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PI Production: Relevance @ LHC

® [Exclusive/semi-exclusive production: colour singlet photon naturally leads

to events with intact protons/rapidity gaps in final state.

® Can be selected either with proton tagging or via rapidity gap vetos (i.e.

elastic + inelastic = semi-exclusive production).
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® Clean, ~ pure QED process:

—> The LHC as a 77 collider!




* Probe of BSM: Anomalous couplings
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* Probe of the top sector.
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* Laboratory to test our models of proton dissociation + proton-

proton MPI effects.
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The elastic proton
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® Dedicated proton tagging detectors at ATLAS/CMS allow exclusive events

with intact protons 1n final state to be selected during nominal running.
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® Unique & complementary probe of SM/BSM at LHC. Data already public!

® Possibilities for HL-LHC running actively being explored.
4 CT-PPS, arXiv:2103.02752


https://inspirehep.net/literature/1849987

Modelling (semi)-exclusive PI production
LHL, JHEP 03 (2020) 128

LHL, arXiv:2101.04127 %
® Basic idea applies the “Structure function” approach. .
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® SI approach can provide high precision predictions for  LHL, JHEP 03 (2020) 128
inclusive PI production. LHL, arXiv:2101.04127

® But also uniquely suited to deal with situation where we ask for limited

hadronic activity/intact protons in PI process:

1
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* Can 1solate elastic component of F1 2 to give exclusive prediction

(for both proton and 1on beams).

* Fully differential in photon z,Q* = invariant mass of proton

dissociation system (higher W2 — more hadronic activity).
Y g




® Having generated exclusive/semi-exclusive lepton pair production events,

interface to Pythia for showering/hadronisation of dissociation system.

Backup

= }QQ, M? — Pythia

= }Q?,M2 — Pythia

: : : Veto
® For semi-exclusive case can 1mpose veto at . )
: : : s +7—
particle level after passing to Pythia. ‘\ A /'
. 4
Allowed \ﬁ’ " Allowed
> <

® But not the end of the story.



The Survival Factor

® Consider e.g. the exclusive process. So far we

have (very) schematically:

o~ F (21, Q) F (12, Q3)

® Similarly for SD + DD, with el _ pinel

e

® These inputs are measured in

lepton-hadron scattering. FY,

C

® But we are interested 1n

hadron-hadron scattering:
need to account for
additional hadron-hadron

Interactions.




® ‘Survival factor’ = probability of no additional inelastic hadron-hadron

interactions. Schematically:

O SQ . Fel.(xl, Q%)Fel(az27Qg)

® How to model this? Depends on e.g. ¢! in soft regime = requires

understanding of proton + strong interaction in non-perturbative regime.

V. A. Khoze, A. D. Martin & M. G.
Ryskin, arXiv:2012.07967

do,/dt (mb/GeV?)

® Build phenomenological models,

: . " N\ ISR pp at 62.5GeV  (x100)
and tune to wealth of data on elastic Py o |

+ inelastic proton scattering at LHC

(and elsewhere). But in general
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source of uncertainty.

® However much less true in PI case
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(more later).
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SuperChic 4 - MC Implementation

» QCD-induced CEP.
» Photoproduction.
» Photon-photon induced CEP.

® A MC event generator for CEP

processes. Common platform for:

® For pp, pA and AA collisions. Weighted/unweighted events (LHE,
HEPMC) available- can interface to Pythia/HERWIG etc as required.

superchic is hosted by Hepforge, IPPP Durham

SuperChic 4 - A Monte Carlo for Central Exclusive and Photon-Initiated Production

SuperChic is a Fortran based Monte Carlo event generator for exclusive and photon-initiated production in proton

® Full treatment of proton I Ll e et oy L
: Zz:i:::ces ?c;arfrirr::tti .h'i:%t:)?urﬁrr:\esr ?r:fcc’;r(r::;?i cr:;a;lel:éet :;al:i:é ra; ;vriljlazli.s unweighted events in the HEPEVT, HEPMC and LHE

dissociation for photon-

initiated productlon 1n pp N

collisions currently available

for lepton Pa,ir Pro du Ction ° A list of references can be round here and the code is available here.

Comments to Lucian Harland-Lang < lucian.harland-lang (at) physics.ox.ac.uk >.

https://superchic.hepforge.org
LHL et al., Eur.Phys.J.C 80 (2020) 10, 925



What does the data say?

® Many BSM/SM scenarios to explore. First step: consider simplest

‘standard candle’ of lepton pair production.

ATLAS, M. Aaboud et al., Phys. Lett. B777, 303 (2018)
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® Multiple measurements of lepton pair production by ATLAS/CMS,

selected via rapidity veto and/or single proton tag.

® Broad agreement, but SC predictions overshoot by O(10%) - 2-3 sigma.
1



Pb

® Recent ATLAS data on elastic” muon pair

production in PbPb collisions provides

another testing ground.

LHL, V.A Khoze, M.G. Ryskin, SciPost Phys. 11 (2021) 064, arXiv:2104.13392

ATLAS, Phys.Rev.C 104 (2021) 024906

ATLAS data [24]

inc. S + FSR

o [,Léb] 34.1 -

- 0.8

37.3

® Again SC predictions overshooting by O(10%), 4 sigmal!

® What is going on?




The()r.y VS. Data? LHL, V.A Khoze, M.G. Ryskin, SciPost

Phys. 11 (2021) 064, arXiv:2104.13392

® This 1ssue discussed in detail in recent paper: arXiv:2104.13392.
® Discrepancy seen 1n case of elastic production: will consider only this.

® ['irst question: appears that other approaches describe data better/differently

ATLAS, M. Aaboud et al., Phys. Lett. B777, 303 (2018)
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® Why 1s this? Differing approach to e.g. survival factor? Genuine model
dependence?



Impact of the b5, > R4 cut

e Survival factor due to hadron-hadron
interactions - expressed ~ as a cut on

the hadron-hadron impact parameter:

S2(bJ_> ~ H(bJ_ — QTA)

* However, 1n these calculations an additional cut on the dilepton-hadron

impact parameter is imposed: b2 > R4

® This 1s unphysical: no lepton-hadron QCD interaction. HO QED

interactions small and not to be included in this way:.
* And we will show 1s distavoured by differential ATLLAS data in PbPb.
* First step: verity this leads to difference wrt SC predictions.



Impact of the b5, > R4 cut

® The b;5) > R4 cut can straightforwardly be applied as a modification to the

( 91 space) elastic hadron form factor:

~

| 1 Lo b .
NP (2 g5 ) = 7 /d2bz¢ G, - bi, Ni(xi by, ) e PisGLg(Ry —b;,) .
o

Form factor ~  Ni(zi,qi,) — N7 (2 g5 ) = Ni(zi, qi, ) — NPT (2, q5,)
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* Applying this cut leads to much better agreement with SuperChic.

ATLAS data [24] inc. S* oy b;1 > Ry, inc. S?

PbEb o [ub] 34.1 + 0.8 38.9 29.9

e STARlight : 32.1 pb.

ATLAS data [14,16] inc. S* bi1 > 1), inc. S?
pp o [pb], 7 TeV 0.628 4 0.038 0.742 0.626
o [pb], 13 TeV 3.12 & 0.16 3.43 3.02

e Finite-size (13 TeV) : 3.06 pb.

e Note we argued on general grounds that the b1 5, > R4 cut 1s unphysical.
e Do data have anything to say. Yes!



e Clear discrepancies seen 1n

Starlight vs. data differential

distributions in PbPDb case

e We find that effect of

removing by o] > R4 cutwill
improves data/STARlight

theory comparison

signiﬁcantly.
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Theory vs. Data?

® Once we remove unphysical b; 5; > R4 cut we are still left with a data vs.

theory discrepancy.
ATLAS data [24] | inc. S? 4+ FSR
PbPb: o [,ub] 34.1 £ 0.8 37.3
oeip (D) oy ()
SUPERCHIC 4 [97] 12.2+09 104 +0.7 : PP
Measurement 11.0+29 72+1.8

® Naively obvious source of this: the survival factor could introduce a ~ 10%

level theoretical uncertainty and explain the data/theory discrepancy.

® [s this possible?




® Forget about details of soft QCD modelling.
. . . 2 ~
First (pretty good) approximation: S°(br) = 0(bL —2ra) |b

1.e. if hadrons overlap, they will interact inelastically.

@'
® To match e.g. ATLAS PbPb data, instead need: S? (b))~ 0(by —3ra)

1.e. ~ 100% 1nelastic interaction probability out to ~ 74 (~ 0.8, 6.7 fm for
p, Pb) beyond hadron edge.

— Very unphysical behaviour would be required. Hard to imagine that this
can be the solution. Peripheral PI interaction ~ outside range of QCD!

fbofdo.EPA/ fgodO'EPA, pp f;de'EPA/ fgodaEPA, PbPb
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® |n more detail:

PhPh: ATLAS data [24] || (b1 —2R4) | 6(by —3R4)
. o |ub] 34.1 £ 0.8 41.4 34.7
ATLAS data [14,16] O(by —2ry) | O(by — 3rp)
pp: o |pb], 7 TeV 0.628 £+ 0.038 0.719 0.668
o |pb], 13 TeV 3.12 £ 0.16 3.34 3.25

® |n pp case a very similar picture emerges if one takes e.g. a simplified one-

channel model:

App(s, k7)) = isC*af)%t(s) exp (—Bk7 /2) .

® Extreme variations in parameter C'* (can think of this as varying g%t ):

ATLAS data [14,16] || 1 ch. (C* =1 —2)
o [pb], 7 TeV 0.628 + 0.038 0.748 - 0.727
o [pb], 13 TeV 3.12 + 0.16 3.45 - 3.40

® Note the above explains why other approaches give similar cross sections: they

model survival factor in different ways, but result insensitive to this.
20



Form factor

Al collab., J. C. Bernauer et al., Phys. Rev. C
90, 015206 (2014), 1307.6227.

e Elastic proton form factor take from fit by Al Collaboration:

1.03

e This fit comes with precisely 1-8? - (a) ]

determined experimental % 1 |l
. . 5 0.99
uncertainties. % 0.08
T o

e Standard dipole form 1s S 8'82
strongly disfavoured: 0.95

) Q> N\
Gsan ar ipole =(1+
tandard dipole ((°) ( O.71GeV2)

ATLAS data [14,16] || Baseline | FF uncertainty | Dipole FF
o [pb], 7 TeV 0.628 + 0.038 0.742 o 00s 0.755
o [pb], 13 TeV 3.12 = 0.16 3.43 +0.01 3.48

® Varying in allowed uncertainties gives ~ 1% level differences.

e A very similar picture in PbPb case.
2|



PbPb: Other etfects?

W. Zha and Z. Tang, (2021), 2103.04605.

® HO QED effects? Recent paper suggests could ; ; >
act 1in this direction/with this size. :
® But controversial. Previous studies predict much %
ller eff. b db 2 /m? g
smaller eftect, expect to be suppressed by ~ () /mw
K. Hencken, E.A. Kuraev, V. Serbo, Phys.Rev.C 75 (2007) 034903...
. . . >
® Unitary corrections? Studies suggest ~ 50% ; ; ;
events accompanied by additional ete” pairs. o |
® Might these be vetoed on? Strongly peaked at %
low Mee so perhaps not. But requires study. B

® Jon dissociation? Not in SC (but in Starlight). Dominantly driven by
additional 1on-1on QED exchanges, 1.e. unitary. Other inelastic emission

subtracted from data.

e QED FSR? Included via Pythia in predictions, but worth recalling that

production of such back-to-back leptons particularly sensitive to this.

— Relevance of these effects clearly not limited to (SM) dimuon production!
22



pp: Other effects?

® Most of the above points not relevant for pp case: less room for manoeuvre!
® ATLLAS 7 TeV data suggests peaked at low dimuon acoplanarity.
® More differential data, including with proton tags will guide the way.

® Most natural culprit: treatment of dissociative production, though no clear

1ssue to point to.
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800F . ATLAS < 12004 . ATLAS E
700;_ — SC4+PY8.2 EL+SD 3 1000 — SC4+PY8.2 EL+SD —
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400 —| 600~ .
300F ER I .
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1 00E % 3 200F Lett. B 749, 242 (2015) .
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Light-by-Light Scattering

® MC prediction compared with ATLLAS data on LbyL scattering:
ofqg = 120 = 17 (stat.) £ 13 (syst.) £ 4 (lumi.) nb.

® SuperChic central prediction: 78 nb, 1.e. now below the data. Differentially:

= I ATLAS ]
O, g Pb+Pb s\ =5.02TeV |
Pb PH% - ¢ Data, 2.2 nb™
'_'; 10E [ ] Syst. ® Stat. |
c - £222 SuperChic 3.0 ]
s :
b"_ B _
©
1 = =
Ph Pb(*)
1 0_1 =1 | | | | | | | | | | | | | | | | | | | | | | | —

5 10 15 20 25 30
ATLAS, JHEP 03 (2021) 243 m,, [GeV]

® Enhancement dominanﬂy in lower mass region. In general comparison to/

calibration w.r.t. process such as dimuon production have key role here.
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Summary/Outlook

* Photon-initiated production a key mode for BSM (and SM) production.
* SuperChic 4 MC: fully differential generation of this channel, including

complete treatment of survival factor.
* Intriguing data/theory discrepancy in dilepton channel (pp & PbPb).

* New study: variation between some predictions due to inconsistencies in

some approaches and not genuine model dependence

* Dependence on details of survival factor calculation v. small due to

peripheral nature of PI interaction.

* Reason for apparent data/theory discrepancy tbd. Some possibilities

described here, but difficult to see that survival factor is solution.

* Much to do - stay tuned!

Thank you for listening
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