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The LHC: a hadron-hadron collider

• The LHC works by colliding hadron beams head on at high energy.

• We examine the debris of these interactions in order to probe the Higgs sector, look for physics 

beyond the Standard Model and to understand the SM better.

• It is both a discovery and a precision measurement machine.

• Before doing any of that that we need to understand what we are colliding: the proton.
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The LHC: a parton-parton collider
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• Proton-proton collision modelled in terms of interactions of fundamental QCD degrees of freedom: 

quark + gluon ‘partons’ in proton.

• Density of partons encoded in `parton distribution functions’ (PDFs).

• Story for another seminar. Question: are quark/gluons all there is?
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The LHC: a photon-photon collider

• No! Protons and their quark constituents also have QED charge: photons are a proton constituent. 

Photon-initiated production possible.

 (                                                         ).
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• Initial-state photons can be accounted for in proton PDFs. Generally ~ % level contributions to 

inclusive LHC cross sections.

• Essential component of high precision theoretical calculations - % level corrections. End of story?
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The (semi) exclusive photon

•Exclusive/semi-exclusive production: colour singlet photon naturally leads to events with intact 

protons/rapidity gaps in final state:
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⇒ The LHC as a       collider! How does this differ from `standard’ LHC collisions?
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‘Rapidity Gaps’‘Rapidity Gaps’

Exclusive Semi-exclusive
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Inclusive Production

•Key point: quark/gluon-initiated production leads to colour flow between protons        these break 

up + significant amount of additional particles present in detector.
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Semi-exclusive production

• For photon-initiated production no longer the case: colour flow not necessary.
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• For photon-initiated production no longer the case: colour flow not necessary.

Semi-exclusive production
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N.B. for experts - this is not a 

pp event…

• For photon-initiated production no longer the case: colour flow not necessary.

Semi-exclusive production
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The elastic proton
•If proton remains intact will continue down the beam line but with lower energy                      : will 

be bent out of beamline by LHC magnets.

 

•Can measure with dedicated detectors ~ 200m (+): proton taggers.

<latexit sha1_base64="R+39Eblv6X3FPxnwmTXr0g9lLlQ=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4qkkpfYBIQQSXFewD2rFk0rQNzWTGJKOUof/hxoUibv0Xd/6NmbaCih64cDjnXu69xwsF1wahDye1tLyyupZez2xsbm3vZHf3mjqIFGUNGohAtT2imeCSNQw3grVDxYjvCdbyxueJ37pjSvNAXptJyFyfDCUfcEqMlW4u4Cns6ltlYj09KfSyOZRHCGGMYUJwuYQsqVYrBVyBOLEscmCBei/73u0HNPKZNFQQrTsYhcaNiTKcCjbNdCPNQkLHZMg6lkriM+3Gs6un8MgqfTgIlC1p4Ez9PhETX+uJ79lOn5iR/u0l4l9eJzKDihtzGUaGSTpfNIgENAFMIoB9rhg1YmIJoYrbWyEdEUWosUFlbAhfn8L/SbOQx6V88aqYq50t4kiDA3AIjgEGZVADl6AOGoACBR7AE3h27p1H58V5nbemnMXMPvgB5+0TmyqR9A==</latexit>
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•These are installed and running in association with ATLAS and CMS…

•Allows exclusive events to be selected, and momentum of proton to be reconstructed.
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AFP
CT-PPS

•Proton taggers ~ 200m from ATLAS (AFP) and CMS (CT-PPS)

CT-PPS, arXiv:2103.02752

•…with many to come, including during HL-

LHC with CMS.
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•Measurements/searches data performed/ongoing…
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•Proton tagging useful but not essential.

•During normal LHC pp running multiple 

(10s) of collision events during the same 

bunch crossing.

•Events can be selected by requiring no 

addition associated tracks in the (very) high 

multiplicity environment of the high pile-up 

LHC.

Selecting semi-exclusive production
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•Possibilities not limited to pp collisions. LHC also a heavy ion collider. 

•In ‘standard’ heavy collision, large number of nucleons in initial state         QCD particle 

production enhanced and multiplicity can be very high.
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⇒

Heavy Ions

17



•Possibilities not limited to pp collisions. LHC also a heavy ion collider. 

•In ‘standard’ heavy collision, large number of nucleons in initial state         QCD particle 

production enhanced and multiplicity can be very high.
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⇒
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•However if colliding ions sufficiently separated in impact parameter (‘ultraperipheral’) does 

have to be the case:

•Possibilities not limited to pp collisions. LHC also a heavy ion collider. 
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•QED interaction is long-range: photon-initiated production can (and does) lead to this.



•Key point: heavy ions have significant electric charge 
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•Photons emitted coherently from colliding ions         cross section enhanced by                 .
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•For in particular light objects, this allows previously untested production to be probed, and with 

unprecedented precision.

ARTICLES
PUBLISHED ONLINE: 14 AUGUST 2017 | DOI: 10.1038/NPHYS4208

Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC
ATLAS Collaboration† ATLAS,  Nature Phys. 13 (2017) 9, 852-858 
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•Lower         : heavy ions 

dominate.

•Higher         : pp dominates.
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Mγγ

•Photon flux from ions falls v. quickly with central object mass but here great deal has been achieved…
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Fp ∝ Z ⇒ cross section ∝ F
4

p
∼ Z

4: strong enhancement Fp(|~q|) =

Z

d3r ei~q·~rãp(r)
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Figures curtesy of J. Liu

' Probing the tau g-2:

•While experimental situation 

for lighter leptons well 

developed…

•For the tau lepton surprisingly little is known!

•Does not even probe 1-loop QED: •Sensitivity to BSM unprobed:

Physics Cases: Some Examples
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•Sensitivity via differential cross section has 

already set new limits.

•Measured in both PbPb collisions (               ), and recently in pp -     
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' Vector boson production in pp collisions.

•Vector Boson Scattering (VBS): broad class of process 

with sensitivity to the EW sector of the SM and BSM 

extensions of it. 

• Often select events via VBS cuts: require two well 

separated jets (suppress s-channel                 ). However 

not the only way!
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qq → V V

•By selecting semi-exclusive        events, focus in on underlying                  process, e.g.               :
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Image credit: Lucia Di Ciaccio, Simone Pagan Griso

• ‘Empty’ event +        final 

state        
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⇒ γγ → V V
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•First observation by ATLAS, by vetoing on additional 

associated tracks. Cross section agrees well with SM (within 

uncertainties).
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•Searches have also been performed with tagged protons 

(hadronic decays).
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•Limits already competitive with other vector boson scattering results. Promising hunting 

ground for BSM.
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TeV

WV&ZV+jj (arXiv:2510.00118) [-0.539, 0.534] >

WV&ZV+jj (arXiv:2510.00118) [-1.590, 1.620] >

WV&ZV+jj (arXiv:2510.00118) [-0.703, 0.703] >

WV&ZV+jj (arXiv:2510.00118) [-2.550, 2.550] >
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W³+jj (PRD 108 (2023) 032017) [-2.700, 2.700] 2.7
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Z³+jj (PRD (2021) 072001) [-15.80, 16.00] 1.3

Z³+jj (PRD (2021) 072001) [-35.00, 34.70] 1.5

Z³+jj (PRD (2021) 072001) [-6.550, 6.490] 1.5

Z³+jj (PRD (2021) 072001) [-13.00, 13.00] 1.8
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³³³WW(e¿) (This analysis) [-3.240, 3.250] >
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³³³WW(e¿) (This analysis) [-1.790, 1.800] >
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•  More recently, semi-exclusive WW production 

(dilepton channel) observed by CMS at 13 TeV.

•  Good agreement with SM predictions, and 

extensive EFT limits set.

CMS, arXiv: 2601.21574
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' Many physics cases of interest…can’t mention them all.
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Modelling PI Production (pp collisions)
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PI production: building blocks

•(Semi)-Exclusive PI cross section given in terms of:

'                            form factor.

'                     cross section.

' `Survival factor’ probability of no 

addition proton-proton interactions.

•  Start with                       form factor…
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p → γp(p∗)

<latexit sha1_base64="1v3icZ8swnnmoInKUxTTz353a+Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiSl9LErunFZwT6gM5RMmrahycyQZMQy9FfcuFDErT/izr8x01ZQ0QMJh3Pu5d57glhwbRD6cHIbm1vbO/ndwt7+weGRe1zs6ihRlHVoJCLVD4hmgoesY7gRrB8rRmQgWC+YXWV+744pzaPw1sxj5ksyCfmYU2KsNHSL3oRISVY/9EwE+0O3hMoIIYwxzAiu15AlzWajghsQZ5ZFCazRHrrv3iiiiWShoYJoPcAoNn5KlOFUsEXBSzSLCZ2RCRtYGhLJtJ8ud1/Ac6uM4DhS9oUGLtXvHSmRWs9lYCslMVP928vEv7xBYsYNP+VhnBgW0tWgcSKgPTELAo64YtSIuSWEKm53hXRKFKHGxlWwIXxdCv8n3UoZ18rVm2qpdbmOIw9OwRm4ABjUQQtcgzboAAruwQN4As/Ownl0XpzXVWnOWfecgB9w3j4BodaUMw==</latexit>

γγ → X

<latexit sha1_base64="nHKxQS2aMi+AhN8/fj1eN8sDDu8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCdVEmpfSxK7pxWcG2QqeWTJq2oclMSDJCLcVfceNCEbf+hzv/xkxbQUUPXDiccy/33hNIzrTxvA8ntbS8srqWXs9sbG5t77i7e00dxYrQBol4pK4DrClnIW0YZji9lopiEXDaCkbnid+6pUqzKLwyY0k7Ag9C1mcEGyt13QMJfRNBf4CFwFDCnLw5Pem6WS/veR5CCCYElUueJdVqpYAqECWWRRYsUO+6734vIrGgoSEca91GnjSdCVaGEU6nGT/WVGIywgPatjTEgurOZHb9FB5bpQf7kbIVGjhTv09MsNB6LALbKbAZ6t9eIv7ltWPTr3QmLJSxoSGZL+rHHNp/kyhgjylKDB9bgoli9lZIhlhhYmxgGRvC16fwf9Is5FEpX7wsZmtnizjS4BAcgRxAoAxq4ALUQQMQcAcewBN4du6dR+fFeZ23ppzFzD74AeftE3sbk/k=</latexit>

p → γp(p∗)
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•  Start with                          form factor…

•Key point: form factors determined with 

percent level precision from wealth of 

lepton-hadron scattering data:

' Protons - both elastic and dissociative PI production can be modelled in  `Structure function’ 

approach:

e

p
<latexit sha1_base64="8952hZF5CoWy9D02cTRLLuidyU4=">AAAB+HicdVDJSgNBEO1xjXHJqEcvjUHwFKZDyAIeAl48RjALJGOo6fQkTXoWunuEOORLvHhQxKuf4s2/sSeJoKIPCh7vVVFVz4sFV9pxPqy19Y3Nre3cTn53b/+gYB8edVSUSMraNBKR7HmgmOAha2uuBevFkkHgCdb1ppeZ371jUvEovNGzmLkBjEPucwraSEO70L1NByDiCQw8pmE+tItOyXEcQgjOCKlVHUMajXqZ1DHJLIMiWqE1tN8Ho4gmAQs1FaBUnzixdlOQmlPB5vlBolgMdApj1jc0hIApN10cPsdnRhlhP5KmQo0X6veJFAKlZoFnOgPQE/Xby8S/vH6i/bqb8jBONAvpcpGfCKwjnKWAR1wyqsXMEKCSm1sxnYAEqk1WeRPC16f4f9Ipl0i1VLmuFJsXqzhy6ASdonNEUA010RVqoTaiKEEP6Ak9W/fWo/VivS5b16zVzDH6AevtE0fik4E=</latexit>

W
αβ

•Structure functions parameterise the                 vertex:γp → X
<latexit sha1_base64="+rgsxMfIdX0T5CYJ8mo6lj7Ew18=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oYplsN+3S3STsbpRS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8MBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMUdagiUhUO0TNBI9Zw3AjWDtVDGUoWCsc3kz91iNTmifxvRmlLJDYj3nEKRorPfh9lBJJSnyTkHa3XHGr7gxkmXg5qUCOerf85fcSmkkWGypQ647npiYYozKcCjYp+ZlmKdIh9lnH0hgl08F4dvWEnFilR6JE2YoNmam/J8YotR7J0HZKNAO96E3F/7xOZqLLYMzjNDMspvNFUSaIfXEaAelxxagRI0uQKm5vJXSACqmxQZVsCN7iy8ukeVb1zqtXd+eV2nUeRxGO4BhOwYMLqMEt1KEBFBQ8wyu8OU/Oi/PufMxbC04+cwh/4Hz+AHG8kdg=</latexit>

Wµν =

(

−gµν +
qµqν

q2

)

F1(x, Q2) +
P̂µP̂ν

P · q
F2(x, Q2)
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<latexit sha1_base64="nHKxQS2aMi+AhN8/fj1eN8sDDu8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCdVEmpfSxK7pxWcG2QqeWTJq2oclMSDJCLcVfceNCEbf+hzv/xkxbQUUPXDiccy/33hNIzrTxvA8ntbS8srqWXs9sbG5t77i7e00dxYrQBol4pK4DrClnIW0YZji9lopiEXDaCkbnid+6pUqzKLwyY0k7Ag9C1mcEGyt13QMJfRNBf4CFwFDCnLw5Pem6WS/veR5CCCYElUueJdVqpYAqECWWRRYsUO+6734vIrGgoSEca91GnjSdCVaGEU6nGT/WVGIywgPatjTEgurOZHb9FB5bpQf7kbIVGjhTv09MsNB6LALbKbAZ6t9eIv7ltWPTr3QmLJSxoSGZL+rHHNp/kyhgjylKDB9bgoli9lZIhlhhYmxgGRvC16fwf9Is5FEpX7wsZmtnizjS4BAcgRxAoAxq4ALUQQMQcAcewBN4du6dR+fFeZ23ppzFzD74AeftE3sbk/k=</latexit>

p → γp(p∗)



e

p

e

p

F
el

1,2
<latexit sha1_base64="kxSYZNkHkBXXjjpORUHKCfuH0jA=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCSt+NgVBHFZwT6gjWEynbRDZyZhZlIooX/ixoUibv0Td/6NkzSIWg9cOJxzL/feE8SMKu04n9bS8srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxteZ35kQqWgk7vU0Jh5HQ0FDipE2km/bN37qntZmD2lfckjYzLcrTtXJAReJW5AKKND07Y/+IMIJJ0JjhpTquU6svRRJTTEjs3I/USRGeIyGpGeoQJwoL80vn8FjowxgGElTQsNc/TmRIq7UlAemkyM9Un+9TPzP6yU6vPRSKuJEE4Hni8KEQR3BLAY4oJJgzaaGICypuRXiEZIIaxNWOQ/hKsP598uLpF2ruvVq/e6s0mgUcZTAITgCJ8AFF6ABbkETtAAGE/AInsGLlVpP1qv1Nm9dsoqZA/AL1vsXrvOTLg==</latexit>

F
inel

1,2
<latexit sha1_base64="lPgAxb1OaOv4wFWAzXLSRTi+dGE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkrSio9dQRCXFewD2hgm00k7dCYJMxOxhPyKGxeKuPVH3Pk3TtIgaj1w4XDOvTP3Hi9iVCrL+jRKS8srq2vl9crG5tb2jrlb7cowFph0cMhC0feQJIwGpKOoYqQfCYK4x0jPm15mfu+eCEnD4FbNIuJwNA6oTzFSWnLN6pWb2MeN9C4ZCg71Iyx1zZpVt3LARWIXpAYKtF3zYzgKccxJoDBDUg5sK1JOgoSimJG0MowliRCeojEZaBogTqST5Lun8FArI+iHQlegYK7+nEgQl3LGPd3JkZrIv14m/ucNYuWfOwkNoliRAM8/8mMGVQizIOCICoIVm2mCsKB6V4gnSCCsdFyVPISLDKffJy+SbqNuN+vNm5Naq1XEUQb74AAcARucgRa4Bm3QARg8gEfwDF6M1HgyXo23eWvJKGb2wC8Y719K35QZ</latexit>

•  Both elastic and inelastic SFs 

accounted for:

'Elastic: precisely measured proton EM form factor.

' Inelastic: wealth of data on inelastic lepton-proton collisions. 

At higher photon this is just DIS - take from pQCD + global 

PDFs!

31

A. Manohar et al., JHEP 1712 (2017) 046

•Aside: all of this is exactly as goes into the ‘LUXqed’ photon PDF approach - now standard for 

including photon in proton PDFs.
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•Calculation readily amenable to MC treatment:
LHL, JHEP 03 (2020) 128, 

Phys.Rev.D 104 (2021) 7, 073002

'Can isolate elastic component of        to give exclusive prediction.

'Fully differential in photon               invariant mass of proton 

dissociation system (higher            more hadronic activity).

x,Q2
⇒

<latexit sha1_base64="8saTTnEXpllSWK+4nr8+WUvho4U=">AAAB+nicbVBNT8JAEJ36ifhV9OhlIzHxYEhLSMQbiRePYOQjgUq2ywIbtttmdyuSyk/x4kFjvPpLvPlvXKAHBV8yyct7M5mZ50ecKe0439ba+sbm1nZmJ7u7t39waOeOGiqMJaF1EvJQtnysKGeC1jXTnLYiSXHgc9r0R9czv/lApWKhuNOTiHoBHgjWZwRrI3Xt3ONF7b6IOrdsMNRYynDctfNOwZkDrRI3JXlIUe3aX51eSOKACk04VqrtOpH2Eiw1I5xOs51Y0QiTER7QtqECB1R5yfz0KTozSg/1Q2lKaDRXf08kOFBqEvimM8B6qJa9mfif1451v+wlTESxpoIsFvVjjnSIZjmgHpOUaD4xBBPJzK2IDLHERJu0siYEd/nlVdIoFtxS4apWylfKaRwZOIFTOAcXLqECN1CFOhAYwzO8wpv1ZL1Y79bHonXNSmeO4Q+szx99KpOB</latexit>

W
2
⇒

<latexit sha1_base64="+SpLUzAu34Q/h9eSnUAlY7si5bo=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7JbCtZbwYvHKvYD2rVk02wbmk2WJKvU0l/ixYMiXv0p3vw3pu0etPXBwOO9GWbmhQln2njet7O2vrG5tZ3bye/u7R8U3MOjppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4upr5rQeqNJPizowTGsR4IFjECDZW6rmF1n0ZdW/ZYGiwUvKx5xa9kjcHWiV+RoqQod5zv7p9SdKYCkM41rrje4kJJlgZRjid5ruppgkmIzygHUsFjqkOJvPDp+jMKn0USWVLGDRXf09McKz1OA5tZ4zNUC97M/E/r5OaqBpMmEhSQwVZLIpSjoxEsxRQnylKDB9bgoli9lZEhlhhYmxWeRuCv/zyKmmWS36ldHlTKdaqWRw5OIFTOAcfLqAG11CHBhBI4Rle4c15cl6cd+dj0brmZDPH8AfO5w85o5LP</latexit>

F1,2
<latexit sha1_base64="aWHiucA1H59R9UPtB9xoNglALMc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcJuCBhvAUE8RjAPSJYwO+kkQ2Znl5lZISz5CC8eFPHq93jzb5wke9DEgoaiqpvuriAWXBvX/XZyG5tb2zv53cLe/sHhUfH4pKWjRDFsskhEqhNQjYJLbBpuBHZihTQMBLaDye3cbz+h0jySj2Yaox/SkeRDzqixUvuun3pXlVm/WHLL7gJknXgZKUGGRr/41RtELAlRGiao1l3PjY2fUmU4Ezgr9BKNMWUTOsKupZKGqP10ce6MXFhlQIaRsiUNWai/J1Iaaj0NA9sZUjPWq95c/M/rJmZY81Mu48SgZMtFw0QQE5H572TAFTIjppZQpri9lbAxVZQZm1DBhuCtvrxOWpWyVy3fPFRL9VoWRx7O4BwuwYNrqMM9NKAJDCbwDK/w5sTOi/PufCxbc042cwp/4Hz+AGAhju4=</latexit>

 (                                                         ).

RX

Backup

•Pass to general purpose MC 

for showering/hadronisation 

of dissociation system.

•Can evaluate impact of e.g. 

rapidity veto (proton tag) 

with this.

<latexit sha1_base64="wkJHxhtWkJ/KkwbeV/01aNAr8os="></latexit>

�

Q2,M2
→ General Purpose MC

<latexit sha1_base64="/eaDFRKwoBs8v8u0erSbx1aMmtw="></latexit>

�

Q2,M2
→ General Purpose MC

•But not the end of the story!

σpp =
1

2s

Z
dx1dx2 d

2q1?d
2q2?dΓα(Q2

1)α(Q
2
2)
ρ
µµ0

1 ρνν
0

2 M∗

µ0ν0
Mµν

q21q
2
2

δ(4)(q1 + q2 � pX) ,
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<latexit sha1_base64="wkJHxhtWkJ/KkwbeV/01aNAr8os="></latexit>

<latexit sha1_base64="/eaDFRKwoBs8v8u0erSbx1aMmtw="></latexit>

l
+
l
−

<latexit sha1_base64="GfCn2MoIh38jGnxU+vJGO1AOGaA=">AAAB7nicbVDLSsNAFJ34rPVVdelmsAiCGJK0pu1GCm5cVrAPaNMymU7boZNJmJkIJfQj3LhQxK3f486/cZIW8XXgwuGce7n3Hj9iVCrL+jBWVtfWNzZzW/ntnd29/cLBYUuGscCkiUMWio6PJGGUk6aiipFOJAgKfEba/vQ69dv3REga8js1i4gXoDGnI4qR0lKb9c8h618MCkXLdC8d165Ay3ScaqmaErdUq9kWtE0rQxEs0RgU3nvDEMcB4QozJGXXtiLlJUgoihmZ53uxJBHCUzQmXU05Coj0kuzcOTzVyhCOQqGLK5ip3ycSFEg5C3zdGSA1kb+9VPzP68ZqVPUSyqNYEY4Xi0YxgyqE6e9wSAXBis00QVhQfSvEEyQQVjqhfBZCLYX79fJf0nJMu2SWb8vF+tUyjhw4BifgDNigAurgBjRAE2AwBQ/gCTwbkfFovBivi9YVYzlzBH7AePsEwb2PVQ==</latexit>

Veto

Allowed
Allowed



The Survival Factor

p

pp

p

+

−

γ

γ

µ

µ

(a)

•Consider e.g. the exclusive process. So far we have (very) 

schematically: <latexit sha1_base64="EpL3BlsPpXcsWD/FPfkBGPdLXjE="></latexit>

σ ∼ F el.(x1, Q
2

1
)F el.(x2, Q

2

2
)

<latexit sha1_base64="tqkzZbS03TdEd6UmqArRc1zvWp8=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIFaQkRW0LLgqCuGzBPqCPIZOmbWjmQZIRy9iFv+LGhSJu/Q13/o2ZtoKKHrhwOOde7r3HCQRXGqEPK7GwuLS8klxNra1vbG6lt3fqyg8lZTXqC182HaKY4B6raa4FawaSEdcRrOGMLmK/ccOk4r53rccB67hk4PE+p0QbyU7vXXajtnQhE7lJ9tbGx1Ubd/NHdjqDcgghjDGMCS6cIUNKpWIeFyGOLYMMmKNip9/bPZ+GLvM0FUSpFkaB7kREak4Fm6TaoWIBoSMyYC1DPeIy1Ymm90/goVF6sO9LU56GU/X7RERcpcauYzpdoofqtxeLf3mtUPeLnYh7QaiZR2eL+qGA2odxGLDHJaNajA0hVHJzK6RDIgnVJrKUCeHrU/g/qedz+DSHqieZ8vk8jiTYBwcgCzAogDK4AhVQAxTcgQfwBJ6te+vRerFeZ60Jaz6zC37AevsEy2aUpw==</latexit>

F el.(x1, Q
2

1
)

<latexit sha1_base64="A/4iYX50m/lVK3bOvW7HoU98vQo=">AAAB/3icdVDLSgMxFM34rPVVFdy4CRahggzJ4KMFF4IgLi3YB7TTIZOmNph5kGTEMnbhr7hxoYhbf8Odf2OmraCiBy4czrmXe+/xY8GVRujDmpqemZ2bzy3kF5eWV1YLa+t1FSWSshqNRCSbPlFM8JDVNNeCNWPJSOAL1vCvTzO/ccOk4lF4qQcxcwNyFfIep0QbyStsnnXStgwgE/awdOs5e1XP6Ti7XqGIbIQQxhhmBB8dIkMqlbKDyxBnlkERTHDhFd7b3YgmAQs1FUSpFkaxdlMiNaeCDfPtRLGY0GtyxVqGhiRgyk1H9w/hjlG6sBdJU6GGI/X7REoCpQaBbzoDovvqt5eJf3mtRPfKbsrDONEspONFvURAHcEsDNjlklEtBoYQKrm5FdI+kYRqE1nehPD1Kfyf1B0bH9ioul88OZ7EkQNbYBuUAAZH4AScgwtQAxTcgQfwBJ6te+vRerFex61T1mRmA/yA9fYJzniUqQ==</latexit>

F el.(x2, Q
2

2
)•Similarly for SD + DD, with 

<latexit sha1_base64="FGR8ZYgRCuKB4RwRyq5iYn7Zmkk=">AAACBnicdVDLSgMxFM3UV62vUZciBIvgakiK2hZcFARxWcE+oFNLJs20oZkHSUYoQ1du/BU3LhRx6ze482/MtBVU9EDg5Jx7b3KPFwuuNEIfVm5hcWl5Jb9aWFvf2Nyyt3eaKkokZQ0aiUi2PaKY4CFraK4Fa8eSkcATrOWNzjO/dcuk4lF4rccx6wZkEHKfU6KN1LP3L25SVwaQCWcCXR3B+d2MM0rPLiIHIYQxhhnB5VNkSLVaKeEKxJllUARz1Hv2u9uPaBKwUFNBlOpgFOtuSqTmVLBJwU0UiwkdkQHrGBqSgKluOl1jAg+N0od+JM0JNZyq3ztSEig1DjxTGRA9VL+9TPzL6yTar3RTHsaJZiGdPeQnApp1s0xgn0tGtRgbQqjk5q+QDokkVJvkCiaEr03h/6RZcvCJg66Oi7WzeRx5sAcOwBHAoAxq4BLUQQNQcAcewBN4tu6tR+vFep2V5qx5zy74AevtEx2UmEM=</latexit>

F
el.

→ F
inel.

e

p

e

p

F
el

1,2
<latexit sha1_base64="kxSYZNkHkBXXjjpORUHKCfuH0jA=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCSt+NgVBHFZwT6gjWEynbRDZyZhZlIooX/ixoUibv0Td/6NkzSIWg9cOJxzL/feE8SMKu04n9bS8srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxteZ35kQqWgk7vU0Jh5HQ0FDipE2km/bN37qntZmD2lfckjYzLcrTtXJAReJW5AKKND07Y/+IMIJJ0JjhpTquU6svRRJTTEjs3I/USRGeIyGpGeoQJwoL80vn8FjowxgGElTQsNc/TmRIq7UlAemkyM9Un+9TPzP6yU6vPRSKuJEE4Hni8KEQR3BLAY4oJJgzaaGICypuRXiEZIIaxNWOQ/hKsP598uLpF2ruvVq/e6s0mgUcZTAITgCJ8AFF6ABbkETtAAGE/AInsGLlVpP1qv1Nm9dsoqZA/AL1vsXrvOTLg==</latexit>

F
inel

1,2
<latexit sha1_base64="lPgAxb1OaOv4wFWAzXLSRTi+dGE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkrSio9dQRCXFewD2hgm00k7dCYJMxOxhPyKGxeKuPVH3Pk3TtIgaj1w4XDOvTP3Hi9iVCrL+jRKS8srq2vl9crG5tb2jrlb7cowFph0cMhC0feQJIwGpKOoYqQfCYK4x0jPm15mfu+eCEnD4FbNIuJwNA6oTzFSWnLN6pWb2MeN9C4ZCg71Iyx1zZpVt3LARWIXpAYKtF3zYzgKccxJoDBDUg5sK1JOgoSimJG0MowliRCeojEZaBogTqST5Lun8FArI+iHQlegYK7+nEgQl3LGPd3JkZrIv14m/ucNYuWfOwkNoliRAM8/8mMGVQizIOCICoIVm2mCsKB6V4gnSCCsdFyVPISLDKffJy+SbqNuN+vNm5Naq1XEUQb74AAcARucgRa4Bm3QARg8gEfwDF6M1HgyXo23eWvJKGb2wC8Y719K35QZ</latexit>

•These inputs are measured in 

lepton-hadron scattering.

•But we are interested in 

hadron-hadron scattering:     

need to account for additional 

hadron-hadron interactions.

p

pp

p

+

−

γ

γ

µ

µ

(a)

p

p

'

X

γ

γ

X

''

+

−

µ

µ

X

(d)
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• ‘Survival factor’ = probability of no additional inelastic hadron-hadron interactions. Schematically:

•How to model this? Depends on e.g.         in soft regime      requires understanding of proton + 

strong interaction in non-perturbative regime.

•Build phenomenological models, and tune to wealth of data on elastic + inelastic proton 

scattering at LHC (and elsewhere).

<latexit sha1_base64="jJKAnmyZk3qAGQTFszDXNhMCVL0=">AAAB+nicbVDLSgMxFL1TX7W+prp0EyyCqzIjii5cFNy4rGAf0I4lk2ba0CQzJBmljP0UNy4UceuXuPNvTNtZaOuBC4dz7k3uPWHCmTae9+0UVlbX1jeKm6Wt7Z3dPbe839RxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYDVZrF8s6MExoIPJAsYgQbK/XcclezgcD3WVcJZN/gk55b8areDGiZ+DmpQI56z/3q9mOSCioN4Vjrju8lJsiwMoxwOil1U00TTEZ4QDuWSiyoDrLZ6hN0bJU+imJlSxo0U39PZFhoPRah7RTYDPWiNxX/8zqpiS6DjMkkNVSS+UdRypGJ0TQH1GeKEsPHlmCimN0VkSFWmBibVsmG4C+evEyap1X/vOrdnlVqV3kcRTiEIzgBHy6gBjdQhwYQeIRneIU358l5cd6dj3lrwclnDuAPnM8fceeUGQ==</latexit>

σ
inel

<latexit sha1_base64="oaVwLCy7Tm8d5G7PkVqq6WdisFY=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0cIiYGMZxXxAcoS9zV6yZO/22J1TwpGfYWOhiK2/xs5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aBqVasYbTEml2wE1XIqYN1Cg5O1EcxoFkreC0c3Ubz1ybYSKH3CccD+ig1iEglG0Uqd7LwZDpFqrp1654lbdGcgy8XJSgRz1Xvmr21csjXiMTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWxjTixs9mJ0/IiVX6JFTaVoxkpv6eyGhkzDgKbGdEcWgWvan4n9dJMbzyMxEnKfKYzReFqSSoyPR/0heaM5RjSyjTwt5K2JBqytCmVLIheIsvL5PmWdW7qLp355XadR5HEY7gGE7Bg0uowS3UoQEMFDzDK7w56Lw4787HvLXg5DOH8AfO5w+Qn5Fr</latexit>

⇒

V. A. Khoze et 

al., Eur.Phys.J.C 

81 (2021) 2, 175

<latexit sha1_base64="EUY8RxHK59/imVxyFupHq7ZWD+8="></latexit>

σ ∼ S
2
· σ

γγ

•In general source of 

uncertainty. Is this the case 

for photon-initiated 

production?
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b⊥

p

p

RX

Q2
' 1GeV

2

The Survival Factor in PI processes

•Protons like to interact: naively expect              . 

•However elastic PI production a special case: quasi-real photon             

large average pp impact parameter                      , and             .

<latexit sha1_base64="RzP48BhxZ5anCzNiXGiW0Krieuo=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CooVFwMYyovmQ5Ax7m71kye7esbsnhCO/wsZCEVt/jp3/xr3kCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e0nqjSL5L2ZxNQXeChZyAg2Vnq4e6yhHufI65crbtWdAS0TLycVyNHol796g4gkgkpDONa667mx8VOsDCOcTku9RNMYkzEe0q6lEguq/XR28BSdWGWAwkjZkgbN1N8TKRZaT0RgOwU2I73oZeJ/Xjcx4aWfMhknhkoyXxQmHJkIZd+jAVOUGD6xBBPF7K2IjLDCxNiMSjYEb/HlZdKqVb3zqnt7Vqlf5XEU4QiO4RQ8uIA63EADmkBAwDO8wpujnBfn3fmYtxacfOYQ/sD5/AE4Qo9a</latexit>

S
2
' 1

<latexit sha1_base64="sKZkmBENeGkjGjSLqCjZYQgJFVY=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokoujCRaEuXLZiH9CEMJlO2qEzkzAzEUrIxl9x40IRt36GO//GaZuFth64cDjnXu69J0wYVdpxvq3Syura+kZ5s7K1vbO7Z+8fdFScSkzaOGax7IVIEUYFaWuqGeklkiAeMtINx42p330kUtFYPOhJQnyOhoJGFCNtpMA+CgMvITKB3nAI74PMkxy2Grd5YFedmjMDXCZuQaqgQDOwv7xBjFNOhMYMKdV3nUT7GZKaYkbyipcqkiA8RkPSN1QgTpSfzR7I4alRBjCKpSmh4Uz9PZEhrtSEh6aTIz1Si95U/M/rpzq69jMqklQTgeeLopRBHcNpGnBAJcGaTQxBWFJzK8QjJBHWJrOKCcFdfHmZdM5r7mXNaV1U6zdFHGVwDE7AGXDBFaiDO9AEbYBBDp7BK3iznqwX6936mLeWrGLmEPyB9fkDefOVqQ==</latexit>

b⊥ � RQCD

<latexit sha1_base64="c4SPgr86QVZ8MEXRTPLh2DRjW2k=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CooVFwMYyovnA5Ax7m71kye7esbsnhCP/wsZCEVv/jZ3/xr3kCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUtHiSK0SSIeqU6ANeVM0qZhhtNOrCgWAaftYHyd+e0nqjSL5L2ZxNQXeChZyAg2Vnq4e6yhnmYCef1yxa26M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ/OLp6iE6sMUBgpW9Kgmfp7IsVC64kIbKfAZqQXvUz8z+smJrz0UybjxFBJ5ovChCMToex9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3XnVvzyr1qzyOIhzBMZyCBxdQhxtoQBMISHiGV3hztPPivDsf89aCk88cwh84nz8LrY/V</latexit>

S
2
∼ 1

<latexit sha1_base64="15pzUGTQTo77RZH8fJ+ewyuzgPE=">AAAB8nicdZDLSgMxFIYzXmu9VV26CRbB1ZARiy5cFOrCZSv2AtOhZNJMG5pkhiQjlKGP4caFIm59Gne+jZl2Cir6Q+DnO+eQc/4w4UwbhD6dldW19Y3N0lZ5e2d3b79ycNjRcaoIbZOYx6oXYk05k7RtmOG0lyiKRchpN5w08nr3gSrNYnlvpgkNBB5JFjGCjUX+3SDrKwFbjZvZoFJFbg3lgshFS1MQryBVUKg5qHz0hzFJBZWGcKy176HEBBlWhhFOZ+V+qmmCyQSPqG+txILqIJuvPIOnlgxhFCv7pIFz+n0iw0LrqQhtp8BmrH/XcvhXzU9NdBVkTCapoZIsPopSDk0M8/vhkClKDJ9ag4lidldIxlhhYmxKZRvC8lL4v+mcu17NRa2Lav26iKMEjsEJOAMeuAR1cAuaoA0IiMEjeAYvjnGenFfnbdG64hQzR+CHnPcvnXuQzA==</latexit>

RQCD

<latexit sha1_base64="A7o/R3+oAKsImJd3WjYFZIdNe+k=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQrMJuULSwCNhYJmIekF3D7GQ2GTKPZWZWCTGFv2JjoYitv2Hn3zhJttDEAxcO59zLvfdECaPaeN63k1taXlldy68XNja3tnfc3b2GlqnCpI4lk6oVIU0YFaRuqGGklSiCeMRIMxpcTfzmPVGaSnFrhgkJOeoJGlOMjJU67kHtrgwDTTn0YHBDe32DlJIPHbfolbwp4CLxM1IEGaod9yvoSpxyIgxmSOu27yUmHCFlKGZkXAhSTRKEB6hH2pYKxIkOR9P7x/DYKl0YS2VLGDhVf0+MENd6yCPbyZHp63lvIv7ntVMTX4QjKpLUEIFni+KUQSPhJAzYpYpgw4aWIKyovRXiPlIIGxtZwYbgz7+8SBrlkn9W8mqnxcplFkceHIIjcAJ8cA4q4BpUQR1g8AiewSt4c56cF+fd+Zi15pxsZh/8gfP5A4CglSA=</latexit>

Q2
∼ 0 ⇒

→ Relatively clean      initial state, with QCD playing small role in 

elastic case. Why we can say the LHC is a      collider.

γγ

γγ

•In more detail…

•  Consider purely elastic case for simplicity.

35



•How do we calculate survival factor for PI production? Simplest if we consider collision in 

terms of proton-proton impact parameter.

•Writing schematically:

•We can write this as integral over proton impact parameters:

•Where:

<latexit sha1_base64="Ivg/i63FUBAP8qo8HGijud/lNBw="></latexit>

� =

Z
d2b1⊥d

2b2⊥ |M̃(~b1⊥ ,
~b2⊥ , ...)|

2

<latexit sha1_base64="XY0EQYluHrcDsahGuSeZt2v3od4="></latexit>

� =

Z
d2q1⊥d

2q2⊥ |M(~q1⊥ , ~q2⊥ , ...)|
2
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•To first approximation, we then simply require:

•That is, only integrate over impact region where:

<latexit sha1_base64="Ivg/i63FUBAP8qo8HGijud/lNBw="></latexit>

� =

Z
d2b1⊥d

2b2⊥ |M̃(~b1⊥ ,
~b2⊥ , ...)|

2

b⊥ = |~b1⊥ −
~b2⊥|

<latexit sha1_base64="k+7BBiM8N7sIsuGRmGJJ8/Vs4SM="></latexit>

� =

Z
d2b1⊥d

2b2⊥ |M̃(~b1⊥ ,
~b2⊥ , ...)|

2
Θ(b⊥ − 2rp)

<latexit sha1_base64="LGEXsm+SGldNnFLuWUjIiT4NlmU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqCcpevFYwX5Auy7ZNNuGZrMhySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzQsmZNq777aysrq1vbBa2its7u3v7pYPDlk5SRWiTJDxRnRBrypmgTcMMpx2pKI5DTtvh6Gbqtx+p0iwR92YsqR/jgWARI9hY6SEMepIqia5QVQUyKJXdijsDWiZeTsqQoxGUvnr9hKQxFYZwrHXXc6XxM6wMI5xOir1UU4nJCA9o11KBY6r9bHb1BJ1apY+iRNkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVMTXfoZEzI1VJD5oijlyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qaEPwFl9eJq1qxTuv1O5q5fp1HkcBjuEEzsCDC6jDLTSgCQQUPMMrvDlPzovz7nzMW1ecfOYI/sD5/AFu0JHU</latexit>

b⊥ > 2rp
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• In more detail, condition is not discrete - some overlap can occur. Schematically:

                                  : survival factor - probability for no additional particle 

production at impact parameter                            . Roughly:

but not exact!

b⊥ = |~b1⊥ −
~b2⊥|

<latexit sha1_base64="oU5q9LVvqQmraGQX9JT9l+t+TLI="></latexit>

� =

Z
d2b1⊥d

2b2⊥ |M̃(~b1⊥ ,
~b2⊥ , ...)|

2e−Ω(~b1
⊥
−
~b2

⊥
)

<latexit sha1_base64="i30d4A4NsN8JzTbdY1b98PXruVY=">AAACJ3icbZDLSgMxFIYzXmu9VV26CRZBF5YZKepKim7cWcG2QmccMpnTGsxcSDKFEuZt3PgqbgQV0aVvYtoO4u1A4Of7z0lO/iDlTCrbfrempmdm5+ZLC+XFpeWV1craelsmmaDQoglPxFVAJHAWQ0sxxeEqFUCigEMnuD0d+Z0BCMmS+FINU/Ai0o9Zj1GiDPIrx9gdX6IFhLmGa73nnkfQJzvuAKgOcl87vpuCSPO9L7JfkN089ytVu2aPC/8VTiGqqKimX3lyw4RmEcSKciJl17FT5WkiFKMc8rKbSUgJvSV96BoZkwikp8cr5njbkBD3EmFOrPCYfp/QJJJyGAWmMyLqRv72RvA/r5up3pGnWZxmCmI6eaiXcawSPAoNh0wAVXxoBKGCmV0xvSGCUGWiLZsQnN9f/iva+zXnoFa/qFcbJ0UcJbSJttAOctAhaqAz1EQtRNEdekDP6MW6tx6tV+tt0jplFTMb6EdZH59A56du</latexit>

e
−Ω(~b1

⊥
−
~b2

⊥
)

<latexit sha1_base64="TYAAmDGfoSX/MQVdkgo+auZgxcs=">AAACHHicbVBNS8NAEN3U7/pV9ehlsQjtoSVRUY8FL95UaLXQxLDZTtqlm2TZ3Ygl9Id48a948aCIFw+C/8btB6KtDwYe780wMy8QnClt219Wbm5+YXFpeSW/ura+sVnY2r5WSSopNGjCE9kMiALOYmhopjk0hQQSBRxugt7Z0L+5A6lYEtd1X4AXkU7MQkaJNpJfOITbrOJeRNAhpcB3BUhRHmCXCCGTe+zWu6B/DFzBB9IXZb9QtKv2CHiWOBNSRBNc+oUPt53QNIJYU06Uajm20F5GpGaUwyDvpgoEoT3SgZahMYlAednouQHeN0obh4k0FWs8Un9PZCRSqh8FpjMiuqumvaH4n9dKdXjqZSwWqYaYjheFKcc6wcOkcJtJoJr3DSFUMnMrpl0iCdUmz7wJwZl+eZZcH1Sd4+rR1VGxVpvEsYx20R4qIQedoBo6R5eogSh6QE/oBb1aj9az9Wa9j1tz1mRmB/2B9fkN0TOgjw==</latexit>

e
−Ω(b⊥)

≈ Θ(b⊥ − 2rp)
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• Result for pp:

<latexit sha1_base64="oU5q9LVvqQmraGQX9JT9l+t+TLI="></latexit>

� =

Z
d2b1⊥d

2b2⊥ |M̃(~b1⊥ ,
~b2⊥ , ...)|

2e−Ω(~b1
⊥
−
~b2

⊥
)

• What does this tell us about survival factor for purely elastic production?
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• Have a look at ratio:
<latexit sha1_base64="Av/ispMcfMJuCZbU66Eu5Yia8Zc=">AAACJ3icbVDLSgMxFM34rPU16tJNsAjtpsxIURdSCm5cVrAP6Iwlk2ba0CQzJBmhDPM3bvwVN4KK6NI/MW1noa0HAodzzuXmniBmVGnH+bJWVtfWNzYLW8Xtnd29ffvgsK2iRGLSwhGLZDdAijAqSEtTzUg3lgTxgJFOML6e+p0HIhWNxJ2exMTnaChoSDHSRurbdS+UCKeeokOOykHfi4mMYR3m7D71JIc40VklWwo5laxvl5yqMwNcJm5OSiBHs2+/eoMIJ5wIjRlSquc6sfZTJDXFjGRFL1EkRniMhqRnqECcKD+d3ZnBU6MMYBhJ84SGM/X3RIq4UhMemCRHeqQWvan4n9dLdHjpp1TEiSYCzxeFCYM6gtPS4IBKgjWbGIKwpOavEI+QKU6baoumBHfx5GXSPqu659Xaba3UuMrrKIBjcALKwAUXoAFuQBO0AAaP4Bm8gXfryXqxPqzPeXTFymeOwB9Y3z8NqKYD</latexit>

σ(b⊥ > bcut
⊥

)

σ(b⊥ > 0)

~ 90% of cross 

section lies outside

<latexit sha1_base64="BPAeIEPvgIY8TEtPlw9qtcaUJ/I=">AAAB+3icdVDLSgMxFM34rPU11qWbYBHcOGSKpQouCm5cVrQPaMeSSTNtaCYzJBmxDP0VNy4UceuPuPNvzLRTUNEDCSfn3Mu9OX7MmdIIfVpLyyura+uFjeLm1vbOrr1XaqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH19mfvueSsUicasnMfVCPBQsYARrI/Xt0s1dBfYUCyFyavDE3Od9u4ycKspgnmhBcsXNlTLI0ejbH71BRJKQCk04Vqrrolh7KZaaEU6nxV6iaIzJGA9p11CBQ6q8dLb7FB4ZZQCDSJojNJyp3ztSHCo1CX1TGWI9Ur+9TPzL6yY6OPNSJuJEU0Hmg4KEQx3BLAg4YJISzSeGYCKZ2RWSEZaYaBNX0YSw+Cn8n7Qqjlt10PVpuX6Rx1EAB+AQHAMX1EAdXIEGaAICHsAjeAYv1tR6sl6tt3npkpX37IMfsN6/APiUkcg=</latexit>

S
2
∼ 0.7− 0.9

•Depending on precise process/

kinematics have:

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10

RRR∞

b⊥
dσEPA/

RRR∞

0
dσEPA, pp

2rp
b⊥ [fm]

√

s = 7 TeV, mµµ > 20 GeV
√

s = 13 TeV, mµµ > 12 GeV

<latexit sha1_base64="LGEXsm+SGldNnFLuWUjIiT4NlmU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqCcpevFYwX5Auy7ZNNuGZrMhySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzQsmZNq777aysrq1vbBa2its7u3v7pYPDlk5SRWiTJDxRnRBrypmgTcMMpx2pKI5DTtvh6Gbqtx+p0iwR92YsqR/jgWARI9hY6SEMepIqia5QVQUyKJXdijsDWiZeTsqQoxGUvnr9hKQxFYZwrHXXc6XxM6wMI5xOir1UU4nJCA9o11KBY6r9bHb1BJ1apY+iRNkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVMTXfoZEzI1VJD5oijlyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qaEPwFl9eJq1qxTuv1O5q5fp1HkcBjuEEzsCDC6jDLTSgCQQUPMMrvDlPzovz7nzMW1ecfOYI/sD5/AFu0JHU</latexit>

b⊥ > 2rp

where                                is ~ 1!

<latexit sha1_base64="i30d4A4NsN8JzTbdY1b98PXruVY=">AAACJ3icbZDLSgMxFIYzXmu9VV26CRZBF5YZKepKim7cWcG2QmccMpnTGsxcSDKFEuZt3PgqbgQV0aVvYtoO4u1A4Of7z0lO/iDlTCrbfrempmdm5+ZLC+XFpeWV1craelsmmaDQoglPxFVAJHAWQ0sxxeEqFUCigEMnuD0d+Z0BCMmS+FINU/Ai0o9Zj1GiDPIrx9gdX6IFhLmGa73nnkfQJzvuAKgOcl87vpuCSPO9L7JfkN089ytVu2aPC/8VTiGqqKimX3lyw4RmEcSKciJl17FT5WkiFKMc8rKbSUgJvSV96BoZkwikp8cr5njbkBD3EmFOrPCYfp/QJJJyGAWmMyLqRv72RvA/r5up3pGnWZxmCmI6eaiXcawSPAoNh0wAVXxoBKGCmV0xvSGCUGWiLZsQnN9f/iva+zXnoFa/qFcbJ0UcJbSJttAOctAhaqAz1EQtRNEdekDP6MW6tx6tV+tt0jplFTMb6EdZH59A56du</latexit>

e
−Ω(~b1

⊥
−
~b2

⊥
)

•True for elastic production. What about dissociation?
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lepton pair 

production

•        
<latexit sha1_base64="qGJxMvtpnKb5wypU+bN4cM76vC4="></latexit>

Dissociation ⇒ larger photon Q2 ⇒ smaller pp b⊥ ⇒ S2 ↓

•For SD production elastic proton side 

results in ~ peripheral interaction and      

still rather high.

•For DD no longer case and                   

<latexit sha1_base64="sSBXkp8SFCDJTpKTa3CZGWXS/qA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjxikEcCK5kdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFSo/FY6RdLbtldgKwTLyMlyFDvF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietStm7Klfvq6VaLYsjD2dwDpfgwTXU4A7q0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz/Vlo2C</latexit>

S
2

<latexit sha1_base64="u/tU9twdXHh49W4Egy1Dyan5G9w=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Ckkp6rHgxWNF+wFNLJvtpl26uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+nbX1jc2t7dJOeXdv/+CwcnTc1kmmCG2RhCeqG2FNOZO0ZZjhtJsqikXEaSca38z8zhNVmiXywUxSGgo8lCxmBBsrBfePNRRoJpDn+v1K1XO9OdAq8QtShQLNfuUrGCQkE1QawrHWPd9LTZhjZRjhdFoOMk1TTMZ4SHuWSiyoDvP5zVN0bpUBihNlSxo0V39P5FhoPRGR7RTYjPSyNxP/83qZia/DnMk0M1SSxaI448gkaBYAGjBFieETSzBRzN6KyAgrTIyNqWxD8JdfXiXtmutfuvW7erXRKOIowSmcwQX4cAUNuIUmtIBACs/wCm9O5rw4787HonXNKWZO4A+czx/tAZBQ</latexit>

S
2
∼ 0.1

p

pp

p p

p p p

p

'X

X

+

−

γ

γ

γ

γ

γ

γ

X'

''

µ

µ

+

−

µ

µ

+

−

µ

µ

(a) (b) (c)
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<latexit sha1_base64="dql4OABezf8v6XoEV5aRI02rco4=">AAACGHicdZDLSgMxFIYzXmu9jbp0EyxC3dSkqG1BpODGZUV7gbaWTCZtQzMXkoxQhj6GG1/FjQtF3Hbn25jpRVT0QODP959Dcn4nFFxphD6shcWl5ZXV1Fp6fWNza9ve2a2pIJKUVWkgAtlwiGKC+6yquRasEUpGPEewujO4TPz6PZOKB/6tHoas7ZGez7ucEm1Qxz6+uctn45b0IBO50RG8gF9AufM7nALXgI6dQTmEEMYYJgIXzpARpVIxj4sQJ5apDJhVpWOPW25AI4/5mgqiVBOjULdjIjWngo3SrUixkNAB6bGmkT7xmGrHk8VG8NAQF3YDaY6v4YR+n4iJp9TQc0ynR3Rf/fYS+JfXjHS32I65H0aa+XT6UDcSUAcwSQm6XDKqxdAIQiU3f4W0TySh2mSZNiHMN4X/i1o+h09z6PokUz6fxZEC++AAZAEGBVAGV6ACqoCCB/AEXsCr9Wg9W2/W+7R1wZrN7IEfZY0/AZu5nQQ=</latexit>

S
2(el.) > S

2(sd) > S
2(dd)

•Also not kinematic 

dependence - not a flat factor 

(MC treatment mandatory).



•What about uncertainties?

model dependent

model 

independent

•Majority of elastic (SD) 

interaction occurs for

where                    independent 

of QCD modelling.

<latexit sha1_base64="5dIDCrymAQgCx4r5Vc7ovfZ13lQ=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW8FFwY3LivaBbSyT6aQdOjMJMxOhhP6FGxeKuPVv3Pk3TtoKKnrgwuGce7n3njBhVGnH+bCWlldW19YLG8XNre2d3dLefkvFqcSkiWMWy06IFGFUkKammpFOIgniISPtcHyR++17IhWNxY2eJCTgaChoRDHSRrq9vvNgT1EO3X6p7NhntYrnV6BjO07V9dyceFX/1IeuUXKUwQKNfum9N4hxyonQmCGluq6T6CBDUlPMyLTYSxVJEB6jIekaKhAnKshmF0/hsVEGMIqlKaHhTP0+kSGu1ISHppMjPVK/vVz8y+umOqoFGRVJqonA80VRyqCOYf4+HFBJsGYTQxCW1NwK8QhJhLUJqWhC+PoU/k9anu1WbP/KL9fPF3EUwCE4AifABVVQB5egAZoAAwEewBN4tpT1aL1Yr/PWJWsxcwB+wHr7BG1YkBw=</latexit>

S
2
∼ 1

Uncertainty on       small, at % level.
<latexit sha1_base64="9wnCatdktZ+rVoK4gmxwvaRmV+k=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZIY2gouCm5cVrQPaGOZTCft0JlJmJkIJfQX3LhQxK0/5M6/cdJWUNEDFw7n3Mu994QJo0o7zodVWFldW98obpa2tnd298r7B20VpxKTFo5ZLLshUoRRQVqaaka6iSSIh4x0wsll7nfuiVQ0Frd6mpCAo5GgEcVI59LNnQcH5Ypjn9ernl+Fju04Nddzc+LV/DMfukbJUQFLNAfl9/4wxiknQmOGlOq5TqKDDElNMSOzUj9VJEF4gkakZ6hAnKggm986gydGGcIolqaEhnP1+0SGuFJTHppOjvRY/fZy8S+vl+qoHmRUJKkmAi8WRSmDOob543BIJcGaTQ1BWFJzK8RjJBHWJp6SCeHrU/g/aXu2W7X9a7/SuFjGUQRH4BicAhfUQANcgSZoAQzG4AE8gWeLW4/Wi/W6aC1Yy5lD8APW2yeKy43q</latexit>

S
2

<latexit sha1_base64="XxiKRFBC0zFOIe8GGmivdOVND1A=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYygvmAyxH2NnvJkr3bY3dOCSE/w8ZCEVt/jZ3/xk1yhSY+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DIq04w3mZJKd0JquBQJb6JAyTup5jQOJW+Ho9uZ337k2giVPOA45UFMB4mIBKNoJb+rxWCIVGv11CtX3Ko7B1klXk4qkKPRK391+4plMU+QSWqM77kpBhOqUTDJp6VuZnhK2YgOuG9pQmNugsn85Ck5s0qfRErbSpDM1d8TExobM45D2xlTHJplbyb+5/kZRtfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQplWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAIDBc/wCm8OOi/Ou/OxaC04+cwx/IHz+QPD25GQ</latexit>

→

<latexit sha1_base64="LGEXsm+SGldNnFLuWUjIiT4NlmU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqCcpevFYwX5Auy7ZNNuGZrMhySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzQsmZNq777aysrq1vbBa2its7u3v7pYPDlk5SRWiTJDxRnRBrypmgTcMMpx2pKI5DTtvh6Gbqtx+p0iwR92YsqR/jgWARI9hY6SEMepIqia5QVQUyKJXdijsDWiZeTsqQoxGUvnr9hKQxFYZwrHXXc6XxM6wMI5xOir1UU4nJCA9o11KBY6r9bHb1BJ1apY+iRNkSBs3U3xMZjrUex6HtjLEZ6kVvKv7ndVMTXfoZEzI1VJD5oijlyCRoGgHqM0WJ4WNLMFHM3orIECtMjA2qaEPwFl9eJq1qxTuv1O5q5fp1HkcBjuEEzsCDC6jDLTSgCQQUPMMrvDlPzovz7nzMW1ecfOYI/sD5/AFu0JHU</latexit>

b⊥ > 2rp

42

• This justifies talking about the LHC as a photon-photon collider: for purely elastic 

production at least impact of QCD interactions is very small!

N.b. no longer true for DD production - uncertainty                (though       itself much smaller).
<latexit sha1_base64="vOyx8PfYUJc5IeOsDj+ey7Wh+a4=">AAAB7nicdVDLSgMxFM3UV62vqks3wVKomyFTO7XdFd24s4J9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPTAhcM593LvPX7MmdIIfViZtfWNza3sdm5nd2//IH941FZRIgltkYhHsutjRTkTtKWZ5rQbS4pDn9OOP7ma+517KhWLxJ2extQL8UiwgBGsjdS5KbmoXzwb5AvIrtdRxalDZLsIlWtVQ9B5uea60LHRAgWwQnOQf+8PI5KEVGjCsVI9B8XaS7HUjHA6y/UTRWNMJnhEe4YKHFLlpYtzZ7BolCEMImlKaLhQv0+kOFRqGvqmM8R6rH57c/Evr5fooOalTMSJpoIsFwUJhzqC89/hkElKNJ8agolk5lZIxlhiok1CORPC16fwf9Iu207Vrt5WCo3LVRxZcAJOQQk44AI0wDVoghYgYAIewBN4tmLr0XqxXpetGWs1cwx+wHr7BNPAjp0=</latexit>

O(50%)
<latexit sha1_base64="tQl848tEU1CKUFSHO/enMf4AoVQ=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ09MYnILevEYiVkgGUNPpydp0rPQ3SOEIZ/gxYMiXv0ib/6NnUVQ0QcFj/eqqKrnxYIrjfGHtbK6tr6xmdnKbu/s7u3nDg5bKkokZU0aiUh2PKKY4CFraq4F68SSkcATrO2Nr2Z++55JxaPwVk9i5gZkGHKfU6KN1GjcFfq5PLarVVx0qgjbJYwLlbIh+LxQKZWQY+M58rBEvZ977w0imgQs1FQQpboOjrWbEqk5FWya7SWKxYSOyZB1DQ1JwJSbzk+dolOjDJAfSVOhRnP1+0RKAqUmgWc6A6JH6rc3E//yuon2K27KwzjRLKSLRX4ikI7Q7G804JJRLSaGECq5uRXREZGEapNO1oTw9Sn6n7QKtlO2yzfFfO1yGUcGjuEEzsCBC6jBNdShCRSG8ABP8GwJ69F6sV4XrSvWcuYIfsB6+wRFGo3S</latexit>

S
2



• A MC event generator 

for CEP processes. 

Common platform for:

# QCD-induced CEP.

# Photoproduction.

# Photon-photon induced CEP.

• For pp, pA and AA collisions.  Weighted/unweighted events (LHE, HEPMC) 

available- can interface to Pythia/HERWIG etc as required.

SuperChic MC Implementation

LHL et al., Eur.Phys.J.C 80 (2020) 10, 925

QCD-inducedPhoton-inducedproduction via QCD (left) and photon Photoproduction

Q

Q̄

F(x,ÿ) = @G(x,ÿ)/@ log ÿ2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,Υ,Υ0, . . .�

~ÿ�~ÿ

p p

W 2
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SuperChic 5 - MC Implementation

• Version 5 now released. Significant updates to code:

'HepMC output now properly supported.

'Full testing suite added + cmake build 

system.

'Various bug fixes + code improvements.

' Future releases will be via github. 

Collaboration/PRs welcome!

<latexit sha1_base64="Cm62MsggUd+xD5t3e/Mb7XcAuoA=">AAACF3icbVA9SwNBEN3z2/gVtbQ5DILV5c4iilXQJkWKiEaFJIS9zSS3ZG/v2J0Vw5F/YeNfsbFQxFY7/42bj0KNDwYe780wMy9MBdfo+1/O3PzC4tLyympubX1jcyu/vXOtE6MY1FkiEnUbUg2CS6gjRwG3qQIahwJuwv75yL+5A6V5Iq9wkEIrpj3Ju5xRtFI77zUR7hExixBTfVos9jhGJvRYEherhnEqK9XipUlBnUecDdv5gu/5Y7izJJiSApmi1s5/NjsJMzFIZIJq3Qj8FFsZVciZgGGuaTSklPVpDxqWShqDbmXjv4bugVU6bjdRtiS6Y/XnREZjrQdxaDtjipH+643E/7yGwe5JK+MyNQiSTRZ1jXAxcUchuR2ugKEYWEKZ4vZWl0VUUYY2ypwNIfj78iy5PvKCkle6OCqUz6ZxrJA9sk8OSUCOSZlUSI3UCSMP5Im8kFfn0Xl23pz3SeucM53ZJb/gfHwDZnOgEA==</latexit>

https://github.com/LucianHL/SuperChic

44



WW production: case study

45



WW production

•Basic idea: ask for no activity to isolate semi-exclusive                       signal.

•  If both protons tagged we would isolate this alone. But otherwise other 

diagrams will enter.

<latexit sha1_base64="oSldCeo/PE+kDikHds1ySeohpjY=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6rHoxWMF2xSaUCbbTbt0Nwm7GyGE+le8eFDEqz/Em//GbZuDtj7Y5fHeDDPzwpQzpR3n21pb39jc2q7sVHf39g8O7aPjrkoySWiHJDyRvRAU5SymHc00p71UUhAhp144uZ353iOViiXxg85TGggYxSxiBLSRBnbNH4EQsPixrxPseQO77jScOfAqcUtSRyXaA/vLHyYkEzTWhINSfddJdVCA1IxwOq36maIpkAmMaN/QGARVQTFfforPjDLEUSLNizWeq787ChBK5SI0lQL0WC17M/E/r5/p6DooWJxmmsZkMSjKODY3zpLAQyYp0Tw3BIhkZldMxiCBaJNX1YTgLp+8SroXDbfZaN5f1ls3ZRwVdIJO0Tly0RVqoTvURh1EUI6e0St6s56sF+vd+liUrlllTw39gfX5AwOklF8=</latexit>

γγ → WW

S. Bailey and LHL,Phys.Rev.D 105 

(2022) 9, 093010  

46

γ/Z

γ/Z

W±

W∓

γ/Z

W

W+

W−

γ

γ
W�

W+

p1

p2

X

X 0

: + …

•For e.g. double dissociation we have:

•Needed not just for precision but also gauge invariance!

++

γ/Z

γ/Z

W±

W∓

(a)

•To get cross section right, need to include…

<latexit sha1_base64="oSldCeo/PE+kDikHds1ySeohpjY=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6rHoxWMF2xSaUCbbTbt0Nwm7GyGE+le8eFDEqz/Em//GbZuDtj7Y5fHeDDPzwpQzpR3n21pb39jc2q7sVHf39g8O7aPjrkoySWiHJDyRvRAU5SymHc00p71UUhAhp144uZ353iOViiXxg85TGggYxSxiBLSRBnbNH4EQsPixrxPseQO77jScOfAqcUtSRyXaA/vLHyYkEzTWhINSfddJdVCA1IxwOq36maIpkAmMaN/QGARVQTFfforPjDLEUSLNizWeq787ChBK5SI0lQL0WC17M/E/r5/p6DooWJxmmsZkMSjKODY3zpLAQyYp0Tw3BIhkZldMxiCBaJNX1YTgLp+8SroXDbfZaN5f1ls3ZRwVdIJO0Tly0RVqoTvURh1EUI6e0St6s56sF+vd+liUrlllTw39gfX5AwOklF8=</latexit>

scale

γ/Z

γ/Z

W±

W∓

<latexit sha1_base64="oe/frwLLz9HrOaOJDgj18weP14Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0Ip/QtePCji1T/kzX/jps1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4NvPbT6g0j+WDmSToR3QoecgZNZnUk/jYL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjT6kynAmclXqpxoSyMR1i11JJI9T+dH7rjJxZZUDCWNmShszV3xNTGmk9iQLbGVEz0steJv7ndVMTXvtTLpPUoGSLRWEqiIlJ9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAbn45N</latexit>

<latexit sha1_base64="oSldCeo/PE+kDikHds1ySeohpjY=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwVBKR6rHoxWMF2xSaUCbbTbt0Nwm7GyGE+le8eFDEqz/Em//GbZuDtj7Y5fHeDDPzwpQzpR3n21pb39jc2q7sVHf39g8O7aPjrkoySWiHJDyRvRAU5SymHc00p71UUhAhp144uZ353iOViiXxg85TGggYxSxiBLSRBnbNH4EQsPixrxPseQO77jScOfAqcUtSRyXaA/vLHyYkEzTWhINSfddJdVCA1IxwOq36maIpkAmMaN/QGARVQTFfforPjDLEUSLNizWeq787ChBK5SI0lQL0WC17M/E/r5/p6DooWJxmmsZkMSjKODY3zpLAQyYp0Tw3BIhkZldMxiCBaJNX1YTgLp+8SroXDbfZaN5f1ls3ZRwVdIJO0Tly0RVqoTvURh1EUI6e0St6s56sF+vd+liUrlllTw39gfX5AwOklF8=</latexit>



' All contributing diagrams:

47

γ/Z

γ/Z

W±

W∓

(a)



48

γ/Z

γ/Z

W±

W∓

(a)

γ/Z

γ

W±

W∓

γ

W

W
+

W
−

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

+ …

' All contributing diagrams:



γ/Z

γ/Z

W±

W3

γ/Z

W

W+

W−
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+ …

γ/Z

γ/Z

W±

W∓

(a)

γ/Z

γ

W±

W∓

γ

W

W
+

W
−

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

+ …

' All contributing diagrams:



γ/Z

γ/Z

W±

W3

γ/Z

W

W+

W−
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+ …

γ/Z

γ/Z

W±

W∓

(a)

γ/Z

γ

W±

W∓

γ

W

W
+

W
−

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

+ …

' Survival factor, and its non-trivial kinematic dependence.
<latexit sha1_base64="dql4OABezf8v6XoEV5aRI02rco4=">AAACGHicdZDLSgMxFIYzXmu9jbp0EyxC3dSkqG1BpODGZUV7gbaWTCZtQzMXkoxQhj6GG1/FjQtF3Hbn25jpRVT0QODP959Dcn4nFFxphD6shcWl5ZXV1Fp6fWNza9ve2a2pIJKUVWkgAtlwiGKC+6yquRasEUpGPEewujO4TPz6PZOKB/6tHoas7ZGez7ucEm1Qxz6+uctn45b0IBO50RG8gF9AufM7nALXgI6dQTmEEMYYJgIXzpARpVIxj4sQJ5apDJhVpWOPW25AI4/5mgqiVBOjULdjIjWngo3SrUixkNAB6bGmkT7xmGrHk8VG8NAQF3YDaY6v4YR+n4iJp9TQc0ynR3Rf/fYS+JfXjHS32I65H0aa+XT6UDcSUAcwSQm6XDKqxdAIQiU3f4W0TySh2mSZNiHMN4X/i1o+h09z6PokUz6fxZEC++AAZAEGBVAGV6ACqoCCB/AEXsCr9Wg9W2/W+7R1wZrN7IEfZY0/AZu5nQQ=</latexit>

S
2(el.) > S

2(sd) > S
2(dd)

' And combine this in MC treatment that can then be passed to general 

purpose MC to account for exclusivity veto.
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‘Rapidity Gaps’‘Rapidity Gaps’

•  Can be done, after overcoming various subtleties, gauge dependencies etc…
S. Bailey and LHL,Phys.Rev.D 105 (2022) 9, 093010  

' All contributing diagrams:



•First observation of semi-exclusive WW production by ATLAS, at 13 TeV, via rapidity veto.
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•All channels enter, and full treatment as above needed to match data!
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σ [fb] (σi/σtot), W
+W− EL SD DD Total

No veto, no S2 0.701 (3.5%) 6.00 (30.3%) 13.1 (66.2%) 19.8

Veto, no S2 0.701 (9.2%) 3.21 (42.3%) 3.68 (48.5%) 7.59

Veto, S2 0.565 (18.6%) 1.87 (61.6%) 0.599 (19.8%) 3.03

• To compare with data: fmeas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb      Very good agreement!
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⇒

• Find:

• Assuming relative SD + DD to EL components are as in e.g. dilepton production would miss 

contribution from non-PI diagrams - undershoot data by ~ 20%.

• Looking to the future. Go beyond one number and look at 

distributions - EFT analyses…

52
120

 [GeV]

50

100

150

E
v
e

n
ts

 /
 5

 G
e

V

ATLAS
-1

 = 13 TeV, 139 fbs

 = 0trkn

 Data

WW³³³ 

ÇÇ³³³ 

 Drell-Yan

WW³ qq

 Non-prompt

 Other qq initiated

 Total uncertainty

0 20 40 60 80 100 120

 [GeV]
µe

T
p

0.6

0.8

1

1.2

1.4

D
a
ta

 /
 P

re
d
. 



EFT analysis?
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+ …

• For pure SM cross section have to include all contributing 

diagrams, not just photon-initiated.

• This is equally true for EFT analyses (currently assume pure 

photon-initiated).

• Dedicated study required here, including survival factor etc…
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Heavy Ion Collisions
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PI production: building blocks

'                            form factor.

'                     cross section.

' `Survival factor’ probability of no 

addition proton-proton interactions.
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γγ → X

•PI production also key channel in heavy ion collisions. 

•  Theoretical framework broadly similar to pp case:
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h → γh(h∗)



' Input for elastic form factors very 

well determined.
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Pb-Pb' Survival factor: similar situation to pp, 

i.e. cross section dominantly occurs 

outside range of QCD.
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⇒ S2
∼ 1, with small uncertainty
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Theory well understood - supported by generally good data/theory agreement.
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•  But here will focus on two open challenges, and (some!) resolutions.
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Recent Studies (1)
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•Encouraging agreement with theory, but devil is in the detail…
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distribution than the $$•Key observable is ‘acoplanarity’ - measure of 

how back-to back photons are.
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•For exclusive UPC production these should 

very back to back…
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distribution than the $$•Key observable is ‘acoplanarity’ - measure of 

how back-to back photons are.
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•For exclusive UPC production these should 

very back to back… and this is seen!
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ity, (" = (1 − |É)!! |/*) <

distribution than the $$•Key observable is ‘acoplanarity’ - measure of 

how back-to back photons are.
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Pb(*)
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³

•For exclusive UPC production these should 

very back to back… and this is seen!

•  But a  sizeable tail at larger acoplanarities is also seen that cannot be explained…
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•Currently assumed to be due to QCD production, but 

observed S/B ~ 50% much larger than theory predicts.

•Key point: QCD is short ranged so exclusive production 

strongly suppressed.
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LHL, arXiv:2511.01980

•  At the moment QCD-initiated predictions are 

floated to match size of BG data, but this 

requires significant normalization increase.

•  What is going on?
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• Above LbyL results only consider exclusive production in ion-ion UPCs.

• But what about semi-exclusive production?

Exclusive Semi-exclusive 

63

• Key point: inelastic vertex has higher 

photon               less back-to-back diphotons.
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New Study (in very brief)

• Basic idea: semi-exclusive (‘incoherent’) production due to photon emission from 

individual nucleons in ion:

Physics Letters B 867 (2025) 139614

2

some
photon

era,

$ *+()
%∕!"

(',#2) =. × $%∕&(',#
2) + (-−.) × $%∕+(',#

2) .

In other words, we will consider that the elastic component• Both elastic and inelastic emission from 

nucleons present:

Physics Letters B 867 (2025) 139614

2

$%∕+(',#
2) = $ ()

%∕+
(') + $ *+()

%∕+
(',#2) ,

• Using these basic building blocks use established theory input for pp 

collisions and suitably generalise.
b⊥

b̃⊥

b
′

⊥

LHL, arXiv:2511.01980

• Note above results suggest a ~ 1/Z (% level) suppression w.r.t exclusive (not 

good for LbyL BG) but needs to be confirmed…
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Comparison to data

• Put these ingredients together in full SuperChic implementation. 

Compare to ATLAS data on dielectron production:
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• Looks ~ good! Note size of inelastic contribution is percent level. As we would 

expect from ~ 1/Z suppression. Precise data/theory comparisons match well. 
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Light by Light Scattering
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• Using same approach can predict incoherent component of LbyL, in 

particular acoplanarity distribution.

CMS, JHEP 08 (2025) 006 
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• Incoherent (inelastic) has broader tail, with shape matching data…
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Light by Light Scattering
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• Using same approach can predict incoherent component of LbyL, in 

particular acoplanarity distribution.

CMS, JHEP 08 (2025) 006 
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• Therefore semi-exclusive production cannot 

explain the sizeable higher acoplanarity tail 

observed in LbyL scattering.

• Source of this background remains 

unexplained!

68

• Note this might seem “obvious” from expected 1/Z suppression but there were other 

reasons to expect some enhancement beyond this…

•…but in the final analysis (and after accounting for all cuts) this is not the case.
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Other background sources?

• In theory ‘photoproduction-like’ 

mechanisms could play significant role - lower 

order in     !
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α

vs.

• However in final analysis not the case:

A. Pedrak et al., Phys.Rev.D 96 (2017) 7, 074008

Photoproduction:

Quark emission:

' Quark emission: no t-channel 

enhancement + amplitude suppression.

' Photoproduction: C-odd amplitude 

leads to valence quark GPDs - huge 

supression!
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Recent Studies (2)
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ZPb = 82

•Sizeable (               ) photon flux does not 

only enhance UPC cross section - can have 

multiple excitations
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∼ Z
2

•  Additional photon exchanges can excite ion - leads to forward neutron production that 

can be detected by Zero Degree Calorimeters (ZDCs)
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•  Cross section given in terms of:

P 1
Xn(b⊥) =

∫
dω

ω
|Ñ(x, b⊥)|

2
σγA→A∗(ω)
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ux does not 

only enhance UPC cross section - can have 
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Photon flux

•Most ingredients rather well determined 

from lepton-ion scattering data.
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•And predictions for ‘ZDC event fractions’ 

match data rather nicely!
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•  Question: what about this high energy tail?
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?
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ux does not 

only enhance UPC cross section - can have 
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' Theoretically: not well determined. 
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•High energy        cross section observed to follow ‘Regge-scaling’. σtot = A · sË +B · s−η,
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γn

ZEUS, Nucl.Phys.B 627 (2002)

•Handful of HERA datapoints in energy region ~ an order of magnitude below LHC energies - 

extrapolate from there in energy and from nucleon to ion.
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' Experimentally: might this be polluting our data samples??

10

100

1000

10 100 1000 10000 100000

σγPb→Pb
∗ [mb]

ω [MeV]

•  Key point: contribution from high energy tail is not 

negligible, and would lead to particle production in 

the detector.

P 1
Xn(b⊥) =

∫
dω

ω
|Ñ(x, b⊥)|

2
σγA→A∗(ω)
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ux does not 

only enhance UPC cross section - can have 
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•  But we impose exclusivity vetos in measurements, just as in pp. Might this be missed?
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•  Study in final stages: we find fraction of events that fail 

representative ATLAS veto due to ion excitation can be sizeable.

•  Acts to bring predictions into much agreement with data (long-

standing puzzle).

•Need to account for! Can also affect ZDC fractions, other results 

(photoproduction etc) - stay tuned.
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M. Dyndal and LHL, in preparation.
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ux does not 

only enhance UPC cross section - can have 
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Preliminary
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• Recent ATLAS measurement of coincident       

and           production!
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• First time this DPS-like observable has been 

measured.

• But no theoretical predictions…
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Survival factor Photon flux
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σ ∼

∫
d2b1⊥d

2b2⊥P
surv(b⊥)N(x1, b1⊥)N(x2, b2⊥) · σγγ→X

• Until recent study - first detailed theoretical work. LHL, arXiv:2506.03264

• To account for coincident production, simply take 

standard formula:
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dσX1X2
=

∫
d2b1⊥d

2b2⊥dσS2PX1X2
(s, b⊥)PV (b⊥)

• And multiply by probability for coincident 
<latexit sha1_base64="6qLoQZVfsO3tMMmX3fctCwY97KI=">AAAB/3icbVDLSsNAFJ34rPEVFdy4GSyCq5KIVJetblxWsA9oYplMJ+3QeYSZiVBiF/6KGxeKuPU33Pk3Th8LbT1w4XDOvdx7T5wyqo3vfztLyyura+uFDXdza3tn19vbb2iZKUzqWDKpWjHShFFB6oYaRlqpIojHjDTjwfXYbz4QpakUd2aYkoijnqAJxchYqeMdumEPcY5gFYZGwlD15b0Pqx2v6Jf8CeAiCWakCGaodbyvsCtxxokwmCGt24GfmihHylDMyMgNM01ShAeoR9qWCsSJjvLJ/SN4YpUuTKSyJQycqL8ncsS1HvLYdnJk+nreG4v/ee3MJJdRTkWaGSLwdFGSMWg/HYcBu1QRbNjQEoQVtbdC3EcKYWMjc20IwfzLi6RxVgrKpfLtebFyNYujAI7AMTgFAbgAFXADaqAOMHgEz+AVvDlPzovz7nxMW5ec2cwB+APn8wdlSpRv</latexit>

γA → ρ
0
A

PV (b±) = 2

∫
dω

ω
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σ(γPb → ρ
0
Pb) : O(mb)• With:

taken from LHC data on       photoproduction.
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• Both ZDC class and kinematic dependence nicely in line with expectations.
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• First study of its kind - opens up new type of observable. Other 

coincident processes? Correlations between them…?



•Already many new LHC measurements in the 

photon-initiated channel.

• But still in foothills of data taking.

•During Run 3 both ATLAS and CMS 

continuing to take semi-exclusive pp data with 

and without tagged protons.

•Work towards HL-LHC running at CMS underway, with new taggers being proposed.

•Similarly in AA collisions, much new data to come, with ALICE and LHCb entering the game.

(don’t look too closely at 

the years!)

Summary and Outlook

•An exciting programme of measurements ongoing and to come, and much theory work to do.
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PI + ISR Showering

' For purposes of LHE record, for inelastic 

emission take LO              vertex

' Generate outgoing quark according to 

momentum conservation, preserving photon 

4-momentum.

q → qγ
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• SF calculation give precision prediction for photon        

and we would like showering/hadronisation of 

dissociation system to respect this.

 (                                                         ).

RXx,Q2
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• No clear off-the-shelf way to do this, so take simplified approach:

• ISR/FSR will then modify photon 4-momentum. Not ideal, but for purpose of 

current study sufficient.

• In addition, must turn off global recoil in Pythia to get realistic result (no colour 

connection between beams).
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• In more detail, components of         break up into four regions:

DA

Bj

data sources in x,Q2 plane

Image credits: Gavin Salam

Elastic scattering: from A1 

collaboration.

data sources in x,Q2 plane
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A1 Collaboration, Phys. Rev. C90, 

015206 (2014)
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• In more detail, components of         break up into four regions:

DA

Bj

data sources in x,Q2 plane

Image credits: Gavin Salam
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Inelastic low       scattering. 

Precise parameterisation 

available.

HERMES, A. Airapetian et al., 

JHEP 05, 126 (2011) 
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Inelastic high       scattering. 

Could in principle use 

direct experimental 

determination (e.g. from 

HERA).

But better precision 

achieved by combining 

pQCD NNLO prediction + 

quark/gluon PDFs from 

global fit.
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<latexit sha1_base64="beq5BlHEY0qD8YeEohfRgT+frFA=">AAAB6nicbVC7SgNBFL0bXzG+NtppMxgEq7AbxEcXsLFM0DwgWcPsZDYZMju7zMwKYcknpLFQxNYP8Dds7fwQeyePQhMPXDiccy/33uPHnCntOF9WZmV1bX0ju5nb2t7Z3bPz+3UVJZLQGol4JJs+VpQzQWuaaU6bsaQ49Dlt+IPrid94oFKxSNzpYUy9EPcECxjB2ki31ftSxy44RWcKtEzcOSmU82P7+/DjvdKxP9vdiCQhFZpwrFTLdWLtpVhqRjgd5dqJojEmA9yjLUMFDqny0umpI3RilC4KImlKaDRVf0+kOFRqGPqmM8S6rxa9ifif10p0cOmlTMSJpoLMFgUJRzpCk79Rl0lKNB8agolk5lZE+lhiok06OROCu/jyMqmXiu5Z8apq0jiHGbJwBMdwCi5cQBluoAI1INCDMTzBs8WtR+vFep21Zqz5zAH8gfX2A3S2kOs=</latexit>

Q2

<latexit sha1_base64="beq5BlHEY0qD8YeEohfRgT+frFA=">AAAB6nicbVC7SgNBFL0bXzG+NtppMxgEq7AbxEcXsLFM0DwgWcPsZDYZMju7zMwKYcknpLFQxNYP8Dds7fwQeyePQhMPXDiccy/33uPHnCntOF9WZmV1bX0ju5nb2t7Z3bPz+3UVJZLQGol4JJs+VpQzQWuaaU6bsaQ49Dlt+IPrid94oFKxSNzpYUy9EPcECxjB2ki31ftSxy44RWcKtEzcOSmU82P7+/DjvdKxP9vdiCQhFZpwrFTLdWLtpVhqRjgd5dqJojEmA9yjLUMFDqny0umpI3RilC4KImlKaDRVf0+kOFRqGPqmM8S6rxa9ifif10p0cOmlTMSJpoLMFgUJRzpCk79Rl0lKNB8agolk5lZE+lhiok06OROCu/jyMqmXiu5Z8apq0jiHGbJwBMdwCi5cQBluoAI1INCDMTzBs8WtR+vFep21Zqz5zAH8gfX2A3S2kOs=</latexit>

NB: plot just for display purposes. I take direct pQCD determination above          Q2 > 1GeV
2

<latexit sha1_base64="Azjctrf1B4P9lfRd1go9hjlLock="></latexit>

• Closely follow LUXqed inputs here.
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Other Considerations

84



Collinear Calculation

σ
LO

γγ
=

Z
dx1dx2 σ̂

γγ→l
+
l
−

(µR; · · · )γ(x1, µF )γ(x2, µF )
<latexit sha1_base64="TAEahO744sAbmR4c6WswMZmWaEM="></latexit>

 (                                                         ).

RX

• Also possible/relatively common to calculate PI cross section in collinear 

factorization. Given in terms of photon PDF

• This is what comes out of e.g. MG5 generator.

a

1

a

2

w-

4

w+

3

 diagram 1 QCD=0, QED=2

a

1

w+

3

w-

a

2

w-

4

 diagram 2 QCD=0, QED=2
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)
ρ
µµ0

1 ρνν
0

2 M∗

µ0ν0Mµν
δ

σpp =
1

2s

Z
dx1dx2 d

2q1?d
2q2?dΓα(Q2

1)α(Q
2
2)
ρ
µµ0

1 ρνν
0

2 M∗

µ0ν0
Mµν

q21q
2
2

δ(4)(q1 + q2 � pX) ,

γ
∗p → X

<latexit sha1_base64="f6r0LmXfZJJ0vkCrq6D+uIoUO78=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UQFyFpa213BTcuK9gHNLFMppN26EwSZiaFEvonblwo4tY/ceffOEmL+Dpw4XDOvdx7jx8zKpVtfxiFtfWNza3idmlnd2//wDw86sooEZh0cMQi0feRJIyGpKOoYqQfC4K4z0jPn15nfm9GhKRReKfmMfE4Goc0oBgpLQ1N0x0jztH9BYyhqyLYH5pl27Kdin1Zh7ZVrThOvQkdy87xRcpghfbQfHdHEU44CRVmSMqBY8fKS5FQFDOyKLmJJDHCUzQmA01DxIn00vzyBTzTyggGkdAVKpir3ydSxKWcc193cqQm8reXif95g0QFDS+lYZwoEuLloiBhUL+YxQBHVBCs2FwThAXVt0I8QQJhpcMq5SE0M9T//v5FuhXLqVq121q51VjFUQQn4BScAwdcgRa4AW3QARjMwAN4As9GajwaL8brsrVgrGaOwQ8Yb59TPZLs</latexit> {
<latexit sha1_base64="72NcISXqwDRlIs36fGuY8BKaZIE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0i01HorePFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btJWVPpg4PHeDDPz/JgzpR3nyyqsrW9sbhW3Szu7e/sH5cOjtooSSWiLRDySXR8rypmgLc00p91YUhz6nHb8yU3mdx6pVCwSD3oaUy/EI8ECRrA20n0/HZQrju3kQI5dvXRqTg25S2VJKrBAc1D+7A8jkoRUaMKxUj3XibWXYqkZ4XRW6ieKxphM8Ij2DBU4pMpL80tn6MwoQxRE0pTQKFd/T6Q4VGoa+qYzxHqs/nuZuMrrJTqoeykTcaKpIPNFQcKRjlD2NhoySYnmU0MwkczcisgYS0y0CaeUh3CdYcXvP6R9YbuXdvWuWmnUF3EU4QRO4RxcuIIG3EITWkAggCd4gVdrYj1bb9b7vLVgLWaO4Q+sj2/Oho2n</latexit>

∼ σ(γ∗

γ
∗

→ l
+
l
−)

<latexit sha1_base64="g+iser31PVpwFqaGzX1Qiks2pOE=">AAACEnicbVDLTgIxFO3gC/GFunTTSExA42TAicKOxI1LTERJGCB3SoGGdmbSdkwI4Rvc+CtuXGiMW1fu/BvLy/g6yW1Pzrk37T1+xJnSjvNhJRYWl5ZXkquptfWNza309s61CmNJaJWEPJQ1HxTlLKBVzTSntUhSED6nN37/fOzf3FKpWBhc6UFEGwK6AeswAtpIrXTOU0xgc3QFZL0uCAHNw/mNPR1i3jwydZxrpTN525kAO3bBLbpuyZCZMrcyaIZKK/3utUMSCxpowkGpet6JdGMIUjPC6SjlxYpGQPrQpXVDAxBUNYaTlUb4wCht3AmlqUDjifp9YghCqYHwTacA3VO/vbH4n1ePdafYGLIgijUNyPShTsyx2XScD24zSYnmA0OASGb+ikkPJBBtUkyZEBy7NMbp18p/yXXBzp/Y7qWbKRdncSTRHtpHWZRHZ6iMLlAFVRFBd+gBPaFn6956tF6s12lrwprN7KIfsN4+AeOXnG8=</latexit> {
<latexit sha1_base64="sSSe/3G+X2IYwynanv1OZi+4As8=">AAAB6XicbVDLSsNAFL3xWeur6tLNYBFchcTWWncFNy6r2Ae0oUymk3boZBJmJkIJ/QM3LhRx6x+582+ctFF8HbhwOOde7r3HjzlT2nHeraXlldW19cJGcXNre2e3tLffVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/ucz8zh2VikXiVk9j6oV4JFjACNZGuumng1LZtZ05kGNXqpWae2ZIrnxaZcjRHJTe+sOIJCEVmnCsVM91Yu2lWGpGOJ0V+4miMSYTPKI9QwUOqfLS+aUzdGyUIQoiaUpoNFe/T6Q4VGoa+qYzxHqsfnuZ+J/XS3RQ91Im4kRTQRaLgoQjHaHsbTRkkhLNp4ZgIpm5FZExlphoE07RhODYFxlqXy//Je1T263Y1etquVHP4yjAIRzBCbhwDg24gia0gEAA9/AIT9bEerCerZdF65KVzxzAD1ivH9Lxjao=</latexit>

<latexit sha1_base64="XxeNrzMFg4FOo6DGkFo4xLJ4zwE=">AAAB63icdVBNSwMxEJ2tX7V+VT16CRbBU0mK2vZW9OKxgrWFdinZNNuGJrtLkhVK6V/w4kERr/4hb/4bs20FFX0w8Hhvhpl5QSKFsRh/eLmV1bX1jfxmYWt7Z3evuH9wZ+JUM95isYx1J6CGSxHxlhVW8k6iOVWB5O1gfJX57XuujYijWztJuK/oMBKhYNRmUs8I1S+WcBljTAhBGSHVC+xIvV6rkBoimeVQgiWa/eJ7bxCzVPHIMkmN6RKcWH9KtRVM8lmhlxqeUDamQ951NKKKG386v3WGTpwyQGGsXUUWzdXvE1OqjJmowHUqakfmt5eJf3nd1IY1fyqiJLU8YotFYSqRjVH2OBoIzZmVE0co08LditiIasqsi6fgQvj6FP1P7iplcl7GN2elxuUyjjwcwTGcAoEqNOAamtACBiN4gCd49pT36L14r4vWnLecOYQf8N4+AW33joE=</latexit>

∼

<latexit sha1_base64="1KwEm1SX/2MD64l6oH50TJ9VNZY="></latexit>

γ(x1, µF )γ(x2, µ
2
F
)σ(γγ → l+l−) +O

7

Q2

m2
ll

ç

• Can show that collinear calculation is (approximately) equivalent to full 

structure function calculation for pure PI production:

• Approximate equivalence manifests itself in       dependence of collinear result 

(absent in SF result).

<latexit sha1_base64="ptyBP21M26OHeFqiXym1Cnkzk2A=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKogcPAUE8RnBNIFnC7GQ2GTIzu8xDCEu+wYsHRbz6Qd78GyfJHjSxoKGo6qa7K84408b3v73Syura+kZ5s7K1vbO7V90/eNSpVYSGJOWpasdYU84kDQ0znLYzRbGIOW3Fo5up33qiSrNUPphxRiOBB5IljGDjpLArbO+2V635dX8GtEyCgtSgQLNX/er2U2IFlYZwrHUn8DMT5VgZRjidVLpW0wyTER7QjqMSC6qjfHbsBJ04pY+SVLmSBs3U3xM5FlqPRew6BTZDvehNxf+8jjXJVZQzmVlDJZkvSixHJkXTz1GfKUoMHzuCiWLuVkSGWGFiXD4VF0Kw+PIyeTyrBxd1//681rgu4ijDERzDKQRwCQ24gyaEQIDBM7zCmye9F+/d+5i3lrxi5hD+wPv8AaOyjo0=</latexit>

µF

•  For LO collinear, this dependence is 

large (i.e. approximation relatively poor). 

Can improve agreement with SF by 

including higher order diagrams:

+
<latexit sha1_base64="LKn1B67Wg2uXInVoSCv+YYOG5u0=">AAAB6HicdVBNS0JBFL3Pvsy+rJZthiQIApkRSd1JbVoq5AfoQ+aN83Ry3gcz8wIRf0GbFkW07Se16980Tw0q6sCFwzn3cu89XiyFNhh/OJm19Y3Nrex2bmd3b/8gf3jU1lGiGG+xSEaq61HNpQh5ywgjeTdWnAae5B1vcp36nXuutIjCWzONuRvQUSh8waixUvNikC/gIsaYEIJSQiqX2JJarVoiVURSy6IAKzQG+ff+MGJJwEPDJNW6R3Bs3BlVRjDJ57l+onlM2YSOeM/SkAZcu7PFoXN0ZpUh8iNlKzRooX6fmNFA62ng2c6AmrH+7aXiX14vMX7VnYkwTgwP2XKRn0hkIpR+jYZCcWbk1BLKlLC3IjamijJjs8nZEL4+Rf+TdqlIysVas1yoX63iyMIJnMI5EKhAHW6gAS1gwOEBnuDZuXMenRfnddmacVYzx/ADztsnwluM8Q==</latexit>

• But fore pure PI this is automatically accounted for in SF calculation.

• Moreover SF calculation (unintegrated in photon      ) fundamental to calculation 

of survival factor.

<latexit sha1_base64="c3TJ0I+b8EPOSoF72q8E3lJ4VJ4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbSbtkkyy7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvkIJr47rfTmltfWNzq7xd2dnd2z+oHh61dZophi2WilR1A6pR8ARbhhuBXamQxoHAThDdzfzOEyrN0+TRTCT6MR0lPOSMGit1okFfopKDas2tu3OQVeIVpAYFmoPqV3+YsizGxDBBte55rjR+TpXhTOC00s80SsoiOsKepQmNUfv5/NwpObPKkISpspUYMld/T+Q01noSB7Yzpmasl72Z+J/Xy0x44+c8kZnBhC0WhZkgJiWz38mQK2RGTCyhTHF7K2FjqigzNqGKDcFbfnmVtC/q3lX98uGy1rgt4ijDCZzCOXhwDQ24hya0gEEEz/AKb450Xpx352PRWnKKmWP4A+fzB3BVj6Y=</latexit>

k⊥
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However…

• SF calculation only accounts for pure PI (+ Z-initiated) production. 

• For dissociative production this is not the only contribution. Discussed in detail 

for the case of WW production in arXiv:2201.08403.

• For e.g. the DD case also have:

γ/Z

γ/Z

W±

W∓

γ/Z

W

W+

W−

γ

γ
W�

W+

p1

p2

X

X 0

:

<latexit sha1_base64="mK+vz0pivUHgwf0DfZw/Nw2PfrE=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW10V3LhswT6wjWUynbRDZyZhZiKU0L9w40IRt/6NO//GSVtBRQ9cOJxzL/feEyaMKu04H9bK6tr6xmZhq7i9s7u3Xzo4bKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTTq5yv3NPpKKxuNHThAQcjQSNKEbaSLd9RTlsDrw7b1AqO/ZFreL5FejYjlN1PTcnXtU/96FrlBxlsERjUHrvD2OcciI0ZkipnuskOsiQ1BQzMiv2U0UShCdoRHqGCsSJCrL5xTN4apQhjGJpSmg4V79PZIgrNeWh6eRIj9VvLxf/8nqpjmpBRkWSaiLwYlGUMqhjmL8Ph1QSrNnUEIQlNbdCPEYSYW1CKpoQvj6F/5O2Z7sV22/65frlMo4COAYn4Ay4oArq4Bo0QAtgIMADeALPlrIerRfrddG6Yi1njsAPWG+fzPSQWA==</latexit>

∼ Q2

2

•  These non-PI diagrams are suppressed by at least                        and so on principle 

subleading. But:

+ …

<latexit sha1_base64="gluciCfDzM1y3iQlNjY75DIR7AE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgQupkKH24KrhxI7RgW7EvMmnahiYzQ5IRy9BfceNCEbf+iDv/xkxbQUUPXDiccy/33uOFnCntOB9WamV1bX0jvZnZ2t7Z3bP3s00VRJLQBgl4IG88rChnPm1opjm9CSXFwuO05U0uEr91R6VigX+tpyHtCjzy2ZARrI3Ut7MdxQSs99yzq37cOr2d9dy+nXPyjuMghGBCUKnoGFKplF1UhiixDHJgiVrffu8MAhIJ6mvCsVJt5IS6G2OpGeF0lulEioaYTPCItg31saCqG89vn8FjowzgMJCmfA3n6veJGAulpsIznQLrsfrtJeJfXjvSw3I3Zn4YaeqTxaJhxKEOYBIEHDBJieZTQzCRzNwKyRhLTLSJK2NC+PoU/k+abh4V84V6IVc9X8aRBofgCJwABEqgCi5BDTQAAffgATyBZ2tmPVov1uuiNWUtZw7AD1hvn46Nk3w=</latexit>

∼ Q2/M2

W,Z

' The contribution is not necessarily negligible - to be determined.

' More importantly, the pure PI (+Z) contribution is not individually 

gauge invariant away from collinear limit.

LHL, Phys.Rev.D 105 (2022) 9, 093010 
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γ/Z

γ

W±

W∓

γ/Z

γ

W±

W∓

γ

W

W
+

W
−

γ

W
+

W
−

• In general necessary to include both PI and non-PI diagrams when considering 

data without tagged protons.

• Accounted for in arXiv:2201.08403 via so-called `hybrid’ approach:

' SF calculation used in low photon       region.

' Full set of non-PI diagrams included in higher photon      region.

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

Q2

<latexit sha1_base64="wXULL+pF/Z7m0lUqQ3BJI5uEXKg=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1C1CPRi0eI8khgJbPDLEyYnd3M9JoQwid48aAxXv0ib/6NA+xBwUo6qVR1p7srSKQw6Lrfztr6xubWdm4nv7u3f3BYODpumjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtzO/9cS1EbF6wHHC/YgOlAgFo2il+/pjuVcouiV3DrJKvIwUIUOtV/jq9mOWRlwhk9SYjucm6E+oRsEkn+a7qeEJZSM64B1LFY248SfzU6fk3Cp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyexv0heaM5RjSyjTwt5K2JBqytCmk7cheMsvr5JmueRdlir1SrF6k8WRg1M4gwvw4AqqcAc1aACDATzDK7w50nlx3p2PReuak82cwB84nz/TJI2C</latexit>

Q2

• Impact of non-PI production depends on experimental selection and process:

' W pair production: O(10%) correction.

' Lepton pair production: O(1%) correction.

LHL, Phys.Rev.D 105 (2022) 9, 093010 

• Could also use (NLO…) collinear factorization although this comes with 

complications.
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<latexit sha1_base64="soghG7yaIe7hfJj60LKJ9yJyIL4=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJBYoqSCgFjBQtjkehDaqPKcZ3Uqu1EtlOpirrwKywMIMTKZ7DxN7htBmg50r06Oude2feEKaNKe963VVpb39jcKm9Xdnb39g/sw6OWSjKJSRMnLJGdECnCqCBNTTUjnVQSxENG2uHobua3x0QqmohHPUlJwFEsaEQx0kbq2ydOHDtwrFzo9GLEOVp0p29XPdebA64SvyBVUKDRt796gwRnnAiNGVKq63upDnIkNcWMTCu9TJEU4RGKSddQgThRQT4/YArPjTKAUSJNCQ3n6u+NHHGlJjw0kxzpoVr2ZuJ/XjfT0U2QU5Fmmgi8eCjKGNQJnKUBB1QSrNnEEIQlNX+FeIgkwtpkVjEh+Msnr5JWzfWv3MuHWrV+W8RRBqfgDFwAH1yDOrgHDdAEGEzBM3gFb9aT9WK9Wx+L0ZJV7ByDP7A+fwBwUpUL</latexit>

gg vs. γγ
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• For some processes both QCD and photon initiated production can contribute.

• However, for higher masses QCD production strongly suppressed by no radiation 

probability from initial-state gluons.

At higher mass PI production starts to dominate.
<latexit sha1_base64="8EtmUgMiUtpWX3a8+Ppx0LcIFgM=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7AekoWy2m3bpJht2J0op/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqGZVpxptMSaU7ITVcioQ3UaDknVRzGoeSt8PR7cxvP3JthEoecJzyIKaDRESCUbSS39ViMESqtXrqlStu1Z2DrBIvJxXI0eiVv7p9xbKYJ8gkNcb33BSDCdUomOTTUjczPKVsRAfctzShMTfBZH7ylJxZpU8ipW0lSObq74kJjY0Zx6HtjCkOzbI3E//z/Ayj62AikjRDnrDFoiiTBBWZ/U/6QnOGcmwJZVrYWwkbUk0Z2pRKNgRv+eVV0rqoepfV2n2tUr/J4yjCCZzCOXhwBXW4gwY0gYGCZ3iFNwedF+fd+Vi0Fpx85hj+wPn8AcWpkZY=</latexit>
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LHL and M. Tasevsky, arXiv:2208.10526

Proton Tag Impact

• Proton tag can be included at MC level (here for ALP production).

• As expected dissociation suppressed by even single tag.
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<latexit sha1_base64="qGJxMvtpnKb5wypU+bN4cM76vC4="></latexit>

Dissociation ⇒ larger photon Q2 ⇒ smaller pp b⊥ ⇒ S2 ↓

•For SD production elastic proton side 

results in ~ peripheral interaction and      

still rather high.

•For DD no longer case and                   

<latexit sha1_base64="sSBXkp8SFCDJTpKTa3CZGWXS/qA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjxikEcCK5kdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFSo/FY6RdLbtldgKwTLyMlyFDvF796g5ilEUrDBNW667mJ8adUGc4Ezgq9VGNC2ZgOsWuppBFqf7o4dUYurDIgYaxsSUMW6u+JKY20nkSB7YyoGelVby7+53VTE974Uy6T1KBky0VhKoiJyfxvMuAKmRETSyhT3N5K2IgqyoxNp2BD8FZfXietStm7Klfvq6VaLYsjD2dwDpfgwTXU4A7q0AQGQ3iGV3hzhPPivDsfy9ack82cwh84nz/Vlo2C</latexit>

S
2

<latexit sha1_base64="u/tU9twdXHh49W4Egy1Dyan5G9w=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Ckkp6rHgxWNF+wFNLJvtpl26uwm7G6GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+nbX1jc2t7dJOeXdv/+CwcnTc1kmmCG2RhCeqG2FNOZO0ZZjhtJsqikXEaSca38z8zhNVmiXywUxSGgo8lCxmBBsrBfePNRRoJpDn+v1K1XO9OdAq8QtShQLNfuUrGCQkE1QawrHWPd9LTZhjZRjhdFoOMk1TTMZ4SHuWSiyoDvP5zVN0bpUBihNlSxo0V39P5FhoPRGR7RTYjPSyNxP/83qZia/DnMk0M1SSxaI448gkaBYAGjBFieETSzBRzN6KyAgrTIyNqWxD8JdfXiXtmutfuvW7erXRKOIowSmcwQX4cAUNuIUmtIBACs/wCm9O5rw4787HonXNKWZO4A+czx/tAZBQ</latexit>
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Veto Impact

•MC generation allows us to assess impact of rapidity veto 

on cross section and different (EL, SD, DD) components.

cross-section

<latexit sha1_base64="wkJHxhtWkJ/KkwbeV/01aNAr8os="></latexit>

<latexit sha1_base64="/eaDFRKwoBs8v8u0erSbx1aMmtw="></latexit>

l
+
l
−

<latexit sha1_base64="GfCn2MoIh38jGnxU+vJGO1AOGaA=">AAAB7nicbVDLSsNAFJ34rPVVdelmsAiCGJK0pu1GCm5cVrAPaNMymU7boZNJmJkIJfQj3LhQxK3f486/cZIW8XXgwuGce7n3Hj9iVCrL+jBWVtfWNzZzW/ntnd29/cLBYUuGscCkiUMWio6PJGGUk6aiipFOJAgKfEba/vQ69dv3REga8js1i4gXoDGnI4qR0lKb9c8h618MCkXLdC8d165Ay3ScaqmaErdUq9kWtE0rQxEs0RgU3nvDEMcB4QozJGXXtiLlJUgoihmZ53uxJBHCUzQmXU05Coj0kuzcOTzVyhCOQqGLK5ip3ycSFEg5C3zdGSA1kb+9VPzP68ZqVPUSyqNYEY4Xi0YxgyqE6e9wSAXBis00QVhQfSvEEyQQVjqhfBZCLYX79fJf0nJMu2SWb8vF+tUyjhw4BifgDNigAurgBjRAE2AwBQ/gCTwbkfFovBivi9YVYzlzBH7AePsEwb2PVQ==</latexit>

Veto

Allowed
Allowed

'Veto : strong suppression in DD. Elastic and SD comparable at lower       , SD 

dominant as        increases.

<latexit sha1_base64="LR0GdlHfW2ZH/ZjW4q7tJw+3+18=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKQQ8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOaol+xvm0X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzaKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNXkcDpimxfOIIJpq5WxEZYY2JdQGVXAjB8surpHVRDWpV//6yUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH+Njj1A=</latexit>

mll

<latexit sha1_base64="LR0GdlHfW2ZH/ZjW4q7tJw+3+18=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKQQ8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOaol+xvm0X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzaKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNXkcDpimxfOIIJpq5WxEZYY2JdQGVXAjB8surpHVRDWpV//6yUr/J4yjCCZzCOQRwBXW4gwY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH+Njj1A=</latexit>

mll

'Proton tagging : single tag removes DD and double tag gives pure EL.
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Impact of Photon Kinematics

σpA ≈

∫

dx1dx2 fγ/p(x1, µ
2) fγ/A(x2, µ

2)σ̂(γγ → X) ,

• Estimate by working in collinear approach:

xfγ/p,A(x, µ
2) =

1

2πα(µ2)

∫

1

x

dz

z

∫
µ2

1−z

x2m2

i
1−z

dQ2

Q2
α2(Q2)

·

[

(

zpγq(z) +
2x2m2

i

Q2

)

F p,A
2

(x/z,Q2)− z2F p,A
L

(x

z
,Q2

)

]

,

• But with modified PDFs: • Limit upper limit           cut on photon     

• Can also use this to ~ cut on final-state quark      i.e. exclusivity veto.

<latexit sha1_base64="P7Q4QhLjQEq7lEpLRa8nFBEu7DY=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwVSZFYrsrunFZwT6gCWUynbRDZ5IwD6WWfokbF4q49VPc+TdO2goqeuDC4Zx7ufeeKONMaYQ+nJXVtfWNzcJWcXtnd6/k7h+0VWokoS2S8lR2I6woZwltaaY57WaSYhFx2onGl7nfuaVSsTS50ZOMhgIPExYzgrWV+m4pEAYGkg1HGkuZ3vXdMqogC9+HOfFqyLOkXq9Vq3XozS2EymCJZt99DwYpMYImmnCsVM9DmQ6nWGpGOJ0VA6NohskYD2nP0gQLqsLp/PAZPLHKAMaptJVoOFe/T0yxUGoiItspsB6p314u/uX1jI5r4ZQlmdE0IYtFseFQpzBPAQ6YpETziSWYSGZvhWSEJSbaZlW0IXx9Cv8n7WrF8yv+9Vm5cbGMowCOwDE4BR44Bw1wBZqgBQgw4AE8gWfn3nl0XpzXReuKs5w5BD/gvH0CTVSTjA==</latexit>

µ →
<latexit sha1_base64="DjvUa70wGf9AEEmXDUkXclo5xFk=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t6MVjBfsB7VKy6Wwbmt0NSVYoS3+EFw+KePX3ePPfmG0rqOiDgcd7M8zMC6Tg2hDy4RTW1jc2t4rbpZ3dvf2D8uFRRyepYtBmiUhUL6AaBI+hbbgR0JMKaBQI6AbT69zv3oPSPInvzEyCH9FxzEPOqLFSVw4HEpQcliukSiw8D+fErRPXkkajXqs1sLuwCKmgFVrD8vtglLA0gtgwQbXuu0QaP6PKcCZgXhqkGiRlUzqGvqUxjUD72eLcOT6zygiHibIVG7xQv09kNNJ6FgW2M6Jmon97ufiX109NWPczHsvUQMyWi8JUYJPg/Hc84gqYETNLKFPc3orZhCrKjE2oZEP4+hT/Tzq1qutVvduLSvNqFUcRnaBTdI5cdIma6Aa1UBsxNEUP6Ak9O9J5dF6c12VrwVnNHKMfcN4+Ac/wj+o=</latexit>

p⊥

<latexit sha1_base64="Pg37Dkw6Mu89dDqL9gkXhHdZ8Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqWSLrO2t6MVjBfsB7VKyabYNTXaXZFYoS/+CFw+KePUPefPfmG0rqOiDgcd7M8zMCxIpDBDy4RTW1jc2t4rbpZ3dvf2D8uFRx8SpZrzNYhnrXkANlyLibRAgeS/RnKpA8m4wvc797j3XRsTRHcwS7is6jkQoGIVcGnCgw3KFVImF5+GcuHXiWtJo1Gu1BnYXFiEVtEJrWH4fjGKWKh4Bk9SYvksS8DOqQTDJ56VBanhC2ZSOed/SiCpu/Gxx6xyfWWWEw1jbigAv1O8TGVXGzFRgOxWFifnt5eJfXj+FsO5nIkpS4BFbLgpTiSHG+eN4JDRnIGeWUKaFvRWzCdWUgY2nZEP4+hT/Tzq1qutVvduLSvNqFUcRnaBTdI5cdIma6Aa1UBsxNEEP6Ak9O8p5dF6c12VrwVnNHKMfcN4+AWO5joA=</latexit>

η
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dL

dm2
γγ

=

∫

dx1dx2 fγ/p(x1, µ
2) fγ/A(x2, µ

2)δ(sx1x2 −m2
γγ
) ,• Look at impact on        luminosity.

• Plot ratio to purely coherent (i.e. exclusive) case:

' Experimental analyses restrict 

system       to be 
Preliminary

<latexit sha1_base64="3qP55fYQ5adE2lcErqbclKJDf8k=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARXJWZImO7K7pxWcE+oDMOmTTThiYzIckIZejGX3HjQhG3foY7/8ZMW0FFD9zL4Zx7Se6JBKNKO86HtbS8srq2Xtoob25t7+zae/sdlWYSkzZOWSp7EVKE0YS0NdWM9IQkiEeMdKPxZeF374hUNE1u9ESQgKNhQmOKkTZSaB+K0BdEitvcHyLO0bxPYWhXnKpj4HmwIG7dcQ1pNOq1WgO6M8txKmCBVmi/+4MUZ5wkGjOkVN91hA5yJDXFjEzLfqaIQHiMhqRvaII4UUE+O2AKT4wygHEqTSUaztTvGzniSk14ZCY50iP12yvEv7x+puN6kNNEZJokeP5QnDGoU1ikAQdUEqzZxBCEJTV/hXiEJMLaZFY2IXxdCv8nnVrV9are9VmlebGIowSOwDE4BS44B01wBVqgDTCYggfwBJ6te+vRerFe56NL1mLnAPyA9fYJXlOW7w==</latexit>

p
γγ

⊥

<latexit sha1_base64="t2KoYYXF5YpG9UcL6SfWbVqz5y8=">AAAB8nicdVDLSsNAFJ3UV62vqks3g63gxjLJIrbgouhClxXsA9JQJtNJO3SSCTMToYR+hhsXirj1a9z5N07aCip64MLhnHu5954g4UxphD6swsrq2vpGcbO0tb2zu1feP+gokUpC20RwIXsBVpSzmLY105z2EklxFHDaDSZXud+9p1IxEd/paUL9CI9iFjKCtZG86gW0z5wqvKadQbmCasjAdWFO7DqyDWk06o7TgPbcQqgClmgNyu/9oSBpRGNNOFbKs1Gi/QxLzQins1I/VTTBZIJH1DM0xhFVfjY/eQZPjDKEoZCmYg3n6veJDEdKTaPAdEZYj9VvLxf/8rxUh3U/Y3GSahqTxaIw5VALmP8Ph0xSovnUEEwkM7dCMsYSE21SKpkQvj6F/5OOU7PdmnvrVJqXyziK4Agcg1Ngg3PQBDegBdqAAAEewBN4trT1aL1Yr4vWgrWcOQQ/YL19ApA7j4Q=</latexit>

< 1− 2 GeV

' Impact significant - reduces 

incoherent inelastic by ~ 10.

' Exclusivity veto (                ) has 

some further impact.

<latexit sha1_base64="G3SkVi27D4XHe5vZ7zbKLahaR6g=">AAAB9XicdVDLSgMxFM34rPVVdekmWARXQ6bo2G6k6MZlBfuAdiyZNNOGZjJjklHKtP/hxoUibv0Xd/6NmbaCih64cDjnXu69x485UxqhD2thcWl5ZTW3ll/f2NzaLuzsNlSUSELrJOKRbPlYUc4ErWumOW3FkuLQ57TpDy8yv3lHpWKRuNajmHoh7gsWMIK1kW7GHapx93YMz2DJPukWishGBq4LM+KUkWNIpVIulSrQmVoIFcEctW7hvdOLSBJSoQnHSrUdFGsvxVIzwukk30kUjTEZ4j5tGypwSJWXTq+ewEOj9GAQSVNCw6n6fSLFoVKj0DedIdYD9dvLxL+8dqKDspcyESeaCjJbFCQc6ghmEcAek5RoPjIEE8nMrZAMsMREm6DyJoSvT+H/pFGyHdd2r46L1fN5HDmwDw7AEXDAKaiCS1ADdUCABA/gCTxb99aj9WK9zloXrPnMHvgB6+0TSZCRvw==</latexit>

|ηq| > 2.5

' ‘Pauli blocking’ required for 

incoherent elastic - reduced cross 

section by ~ 3-5. 

• Accounting for these effects expect ~ percent level incoherent contributions.

<latexit sha1_base64="/W4bGyLkodLV/n8ZvReMbsReyn0=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4KjNFxnZXcKHLCvYBnaHcSTNtaJIZkoxQhv6GGxeKuPVn3Pk3pg9BRQ/cy+Gce8nNiVLOtHHdD6ewtr6xuVXcLu3s7u0flA+POjrJFKFtkvBE9SLQlDNJ24YZTnupoiAiTrvR5Grud++p0iyRd2aa0lDASLKYETBWCoIRCAHLPihX3Kpr4ft4Try661nSaNRrtQb2FpbrVtAKrUH5PRgmJBNUGsJB677npibMQRlGOJ2VgkzTFMgERrRvqQRBdZgvbp7hM6sMcZwoW9Lghfp9Iweh9VREdlKAGevf3lz8y+tnJq6HOZNpZqgky4fijGOT4HkAeMgUJYZPLQGimL0VkzEoIMbGVLIhfP0U/086tarnV/3bi0rzehVHEZ2gU3SOPHSJmugGtVAbEZSiB/SEnp3MeXRenNflaMFZ7RyjH3DePgFtSJH9</latexit>

γγ
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Survival Factor

σ
inel,el
AA³pAX =

∫

d2b1³d
2b2³

∫

d2b̃³TA,p(b̃³)ΓAA(s, b
´

³)
d2σpA³pAX

d2b1³d2b2³
,

• Not all nucleons in ion always active:
b⊥

b̃⊥

b
′

⊥

Survival FactorNucleon density

∫

d2b³TA,p(b³) = Z ,• Yes: but if ion - ion                      then does not contribution!
<latexit sha1_base64="DzASfXAfh4xkig3tb9qxoM7lTmM=">AAAB/3icdVBNS8NAEN3Ur1q/ooIXL4tF8FSSIrG9VTzosYpthSaEzXbaLt0ky+5GKLUH/4oXD4p49W9489+4/RBU9MHA470ZZuZFgjOlHefDyi0sLi2v5FcLa+sbm1v29k5TpZmk0KApT+VNRBRwlkBDM83hRkggccShFQ3OJn7rFqRiaXKthwKCmPQS1mWUaCOF9l4U+gKkwD4HpRSLcRlfhaehXXRKjoHn4QlxK45rSLVaKZer2J1ajlNEc9RD+93vpDSLIdGUE6XariN0MCJSM8phXPAzBYLQAelB29CExKCC0fT+MT40Sgd3U2kq0Xiqfp8YkVipYRyZzpjovvrtTcS/vHamu5VgxBKRaUjobFE341ineBIG7jAJVPOhIYRKZm7FtE8kodpEVjAhfH2K/yfNcsn1St7lcbF2Po8jj/bRATpCLjpBNXSB6qiBKLpDD+gJPVv31qP1Yr3OWnPWfGYX/YD19gkSEpWI</latexit>

b⊥ ­ 2RA

• Can account for in full calculation 

of ion-ion survival factor.

• Gives some further relative 

suppression.
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AnAn 0nXn XnXn

ATLAS [3],|yee| < 0.8, 10 < mee < 20 GeV 0.043± 0.0026 0.099± 0.006 0.13± 0.01

Central prediction 0.039 0.12 0.17

• Compare to published numbers - looks good! Confirm ~ percent level predictions.

• Can also predict other ZDC classes. Incoherent automatically gives Xn on inelastic side - 

incoherent fractions enhanced for 0nXn and XnXn.

• Larger range of comparisons from corresponding thesis:

26] A. Ogrodnik, Measurement of photon-induced processes in heavy-ion collisions with the

ATLAS detector, PhD thesis, AGH-UST, Cracow, 2022.
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• Encouraging agreement. Theory uncertainty ~ 20-30% level.
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