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PI Production @ . HC

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

to events with intact hadrons/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-

pI’OtOH MPI effects LHL et al., EPJC 76 (2016) no. 5, 255, LHL et al., Eur.Phys.J.C 80 (2020) 10, 925
L. Forthomme et al., PLB 789 (2019) 300-307
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The elastic proton

Lepton

AFP AFP

side C Al side A sector 45, left LHC magnets LHC magnets sector 56, right
central
— Proton z+ I I
Proton <« <____l' _________
Near Far l I

roman pots roman pots

Lepton  _ ~220m 220 m 210 m 210 m 220 m

Station 4 planes
of pixels

® Proton tagging detectors at ATLAS/CMS allow p e ’ )
exclusive events with intact protons in final
. ® [ ] ’ E ! E
state to be selected during nominal running. b o b .

® Alternatively/in conjunction can use track veto:

VETO

g Vs
S I ps
‘ J—
 WTW "
A g P
g Py
g Py
.

N
> <

® [n which case both elastic and dissociative production can enter.

—> Any theoretical model has to account for both! How to do this?
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https://inspirehep.net/literature/1849987

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

* rome and heavy ion collisions. A range of Standard Model final states are implemented, in most cases with spin

o Code correlations where relevant, and a fully differential treatment of the soft survival factor is given. Arbitrary user-
e References defined histograms and cuts may be made, as well as unweighted events in the HEPEVT, HEPMC and LHE
e Contact formats. For further information see the user manual.

® N.B.: discussion here

will follow the theory
implementation of the SCA

MC.

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



Modelling PI Production (pp collisions)



PI production: building blocks

® P cross section given in terms of:

*x D — ’yp(p*) form factor.

* VY — X cross section.

* “Survival factor’ probability of no /<{€//

addition proton-proton interactions. S

e Start with p — vp(p”) form factor...



LHL, JHEP 03 (2020) 128

Structure Function Calculation

® Both elastic and dissociative PI production can be modelled in *Structure function’

approach. Compare: s
W'
e d’o X Log WP b W’
dzdy ~ % T —> @X: Wi
. —)—
P —
W,
® Structure functions parameterise the vp — X vertex:
4.4 p,P
WMV = | —9u + ,u21/ Fl(x, QQ) + =& Y FQ(ZC, 2)
q P-q
® Use same 1dea as for DIS to write: (IOW/ ~ W/w)
Photon z, () TP A ;U(Lv — X)
| e — O o5V M, M,
Opp = 9g /d$1d332 d2Q1J_d2Q2J_dF @(Q%)Q(Q%) ngg 5(4)(611 + @2 — px)
142

® Can relate to well known equivalent photon approximation, but more general/precise.
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® Both elastic and inelastic Flel2 Flin2el

SF's accounted for:

A P '
p O/ </

* Elastic: precisely measured proton EM form factor.

(@)[GeV?] ¢

1.4%
03 1.4%
07 1.4
1.3 1.4%
23 1.4%
37 1.4%
58 1.4%
91 1.4%
143 1.4%
231 1.4%
369 1.4%
58.7 1.4%
9.9 1.4%

159.0 1.4%°

-
o
©
(2]
(=}
=
jury
v
-

* Inelastic: qut = 1GeV? W(32ut = 3.5 GeV?

o -c[barn]

LT
o
N
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® These inputs are exactly as in the original

\ ) « o 2
[LUXqged" decomposition of the photon PDF. vz, 12)
«
A.Manohar et al., JHEP 1712 (2017) 046 v
005 | ' ' | ' ' | ' ' | ' |
uncertainties on R ( ) ———
higher orders (HO) 5
pdf errors (PDF) v(za, 1)
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® Uncertainty in inputs ~ to equivalent photon PDF uncertainty. That 1s %

level or less (in particular for elastic case).



LHL, JHEP 03 (2020) 128,

® ST calculation readily amenable to MC treatment: Phys.Rev.D 104 (2021) 7, 073002

* Can 1solate elastic component of Fi 3 to give exclusive prediction.

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

dissociation system (higher 1772 = more hadronic activity).

o o My M

1 rAVL
v 5
4395

Top = o /d:mda:z d*q1, d°qa, dT a(Q7)a(Q3)

S

Q1+QQ_pX)7

® Pass to general purpose MC = } Q?, M? — General Purpose MC

for showering/hadronisation of

dissociation system.

® Can evaluate impact of e.g. ———

rapidity veto (proton tag) with
this. = } Q?, M? — General Purpose MC

Backup

® 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:

® 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).

do_/dt (mb/GeV?)
I V. A. Khoze et

ISR pp at 62.5GeV (x100) al., Eur.Phys.J.C
R 81 (2021) 2,175

10

®n general source of 10k Eae
uncertainty. Is this the case | | i _fe
. .Telv.?;“Toélv.'\'C:E\RsﬁéS(gg%) (xrow
for PI production? N T

13 TeV \
(x0.001)\ %'N R

N L0 0276 TeV (x0.1)

e —
gy = 77:‘??::-:-:,____

"”_'|||||||||||||||||||||||||||||||||||||||||VI"|"'rv-o._|‘_




The Survival Factor in PI processes

® Again start with purely elastic case for simplicity.

® Protons like to interact: naively expect 5% < 1.

® However elastic PI production a special case: quasi-real photon Q% ~ 0 =

large average pp impact parameter b, > Rqcp, and S >~ 1

O
y +—p)
2 2
. Q*<1GeV IRQCD

X b,

O @

— Relatively clean v initial state, with QCD playing small role in
elastic case. Why we can say the LHC 1s a 77 collider.

® [n more detail...



® How do we calculate survival factor for PI production? Simplest if we

consider collision in terms of proton-proton impact parameter.

1 pM.U«/pgl/M*IVIM v
Top = 5 /dﬂfld:vz d2q1, d%qz, AT o(Q})a(Q3)— 6@ (g1 + g2 — px) |

® Writing schematically: (

0:/d2q1Ld2(J2L\M(§}1M§’2M---)|2

® We can write this as integral over 1on impact parameters:

o = /delJ_d2b2J_‘M(glJ_752J_7 )‘2

® Where:
)

K’\(V):L l\:u-'\ = F’T(M(ZJ'L );L.L : \> — /-,
by, /le'\\
i1 \/
2
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® To first approximation, we then simply require:

o = /d%hd%QL\M(EM,EQL,...)\2

g — /dzblLdeQL‘M(glL752¢v°'°)|2@(bl _QTP)

b, = \gu — gzﬂ

® That 1s, only integrate over impact \
region where: ; 7
e
2
b, > 2r D 1\ ’Xl 5 L

holds! P )



® [n more detail, condition is not discrete - some overlap can occur.

Schematically:

7T /delJ_deQJ_ |M(51J_ ; gQJ_? "')‘26_Q(b1L_b2L)

6—9(51 B —bo ) : survival factor - probability for no additional particle

production at impact parameter b, = \51 | — by 1| - Roughly:

e 0L ~ O(by — 2r))

but not exact!




® Result for pp: stib .L\

\ ?
O
er BL/ ‘
o /deud%h |M(51L752M )|2€_Q(bu—bu) ,\ Nl
\)\-\ \J =

® What does this tell us about survival factor for purely elastic production?

|18



® Have a look at ratio: [y, do™FA) [ da™PA, pp

Vs =17TeV, my,, > 20 GeV
O-(bJ_ > b(j_Ut) 09 L Vs =13 TeV, m,, > 12 GeV
o (b 1> 0) sl
~90% of cross .l
section lies outside
0.6 -
b, > 27‘p Ny l
0 o 2 1 o 6 8 10
—Q(by —by ) . ’ by [fm
where € (b1, =b2, ) 1s ~ 1!
)
® Depending on precise process/ +/
kinematics have: )\ > 7
9 1\ N = L
S5 ~0.7—0.9
i1

® What about dissociative production?



e Dissociation = larger photon Q% = smaller pp b, = 5% |

® For SD production elastic proton

side results in ~ peripheral

interaction and S 24till rather high.

® For DD no longer case and 52 ~ 0.1.

lepton pair

production

2
1 S — . .
0.8 + .
0.6 + .
04} EL — -
SD
DD
0.2 - _
O L L
10 100 1000
Mu [GeV]
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® What about uncertainties?

° Naively might assume inelastic ion-1on interactions has large uncertainties -

requires knowledge of non-perturbative QCD.

® However, not the case: _ st (b _L\

majority of EL/SD e
A

Interaction occurs for

bL>2’r‘p

where 5% ~ 1 independent

model

independent of
QCD modelling. model dependent

2
O b

—> Uncertainty on S 2 small, at % level.

® However no longer true for DD production = uncertainty O(50%)
(though S 2 itself smaller).

21



® Other effects?

® Survival factor not constant: depends on process/kinematics.

(5%) =

f d2b1Ld262¢ |M(b1L : bQJ_, ...)|26_Q(51¢ _B2L)
[d2by, d2by, [M(by, o, ,...) |2

1 by <> q1

2
SQ fdQQ1Ld2q J_‘MlncS (Q1J_7QQ¢7“‘)‘2

/fd2q1J_d2q2J_]\{(qlJ_7q2J_7°")

Kinematics
Process

® NB: this process dependence is often (incorrectly) omitted in literature

22



Results
S%(el.) > S%(sd) > S*(dd)

) 52 S .
. . . . 0.8 [ HH
® (Again) scaling with elastic
vs. dissociative clear. 0T
® For SD case, S? ~ 1 still 0.4 g}g —
11 DD
generally true as one 0.9 |
proton elastic. SuperChic 4
%0 E TV 0 T oo
My [GeV]
) 52 ]
L — [ W
0.8 - EL —
SD
. : DD
® Dependence on kinematics 0.6
(e.g. Y, My ) also evident. 1l
, . 0.2
epton pair
P P SuperChic 4
0 L L L L L L L L L

productlon 5 4 3 2 -1 0 1 9 3 4 5



Veto Impact

1.2

F | T T T T T T T T | T I I T T T T T | 1 2 . . . . . . . . . . I I T I I I
O = 1y . - o [ ! |
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* Veto + S : strong suppression in DD. Elastic and SD comparable at

lower myj;, SD dominant as mj; increases.

0 0.9¢ T
S 0.gE- Superchic 4 + PYTHIA 8.2
o} = 2
Q% 0-7;_ with § Particles: In1<2.5,
® Vetoing on charged particles only + 506> — Charged p>02Gev

— All particles, no dilepton FSR
- All particles, R(ly)>0.2, P> 0.2 Ge

realistic threshold gives similar

o o
A O
é:f
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results. 03F _
o 2F E

lepton pair 2 E

0.1=- LHL el al., Eur.Phys.J.C 80 (2020) 10,925 3
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Where do we stand? Comparison to Data
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What does the data say?

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

‘standard candle’ of lepton pair production.

q>.> B T T T T | T T T T | T T T T | T T T T | T T ]
p _ B i
1400: Yy — utw \s=7TeV -
1200_} e ATLAS B
1000 — SC4+PY8.2 EL+SD =
- SC4+PY8.2 SD .
800 -
fid fid 600 E
Teetp (0) Tyerp (D) 400[ -
SUPERCHIC 4 [97] 12.2+09 104 +0.7 N ]
200 —]
Measurement 11.0£29 7.2+1.8 - T, .
| | | | | | | | | I I IR IR B B | e . : 1 |
OO 0.01 0.02 0.03 0.04 0.05
ATLAS, Phys. Rev. Lett. 125 (2020) 261801 1-IAd . I/m

LHL, V. A. Khoze, M. G. Ryskin, M. Tasevsky,Eur.Phys.J.C
80 (2020) 10, 925

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

Phys. 11 (2021) 064

® This issue discussed 1n detail in recent paper: arXiv:2104.13392.

ATLAS, Phys. Lett. B ATLAS data [14,16] || Baseline | FF uncertainty | Dipole FF
749,242 (2015), Phys. | O [Pb], 7 TeV 0.628 4 0.038 0.742 o008 0.755
Lett. B 777,303 (2018) | o |[pb], 13 TeV 3.12 + 0.16 3.43 +0.01 3.48
ATLAS data [14,16] || 8(by — 27,) | (b — 3rp)
o |pb], 7 TeV 0.628 + 0.038 0.719 0.668
o |[pb], 13 TeV 3.12 £ 0.16 3.34 3.25
_Stiby)
e
A\

® Reasons for difference?

* Uncertainty from form factor: sub % level.

: 2
* Uncertainty from S : even extreme

(unrealistic) changes not suthcient.

® Source of ~ 10% effect remains open question.
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WW production

® Recent topical example. Effectively ‘inverse VBS': instead of tagging

jets ask for no activity to 1solate:

Y Wt -
I X
Y w-— 7 W~—
S. Bailey and LHL, Phys.Rev.D 105

and probe (anomalous?) EW couplings of W. (2022) 9, 093010

® Only recently been fully understood. Subtleties related to non-PI diagrams:

P2 - ! ’y/Z W 2
W

v/Z W

b1

- - - -
Lag Lag Lag Lag

require some care, but can be accounted for, maintaining precision in

predictions.
28



Recent data

® vidence for such ‘semi-exclusive’ W W ~production in leptonic channel

seen by ATLAS + CMS previously.

® Recently: first observation by ATLLAS, at 13 TeV, via rapidity veto.

Omeas = 3-13 £ 0.31 (stat.) £ 0.28 (syst.) tb

. Single Double
Elastic ) o ) o
Dissociative Dissociative

® Agrees well with theory, after including all

diagrams.

® So far just a single number. Next steps: (mult1)-

differential, EFT analysis...

29
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ATLAS, Phys. Lett. B 816, 136190 (2021)



Heavy Ion Collisions
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Heavy lons

® Heavy 1on collisions 1n fact natural arena for photon-initiated production.

® If photons emitted coherently from ions their virtuality Q2 is very low and ion-
ion impact parameter b >> RQCD —>clean, low multiplicity event. Known as
ultraperipheral collisions (UPCs).

ATLAS

EXPERIMENT

® Photon flux from 1ons falls v. quickly with central object mass My =
limited to Mx < 50 GeV, but here great deal has been achieved...

1 4 ~Y 4 o
Fp < Z = cross section « F; ~ Z%: strong enhancement £ (1) = / B Ty (1)
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® '|wo ﬂagship analyses - anomalous magnetic moment of the tau lepton and

hight-by-light scattering:

tau g-2

e

Pb

L. Beresford and J. Liu, PRD 102 (2020) 11, 113008
M. Dyndal et al., PLLB 809 (2020) 135682

Pb

* Tightest yet constraints on tau g-2.

ATLAS, arXiv: 2204.13478 (accepted PRL)

OPAL 1998

L3 1998 @
DELPHI 2004 @

ATLAS
Pb+Pb \s,=5.02 TeV, 1.44 nb™

~—

wi1T-SR @ Bestfit value
— 68% CL

3T-SR
! . — 95% CL

ue-SR —=—g

Combined e —

Expected
L | L L
-0.1

PSR ! L P R T 1
-0.05 0 0.05 0.1

LbyL scattering

Pb Pb C. Baldenegro et al, JHEP 06

Y (2018) 131, S. Knapen et al,

Y - PRL 118 (2017) 17,171801, D.
y . d’Enterria, G. da Silveira, PRL
v 116 (2016) 12
Pb Pb(*)

ATLAS, Nature Phys. 13 (2017) 9, 852-858

* First ever observation of this!

Ll T ‘ T T T T ‘ T T T T
%_) ATLAS i
O} ; Pb+Pb |s =5.02TeV |
-g ¢ Data, 2.2 nb™
- 1 ( R [7] Syst. @ Stat.

= E
£ £ &2 SuperChic 3.0
°

i
o)
©

i3
107"

5 | | | \10\ | | \15\ | | \20\ | | \25\ | | \30
m,, [GeV]

3 ATLAS, JHEP 03 (2021) 243



PI production and Heavy Ion Collisions

® PI production also key channel 1in heavy 1on collisions.

® Theoretical framework broadly similar to pp case:

. Pb Pb®
* Elastic form factor.

* VY — X cross section.

* “Survival factor’ probability of no

. . . . . . G
addition 1on-1on interactions. Pb Pb

® Flastic form factor ~ 1on charge density. E(|q]) = / d*r e'T7p,(r)

F, < Z = cross section o< Fy ~ Z*: strong enhancement
33



* Survival factor: similar 0.9 | oepn ]
. . . 0.8 ]
situation to PP, 1.€. Cross 0.7 |
section dominantly occurs 0.6
0.5+
outside range of QCD. 0.4 |
0.3 +
5 0.2 1
= 5* ~ 1, with small uncertainty 0.1
y Vg 5 10 2m 15 20 o5 30

 FQI/Z
* Input for elastic form factors very
well determined. .
Po
r) = : 0.4 -
DRl ey sy
0.2 -
R, = 6.680 fm , dp = 0.447 fm | o
“Yooor oo ool oa

* Form factor peaked at very low photon @ limits photon energy

fraction £ and hence M., to be rather low...
34



® Lower M, : heavy ions dominate.

® Higher M. : pp dominates.

dM~~
1x 103 [ R — ]
ik PbPb, L =6 x 10*" cm™?s™!, /s =5.52 TeV —— |
1 %10 pp, L =2 x10% cm™2s7!, /s = 14 TeV ——
1><1032;_ pp, RP 220 m - --- |
1><1031E pp, RP 220 + 420 m ----- |
1% 1030 B
1% 10% | NG .
1% 10% |
1% 1077 |
1 x 1026 | T .
1 10 100 100(

M, [GeV]

® [n addition, range of theoretical effects enter that play less of a role in pp

case...
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PbPb: other effects

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

® HO QED effects? Recent paper suggests could ; ; g

act 1n this direction/with this size.

® But controversial. Previous studies predict much %

2 /02
smaller effect, expect to be suppressed by ~ Q% /m L
K. Hencken, E.A. Kuraev, V. Serbo, Phys.Rev.C 75 (2007) 034903...

® Unitary corrections? Studies suggest ~ 50% ; ; ; "

events accompanied by additional eTe™ pairs.

® Might these be vetoed on? Strongly peaked at %
-

low Mee so perhaps not. But requires study.

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!
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® As with pp purely elastic collisions not the only case of interest.

() [ ) L] L] / - it - = = p
* lons can dissociate: additional boosted == 5}6
neutron production measured by ATLAS/ o U
= L
CMS Zero Degree Calorimeters detectors.

* Different neutron multiplicities have

different impact parameter profiles — LHL, Phys.Rev.D 107 (2023) 9, 093004

modifies central kinematics. P(by) inc. 52
* Accounted for in recent study. .. 1r
OnOn ——
0.8 - Inln ——
1000 JYPb—Pb™ [,I,I,l,l,)] XoXn —
i n 0.6 - OnXn ——
ﬁ 0.4 L
0.2 |
100 -
L .o’
100

10 100 1000 10000 100000
w [MeV] 37



Frns 0.0 < |Yee| < 0.8, /30, = 5.02 TeV, PbPb

] measurements/searches.

(myu) [GeV], /spn = 5.02 TeV, PbPb

: % Provides additional handle in

* Broad agreement with range of

| [LHC/RHIC data, but devil in

CMS, Phys. Rev. Lett. 127, 122001

(2021),

Onln 0nXn

091 ATLAS, JHEP 2306 (2023) 182 f*’; oo T -
08 ol anXn —
0.7 o
0.6 | o ] .
$ detail!
0.5 i
0.4
0.3 x % ]
02L, [ & .
0.1} | 5 | b4 i
0 ! ! ! ! ! ! !
10 20 30 40 50 60 70 80
Mee [GEV]
15
1 do —1 _ . o
. & dpe? [GeV ], /Snn = 200 GeV, AuAu Collisions
T T T T 14.5 —
XnXn ——
30 - Inclusive i 14
Inclusive, no S? I
25 | .
13.5 F
20 STAR, Phys. Rev. Lett.
15 | 127, 052302 (2021), 13 L
10 1 125 %
5 an |
A !
0 | l l \_A_"_A_"fl-_& 12 0non
0 0.02 0.04 0.06 0.08 0.1
pS°[GeV]
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Comparison to data

® All of the above relevant to fact that in dilepton channel (as in pp) some

tendency to overshoot data:

ATLAS data [23] || Pure EPA

inc. S2

inc. S? + FSR

34.1 &+ 0.8 52.2

38.9

37.3

® Though distributions ~ well
described.

A
.......

Pb+Pb \'s=5.02 TeV
yy— e*e’ L=1.72 nb"
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20 I-I-IglszIErlhcgl’ln(t:I I I I T | | I | | | I---I -I-_
So8c T RS, E 2
=) R [ R =
05 1 15 2 25 ¢
|yee| _g;g
® For LbyL scattering on the other hand tendency to
undershoot data!
ATLAS, JHEP 03 (2021) 243
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ATLAS, arXiv:2207.12781

T ‘ T T T

T ‘ T T T T

ATLAS i
Pb+Pb \/sNN =5.02 TeV
¢ ¢ Data, 2.2 nb™
10 e e [7] Syst. @ Stat.
o 2 SuperChic 3.0
1=
10—1111111111}11111111111111
5 10 15 20 25 30
m,, [GeV]



Summary/Outlook

* Robust theoretical framework + MC implementation for (semi -) exclusive
photon-initiated production available.
* Basic physics 1s well understood, impact of non-QED survival factor effects

small but not negligible for ELL and SD.

* For DD strong suppression from survival factor, uncertainties larger.

—> Provides firm theoretical basis for BSM/EFT studies etc. Many

promising channels with both double and proton single tags.

® On the other hand theoretical work not over:

* Small differences in data/theory?
* Higher-order QED?

* Going beyond 100% survival?

* Heavy 1ons: higher order QED...
* ..

Thank you for listening!
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PI + ISR Showering =%

® SF calculation give precision prediction for photon z, Q* 1

_>_

and we would like showering/hadronisation of

dissociation system to respect this.

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

* For purposes of LHE record, for inelastic
emission take LO g — g7 vertex ~ .

Q- '

® [SR/FSR will then modity photon 4-momentum. Not 1deal, but for purpose of

* Generate outgoing quark according to

momentum conservation, preserving

photon 4-momentum.

current study sufficient.

® [n addition, must turn off global recoil in Pythia to get realistic result (no

colour connection between beams).
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Image credits: Gavin Salam

® In more detail, components of £'1 2 break up into four regions:

7

A

sl data sources in x,Q2 plane e

1 03
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% 1
. - 0.95 | :
Inelastic resonant proton
. . . O 1 Xn: 05 1 0.9 - fit to Méinz data; [spline]: A T
excitation. PI’BClse Bj - [ fit to World data [spline] ) \
09 " [ fit to World+Pol data [spline] .
parameterisations available. jq L7 vmourprog (Word)
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. Q?[GeV?]
CLAS, M. Osipenko et al., Phys. A1l Collaboration, Phys. Rev.
Rev. D67, 092001 (2003) C90, 015206 (2014)
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Image credits: Gavin Salam

® In more detail, components of £'1 2 break up into four regions:

Inelastic high Q*

scattering. Could in 103 I |
principle use direct —pi
experimental determination 02 [ LN |
- hig continuum region
(e.g. from HERA). (PDFs: PDF4LHC15_nnlo_100)
10 F

But better precision
achieved by combining
pQCD NNLO prediction +

quark/gluon PDFs from
global fit.

104

0.1

i data sources in x,Q2 plane &

low Q2 continuum

(Hermes GD11- P) \IIIU ‘
n \ ln.

® Closely follow LUXqed inputs here.

NB: plot just for display purposes. I take direct pQCD determination above Q2
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Inelastic low (° scattering.
Precise parameterisation

available.

HERMES, A. Airapetian et al.,
JHEP 05, 126 (2011)
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Other Considerations
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Collinear Calculation

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

factorization. Given in terms of photon PDF P
<
. +-
otQ = /dazldazz N (uRs )y (@, pp) (e, pr) 1
I —
® This 1s what comes out of e.g. MG5 generator. (V=

diagram 1 QCD=0, QED=2 diagram 2 QCD=0, QED=2
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® Can show that collinear calculation 1s (approximately) equivalent to full

structure function calculation for pure PI production:

/
p pu’ M* M
1 p2 w

1 AV py
2 9 5(4) (Q1 T q2 — pX) 9
4145

0
Opp — 2_ /d$1d$2 d2Q1Ld2Q2LdFO‘(Q%)O‘(Q%)

S

Vo —> X ~o(y*y = 1T
—N— —_——

" _ QQ
P o8 My, My~ (1, pp )y (22, pp)o(yy — 17 HO(W
[l

® Approximate equivalence manifests itself in (tr dependence of collinear result

(absent in SF result).

® For LO collinear, this dependence 1s

large (1.e. approximation relatively

+ \}k
4E

® But fore pure PI this 1s automatically accounted for in SF calculation.

poor). Can improve agreement with SF

by including higher order diagrams:

® Moreover SF calculation (unintegrated in photon £ | ) fundamental to

calculation of survival factor.
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However...

® SF calculation only accounts for pure PI (+ Z-imitiated) production.

® For dissociative production this 1s not the only contribution. Discussed in

detail for the case of WW production in arXiv:2201.08403.

® ore.g. the DD case also have: LHL, Phys.Rev.D 105 (2022) 9, 093010
" -~ / v/Z e ii%
|44 W
W:F
12 S ~ Q3 w +

b1

® These non-PI diagrams are suppressed by at least ~ Q° /M a/, ~ and so on
principle subleading. But:

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

* More importantly, the pure PI (+Z) contribution 1s not individually

gauge invariant away from collinear limit.
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® |n general necessary to include both PI and non-PI diagrams when

considering data without tagged protons.

) 2 e 5 ; ;
W+

Y W+ Y

W N

® Accounted for in arXiv:2201.08403 via so-called “hybrid’ approach:

: ' 2 o Rev.
* SF calculation used in low photon Q° region. - FhsRev.D 105 (2022)9, 093010

* Full set of non-PI diagrams included in higher photon Q2region.

® Could also use (NLO...) collinear factorization although this comes with

complications.

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

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

* Lepton pair production: O(1%) correction.
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Higher order QED?

® Final consideration: Y7y — X subprocess.
® [n general QED corrections should be 1% level - under good control.

® Only remark: if experimental cuts placed on acoplanarity =

sensitivity to system P_| . May enhance this.

3

® [£.g. 'SR in case of dilepton production, though can account after
passing to general purpose MC.

q>)1 OOO_I T 1 1 rfrrrryrrrrrr T T T T T —] q>_) B T T T T [ T I I I [ I T T T [ T T T T [ T T ]
= _ — I Z - - |
= 2004 Yy — e*e \s =7 TeV 3 <1400 o= utw (s=7TeV -
800F . ATLAS < 12004 . ATLAS E
700;_ — SC4+PY8.2 EL+SD 3 1000~ — SC4+PY8.2 EL+SD —
600;— SC4+PY8.2 SD = - SC4+PY8.2 SD i
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400 3 600 -
300 < 400 E
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gg vs. 7Y

® [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.

d9_1fh /GeV] /s = 14 TeV

101 _dM)]( T T T T T T 9 /
99 =y —
100 . : -”\.7_

g SuperChic MC s : — _r
10 vy — vy, W loop ---- 7 W
102 Yy — 77, fermion loop - ---

103 ] — B
10~ “ /

-5 R es st _‘ C
O S e = S -

|
ot - T T y [
-
107 | o i b
N pl >10GeV |n7| <24 f )
10— | | | | | | | | | o
50 100 150 200 250 300 350 400 450 500 /
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Proton Tag Impact

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

® As expected dissociation suppressed by even single tag.

5 1 2 - T T T T | T T T T | T T T T | T T T T | T T T T | T T I_
S B Superchic 4.1 + PYTHIA 8.2 Protons in AFP not required |
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L . o L _
8- . — sp -
L ° —_— DD _
0.6— —
: ._.—.—l—. > ' Y - - - - . ° ° :
04— —
- '—1_7_1_'___1 ———— ]
— o L ! —
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- ® v ® m
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LHL and M. Tasevsky, arXiv:2208.10526

52



pp: other effects?

® ATLLAS 7 TeV data suggests peaked at low dimuon acoplanarity.
® More differential data, including with proton tags will guide the way.

® Treatment of dissociative production (subtracted when quoting “El’ result,

sometimes with old MCs)? Higher order QED? No clear 1ssue to point to.

® Flectron data appear to be described better, but larger experimental errors.
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