1.37 < |⌘�| < 1.56. Selection of isolated photons is
ensured by requiring that the transverse energy in a cone of size �R = 0.4 around the photon is smaller
than 4.8 + 4.2 · 10�3 · E�

T [GeV]. Values of E�
T up to 1.5 TeV are measured. The fiducial cross section is

measured to be �meas = 399 ± 13 (exp.) ± 8 (lumi.) pb.

The experimental systematic uncertainties are evaluated such that the correlations with previous ATLAS
measurements of prompt-photon production can be used in the fits of the proton parton distribution func-
tions. A combined fit at NNLO pQCD of the measurements in pp collisions at centre-of-mass energies
of 8 and 13 TeV which takes into account the correlated systematic uncertainties has the potential to
constrain further the proton PDFs than either set of measurements alone.

The predictions of the Pythia and SherpaMonte Carlo models give a good description of the shape of the
measured cross-section distributions except for E�

T & 500 GeV in the regions |⌘�| < 0.6 and 0.6 < |⌘�| <
1.37. The next-to-leading-order pQCD predictions, using Jetphox and based on di↵erent sets of proton
PDFs, provide an adequate description of the data within the experimental and theoretical uncertainties.
For most of the phase space the theoretical uncertainties are larger than those of experimental nature
and dominated by the terms beyond NLO, from which it is concluded that NNLO pQCD corrections are
needed to make an even more stringent test of the theory.

Acknowledgements

We thank CERN for the very successful operation of the LHC, as well as the support sta↵ from our
institutions without whom ATLAS could not be operated e�ciently.

16

Photon isolation in a cone of ΔR = 0.4 Ι <

JHEP 1904 (2019) 093

ET distribution of inclusive photons well described at NLO.
Not only Z+jets, but also γ+jets requires resummation/PS.
Important constraints on gluon PDF at low x in protons and nuclei.
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Prompt photon production with POWHEG
T. Jezo, MK, F. König, JHEP 1611 (2016) 033

“Fragmentation” contribution: [S. Höche et al., Phys. Rev. D 81 (2010) 034026]

• QED parton shower (q → qγ), matched to NLO direct cont.
• Suppressed wrt. to QCD by α/αs , color factors, multiplicities
• Globally only 2% photons in total QCD+QED event samples
• Reweight QED radiation by C=50 (100), check independence

Renormalization and factorization scales:

• µ = µp = pγ,q,gT (from underlying Born process)

Born-level event generation cut:

• pp → γ + X has coll. divergence at LO → impose pT > pmin
T

• Influences events at low pT → region of interest for thermal γ

Similar spike issue as for dijets:

• Symmetrization of FS parton splitting (doublefsr = 1)
• Removal of events with very large weights (scalup)
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Isolated photon + jet production with CMS
CMS Coll., CMS PAS HIN-13-006

Proton-proton and proton-lead collisions:

• √spp = 2.76 TeV, L (Run 2013) = 5.3 pb−1

• √spPb = 5.02 TeV, L (Run 2013) = 30.4 nb−1

Isolated photons:

• In R =
√

(∆η)2 + (∆φ)2 = 0.4, E iso
T ≤ 5 GeV

• No photons with |ηγ − ηtrack| < 0.02, |φγ − φtrack| < 0.15

• pγT > 40 GeV and |ηγ | < 1.44

Jets:

• Anti-kT cluster algorithm with R = 0.3

• pjetT > 30 GeV and |ηjet| < 1.6

Choice of PDFs:

• CTEQ 6.1 MS (p) and nCTEQ15-np (Pb, no pion data)
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Transverse momentum ratio of jets over photons with CMS
MK, C. Klein-Bösing, H. Poppenborg, JHEP 1803 (2018) 081

                                         γJ
x

0.0 0.5 1.0 1.5 2.0

  
  
  
  
  
  
  

γ
J

d
x

γ
J

d
N

γ
N1

0.0

0.5

1.0

1.5

Transverse momentum fraction of jet

 < 50 GeV
γ

T
40 GeV < p

CMS pp 2.76 TeV

CMS pPb 5.02 TeV

POWHEG+PYTHIA 2.76 TeV

POWHEG+PYTHIA 5.02 TeV

PYTHIA+HIJING 5.02 TeV

| < 1.44
γ

η|

| > 30 GeV
jet

T
| < 1.6, |p

jet
η|

π
8
7| > φ∆|

                                         γJ
x

0.0 0.5 1.0 1.5 2.0

  
  
  
  
  
  
  

γ
J

d
x

γ
J

d
N

γ
N1

0.0

0.5

1.0

1.5

Transverse momentum fraction of jet

 < 60 GeV
γ

T
50 GeV < p

CMS pp 2.76 TeV

CMS pPb 5.02 TeV

POWHEG+PYTHIA 2.76 TeV

POWHEG+PYTHIA 5.02 TeV

PYTHIA+HIJING 5.02 TeV

| < 1.44
γ

η|

| > 30 GeV
jet

T
| < 1.6, |p

jet
η|

π
8
7| > φ∆|

                                         γJ
x

0.0 0.5 1.0 1.5 2.0

  
  
  
  
  
  
  

γ
J

d
x

γ
J

d
N

γ
N1

0.0

0.5

1.0

1.5

Transverse momentum fraction of jet

 < 80 GeV
γ

T
60 GeV < p

CMS pp 2.76 TeV

CMS pPb 5.02 TeV

POWHEG+PYTHIA 2.76 TeV

POWHEG+PYTHIA 5.02 TeV

PYTHIA+HIJING 5.02 TeV

| < 1.44
γ

η|

| > 30 GeV
jet

T
| < 1.6, |p

jet
η|

π
8
7| > φ∆|

                                         γJ
x

0.0 0.5 1.0 1.5 2.0

  
  
  
  
  
  
  

γ
J

d
x

γ
J

d
N

γ
N1

0.0

0.5

1.0

1.5

Transverse momentum fraction of jet

γ

T
80 GeV < p

CMS pp 2.76 TeV

CMS pPb 5.02 TeV

POWHEG+PYTHIA 2.76 TeV

POWHEG+PYTHIA 5.02 TeV

PYTHIA+HIJING 5.02 TeV

| < 1.44
γ

η|

| > 30 GeV
jet

T
| < 1.6, |p

jet
η|

π
8
7| > φ∆|

No significant cold nuclear effects, softer (and more) jets at large pγT
POWHEG peak sharper/at higher xJγ than PYTHIA → CMS resolution?

7 / 27



Motivation SM @ LHC SM @ EIC BSM @ LHC Summary

Mean jet transverse momentum fraction with CMS
MK, C. Klein-Bösing, H. Poppenborg, JHEP 1803 (2018) 081
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Higher pγT → possible to produce ≥ 1 jets (e.g. “Mercedes star”)

No Quark-Gluon-Plasma → not a sign of rescattering in the medium!
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Azimuthal correlation of photons and jets with CMS
MK, C. Klein-Bösing, H. Poppenborg, JHEP 1803 (2018) 081
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Acoplanarity and lepton imbalance in γγ → µµ
ATLAS Collaboration, M. Aaboud et al., 1806.08708
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Fig. 59: Acoplanarity (↵, top) and lepton energy imbalance (A, bottom) as a function of centrality, for
dimuon pairs with pair mass above 10 GeV/c2, observed in the ATLAS detector. From Ref. [582].

alternate explanation could involve the leptons bending in the magnetic field from the QGP. If a QGP
is electrically conducting, then it may acquire an induced magnetic field from the short-lived magnetic
fields carried by the two nuclei [596]. The QGP field, however, will be longer lived, and could bend the
produced leptons in opposite directions, reducing their coplanarity. Symmetry also predicts that it should
disappear for the most central collisions [595], except possibly for event-by-event fluctuations.

The STAR Collaboration also has studied two-photon e+e� production in peripheral Au–Au col-
lisions; they found a small difference between their pair pT spectrum and calculations, and suggest that
it might be due to medium effects [580]. ALICE has not yet seen these pairs [579], likely because their
pair acceptance requires lepton pT > 1 GeV/c, eliminating most pairs from g g reactions.

Coupled with better theoretical calculations, the large Pb–Pb integrated luminosity in Run 3 and
4 can confirm and dramatically expand our understanding of this effect. One important goal is to expand
the study to cover a much wider range of masses. Figure 60 shows the expected mass spectrum obtainable
by ATLAS for a 13 nb�1 integrated luminosity run, assuming no changes in the trigger; masses up to
100 GeV/c2 should be accessible. These high mass pairs correspond to two-photon interactions in or very
near the two nuclei, so should show increased effects due to interactions with the medium or magnetic
fields associated with the Quark–Gluon Plasma.

In contrast, lower masses correspond to larger distances between the dilepton production point and
the nuclei, so in-medium effects may be smaller. These lower masses should be accessible with a softer
requirement on the muon momentum. It would also be interesting to compare e+e� with µ+µ� (and
possibly t+ t�), since the lighter leptons should interact more. If the leptons interact with the medium,
then the electron A distribution should show more change than that for muons.

8.2.2 Photonuclear interactions
In photonuclear interactions, a photon emitted by one nucleus fluctuates to a quark-antiquark dipole,
which then scatters elastically from the other (target) nucleus, emerging as a real vector meson. The
scattering occurs via Pomeron exchange, which preserves the photon quantum numbers. In perturbative
QCD, Pomerons are made up of gluons, so the process is sensitive to the gluon distribution in the target
nucleus. UPC measurements are consistent with moderate gluon shadowing. In coherent scattering, the
typical pair pT is ~/RA. Incoherent scattering is also possible, with a lower cross-section. There the
quark-antiquark dipole scatters elastically from a single nucleon (or, at still higher pT inelastically from
a single nucleon), producing a vector meson with a typical pT of a few hundred MeV/c.

102

Mostly back-to-back in UPCs (> 80%), data agree with STARlight.
α no longer peaked in central collisions → EM rescattering in QGP.
A unchanged → no significant energy loss, little bremsstrahlung.
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Invariant mass reach at the HL-LHC (Runs 3 and 4)
S. Klein, J. Nystrand, J. Seger, Y. Gorbunov, J. Butterworth, CPC 212 (2017) 258
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Fig. 60: Expected dimuon yield in ATLAS acceptance (both muons with pT > 4 GeV/c and |⌘| < 2.4),
for 40–80% centrality Pb–Pb collisions and the expected Run 3/4 integrated luminosity of 13 nb�1.
Masses up to 100 GeV/c2 are accessible. The effective 8 GeV/c2 minimum mass is because of the nearly
back-to-back topology and the 4 GeV/c minimum muon pT cut. This was calculated using STARlight
[590, 594].

Both ALICE [579] and STAR [581] have observed coherent J/y photoproduction in peripheral
heavy-ion collisions. There are a number of parallel theoretical calculations [588, 597]. The photon
emission process is similar to the two-photon case, but the dipole-nucleons scattering happens at the
same time as the hadronic interaction, introducing several complications to the calculations. This im-
mediately raises several questions: What happens to the coherence if a target nucleon is involved in
an interaction? Does the dipole-nucleon interaction occur before or after the nuclear collisions? If the
hadronic interaction occurs first, the target nucleon will have lost energy, so the photon-nucleon cross-
section will be smaller. A detailed calculation should consider both possibilities. There is also destructive
interference between photoproduction from the two possible target nuclei [598]; this interference extends
to higher pT for more central collisions, and should reduce the cross-section for the region where nuclear
collisions occur. At b = 0, we expect complete destructive interference. Ref. [588] makes predictions
for a variety of coherence conditions, and as Fig. 61 shows, finds that the ALICE and STAR data likely
lie below the region where there is complete coherence for both photon emission and scattering, but
probably above that where coherence is limited to only the spectator nucleons. This is not surprising,
but there is at least one element missing from this calculation. The lifetime of J/y particles is of the
order 10�20 s, far shorter than that of the expanding Quark–Gluon Plasma. Coherently photoproduced
J/y have pT ⇠ 100 MeV/c, so, near mid-rapidity, are moving at a small fraction of the speed of light.
Particularly for more central collisions, one would expect many of them to be engulfed by the expanded
QGP, before they have a chance to decay.

The ALICE error bars are large, and more data, from the current and future runs are needed to
pin down the centrality dependence of the cross section. More data will also allow access to additional
observables. A detailed study of the shape of d�/dpT would shed more light on the possible loss of
coherence in more central collisions. There are also expected correlations between the reaction plane,
which can be determined from the hadronic part of the collision, with the photonuclear interaction.
Because the destructive interference between photoproduction at mid-rapidity on the two nuclei goes as
� ⇠ |1 � exp (i~b · ~pT)|2 [599], the azimuthal direction of ~pT provides information about the azimuthal
direction of ~b, i.e., the reaction plane. Thus, it can be used either as an independent measurement of
the reaction plane, or as a test of the loss of correlation. Also, the J/y polarization follows that of the
photon that produced it, so it also follows ~b, providing another probe of the reaction plane. With a large
data sample, one may also be able to probe incoherent J/y photoproduction, at least in very peripheral
hadronic collisions, where the signal-to-noise ratio is high.

It will be very interesting to study y’ and U photoproduction in peripheral collisions. Since these

103

High masses correspond to γγ interactions in/near nuclei, i.e.
increased interactions with QGP medium/magnetic field!

At low mass, e+e− should interact more than µ+µ− and τ+τ−.
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Inclusive dijet photoproduction at the LHC (1)
V. Guzey, MK, Phys. Rev. C (in press), 1811.10236
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Hadronic/partonic cross sections related by photon flux/PDFs:

dσ(AB → AB + 2 jets + X ) =
∑
a,b

∫
dy

∫
dxγ

∫
dxA fγ/A(y)fa/γ (xγ , µ

2)fb/B (xA, µ
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Photon flux for relativistic point-like charge Z :
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ζK0(ζ)K1(ζ)−

ζ2

2
(K2

1 (ζ)− K2
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with ζ= ympbmin (no strong int. for b>bmin = 2.1RPb = 14.2 fm).
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Inclusive dijet photoproduction at the LHC (2)
V. Guzey, MK, Phys. Rev. C (in press), 1811.10236

Theoretical approach:

• Partonic cross section calculated in NLO QCD

• Scale choice: µr = µf = 2ET ,1 (NLO = LO, NLO’ = 0)

• Photon PDFs: GRV HO

• Nuclear PDFs: nCTEQ15, ∆σ = 1
2

√∑31
k=1 (σ(fk)−σ(fk+1))2

Experimental conditions:

• Anti-kT algorithm, R = 0.4

• ET ,1 > 20 GeV, ET ,2 > 15 GeV, HT =
∑

i ET ,i > 35 GeV

• Rapidities: |η1,2| < 4.4

• Combined jet mass: mjets > 35 GeV
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Comparison to preliminary ATLAS data
A. Angerami et al. [ATLAS Coll.], ATLAS-CONF-2017-011
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Figure 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs atp
sNN = 5.02 TeV in the ATLAS kinematics as a function of HT for di↵erent bins of xA. The central

values and the corresponding shaded uncertainty bands are obtained using nCTEQ15 nPDFs. The

crosses are the ATLAS data points we extracted from [38].

see Eq. (3.1), the resolved photon contribution dominates for xA > 0.01. We find that

for small xA < 0.01, the two contributions are comparable with the direct contribution

being somewhat larger. While this behavior is qualitatively similar to the results of the LO

analysis in the framework of PYTHIA 8 with EPPS16 nPDFs [55], the relative contribution

of the resolved photon term is larger at NLO, but this statement depends of course on the

choice of the photon factorization scheme and scale.

The middle panel of Fig. 6 presents the ratio of the cross section calculated using

– 6 –

Excellent agreement, also for other kinematic distributions (xA, zγ).
NB: ATLAS data not yet unfolded for detector response.
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Bayesian reweighting study of future ATLAS data
V. Guzey, MK, Eur. Phys. J. C 79 (2019) 39612
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Fig. 7 The gluon, u-quark, d-quark, and s-quark nCTEQnp nPDFs as a function of x at Q2 =
400 GeV2 with (blue, inner band) and without (red, outer band) the Bayesian reweighting.
The case of ✏ = 0.05.

nCTEQ15(np) uncertainties reduced by (more than) factor of two.
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Inclusive dijet photoproduction at the HL-LHC
Z. Citron, V. Guzey, I. Helenius, MK, H. Paukkunen et al., 1812.06772
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Fig. 80: Photo-nuclear dijet cross sections in ultra-peripheral Pb–Pb collisions at
p

sNN = 5.5 TeV
with leading jet pT cut of 20 GeV/c (left) and 8 GeV/c (right). Results based on PYTHIA simulations
are calculated with EPPS16 nuclear modification (blue) and the contributions from resolved (green) and
direct (orange) photons are separately shown. Ratio plots show also results with different photon PDF
sets and the expected statistical uncertainties corresponding to the LHC (brown) and the Run 3 and and
Run 4 (dark blue) luminosities. Corresponding results based on NLO calculations for Pb–Pb collisions
at
p

sNN = 5.02 TeV with nCTEQ15 nPDFs [857] (red) are shown in case leading jet pT cut of 20 GeV/c.

depends on the momentum fraction x� and the factorisation scale µ; fb/A(xA, µ2) is the nPDF with xA

being the corresponding parton momentum fraction; d�̂(ab ! jets) is the elementary cross section for
production of two- and three-parton final states emerging as jets in the interaction of partons a and b. The
sum over a involves quarks and gluons for the resolved photon contribution and the photon for the direct
photon contribution dominating at x� ⇡ 1.

Figure 80 (left) presents predictions of Eq. (38) for the cross section of dijet photoproduction in
Pb–Pb UPCs at

p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA. The red solid lines

and the associated shaded band correspond to the central fit of nCTEQ15 nPDFs and their uncertainty,
respectively. The top panel of this figure demonstrates that NLO pQCD correctly reproduces the shape
and, at least semi-quantitatively, the normalisation of the preliminary ATLAS data. The lower panel of
Fig. 80 shows the ratio of the curves from the upper panel to the result of the calculation, where nCTEQ15
nPDFs are substituted by free proton and neutron PDFs. One can see from this panel that the central
value of the ratio of the two cross sections reveals the expected trend of nuclear modifications of nPDFs:
⇠ 10% shadowing for small xA < 0.01, which is followed by ⇠ 20% antishadowing (enhancement)
around x = 0.1 and then ⇠ 10% suppression for xA > 0.3. Note that since the uncertainties of
nCTEQ15 nPDFs are of the same magnitude as the effect of nuclear modifications, inclusion of this
dijet data if global QCD fits of nPDFs should in principle reduce the existing uncertainty.

It is also important to study diffractive dijet photoproduction in UPCs in the reaction A + A !
A+jet1+jet2+X+A. NLO pQCD predictions for the cross section of this process in pp, p–A, and A–
A UPCs in the LHC kinematics were made in [859]. It was shown that studies of this process on nuclei
may shed some light on the mechanism of QCD factorisation breaking in diffractive photoproduction

139

Large potential for improvement in nuclear shadowing region.
Resolved photon PDF uncertainty at low pT and in EMC region.
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Diffractive dijet photoproduction at the LHC
V. Guzey, MK, JHEP 1604 (2016) 158
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Cross sections related by Pomeron flux/diffractive PDFs:

dσ =
∑
a,b

∫
dt

∫
dxIP

∫
dzIP

∫
dy

∫
dxγS

2(y)fγ/p(y)fa/γ (xγ , µ
2)f

D(4)
b/p

(xIP , zIP , t, µ
2)dσ̂

(n)
ab→jets

Rapidity gap survival probability: S2(x) =
∫

d2b |M(x,b)|2P(s,b)∫
d2b |M(x,b)|2

Two-channel eikonal model: [V. Khoze, A. Martin, M. Ryskin, EPJC 18 (2000) 167]

P(s, b) =
1

4(1− γ2)

[
(1 + γ)3e−(1+γ)2Ω(s,b) + (1− γ)3e−(1−γ)2Ω(s,b) + 2(1− γ2)e−(1−γ2)Ω(s,b)

]
with γ = 0.4 and optical density Ω(s, b).
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Exclusive quarkonium photoproduction at HL-LHC
ALICE Coll., ALICE-PUBLIC-2019-001; V. Guzey, E. Kryshen, M. Strikman, M. Zhalov, PLB 726 (2013) 290

RPb =
√
σγPb(m/2)/σIAγPb(m/2) with σIAγPb = σγp ·

∫
|FPb(t)|2dt
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Fig. 79: Pseudodata projections for the nuclear suppression factor by ALICE [1] and CMS measured with
the photoproduction of three heavy vector mesons in Pb–Pb ultra-peripheral collisions are shown. The
pseudodata points are derived from EPS09-based photoproduction cross section projections following
the method described in Ref. [818].

coherent J/ photoproduction in UPCs was also studied in the kt-factorization approach [828] in terms
of the unintegrated nuclear gluon distribution, which determines the initial condition for the non-linear
evolution equation. In the case of ⇢ meson production, shadowing is a factor of ⇠ 2 stronger [829] than
in the approach based on the Glauber model and the vector meson dominance model.

The higher LHC luminosity and experimental upgrades will allow us to collect vastly improved
samples of UPC events. In particular, the planned ALICE continuous readout [830], will eliminate
many of the trigger-based constraints that have limited UPC data collection, allowing for high-efficiency
collection of large samples of photoproduced light mesons. The increases in sample sizes should be
considerably larger than one would expect from merely scaling the luminosity.

In order to conclude this section on the opportunities with vector meson production, we want to
give a list of not yet exploited measurements that provide further insight into photonuclear interactions
with heavy, light and multiple vector meson production:

– Extend substantially the x range for coherent J/ photoproduction on nuclei using information on
the impact parameter distribution in peripheral and ultra-peripheral collisions provided by forward
neutron production [817]. The impact parameter distribution can be accessed in the context of
UPCs by exploiting the properties of additional photon or hadronic interactions in addition to the
photon that produces the vector meson. The rates for the combined processed can be found in [831]
and the relationship between impact parameter and additional photon interactions is discussed
in [832]. The x-range can be also extended by using p–A collisions to probe the nucleus. In the
latter case, one would have to separate coherent J/ production in �A and �p using a much more
narrow pT distribution of J/ produced in coherent �A scattering and very good pT resolution for
the transverse momentum of the pair (LHCb).

– Measure with high enough statistics coherent U(1S) production in �p and �A scattering to check
the expectation of the 20% reduction of the coherent cross section, which would allow one to probe
gluon shadowing at a factor of ⇠ 10 higher Q2 than in J/ production.

– Study coherent production of two pions with masses above 1 GeV/c2to study an interplay of soft
and hard dynamics as a function of M⇡⇡ and pT(⇡).

– Measure the production of heavier 2⇡ [833], 4⇡ and other resonances on ion targets, and search
for the photoproduction of the observed exotic mesons. By using data from both proton targets (at

135

Sensitivity to scale dependence of nucl. shadowing (also in dijets)!
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Jets in DIS and photoproduction at aNNLO
MK, G. Kramer, B. Pötter, Eur. Phys. J. C 1 (1998) 261; N. Kidonakis, Int. J. Mod. Phys. A 19 (2004) 1793

QCD factorization theorem:

dσ =
∑
a,b

∫
dy fγ/e (y)

∫
dxγ fa/γ (xγ , µγ )

∫
dxA fb/A(xA, µA)dσab(αs , µR , µγ , µA)

Partonic cross section:

dσab = dσ
B
ab

αs (µR )

π
[c3D1(z) + c2D0(z) + c1δ(1− z)] +

α
dαs +1
s (µR )

π

[
AcD0(z) + T c

1 δ(1− z)
]

Logarithmic enhancement near partonic threshold:

Dl (z) =

[
lnl (1− z)

1− z

]
+

with z =
(p1 + p2)2

(pa + pb)2
→ 1

Coefficients for γq → qg :
c3 = CF − NC
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+ NC ln
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t

u

)
−
β0

4
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)
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4
ln
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R

s

)

Similarly for other processes.
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Nuclear PDFs from inclusive jets in DIS
MK, K. Kovarik, J. Potthoff, Phys. Rev. D 95 (2017) 094013
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pT reach to ∼ 25 GeV, aNNLO effects small compared to NLO.
Kinematic reach: Q2 ≤ 103 GeV2, x ≥ 10−4, ∼ inclusive DIS.
Reduction of gluon uncertainty at low x by factor of 5 to 10. 20 / 27
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Nuclear PDFs from dijet photoproduction
MK, K. Kovarik, Phys. Rev. D 97 (2018) 114013
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Dark matter searches with mono-photons
X. Cid Vidal et al., 1812.07831

Competitive, when DM is part of electroweak triplet (χ0, χ±).
Different dependence on model parameters (EW repr., mass split.).
Motivated by AMSB (Wino) or minimal models with SM mediator.
mχ± = mχ0 + 165 MeV (EW loops), χ± → χ0 + soft π±.
DM stabilized by R parity or B − L, mχ0 ≤ 3 TeV for thermal Ωχ0 .

Dominant background: Z (→ νν)γ.
Also W /Z+jet, tt, ZZ/WW with electrons/jets faking photons.
Main cuts: 6ET > 150 GeV, pγT > 150 GeV, |ηγ | < 2.37.
Photon isolation from MET: ∆φ > 0.4.

LEP limit: mχ0 > 90 GeV.
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HL-LHC constraints on WIMPs from mono-photons
X. Cid Vidal et al., 1812.07831
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Fig. 3.3.4: Expected upper limits at 95% C.L. on the production cross section of � as a function of �0 mass in
(left) mono-photon final state and (right) VBF+Emiss

T final state. Results are shown for an integrated luminosity of
3 ab�1. The red line shows the theoretical cross section.

The reinterpretation of the mono-photon analysis in the WIMP triplet model uses full simulated
MC signal samples and performs a simultaneous fit on the most inclusive signal region (SR), correspond-
ing to Emiss

T > 150 GeV, that provides the best expected sensitivity. All backgrounds, including fake
photons estimated with data-driven techniques, have been included in the fit rescaling the Run-2 results
to the high luminosity scenario. All the systematic uncertainties on the MC background samples have
been taken into account to obtain upper limits on the �0 production cross section. Projections of the
expected upper limits on the production cross section of �0 at 95% C.L. for an integrated luminosity
of 3 ab�1and

p
s = 13 TeV, are shown in Figure 3.3.4 (left). Masses of �0 below 310 GeV can be

excluded at 95% C.L. by the analysis assuming the same systematic uncertainties adopted in Ref. [245].
The impact of the systematic uncertainty on the sensitivity of the analysis has been checked considering
that the analysis will no more be limited by the statistical uncertainty at high luminosity. In a scenario in
which the current systematic uncertainties are halved, an exclusion of �0 masses up to about 340 GeV
could be reached. Thanks to the increased statistics, the analysis at high luminosity could be further
optimised by performing a multiple-bin fit, thus on more bins in Emiss

T improving the overall sensitivity
of the analysis. This study is done for a c.o.m. energy of 13 TeV, a slight improvement in the signal
significance is expected from the increase of the c.o.m. energy to 14 TeV foreseen for the HL-LHC.

VBF plus Emiss
T final state

The VBF+Emiss
T topology is characterised by two quark-initiated jets with a large separation in rapidity

and Emiss
T . The sensitivity of the VBF+Emiss

T analysis to the WIMP triplet model is presented as a
reinterpretation of the Run-2 results for the high luminosity scenario foreseen for the HL-LHC. As pile-
up is a key experimental challenge for event reconstruction in the VBF topology at the HL-LHC, a
dedicated study of its impact is also shown using VBF H !invisible as benchmark.

Projections at high luminosity for DM for EW triplet DM.
A search for an invisibly decaying Higgs boson produced via VBF has been performed by ATLAS using
a dataset corresponding to an integrated luminosity of 36 fb�1 of pp collision at

p
s = 13 TeV [246].

The final state is defined by the presence of two energetic jets, largely separated in ⌘ and with O(1) TeV
invariant mass, and large Emiss

T .

This analysis set limits on the BR B of the H! invisible. The main backgrounds arise from
Z ! ⌫⌫+jets and W ! `⌫+jets events. The contribution of W/Z is estimated from events in CRs
enriched in W ! `⌫ (where the lepton is found) and Z ! `` (with ` being electrons or muons) that are
used to normalise the MC estimates to data through a simultaneous fitting technique and to extrapolate

82
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HL-LHC constraints on dark photons
ALICE Coll., ALICE-PUBLIC-2019-001; LHCb Coll., Phys. Rev. Lett. 120 (2018) 061801

ALI-SIMUL-309974

Fig. 63: 90% of CL constrained by ALICE and LHCb in HL-LHC era. Constraints by ALICE are based
on 6 pb�1, 0.3 pb�1, 10 nb�1, 0.3 pb�1, and 3 nb�1 of pp, p–Pb, and Pb–Pb collisions at 0.5 T,
and p–Pb and Pb–Pb collisions at 0.2 T and by LHCb are based on 15 fb�1. ALICE projection from
Ref. [1]. The other projections are adopted from Ref. [620].

0.5 T, and p–Pb and Pb–Pb collisions at 0.2 T, respectively. LHCb will improve sensitivity of dark
photon searches to large regions of the unexplored space. These new constraints leverage the improved
invariant-mass and vertex resolution, as well as the unique capabilities of the particle-identification and
real-time data-analysis with triggerless readout, that enables to accumulate Lint ⇠ 15 fb�1 [621].

8.4 Limitations and outlook
While the statistical precision for the measurement of low mass dielectrons and dimuons as well as real
photons will be sufficient in LHC Run 3 and 4 to study their yield as a function transverse momentum
and with respect to the event plane (elliptic flow), more differential measurements might still be limited.
The measurement of the photon polarization via the angular distribution of dileptons can not only pro-
vide information on the thermalization of the system, but also on the early stages of the collision [622].
Experimentally these distributions have been measured in the NA60 experiment [623], where no po-
larization was found concluding that the observed excess dimuons are in agreement with the thermal
emission from a a randomized system. In order to study the angular distributions, for example in the
Collins-Soper reference frame [624–626] in the polar angle ✓ and the azimuthal angle ', a large data set
is needed (NA60 used ⇠ 50000 excess µ+µ� pairs).

Another promising direction is measurement of Bose-Einstein (BE) correlations of direct photons.
With this probe one can trace space-time dimensions of the hottest part of the fireball and moreover,
varying kT of the photon pair, one can select pairs coming mostly from earlier or later stages of the
collision and thus look at evolution of the fireball. On the other hand, from the correlation strength
parameter one can extract the direct photon spectrum down to very low pT ⇠ 100 MeV/c. So far
there was one successful measurement of direct photon BE correlations by the WA98 Collaboration
[627], while at RHIC and LHC energies these measurements are still unavailable. The reason is that
the expected strength of these correlations �PGg = 1/2(Ndir

g /N tot
g )2 is extremely small. Moreover,

106

ALICE: π0 → γA′ → γe+e− with Mee ∈ [20; 90] MeV.
LHCb: A′ → µ+µ− with Mµµ ∈ [0.214; 70] GeV.
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HL-LHC constraints on ALPs from light-by-light
ATLAS Coll., Nature 13 (2017) 852; CMS Coll., 1810.04602
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Fig. 102: (Left) Mass distribution for the ALP signal shown for three values of the ALP mass: ma =
10, 30 and 80 GeV (in red). Also shown (in blue) the LbyL background (see text). All ALP mass points
are generated with ⇤ = 1 TeV (1/⇤ is the coupling of the interaction) which follows a convention
defined in Ref. [981]. (Right) Expected 95% CLs upper limits on �a!�� .

Pb–Pb collisions at 5.52 TeV. These results demonstrate that heavy-ion collisions have unique sensitivity
to ALP searches in the range of ma = 7�140 GeV, where the previous results based on available Pb–Pb
data by ATLAS and CMS [959, 981] are also shown (labelled as ATLAS �� ! �� and CMS �� ! ��
in the figure).

Fig. 103: Compilation of exclusion limits obtained by different experiments (see text). In light grey, the
ATLAS 20 nb�1 limit at

p
sNN = 5.52 TeV is presented. The ATLAS �� ! �� represents the exclusion

limit derived from the LbyL cross section measured in Pb—Pb collisions by ATLAS [810], while the
CMS �� ! �� limit comes from the recent analysis described in Ref. [959]. A more complete version
of the existing constraints on ALPs masses versus coupling, including the constraints in the sub meV
range from astrophysical observations and from dedicated experiments such as CAST can be found in
Ref. [978].
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Pb–Pb collisions at 5.52 TeV. These results demonstrate that heavy-ion collisions have unique sensitivity
to ALP searches in the range of ma = 7�140 GeV, where the previous results based on available Pb–Pb
data by ATLAS and CMS [959, 981] are also shown (labelled as ATLAS �� ! �� and CMS �� ! ��
in the figure).

Fig. 103: Compilation of exclusion limits obtained by different experiments (see text). In light grey, the
ATLAS 20 nb�1 limit at

p
sNN = 5.52 TeV is presented. The ATLAS �� ! �� represents the exclusion

limit derived from the LbyL cross section measured in Pb—Pb collisions by ATLAS [810], while the
CMS �� ! �� limit comes from the recent analysis described in Ref. [959]. A more complete version
of the existing constraints on ALPs masses versus coupling, including the constraints in the sub meV
range from astrophysical observations and from dedicated experiments such as CAST can be found in
Ref. [978].
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Z 4 = 4.5 · 107 enhancement → exclusive γγ production in UPCs.
Light-by-light scattering now also observed by CMS.
Invariant mass peaks clearly visible above falling QED background.
Provides best sensitivity for ma ∈ [7; 140] GeV.
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HL-LHC constraints on ALPs from light-by-light
ATLAS Coll., Nature 13 (2017) 852; CMS Coll., 1810.04602
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HL-LHC constraints on other BSM from light-by-light
Z. Citron et al., 1812.06772

Graveyard of BSM theories:

• Monopoles at
√
spp = 7 TeV: [I. Ginzburg, A. Schiller, PRD 57 (1998) 6599]

M < n · 7.4, 10.5, 19 TeV for JM = 0, 1/2, 1

• SUSY: ILC studies [G. Gounaris, P. Porfyriadis, F. Renard, EPJC9 (1999) 673]

• Low-scale gravity: MPl. ≥ 5...8
√
sγγ for D = 4 + (2, 4, 6)

[K. Cheung, PRD 61 (2000) 015005]

• NC QED: ΛNC ≥ 1.5
√
see [J. Hewett, F. Petriello, T Rizzo, PRD 64 (2001) 075012]

• Unparticles [T. Kikuchi, N. Okada, M. Takeuchi, PRD 77 (2008) 094012]

Resurrection:

• SUSY: Promising for ml̃ ∼ mχ̃0 [L. Harland-Lang, talk at Photon 2019]

• Monopoles: m < 2 TeV (ATLAS 13 TeV) [O. Gould, talk at Photon 2019]
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HL-LHC constraints on other BSM from light-by-light
Z. Citron et al., 1812.06772
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Summary

SM @ LHC:

• Prompt photons + jets

• Inclusive photon-photon scattering

• Exclusive photon-photon scattering

SM @ EIC:

• Inclusive jet production in DIS

• Dijet photoproduction

BSM @ LHC:

• Mono-photons

• Dark photons

• Light-by-light scattering
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