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& Motivation (why are we interested in CEP processes?) m DIVERSITY &
[ WINCLUSION

CEP and Large RAP GAPS.
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n Gluon —gluon vs photon-photon fusion.
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2 Higher precision constraints on the tau g — 2 photon—initiated production

& Summary and Outlook



pp — p*¥ +X +p*

LRGs caused by Pomeron,

... . . photon (W,Z) or Odderon
Why i1s 1t interesting? exchanges

e Clean:

» Experimentally clean signal: low multiplicity (— low background)
process; not typically seen in hadronic collisions.

» Theoretically modeling such exclusive processes requires novel
application of pQCD, quite different to inclusive case.

e Quantum number selection:

» Demanding exclusivity strongly selects certain quantum numbers for
produced object - the «,7F’C — ()t+" selection rule . '

 Proton tagging:

» Outgoing protons can be measured by tagging detectors installed at CMS (TOTEM/An
(CT-PPS) and ATLAS (AFP). Handle to select events and
provides additional event information (missing mass/proton correlations). No p'anszfgzrshi;’gz[é *runs in
— Clean production environment and selection rules provide potentially But a lot of already
accumulated data in 2018

unique handle on QCD physics, but also BSM objects. Threshold scan.

" o

n: “ enhancement in the tt threshold region, kvr-2000




Measuring CEP

® Two methods to select ‘exclusive’ events:

;ﬂ] ax

]
* Proton tagging: |pp =2 p+ x +p P | ﬁ:

(Maciej Trzebinski)

» Dedicated detectors close to beam line and  ~¥200m from IP.

» With timing —3 can select CEP during regular HL running. ATLHS
AFP/PPS

pp — p* +X + p¥ (LHC runs 1,2,3)

* Gap vetoing: no activity between system and beam directions. More

suitable for low lumi/pile-up (possible at high pile up with vertex vetoes).

iy ©

» No activity between system and beam directions.
» More suitable for low lumi/pile-up: ALLICE prospects. FILﬂ’ZE

(ALICE-double Gap trigger)



What can generate CEP?

® Generated by t-channel excha.nge with no colour ﬂow - can occur in pure

QED and OCD interaction:

’_d

£y

e Combination of these leads to three principle classes of process:

, Loup otons

-even, couples to gluo

C-odd, couples to photons + gluons

wylz k)

y _ 8, VM-
, ~_ X ) o) - 0 i B
oton-11 CD-induce Photoproduction



Proton Tagging at AFP & PPS (Maciej Trzebinski)

® Range of detector positions, from ~ 200 m (higher mass My > 300 GeV) to ~
400 m (lower mass Mx = 20 — 50 GeV ) considered.
° Ph}-’sics possibilities driven by these: exciting potential to probe wide range

Df nasses, fl‘DII] lGTN fo l’llgh.

ATLAS CMS (CT-PPS)
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« Standard HL runs. With precision tracking and timing detectors.

| approximately 0.02 < £ < 0.1 (0.02-0.15) ;




KMR-97-01

QCD-Induced CEP

® Dominant mechamsm J[ﬂlc.‘-r states that Couple via s‘rrong interaction. How

dO we Il]DdE‘.‘l itr} AI]S"\NEF dEPEIldS on SC‘.ﬂlE‘.‘ OF PFOdUCTiOIl:

P S-S
» For Sufﬂmenﬂy large scale (~ ob]ect
mass My ), app]y perturbative ¥
‘Durham’ model.
» Mediated via colou r-singlet qgqg
exchange. p—___ - ey
. Bty)
» At lower scales (~ object mass My) ! ’; 1
. . 6H'Z
pQCD descrlptlon will break down. Z
Z
» Diffractive, so can appl}r well ?"-‘f
AN
established tools of Regge theory ;,33*;'
<
Double Pomeron Exchange (DPE). 2 S 2

* Exac‘rly where transition from DPE to pQCD pic‘rure oceurs 1s open
question. Glueballs (Ms ~ 1 —2GeV ) - expect to be in DPE recime.



Model’ of central exclusive production

KMR-1997-2001

@ The generic process pp — p + X + pis modeled perturbatively by the
exchange of two t-channel gluons.

@ The use of pQCD is justified by the presence of a hard scale ~ My /2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

@ The possibility of additional soft falrr)
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors, |
Sezik and 831111' T

(@ In the limit that the outgoing h
protons scatter at zero angle, the
centrally produced state X must Tqlx2,-)

\ have JZP — 0" quantum numbers. ,




Survival tactor

® Survival factor, S%, : probability of no additional soft proton-proton

interactions, spoiling exclusivity of final-state.

® Not a constant: depends sensitively on the outgoing proton p vectors.
Physically- survival probability will depend on impact parameter of
colliding protons. Further apart — less interaction, and S2;, — 1 .

bs and p_ : Fourier conjugates.

I Process dependence

Fully differential implementation of soft survival factor — SuperChic 2 -5 VICs
for pp, pZ, and ZZ scattering




&7 vs. 99 collisions at high mass

[ ] Naivel_y, vg = v and so expect 99 T I 4

to dominate (where possible) N

® But QCD enhancement can also be
weakness: exclusive event = no additional
gluon radiation in final state.

® As system mass Mx increases, phase space
for extra gluon emission T and O Jf . Gluons

like to radiate!

® FExpect cross over where ¥ collisions
dominate as My 1 (all thing equal).

® [n77Y vs. 99 luminosities, occurs before AFP
acceptance, My ~ 200GeV . More pre-::.isel_y
expect (v from 0 , so moves to higher My .

M (dLum. fdydM’)

Vs=14 TeV
y=0

1| r -
" E ‘é‘_ﬂ

L[4] el i il a i PR MR BRI B . -

. ~) k !
In addition - §< much lower tor [ |/

. —
and suppression from 1/N; for gg.

100 200 300 400 500 800 00 BOO 200

o(yy > SMH )~ 0.1/b

o(PP->SMH)~ 3 fb

QCD ‘radiation damage’ in action

R
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® Naively expect strong intera

e However QCD enhancz Akness: exclusive

event requires no ex 0 final state. Requires

introduction of factor:

‘Large’ Pomeron size in the
production of the small

Tg(inﬂz) = EXP

dk? o, (k2 1-4 size objects.
1 2%l L)ﬁ [ZPE’Q(Z)_I_ZP‘?H(Z)] d,z)

2
Q2 kJ_ rie .

e Increasing M x =>larger phase space for extra gluon emission
stronger suppression in exclusive QCD cross section. Gluons like to

.y 2
radiate’ + absorptive/rescattering effects- survival factor  Ssoft

11



Life, Death and “Ressurection ¢ of ‘Diffractive Higgs’

12



[ The main advantages of CEP Higgs production } .

FROM THE

Ho PAST

® Prospects for high-accuracy mass measurement @
(irrespectively of the decay mode).

il lyser.
Quantum number filter/analyser KMR-1997-2001

( 0++ dominance; C,P-even)

® H ->bb opens up (Hbb Yukawa coupl.)

(gg)--,++ -@ bb in LO; NLO,NNLO, b- mass effects — controllable. M(+++-)=(M---+)=0

could open a way to measure H—cc (coplanarity.... cuts)

® For some BSM scenarios, CEP may become a discovery channel

‘95 GeV anomaly’

e A handle on the overlap backgrounds- Fast Timing Detectors (10-20 ps timing or better).

* New leverage -proton momentum correlations (probes of QCD dynamics, CP- violation effects...)

Triple product correlation: g - (Pl X Fal ) ~ sin g,

Integrated counting asymmetry (~10%) glp<7w) —ale =)

Flg<mw)+alp>r) 13




FP420 AND RESURRECTION OF ‘DIFFRACTIVE HIGGS’
(20 YEARS ON)

#® searching for lower mass new objects in CEP |

Fundmg Agencies

vy

rsity

Unive

@ The FP420 R&D project (2004-2009)

The

¢ f Manc 'H"‘.'l l"'

* FP420 was a joint R&D collaboration between CMS and ATLAS to dev
proton detector system to tag outgoing protons.
* Key questions:
— Can suitable forward detectors be placed close to the LHC beam
— What is the physics potential of these detectors?
— Will they cover an interesting region of Higgs mass?
* Final report is available at JINST 4:T10001,2009 [arXiv:0806.0302]

%+ QCD-initiated production: potential tor e.g. exclusi

studies analysed (though there are more).

* Jets: gg colour-singlet initial state g
range of unique QCD studies.

* Higgs: completely unseen mode,
Higgs properties (CP, couplings) »

via independent method.

PPS/PPS2- new proposals

14



PPS2 @ HL-LHC

+ Since after LS3 the whole beamline will be rearranged, a new spectrometer design is

proposed in the Expression of Interest

Run 2+3 design: £ acceptance translated to mass range between 350 GeV and 2 TeV

_ CMS-NOTE-2020-008,
* New proposal with extended mass range: arxiv:2103.02752

133 GeV - 2.7 TeV for the first 3 stations ( 0.0142 < £ < 0.1967 )

43 GeV - 2.7 TeV for 4 stations ( 0.00325 < £ < 0.1967 )
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Figure 13: Layoot of Long Streight Section LS55 [Sector S=6) at HL=LHC |I'iﬁ|.
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CEP AS A SPIN-PARITY ANALYZER

16



.
/ —3(a, - @2, ) (Mys + M__) (JF =0%) \

QM 2 2 2 9
= a2, QF s ty) fo(ma, 2, Q5 pni ta) | i . , 4 JP — 0
T | T B e Gt & My=q @XMy - M) (1 =07)

+3((q7, 65, — a1, 43,) +ilqf, @3, + 41,45, ))M_; (JF =+2%)

v

+3((af, a3, —ai,a3,) —ilef, @3, +ai &, )M (JI =-2%)

Pil :O:>]z =0

*Mr;w (ggPP) - (pr_l _Qr);,z(P,_z 4
IVo|? 1 | Va|? : | Vol ~ (pﬁ <P¢> (HKRS-2010)

2 : :
after (())angularmtegratlon at P = 0 > _()!(;)O— /2 k M2 <Q > /

in terms of helicity amplitudes . 1/2{(++.f)+(—.f)} 3 Jz-0. P-even state

‘ 2
atnon-zero Py ; - an admixture of Jz=2 3 (2p1,p9.)

Q!
Important consequences for H - bE
r
Symmetry properties of the (A, k) + v(Mao. ko) — q(h,p) + 3(h.p). amplitude (rkwv-97) (++,+-) (--,+)
Jz=0 (nullifies in the massless limit) ) > (++;'+) ("1'+)
.

in terms of the MHV rules the only nonzero amplitudes gg—=>qq

(+-: +-) J 7=2 HCA (S .Parke, T.Taylor (1936))
1 — ey
(—+ ' -+ /+-) ‘An Amplitude for n Gluon Scattering’
\_ 17



https://inspirehep.net/literature/227338

T(|:| = 2)]?

(p)°

RRToERE

= In Regge theory there does not exist a simple closed form for the y. case. [T(7. = 0)]?
U 3.,._,“_5_.._ T __? ........ E. o _._”._.f._._.,ug_.m._._.g._ .._”5_._KnnR_iogl._.ug_.
- p  Withinthe PT approach forward CEP of non-relativistic heavy:2++ quarkonium is strongly = : |
: reduced because of the suppression of the 2 ++ - 2g transition for the Jz = 0 on-mass-shell two-gluon state
SRR e o Notethesew: IIrecelve correctlonsof O(pi ; (Qf)) _________ _________ N\ T "‘ _____ o o
@ These distributions are strongly affected by absorptive corrections,: Jz =0 amplitude vanishes
------------------- - through their dependence on the proton-distribution: in impact---: -1 ¢ 4p o vy decay of the 2++ 3P2
- parameter b space. : : ' : : : . .
| P | Ep » : | T positronium (Tumanov, 53;Alekseev, 58)
___________________ @ Forward proton detection would allow a clear discrimination . | fH—m0mm—m-——————
\_  between the different J states. g f g g -

Lattice results

J PC mass

0** | 1730 +£80 MeV/c2
2+* | 2400 +120 MeV/c2
0™+ | 2590 +130 MeV/c?

Eur.Phys.J.C 80 (2020) 11, 1077

Glueball filter ?

18




Ye1 @nd 2. general considerations

@ General considerations tell us that y.4 and yv.» CEP rates are
strongly suppressed:

@ y.1. Landau-Yang theorem forbids decay of a J = 1 particle into
on-shell gluons.

@ y.2:. Forbidden (in the non-relativistic quarkonium approximation)
by J, = 0 selection rule that operates for forward (p, =0) outgoing
protons. KMR-01 (A. Alekseev-1958-positronium)

@ However the experimentally observed decay chain

Xe — J /iy — pTp~y strongly favours x.(1.2y production, with:

@ We should therefore seriously consider the possibility of x (2

Q The effects of non-zero pr (especially for 2+ ). ’\5 ...and especially without proton detectors!

19



® 2010 Data
I L ! . @ ChiCh frees SuperChiC WG
@ ChCH from SuperChic MG
9 ChCE frems SuperChic MG
Chils Bom Psi' Starlight MC

- LHCb
40— Preliminary
T 4s=7 TeV Data

Number of events per 20 MeV
s
|

32 34 BETE 3.8
ChiC Mass (GeVic?)

A wide range of central exclusive processes— X = u"u—, ete™ (QED), v+, Jj,
xe (CEP), J/v, v¥(2S) (photoproduction)— have been observed by the CDF/DO
collaborations at the Tevatron, by selecting events with no additional activity in

a large 1 range, and exclusive data at the LHC is being taken.
arXiv:0712.0604,0902.1271,1112.0858,1301.7084, CERN-LHCbh-CONF-2011-

20




vc CEP: data

@ |narxiv:0902.1271 CDF reported 65 £ 10 signal . events observed via
the y¢ — J/uvy — ptpu—~ decay channel. This corresponds to
do(ye)/dVy |y=o = (76 £ 14) nb, in good agreement with Durham
prediction of ~ 60 nb.

@ Recent LHCb data®: select ‘exclusive’ . — J/ events by vetoing on
additional activity in given » range.

@ LHCb see:
o T -y
soalesEal kL | HCb (nb) | SuperCHIC (nb)
X0 | ﬂ:ﬁ 2-0
Yet 0.80 + 0.35 049
\ oo 24411 0.26

— See clear suppression in x4 2 states.

— (ood data/theory agreement for y(o,1; States (within quite large theory
uncertainty), but a significant excess of y ., events above theory
prediction for CEFR

2LHCh-CONF-2011-022

21



@ Higher y» mass means cross section is more perturbative and so |s.hefiel

test of theory, although rate is ~ 3 orders of magnitude smaller th e
- - . . G /PCy _ g+(p++
@ J assignment of y, states still experimentally undetermined: CEP Xbo(1P) ) onds comfimation.
- . .Observled in ra'diative deca¥ .c:f the T('25), therefc?re C = +. Branch-
5 h Ed |Ig ht G n th | 5 . ing ratio requires E1 transition, M1 is strongly disfavored, therefore

P=+.

@ Calculation exactly analogous to v, case

P2 (P 1
Vo | o | Vi |? o | Ve |2 ~ 1 ; = ~1:—=1:=
M2 {Qzl}z 400 ~ 36

— Do not expect to see y 541, which is strongly suppressed by , mass.

@ Measurement of ratio of yp to v~ (EL = 5 GeV) CEF rates would
eliminate certain uncertainties (i.e. dependence on survival factors).

@ Predictions for v CEF via the T~ decay chain (at y, = 0):

VS (leV) 96 | 7 T0 T4

==(pp —pp(T + 7)) (pb) | 060 [ 075 [ 078 | 0.79
) 0.050 | 0.055 | 0.055 | 0.059
= 013 | 014 | 014 | 0.14

22



Observation of diffractive exotic J/IY¢ resonances in pp collisions ﬁ%&%
arxiv:2407.14301

The first study of J/W¢ production in diffractive processes in proton-proton collisions.

Possible production of exotic states

P p*

Vs = 13TeV

Currently Herschel not applied

Search for events with precisely
four tracks

2 muons + 2 identified kaons

P

Experimental strategy: Selection of J/{( - H)$( - KK) in low multiplicity events: Nb of VELO tracks must be 4
918§’J/¢gb candidates

several resonant states observed previously only in BT — J/ipp KT

23



Observation of diffractive exotic J/y¢P resonances in pp collisions
arxiv:2407.14301

After imposing the exclusivity requirement, a resonant structure appears

I L) L] L) L) l L]  § L] L} l

; a0 I Data
< 70 5 LHCb rom Oor 4140y X B Y = (0.8040.15 +£0.28) pb,
\ 51b - = %, (4140) c1(4274
ot oD * - taze Oy azra) X BX ™ — (0.734£0.08 £0.17) pb,
: 50 x:o(4500) <0 (4500
2 4 et . (4685) + 7_(4700) Oyeo(t500) X B2 = (0.424088 :0.06) pb,
O ' NR
M 30 , T xc1(4685)+x0(4700)

20E [ | x BXct (1089)Fxe0(4700) — () 144007 () 06) ph,

10 Jr | + + ] +0.24

0 ST ’MI’_.'T""\"';:{"';::;. R Y Ty E'Eqi'&ma.;!.m:m‘__,..,..,...‘-: ONR x Beff} - (0 43 =8:18 iOZO) pb?

4000 4500 5000 5500 6000

4-track invariant mass MJ/W [MeV]

Fit performed with previously observed resonances in B decays. [amplitude analyses of B* — J/pgK™ decayy
- Turn-on derived from events with more than four VELO tracks
- Non-resonant is modeled by an exponential function
- No interference assumed

The significance for the resonances Xc1(4140), Xc1(4274) and X0(4500) are 2.4 0, 4.3 0 and 5.5 0.

Several clear resonant structures are observed well-described by resonant model

This is the first observation of X - J/Y¢ production in diffractive processes

Murilo Santana Rangel (UFRJ) Diffraction and Low-x 2024 16



?

A bit puzzling: strong 17 signal ?
¥

For pure CEP within the PT (gg-fusion) picture- expect a factor of 100 suppression.

Ways out: e 4
1. Huge difference in BR’s ?

e1(4140 c1(4274 Xc0(4500
Bécffl( ) ’ Bécff( ) > BeFF

2. (Unexpected) large contribution of high-mass proton dissociation.
3. Non-perturbative physics- molecules?

5. Misassignment (Herschel ??)

25



Dijet-monitor for new physics -

*E\Clusne;ets -

» E\Clusne jets: CEP theor\ dﬁmantlx qqg c0|om

smg|et dl]ers Large numbers of essentlally pure § f

glucn jets ina clean envlronment

» I\e\\ QCD lemme data From Teva atlon

| Flrst ATLAS ST resu]ts

M;; [GeV] | algg) [pb
S 100 . 35 :

~ 25 GeV

- 300 0.14
. 400 0.024

600 0.0014

(~20: min pure g-jets vs 417 ‘tagged’ g at LEP)

Dijet CEP as a ‘Gluon Factory’ |

26



EXCLUSIVE JET PRODUCTION

® Precisely defined CEP mechanism — colour singlet gg initial-state with
certain (++ / — —) helicity configurations (.JJ, = 0). In CEP:

g9 — (4 : Vanishes for massless quarks - su ppressed as ~ 'Tng /M jgj

gqg — g . Unsuppressed luon dominated jets.
P & : Soft PT QCD lab

° Possibili‘ry to study dominantly isolated 9¢g jet production at LHC.

® Taking e.g. my = 4.5 GeV and My = 40 GeV we then get
do(bb)/dt
do(gg)/dt

—> Huge suppression in b quark jets (increasing with My ). Completely

10_3 (first indications CDF-2008)

unlike inclusive case.

27



[LHC cross sections

As expected from above discussion, expect strong g9 dominance:

do/dM;; [pb/GeV], /s =13 TeV, |n;| < 2.5, parton level

. _ | | | ] SuperChic-2
gg ——
10 | gg, light lavour
| —
1t
: mj
N _:
Huge suppression —T— 7 ~ L. L. _
0.001 + [ __
0.0001 | e, _:
1e-05 | | . . | T |

40 60 &0 100 120 140 160 180 200
.-"l-fjj [GE‘J]



® By measuring yvy — 7T

Higher precision constraints on the

in photon—initiated production

_|_

Pb

tau g-2

Ze

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

Pb

Events

Obs./Exp.

25007, Observed I Ziy* — v [1Ziv* — eehun
- [JExcl. bkg. Il VV + tt B Jet mis-ID
2000 —@yy — vv @ Uncertainty
1500}
Lo
1000
500
0.8 2 4 6 10
Niracks

CMS, arXiv:2406.03975

7~ production - sensitive to tau g-2.

Events / bin

Data / Pred.

aP &y = 0.00117721 (5)

Eidelman, Passera [hep-ph/0701260

® Sensitivity via differential cross section has

already set new limits. —0.0042 < a, < 0.0062

350F R - CMS 138 fb™' (13 TeV)
r ATLAS ] _ -
300F Pb+Pb \[s_NN =5.02TeV ¢ Observeq — .6?0/? (.J\L. o 9‘57/0 |CIT I
o Combined fit . OPAL
250 u1T-SR - ee - Z — t1y 1
C Post-Fit 3 PLB 434 (1998) 188 3
200} . L3 :
. e Data, 1.44 nb ] ee =~ 7 — 1y .
150(~ CJyy—>vr (a=-0.041) - PLB 434 (1998) 169 ;
C Wyy—pu ] ;
r photonuclear = DELPHI 3
1005 ~ Uncertainty : Y —6 Tt (v from e) —
5ok —2,=0.06 - EPJC 35 (2004) 159 .y
ATLAS :
140 PRL 131 (2023) 151802
L OO CMS
08 I Yy — T (y from Pb) .
04 = = 5 5 - PRL 131 (2023) 151803 |
CMS 3
Muon p [GeV] yy — vt (y from p) —y &
ATLAS, arXiv:2204.13478 This result N B S
-0.1 -0.05 0 0.05

CMS, arXiv:2406.03975
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Higher precision constraints on the tau g-2 in LHC photon-initiated production: a full account of hadron
dissociation and soft survival effects L.A. Harland-Lang, 2410.10978 [hep-ph]

What is missing?

® Non-zero modifications 0@+, 0d induce change in 777 vertex:

e

VE  =ieyt — (50;72

TTY ~

+ iéd’r'ﬁi] " qy

T
® Note in particular differing kinematic structure (additional Gy ).
® Leads to well known increase in effect of da,, dd with increasing scale. But also:

* Survival factor.

* Proton dissociation (EL vs. SD vs. DD).

e Will also be different between the LO and da., dd, terms.

® This difference 1s not accounted for in current theoretical approaches, or in LHC analyses!

Standard calculations assume that the nucleus (proton) is intact. The same S?.

[ L. A. Harland-Lane.2303.04826 & tull treatment of UFCUs 1mncluding mutual 1on dlSSOClatlon]

30


https://inspirehep.net/literature/2840259
https://inspirehep.net/authors/1069568
https://arxiv.org/abs/2410.10978

Survival Factor

® Probability of no inelastic hadron-hadron interactions. Schematically:

L\

o

b
/ (! L
In 1mpact parameter space. G*Q(Bli *E2L) : survival factor - probability for no additional particle

production at impact parameterbh; = \5 L — by 1| - Roughly:

" / by, d%ba, [M (b1, B, )| Pe P00 02 | ;

® Key point - not a constant! Depends on kinematic and process:

o o by < qL o
/dzblLdszJ_’M(bllab2¢)|2e_g(b“‘_b2l) > szlJ_d2Q2J_|MmC'S ((j}lj_aq’lJ_Nz
Kinematics Process

® Again recall differing impact wrt da,, dd, (recall factor of qv).

Survival factor will be different between these! Vi =ieyt — [&zf 5 ‘

+ ?l5d7’y5] a*’q, .

T

Note the presence of the photon 4-momentum ¢*. In impact parameter space, this
will lead to a factor of b‘i, such that the amplitude vanishes at zero impact parameter where
the impact of survival effects is larger KKM-2003 (Difference of survival for 0 and 0* CEP)

31



Recall:  the SM prediction for the tau g-2 is known to 5 d.p precision a, gy = 0.0011772]

Higher precision constraints on the tau ¢ — 2 in

LHC photon—initiated production:
a full account of hadron dissociation and soft survival effects

L.A. HARLAND-LANG!  2410.10978 [hep-ph]

Department of Physics and Astronomy, University College London, London, WCI1E 6BT, UK

Abstract

We present the first calculation of photon—initiated 7 pair production in the presence of
non—zero anomalous magnetic (a,) and/or electric dipole (d;) moments of the 7 lepton that
accounts for the non-trivial interplay between these modifications with the soft survival
factor and the possibility ot dissociation ot the hadron (proton or ion) beam. The impact ot
these is on general grounds not expected to have a uniform dependence on the value of a,, d,
but in all previous analyses this assumption has been made. We have therefore investigated
the importance of these effects in the context of photon-initiated 7 pair production in both
pp and PbPb collisions. This is in general found to be relatively small, at the percent
level in terms of any extracted limits or observations of a,,d,, such that these eflects can
indeed be safely ignored in existing experimental analyses. However, as the precision of such
determinations increases in the future, the relevance of these effects will likewise increase.
With this in mind we have made our calculation publicly available in the SuperChic Monte
Carlo generator, including the possibility to simumithout

rerunning.
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https://arxiv.org/abs/2410.10978

QCD Instantons

. . . — 7 -' .
Yang-Mills vacuum has a nontrivial Espn = 7 no classical barrier

structure A l

QCD vacua

2
Instantons are tunnelling solutions g
between the vacua. -

At the classical level there is no barrier ‘ Winding Number
in QCD. The sphaleron is a quantum ;
effect
. g ng X g
Transitions between the vacua change
chirality (result of the ABJ anomaly). s Ny
o Z(Qﬁf +dqry)
All light quark-anti-quark pairs must f=1
participate in the reaction q
Not described by perturbation theory. Ny
gtg = ngXxXg-+ Z(G’Rf +dLf)
f=1

2

KKMR, Phys.Rev.D 104 (2021) 5, 054013

Sphaleron-transition on top
of an energy barrier
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Instantons have never been observed experimentally, however, they are
playing a very important role in the theoretical models of confinement and

chiral symmetry breaking

one of the biggest challenges for particle physics to date

a possible solution to the axial U(1) problem

< 0|G* G |0 >+ 0

LY L
Instanton signatures:

LO Instanton vertex -> selection on final states at colliders with high sphericity

e large multiplicity Njer ~ 1/ ag(pinst)  Er ~ 1/ pinst

‘soft bombs’ —high-multiplicity spherically symmetric distributions of relatively soft particles

e large 'Sphericity’, S — 1

e presence of an additional light grg; pairs

(in particular pair of strange
(or charm. for the small size instanton) cuarks)

Instanton# the particle ( no peak in M;,) Extended objects in space-time
It is a family of objects of different size, p,

and orientations in Lorentz and colour spaces

Effectively —a family of new multiparton vertices in Feynman diagrams
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Wa Ged detector effects, PU at high luminosity, and timing resolution

One of the main obstacle currently — PU at high luminosity

*
*

*

TKMR, Eur.Phys. J.C 83 (2023) 1

Possible directions for further studies

Feasibility of searches for moderate mass Instantons in UPC

Using good timing from Central Detectors for both ST and DT events.

Identification of charm quark jets in the final state

Strong need for enthusiastic experimental experts to join the efforts, addressing such issues as
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Summary & Conclusions

CEP measurements could significantly extend the physics reach of the
LHC detectors by giving access to a wide

range of exciting new physics channels.

" CEP could serve as a spin-parity analyser and offers a sensitive
probe of the CP structure of the new states.

The theory of the CEP is in a reasonably healthy shape,
and dedicated MCs (such as SCs) are well developed

The predictions are backed by the series of CDF/D0O CEP-like measurements as well
as the RAP GAP measurements by the LHCb and ALICE +CEP results from ATLAS& CMS
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The dedicated AFP and PPS detectors allow uingue the timing.

The main issue is PU suppression, though some progress is foreseen,
in particular with the addition of timing from the CD.

But ATLAS has already decided not to run AFP at HL-LHC
(at least not in the foreseeable future)

At large M;,> 150-200 GeV the photon-photon fusion dominates
over the gg. LHC is the photon-photon collider!

Such important measurements as the searches for the new Higgs-like states
as well as the moderately-heavy instantons, would require the 420 m stations.

The bulk of important physics (such as glueballs, instantons, and other new
state searches) would require low luminosity runs.

10ps in Run 4
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JP = 0% selection rule

@ Consider the limit p;, = p2, =0, i.e. exactly forward scattering. Have

g1, =—q2, = Q.

€1 = —€3,
l.e. gg — X subamplitude is given by
M~Q QL  (i[j=1,2)
5 2@V + Vo)

|.e. fusing gluons have equal (transverse) polarisations A\ = A, = +.

— In exact forward limit, fusing gluons are in a J; = 0 state along beam axis.

@ For general proton p, # 0, non-JY = 0" states contribute, but these will
be sub-leading (as p, = 0 in general) and can be efficiently suppressed
with proton tagging.
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CEP without tagged protons

Are relativistic/non-perturbative corrections 10 y .- Important {(suppression
of v 01 expected by general considerations)?

|s there a significant high mass proton dissociation pp —p + v + X
backaground skewing the results?

Higher—mass dissociation p — N*(My = 2 GeV): allows a higher p,
transfer to the protons and so an increasing violation of the J, =0
selection rule (recall y .2 contribution is o {p3 }?).

Such contamination should enhance in particular the y .2 cross section

preferentially: to consider when subtracting the proton dissociative
background (always necessary to some extent without tagged protons).

Look at p, (v.) dependence of cross section ratios to shed further light
on this.

» 0 p P '- P F === — 1 Z
.—b-b: .-l-—'u.: .—rxc
’ . . P . }}'PP . I .}}...
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* As mass of central system Mx increases, QCD-initiated production

cross section suppressed by no radiation probability => BG often low .

o aar-[(b/GeV] /& = 14 TeV

99 =17

Y=Y

17—+ 77, Wloop - - -

102 : Y —* 777, fermion loop - - - - J
® Example of 77 10-3 |
: 104
produ ction: )
wo-sL Sho e ]
108

50 100 150 200 250 300 350 400 450 500
My [GeV]

* CEP: unique possibi]ity to observe photon-initiated prcduc.tic:n of states

with EM coupling in clean/well understood environment. Syy uptol1-2 TeV]

¢ However typically considering high mass region (RPs) and

relatively low cross sections (EM couplings). Statistics limited.

—> Increased statistics from HL-LHC running offer clear advautage here,

mn particular In terms of pushing to higher mass.
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Currently, pure CEP studies at the LHC are 7y dominated (also HIC-UPC)




Summary/Outlook

* Anomalous in a;, d; photon-initiated 7 pair production included in SuperChic for first time, in

pp and AA.

* First complete treatment of survival factor and proton dissociation, and dependence on a;, d-.

* Bottom line: impact of including this
SuperChic =uwle 57 Ungis CUawatch'S ~ | 9P Pk @  « || f Star 3

dependence small (percent level wrt a,, d

¥ main -~ F 68 Branches ©» 0 Tags Q Gotafik t Add file - <> Code = About

dete rmination/limitS) . SuperChic Marte Carlo event generator

LuclanHL updated manual (#218) 752821 Sdaysago  [\) 292 Commits for central exclusive Frndurt on

* Suggests existing LHC analyses —_— i
already rObUSt Wrt this’ but looking to V :r;nkc'vccubs :,“::rr‘u,p.lfn for now (#207) o }i 23:: h

the future we may care about these ’“ e

share/SuperChic OGB4 Releases

effects ] EIC remove alphas warnings 15212) 35T wesk
L]

test Dump the shower config for each test job (£200) as: week

Packages
P f L CMaxelists txt Irput card in S ld/bin (#2790 A%t werk

* Proper treatment of proton e o .

CORYI Added GPLYE as s license 3 menths ago

dissociation also arguably mandatory v o i

[® README.md Update REACME.md to add installation aherratives. (#213) 5 days ago andriish
S

(always there in pp) - now possible.



PS2 @ HL-LHC

« SM CEP via photon fusion in pp collisions at /s = 14 TeV
« Computed fiducial cross sections for 2-tag and 1-tag categories:
Fiducial cross section [fb] A i B R B i (e
Process 5 . :
2 tags § 0 bewntel
7 5 E o e CED niacedyy
bb 0.04 EE N
W+ W- 15 First {fgg ;1;;|1|_]-LHC g’
L 1.3 . s
tt 0.1 0 i o —
H [} muN F rr:slé»{;.ng:llltll':e central system [Gﬂ;:
e End of HL-LHC
HW™W 0.01 (~3000 fb-1) , PP = P VY P,
27 0.03 QCD and QED contributions
Ly 0.02
24 0.003
POS(LHCP2023)012
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Ao = oy — o, leads to cosn¢
modulation for polarized two
gamma fusion

Ap = Ap[(eT +e7),(e" —eT)]
~ Ap[(eT +e7),e" ]

Ultra-Peripheral

Quantity Measured QED y?/ndf

—Agng (%)

16.8 +2.5 16,5 18.8/16

Peripheral (60—80%)

Quantity  Measured

— A (%)

QED  x?/ndf

27 +6 345 102717

counts / (n/ 20)

1400

1200

-
o
o
Q

‘lllllll'l

800

600
400
200 , . o
B Polarized yy — e*e: Without Polarization : i
ol — - QED == STARLight T
B ] - -I. SLlpeIrC:hi(.:l | | ] | | |
0 LY

I 1 | | | I |
0.45 <M, < 0.76 GeV, PJ_< 0.1 GeV

"STAR

¥ Au+AuUPC % Au+Au 60%-80% x 0.65
— Fit: Cx( 1 + Amcos 2AD + A4A¢cos 4A0 )

+10

2 A0=0_ -0
STAR, PRL 127 (2021) 052302



The LHC is also a photon collider

i

ATLAS
Vs 13 TeV 8.16 TeV 5.02 TeV
A ~140 fb-1 ~170 nb-1 ~2 nb-1
o - x 72 x Z4

Z = 82 for Pb
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