4]

OT/IE/IEHUE ®U3UKW BbICOKMX SHEPT WA

OEANEPANIBHOE MCYOAPCTBEHHOE BIOIDKETHOE YHPEXOEHWE

«METEPBYPICKWUA MHCTUTYT SAEPHON ®U3NKN UM. B.MN. KOHCTAHTUHOBA
\ HALMOHANBHOIO UCCNEOOBATESIbCKOIMO LIEEHTPA «KYPYATOBCKUA MHCTUTYT»

eMUuHapsbl C

=1= CEMMHAPbI O®B3 - NnepexoA Ha aHMMACKYI0 BEPCHIO )

N@W

PHOTON-PHOTON COLLISIONS AT THE LHC
(selected topics)

Valery Khoze (IPPP, Durham & PNPI, St.Pb.)

(in collaboration with Lucian Harland-Lang and Misha Ryskin)

& The most

P not only for pp and

&4 Pb-PD collisions,

& but also for

B photon-photon and
& photon-hadron

of interactions

= \
- -y

13S0

The Royal Society
of Edinburgh

KNOWLEDGE MADE USEFUL



@ Introduction and Motivation.
@ Selecting Photon-Photon Exclusive Events.

@ SuperChic- MC and Survival Guide

@ The photon PDF and photon-photon Luminosities

@ Photon-initiated processes with rapidity gaps

9 Y7V collisions at the LHC- Applications
(with an emphasis on BSM physics).

@ Topical Examples, Summary and Outlook.




INTRODUCTION & MOTIVATION

® No immediate plans for a future v collider, but the LHC is already a

photon-photon collider! (ERAI/RHICerpeTienes]

Motivation: why study 77 collisions at the LHC?

» Exclusive production:

® How do we measure it ?
® How do we model it?

m Example processes: lepton pairs, anomalous couplings, light-by-light
scattering, axion-like' particles and massive resonances. charginos, invisibles...
® Outlook - tagged protons at the LHC.



ENTRAL XCLUSIVE RODUCTION PROCESSES
What is it?

Central Exclusive Production (CEP) 1s the interaction:
pp—p+ X +p

- CEP  colour singlet exchange between colliding protons, with
large rapidity gaps (“+) in the final state.

e Exclusive: hadron lose energy, but remain intact after the collision.

 Central: a system of mass M x 1s produced at the collision point and
only 1ts decay products are present in the central detector.




SELECTING EXCLUSIVE PHOTON-PHOTON -
EVENTS AT THE LHC MIND THE GAP
A4

1) Gap-based selection: no extra activity in large enough rapidity region.

» No guarantee of pure exclusivity - BG with proton breakup outside veto

region. Large enough gap = BG small and can be subtracted.

» Pile-up contaminating gap? Either: low pile-up running (dedicated runs/
LHCD defocussed beams) or can veto on additional charged tracks only
(already used to select charged - [71~, WTIW~ -by ATLAS/CMS/LHCD).

F

(CT- PPS first measurements . .VETO X VETO .-
with the one arm proton) . L’




2) Proton tagging: pp — p + X + P

¢ Defining feature of exclusive events: protons intact after collision,

—> If we can measure the outgoing proto

purely exclusive event

¢ Basic principle:
interaction

beam
e In m) from beam line and O (100 m)
from omenta and measure arrival time of protons.

beam LHC magrets — ——
——

CT-PPS,AFF Detector



Physics motivations

Central Exclusive Production
PP pOXDp
photon or Pomeron exchanges
@ rapidity gap
X = high-Et jets, WW, ZZ, vy. ... measured in the central detector

Measurement of two scattered protons fully determines the kinematics
of the central system X

- & fractional momentum lost by the proton

-t 4-momentum transfer squared
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Gluon-gluon interaction.
Additional gluon(s) exchange Photon-photon interaction.

needed to conserve the colour
F Ravera - HESZ 2017



ATLAS Forward Detectors for Diffraction

In ATLAS it is possible to identify diffractive events by, e.g. large rapidity gaps

However, ATLAS is equipped with two forward detectors for proton tagging

e ALFA (Absolute Luminosity For ATLAS) vertical Roman Pots
at z = + 237 and z = = 245 m for elastic and diffractive scattering measurements

e AFP (ATLAS Forward Proton) horizontal Roman Pots -
at z= %205 and z = £ 217 m for diffractive scattering measurements ’EEW"

—
~

= Tag protons leaving intact the interaction point to identify diffractive processes

A-side ATLAS C-side
sector 8-1 Interaction Point 1 sector 1-2
Q6 AFP Q5 Q4 TCL4 Q3 Q1 Q1 Q3 TCLA Q4 Q5 AFP Q6

. ! n E o EXCELENCIA L LO])e: Paz on behalf of the ATLAS collaboration
. .— n-: q ¢ SEVERO 17th Elastic and Diffractive scattering
- » OCHOA Czech Republic, Prague, 29th June 2017
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What is CT-PPS?

CMS CT-PPS
N

\
N g S

[x]

= : ~ .],,,:_'J"": wiiixr TR w b -

Joint CMS and TOTEM project: https://cds.cern.ch/record /1753795,
see Fabio's talk

LHC magnets bend scattered protons out of the beam envelope
Detect scattered protons a few mm from the beam (both sides of CMS
First data taking in 2016:~ 15 fb™*



What is AFP/CT-PPS?

e OIS
T ok ATLAS Preliminary
R ' — Siat15mm -
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e Tag and measure protons at +£210 m: AFP (ATLAS Forward Proton),
CT-PPS (CMS TOTEM - Precision Proton Spectrometer)

e Sensitivity to high mass central system, X, as determined using
AFP/CT-PPS: Very powerful for exclusive states: kinematical
constraints coming from AFP and CT-PPS proton measurements



“The yy- Resonance that Stole Christmas 2015”

The ATLAS announcement of a 3.6 ¢ local excess in diphotons with invariant mass ~750 GeV
in first batch of LHC Run —Il data, combined with CMS announcing 2.6 o local excess.
EW Moriond, 17.03.2016
Theoretical community —frenzy of model building: >150 papers within a month.
Unprecedented explosion in the number of exploratory papers.
(More than 500 papers)

ATLAS &CMS seminar on 15 Dec. 2015

If it were not a statistical fluctuation,
a natural minimal interpretation:
scalar/pseudoscalar resonance coupling dominantly to photons.

As an outcome -great improvement in our understanding of photon PDF and

development of the effective tools for analysing potential diphoton resonances.

11



3) Turning the LHC Ring into a New Physics Search Machine

LHC Ring -proto collaboration

(S. Redaelli er al , CERN Beams Division), accelerator theory (Werner Hers, CERN Beams Division), theoretical high
energy physics (Lucian Harland-Lang, University College, London, K. Huitu, Division of Particle Physics and
Astrophysics, University of Helsink:; Valery Khoze, Unmversity of Durham University; M. G. Ryskin Petersburg Nuclear
Physics Institute, Garchina, St Petersburg; V. Venro, University of Valencia and CSIC) and experimental high energy
physics (A. De Roeck, CERN EP; M. Kalliokoski, CERN Beams Division; Beomkyu Kim, University of Jyviskyli; Jerry
W. Lamsi, lowa State Unmversity, Ames; C. Mesropian, Rockefeller University; Marti Mikael Mieskolainen, University
of Helsinki; Toni Mikeld, Aalto University, Espoo; Risto Orava, University of Helsink:, Helsinki Institute of Physics
and CERN; | Pinfold, FRSC, Centre for Particle Physics Research, Physics Department, Unmversity of Alberta; Sampo
Saarinen, Unwersity of Helsinks; M. Tasevsky, Institute of Physics of Academy of Sciences, Czech Republic) and
seismology (Pekka Heikkinen, Institute of Seismology. Unversity of Helsinki).

12



LHC RING AS A NEW PHYSICS SEARCH
MACHINE

Beam Loss

S L -
Monitors to ta : e
, 8 CMS/Totem 20 fb!
exit protons
L —

Y,

4 X LIGO!

——

. ’ | ‘%Qy Pomt 6-

LHC experiments
for analysis of the
central systems

correlations with the collimators and other
beam instrumentation devices

: :- - Point 7
LHCb/MoEDAL 1 fb! DIFFRACTION 2016 - Acireale




| the LHC Ring represents a continuous “Roman Pot” !l

PROTON EXIT POINTS vs. &E=App

V8 =13 TeV

600 ! GEANT proton tracking -
Beam Loss Monitors

550 f to tag exit protons
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Matti K Kalliokoski, RO et al, arXiv:1604.5778; Diffraction 2016

]. Aaron. Hacking the LHC to shift trash could help find a mystery particle - 2016 New Scientist Daily News, 25th April 14



4)

Itra eripheral HI ollisions

IEES!

n :ii‘

Nuovo Cim.,2:143-158,1925
http://arxiv.org/abs/hep-th/0205086

Therefore, we consider that when a
charged particle passes near a point, it
produces, at that point, a variable
electric field. If we decompose this field,
via a Fourier transform, into its
harmonic components we find that it is
equivalent to the electric field at the
same point if it were struck by light with
an appropriate continuous distribution
of frequencies.

Enrico FERMI

The electromagnetic
field surrounding
these protons/ions
can be treated as a
beam of quasi real
photons

Two ions (or protons) pass by each other with impact parameters
b > 2R. Hadronic interactions are strongly suppressed

Daniel Tapia Takaki

Diffraction - Catania, Sicily 7 September 2016




UPC

® Jons do not necessarily collide *head-on’ - for “ultra-peripheral’
collisions, with b > I + 5 the 1ons can interact purely via EM and
remain intact = exclusive 77 -mnitiated production.

[Fermi, Nuovo Cim. 2 (1925) 143]
[Wedzsacker, Z. Phys. 88 (1934) 612
[Williams, Phys. Rev. 45 (10 1934) 729

Q? < ﬁl_.; and wWpax & %

* Jons interact via coherent photon exchange- feels whole charge
of ion = cross section ox Z* For e.g. Pb-Pb have 7% ~ 5 x 107

enhancement!
¢ Photon flux in ion tends to be cutoff at high A/ y , but potentially

very sensitive to lower mass objects with EW quantum numbers.

16



LHC as a photon-photon collider

pp collisions Pb+Pb collisions
e harder EPA ~ spectrum o AA () x-sec 74
. Al/3
(Wmax ~ TeV) é‘ gluonic x-sec o
e more data available (w 35 fb_l) = lower QCD bkg.
e low pile-up (< 1%)
e large pile-up (multiple
interactions per bunch crossing) e softer EPA ~ spectrum
e problems with triggering on low (Wmax ~ 0.1TeV)
pt objects e relatively small data
g 0 : sample
by EIE— ATLAS -+ Data 2012 | Jincl W _E o
S gf s=sTev.202m!  Lloetw Ml 3 [ALICE Collaboration, EPJC 73 (2013) 2617
o £ Excl. WW signal region 3 e = g ey -
& 7o [PR DO (2016) 3, 032011] 0 SR
EE fsmE + — STARLIGHT
4f R
25 — : ""mf ——
limmr = -* j: ATLAS/CMS
0 05 1 15 2 as : 2016

1 1 1 1 1
‘ﬁﬂﬂp [rad] 23 12n a3 ] 24 ZAn = !42:_::‘-'_\'.1-1'.;?:'5 5!{'



Heavy Ion Collisions T

¥ 3

p

L] [ ] ¥ " * :_r'_r' F
® Photon-initiated CEP equally possible in heavy ion I

collisions. Indeed in some cases has Signiﬁcanr ﬂu:h-'aumgesz

» Significant ~ Z4 enhancement in rate. After accounting for differing
[uminosities, still ~ 2 relative to pp , but with no pile-up.

» QCD-initiated production essentially absent - clear interpretation.

» Low pile-up - can go to low M, .

» Conversely, steep fall off at high mass - pp essential here =

com plementﬂl‘y. Al nar
dAM -
1x10% [

[cm—25—1GeV ™)
PbPb, L = 6 % 10%7 em™ 257!, /5 =552 TeV —— ]
pp, L =2 % 10 em™?s7!, /5 =14 TeV 3
pp, RP 220 m - ——- ]
pp, RP 220 + 420 m — -

1x 10% |
1102 |
1:(1[]3];-
1x103“z,
1x10% [
1:(1[]23;-

1x10% [

1% 10% [ . P N
1 10 100 1000
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Modelling Exclusive Photon-Photon

collisions

¢ In exclusive photon-mediated interactions, the colliding protons must
both coherently emit a photon, and remain intact after the interaction.
How do we model this?
¢ Answer 1s well known- the “equivalent photon approximation (EPA):
cross section described in terms of a flux of quasi-real photons radiated
from the proton, and the vy — X subprocess cross section.

‘Equivalent photon approximation (EPA) P

p /

C.F. von Weizsacker, 1934

E.J. Williams, 1934
E. Fermi, 1925

v Q*«2GeV*

Y Q'<«2GeV?

..introduced to major event generators as f A \ p

Madgraph, Pythia, Sherpa, Calchep
| CAUTION

19



Equivalent photon approximation

® [nitial-state p — p7y emission can be to v. good approximation

factorized from the vy — X process in terms of a flux:

| 2 2 2
n(z;) = La d°q;, ( qi, (l—IiJFE(Q?)Jr%EM(Qf))

oz m? g, +xim?2 \ g7 + xim?
¢ Cross section the given in terms of 77 “luminosity’:
EPA
dCEPA

DR dyy 5" )

THE TWO-PHOTON PARTICLE PRODUCTION MECHANISM,
PHYSICAL PROBLEMS. APPLICATIONS. EQUIVALENT PHOTON APPROXIMATION

V.M. BUDNEV, LF. GINZBURG, G.V. MELEDIN and V.G. SERBO

USSR Academy of Science, Siberian Division, Institute for Mathemarics, Novosibirsk, USSR

Received 25 April 1974

pp _}_po EPA Revized version received 5 July 1974
w 2 = (Seix) dﬁ%dy}{ o(yy = X
In fact, the situation is more o
()07 : Jpeot complicated due to the effects '
(hqzi: ) o JP j . caused by the polarization structure NY.
W T of the production amplitude.

20




Soft survival factor

e [n any pp collision event, there will in general be ‘underlying event’

activity, 1.e. additional particle production due to pp interactions

secondary to the hard process (a.k.a. ‘multiparticle interactions’, MPI).

o

- Jur 77-1nitiated interaction 1s no different, but we are now requiring

final state with no additional particle production ( X + nothing else).

%

Must multiply our cross section by probability of no

underlying event activity, known as the soft ‘survival factor’.

Durham Group-KMR
Tel-Aviv Group- GLM

S. Ostapchenko...
Lonnblad&Zlebcik




=
§1my,

¢ Photon virmality has kinematic minimum Qf =
.min 1 &
where & ~ —2evs assuming photon emitted from proton 1

,/g

— Forward production => higher photon 2 and less peripheral interaction
—> Smaller S2,

positive
z-direction

® 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 SZ, — 1 .
bs and pL : Fourier conjugates.

I Process dependence

— Need to include survival factor differentially in MC.

First fully differential implementation of soft survival factor — SuperChic 2,3 MC
event generator- HKR, ArHiv:1508.02718;1810.06567




g—n‘nTnTn‘n:::ﬁ'
< 1

.llrf_.'[ To, -+ )

* Naively expect strong interaction to dominate- cvg > .

¢ However QCD enhancement can also be a weakness: exclusive
event requires no extra gluon radiation into final state. Requires

introduction of Sudakov suppressing factor: P —
arge’ Pomeron size in the
) production of the small
B dk2 o {ki} 1-A size objects.
T,(Q% . u%) = cxp( — / L L / 2P, (z) + P, (z}] dz)
g\ e KB 2 o 99 Zq: a9

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

. | 2
radiate! + absorptive/rescattering effects- survival factor ~ Ssoft I KMR-2001
23




M’ (dLum. /dydM’)
i Vs=14 TeV

QCD ‘radiation damage’ in action

100 200 300 400 500 600 700 800 900

M (GeV)

e Situation summarised in ‘effective’ exclusive g9 and V7.
luminosities. This Sudakov suppression in QCD cross section leads
to enhancement in 7 already™ for My = 200 GeV - well before

CT-PPS/AFP mass acceptance region.
— Can study 77 collisions at the LHC with unprecedented Sy



* As mass of central system Mx increases, QCD-initiated production

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

T [/GeV] /8 =14 TeV

99 = 17
Y=Y

¥Y =+ 77, W loop - - -
¥ —* 7Y, fermion loop - - --

® Example of 77 10-3 |

produ ction:

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

* CEP: unique possibi]it}' to observe photon-initiated produc.tic:n of states

with EM -::.Uup]ing in clean/well understood environment.

* However typically considering high mass region (RPs) and

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

—> Increased statistics from HL-LHC ru nning offer clear advantage here,

mn particular In terms of pushing to higher mass.



Photon-photon collisions in
Superchic

Production mechanisms

Exclusive final state can be produced via three different mechanisms,
depending on kinematics and quantum numbers of state:

C-even, couples to gluons

Gluon-1nduced Folan o)

Couples to photons

e , T ey
L )
i //‘ g r\J\I
all 1 i}
: |I -~
"\J\‘ 2 -%r
] o LTk

Photon-induced

Photoproduction

C-odd, couples to photons + gluons
Pylz k)

M = g T

w2

P
5 N Flz, k) = 8z, k)8 log *

26



SuperChic

» QCD-1nduced CEP.
» Photoproduction.

» Photon-photon induced CEP.

¢ With fully differential treatment of survival effects.

* A MC event generator for CEP
processes. Common platform for:

¢ Photon-induced collisions currently for e/p beams.

¢ Fortran-based. Generates histograms and unweighted (LHE/HEPEVT)

events with arbitrary user-defined cuts.
arXav:1508.02718

sf | o " wData ] Exclusive physics at the LHC with SuperChic 2
. “F LHCb Bra
o 40 T W Xeo

reliminary ]

E - P = L.A. Harlard Lang?, VA Khowe??, M.C. Ryskin®
-] 3
; & 3 N ! Department of Physics and Astronomy, University College London, WCIE 6BT, UK
P ] %ﬁ Ry Unstitute for Particle Physics Phenomenology, University of Durham, Durham, DHL 3LE
w g 94 cia 0 - P *Patorshurg Nuclear Physics Institute, NRC Kurchatow Institute, Gatehina,

£t 4 ] Eu; : O vt e i 5t. Petershurg, 188300, Russia

i3 T ik 28 14HE

Ty [Eei] 12

Abstract

Wi present nornnge of physics results for ceotrel exelusive produstion prossses ot
the LHC, using the mew SuperChic 2 Moote Carlo event gemerstor. This includes

O 0 02 0 04 05 0 DS

b - Auall (e
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Tools for future studies - SuperChic MC

® A MC event generator for CEP » QCD-initiated CEP.

processes. Common p]atfnl'm for: g Photnproduchnn.

» Photon-initiated CEP.

® Previously generated pp collisions only, but recently updated to

include pA and AA collisions.
LHL, V. A. Khoze, M. G. Ryskin,

arXiv:1810.06567

IP PR 1850

saprhan i hosied by Heplonga, FPP Dusam

SuperChic 3 - A Monte Carlo for Central Exclusive Production Exclusive LHC physics with heavy ions: SuperChic 3

L.A. Harland-1 ! WAL Khoeo®™, M. Ryskinr®
thucchien b profon od hamey ar LA o Fyakir

» Haml SuparChicisn Fortme basad hanto Carig mesnd go lor canimal
ary il A al Sanncderd Mo fivad atel riwd, 15 h It \ . . . . . .
= Code ::.m ::::::-,1 :;::u‘q: -:,3:.1.,::1.“ |-“|I,1-|u-‘ M?T;I:Fr.“;::ullm: :I::;“:rb:,;:?f:ﬂ.m,;m "Rudalf Pricrls Centre for Theorotical Physics, University of Cecford, Clarendon Laboratory,
» Foalorancd IRBIGIENTES e Cald Ty U WU, S wall A5 WIWBIGTIED BVt I I HEFEVT HEFMG 850 LHE ki, Fo Farks Hoad, Oxford QX1 3PU, United Kingdom,
o Pianipet turltr il AN SR e usar s Ymstitute for Particle Physics Phenomenclogy, University of Durham, Durham, DH1 3LE
. *Potershurg Nuclonr Physics Institute, NIEC Kurchator Institute, Ontchine,
o0 St. Potersburg, 1ESI00, Russin
P ==}
B e ;E =
e ""T-:‘L -
. - . G . } v ] Alstract
- e _ :_' W prsem resmhs of the updaved Soparcedc 3 Monwe Cerlo evenr generacor for cencral
EmrmEnTER r'!a' ' . cxeluslve produmion. This exvends the provioss trerment of provon-prown collistons w

fresreigy

https://superchic.hepforge.org
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SuperChic MC - processes generated

%

T,

* WTW—, I*]-, LbyL, SM Higgs,

ALPs, monﬂpoles. moncpolium.

* SM Higgs, dijets, trijets, light
meson pairs, heavy quarkonia

(single and double), 77.

* Light to hea\}' vector meson

production.

® [n all cases inpp, pAand AA collisions.

29



Generated Processes - QCD

» SM Higgs to pb .

» Dijets - 47, g9, bb(cT)

» Tryets - qgg, 999

» Light meson pairs - 7, n(")n("), KK, ¢
» Quarkonium pairs - .J /1), 1)(2S5)

» Xe,b quarkoma, via 2/3 body decays

b Tleb .
oYY _|'ﬁ'l.
! Ii
e Applies "‘Durham’ pQCD-based model. s :
| Y

HKR IntJMod Phys A29 (2014) 1430031

30



Generated Processes - photoproduction

y p(— ) P
» ¢(— KTK™) \ar
VUG 7 V
» V(= pTp7) P

Y(28) (= prpuT, I/ —p;

E LHCDb
L arXav: 1401 328!

162:—

®  LHCh (W+ solutions)
m  LHCh [W- solutions)

i Hi

v FEUS

«  Flzed tanget expenments —]
Powar law 110 H1 data 3
1.1 II 1 1 1 1 11 1 II

1P 107

BRI 2o

‘IDE— 11




SuperChic MC - Recent Developments

LHL, V. A. Khoze, M. G. Ryskin,
arXiv:1810.06567

® Extension to heavy ion collisions- first ever treatment of QCD-initiated
production.

® Requires detailed treatment of survival factor of no additional particle
production in ion-ion QCD interactions.

® Relatively staightforward in photon-initiated case (~ no overlap), but
ereat care needed in QCD-initiated case.

o

e~ Magag(br)

00| ; i
Ph-Ph —

nel ! i
07| i Z

0.6 | - —_—

0.5 - I 1 b>R+R, -

0.4 L 4
0.3 1 i 1 I e

0.2 . ¥ z
o -
0 . : . . HL
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® Application of this - possible QCD-initiated BG to LbyL scattering.

® Previously no MC available for this - in
ATLAS/CMS analyses scale superchic
prediction for pp by: Ph NG

O_PE:IPE) — gPP _142 _ R4
/ AN

Scale by Nuclear

nucleon pairs  shadowing ~ (0.7)*

Ph PL™
® Full calculation - not the case. Not all ATLAS Collab., Nature Phys. 13
(2017) no.9, 852-858

l"]l.lC‘]E‘D['lS can PH['“C]PHTE‘ 111 SllDl”t-['Hl‘ng

OCD interaction while leaving ions

intact. Find:

gPhF’b ~ oPP . *41{3

—> Find that QCD-initiated BG

expected to be negligible.
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SuperChic MC - Recent Developments

® - prospects for Compressed SUSY searches in p]“joton-
initiated CEP.

] Signa] for this Stlld}-’:
vy — A A lﬂ_iggi{g
implemented n SuperChic, as well as more C]“ja“enging case:
Yy — }E—I_)z_ (hadron/leptonic decays)

® To be included in official version earl}f In new year.
LHL et al.. arXiv:1812.04886

® [n addition, contribution from proton e 18103

dlSSDCla tl'D‘[-l 1nc ll.ldl:_,'d 111 E‘FFEC tl\re “-’a}-’, LHC Searches for Dark Matter in Compressed Mass Scenarios:

Challenges in the Forward Proton Mode

interfaced to Super Chiec.
LA HamLasD-Lasa®, VoA Knoes® | MG, Ryscm®
AND M. Taspyskyik

wrds Comine, Heoconall Buddmg, Parks Road, Ocived, OX1 3PU, UK

® Future work: include (more) complete =

“IPPF, Deperioend of Physion, University of Darbas, Decham, DHT SLE, UK

2 Pricmsturg Muchor Pinmion fesistuie, NS SKarchsicr loisieic®, Geickne, St Polosbeg, [A5500
Hizada

Dec

treatment of dissociation. Stay tuned!

“inntitmic of Phwooy, Caech Acedesy of Scinom, C5-1B22] Frague £ Caoch Repubiic

¥

7
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Soft survival factor

¢ Recall formula for exclusive yy-initiated production in terms of EPA

photon flux: PN
%
doPr—prXp dﬁEP’”'* ? %
D dyx ~ A dyy 07 X j
9

e Why 1s this not an exact equality? Because we are asking for final state
with 1ntact protons, object X and nothing else- colliding protons may

interact independently: “Survival factor” = prob. of no MPI.

35



Soft survival factor

e How do we calculate the survival factor? Work in impact parameter

space and apply “eikonal” approach: - %
2 2 2 o Lﬂ b1
<SQ> _ fd by d*byy |T'(s, by, by )|~ exp(—2(s, b)) ,
[ @ by:dby [T (s, bz, bar) ’ b o>
S |
exp(—(s, b)) : Poissonian probability of no inelastic A
oy

1 scattering at impact parameter by .
proton opacity

e Underlying event generated by soft QCD. Cannot use pQCD => take

phenomenological approach to this non-pert. observable.
VA EKhoze AD.
Martin, M.G. Ryskin,

X EPA
dagPP—7pPAP B d ET T
arXiv:1306.2149

2 -
Ar2 3. — ' o(vv—= X

e Have:

r

Well established in the QCD-mediated processes, e.g. CDF-diffractive dijets (2000),

CMS/ATLAS- dijets in events with LRG (2015),H1 —diffractive dijet photoproduction (2011).

36




e Naively - expect significant MPI. But S? not a constant: larger b; =

less interaction, and S? ~ 1.

e For 77 -initiated processes interaction via quasi-real photon exchange -

large proton separation b; , and prob. of MPI low. by ~1/py
O
— Impact of non-QED physics is low. Q\ )
1
2 %
Seore ~ 0.7—0.9 ,
small model dep. be 55 "
bo
Protons far apart = less interaction = survival factor, S2 _ ~ 1 /—ié o
O

e But survival factor not negligible, and depends on process/kinematics:

do T(s.p1..p2.))° ..
dy’f = /dgpl—dgpz_ 165?1'5 - bfik(a!pl_vpgl\»] :

Precise treatment needed for precise v+ physics. Implemented

in SuperChic.

1&
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Kinematic dependence

1 ¥ 191 ? ¢} Q —~
¢ Recall EPA flux: n{;rf}zx—i[ — .3( %y {l—ri)FlesH%Fm{iJ;))

W2 q,?'l + -.r?mp qfl + -.r?m% '

* Factor of +%m2 1n photon propagator = for z 1, averageq, 1.hence
higher proton PL .

e Higher p; = lower b, = smaller 5.

1 (8% (Mx))

¢ Result from SuperChic:

Muon pair production
Pul > 2.5GeV 07 |

0 50 0 150 200 200 300 350 400 450 500
Mx
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Kinematic dependence

e More generally S? depends on process and cuts:

pru= | ptp=, My, > 2My | ptp=, p7°" < 0.1 GeV | WHW-
Opare | 6240 11.2 3170 87.5
Tee. | 5990 9.58 3150 71.9
(S2.) | 0.96 0.86 0.994 0.82

— SuperChic is only generator to correctly include this.

Q
Y

-

J
&

oJ



Lepton pair production

® ATLAS (arXiv:1506.07098) have measured exclusive € and j¢ pair

production = use SuperChic to compare to this.

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERMN Variable  Electron channel Muon channel
N Pt > 12 GeV > 10 GeV
;
Submittad fo: Phys. Latt. B, CERN-PH-EP-2015-134 7" <24 <24
18th August 2015 Mg+ - = 24 GeV = 20 GeV
7
Measurement of exclusive yy — £*f production in proton—proton \‘J\L
collisions at 5 = 7 TeV with the ATLAS detector H
LS -
The ATLAS Colisboration ¥
_-_
Absiract d

Thizs Letter neports a measmrement of the exclusive yy — £ (f = &, p) cross-section in
proton-proton collisions &t a centre-of-mass enetgy of T TV by the ATLAS experiment r
ai the LHC, based on an inegraied luminasity of 4.6 fo-!. For the electron or muon pairs ,F"C"
satisfying exclusive selection arieria, a fit 1o the dilepion acoplanarity distribution is used to e




Comparison to ATLAS

Variable Electron channel Muon channel

P = 12 GeV > 10 GeV
. i 7| < 2.4 < 2.4

* Find: i > 24 GV > 20 GeV
e E—
TEPA ().768 0.479
e - (S2) 0.714 0.441
(52) 0.93 0.92

ATLAS data | 0.628 £ 0.032 £ 0.021 | 0.428 £ 0.035 £ 0.018

Excellent agreement for ete™ and reasonable for p ™ p~
Role of coherent photon emission seen experimentally at
the LHC and small and under control impact of (non-
pert) QCD effects confirmed experimentally.

e Have confidence in framework = tool for BSM.
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New processes

dovr—rXp  dLEPA

dMZdyy ~ dMZdyy o(ry = X)

e SuperChic has the capability to sumulate any arbitrary process given

the vy — X amplitudes.

Simple to implement new processes within framework.

%

Suggestions/collaboration welcome!
* One example currently working on: axion-like particles.

Ph Pb

Ph Pb
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Photon-photon Luminosities

e Inclusive production of X + anything else.

e Can write LO cross section for the 77 initiated production of a state
1n the usual factorized form:

o(X) = f deyday (21, 1)y (2. ) 6 (77 = X)

but in terms of photon parton distribution function (PDF). (-, 1),
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e Earlier photon PDF sets either: I Not so long ago I

» “Agnostic’ approach. NNPDF2 3QED: treat photon as we would
quark and gluons. Freely parametrise y(x, (Jg) and fit to DIS and some
LHC W. Z data. worrisome range

» “Model” approach. MRST2004QED/CTI14QED: take simple ansatz for
photon emission from quarks. Compare/fit to ZEUS 1solated photon DIS.

0.1
arXiv:1509.02905 ] e
008 STE gfie"f 1 ® Comparing these different sets
, 006 ﬁl‘% 1— reveals apparently large uncertainties.
y MRST1 —
“oo4 DR » Model-independent uncertainty
0.02} (NNPDF) was 50-100%
0

10° 107 107 107° 107
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MNSZ, PRL 117,242002 (2016), 1708.01256.

LUXged-photon PDF determined in terms of measured EM proton

structure functions F2 and FL.

photon PDF results

» Model-independent uncertainty
(NNPDF) was 50-100%

» Goes down to O(1%) with
LUXqed determination

Currently the most precise calculation
when considering inclusive production
processes

x filp (x, y°)

0.8

0.6 F

04 F

0

K =100 GeV

P

T T ----q w T
up valence =+
hoton x 10 ==

0.001

0.01

abynl w M.

QL SEOHTP4ad

10} P
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Comparison with LUXqged

Taag VS =13TeV Fiasgrs VB =100TeV

108 [ ' T T T oy - this work — ] 108 "y - this work — 1
106 vy - NN l?DF — ] 106 [ vy - NNPDF —— ]

2 ¥y - LUXged ——--- | ¥y - LUXged ——- |
104 | 99 — | 10¢ ga ]

49 —

wl aq — ]

10% £ S N _
ol .. o L

10° | -
N 102 |
102 L [
104 [

—4 | |
10 _ 18 L
10-% - — - R s

100 M (G {rm"j 100 1000 10000
x [GeV] Myx [GeV]

® Comparing our and LUXqged 77 luminosities can see these are quite

similar ( —» 1mportance of coherent component).

® Devil 1s 1n detail - some enhancement seen in LUXqed at higher My,
appears to be due to low Q resonant contribution.

¢ However, clear we have moved beyond the era of large photon PDF

uncertainties. Now interested in precision determinations.
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Photon-initiated processes with rapidity gaps

Caveat: in the real life, when studying photon-photon processes
we as a rule need to go beyond the inclusive photon PDF ( event
selection: rapidity gaps, isolation cuts..)

EURCPEAN ORGAMNISATION FOR MUCLEAR RESEARCH (CERN)
T

T CERN-ERy iy
L) [T

% ] I 1
..... ‘ L |1 )&/’ ¥
ATLAS |
RS- FSC TR o, !
Plare. D (0151 DRSO | CERM-ED-A15-123
DEN: 10710 Phrya Pl 54022211 s e e, K11

Evidence for exclusive vy — W W~ production and ‘
constraints on anomalous quartic gauge couplings in pp

collisions at /5 = 7 and & TeV Measum meat of exclusive yy — W *W- production and search for

exchsive Higgs boson produdion in pp collisions at 7 = 8 TeV
wsimg ithe ATLA S detecior

The CMS Collaboration®

¢ Semi-exclusive processes with rapidity gaps: how do we include a

rapidity veto within the standard inclusive approach?
HKR arXiv:1601.03772

e Comparison to CMS 7 and 8 TeV p" ™ data.

Yyx YLRG
Yq Yp
ik [ it
5
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Modified photon PDF

_ay(z,p? = 200 GeV?) vy (z, p? = 10* GeV?)

0.15 — 0.24 —
inclusive inclusive
d=2 — | p21 L d=2 — |
0.12 5=5 ] S s
d=7T7 — 0.18 + d=T7— -
0o | | 0as |
0.12 +
0.06 - 1000
0.06 =
0.03 + | i
— 0.03 |
T —
-|:| N M| N MR | N Ll et S n N MR N M N T . ot 11
0.0001 0.001 0.01 0.1 1 0.0001 0.1 1
I H

Suppression due to LRG veto.

phenomenological objects only-factorization

V(@ 1) = i (g, 1) + 4N @,y S
7 1) 7 15 9) explicitly violated by rescattering effects

e Not the end of the story. Protons may interact additionally- underlying ~®
event. Include probability that this does not happen: the survival factor.

by
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e As S?depends on proton b, it is sensitive to emission process for both

protons = can no longer define independent ~V¢* (. ;i?) .

dl 1

e Instead have effective 7y luminosity: arz

s

Udax,
r I

":’;(Ils ﬂji ),}:(T/Ils ﬂ'f%)

d_': d‘:l dﬁ!l‘lc
anz (PPl o E/ O
100000 E ' " Inclusive —— 3 - ' 5= 5.IHDISE e
d=5no 5% — | gL 5:&..’:’:‘2—_
10000 £ 6:5,5'3——: i
1000 ¢ v \ /
100 L 04 — e — -
10+ 0.3 \ -
1L 0.2+ ——
01t 01t i
0.01 0 —
10 100 1000 10 100 1000
My [GEV] My [Gev]

T — M% /s and we take pu® — M7 as the scale of the PDFs
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Process
P

NOAAN
Installed (AFP) H - f \
Installed (CT-PPS)
projects \\\\\\\

vy collisions- applications

Nl

Near beam
Detectors

P

Extensive Program
oy y— up, ee QED processes
oy y— QCD (jBTS..)
oy y—> WW anomalous couplings
oy y—> squark, top... pairs

oy Y—> Char'ginos (natural SUSY)
® New BSM objects
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Anomalous Gauge Quartic Couplings

* Low Cross sections: ~few fb p P “Probing anomalous
- . quartic gauge couplings
— AFP has a Missing-Mass resolution (from the proton y using proton tagging at
measurements) of 2-4 % W.Z.7  the Large Hadron
I i f Collider”, M. Saimpert
L B -
Mgtch with nwarlgn.t central E. Chapon. S. Fichet. G.
object mass is efficient: (Z=ee, yy) " W.Z,y  vonGersdorff O. Kepka.
.. ' B. Lenzi, C. Royon;
— powerful rejection of 23/05/2014
non-exclusive backgrounds p D
®* Much interest in this from theory side
— e.g. "LHC Forward Physics” CERN-PH-LPCC-2015-001)
¢ Exclusive W W~ production: no contribution from gg — WT™W =
sensitive to vy — WTW ™ process alone.
Directly sensitive to any deviations from the SM gauge
couplings. Predicted in various BSM scenarios. Composite Higes. warped Curre ntIy
extra dimensions. ... .
, PR o, » very encouraging
TS T . ATLAS & CMS data
' (T4
T we ”L- W v b we
P P 4 p™ r /L P

e Limits have been set at LEP, and in inclusive final-states at the

Tevatron and LHC. How does the exclusive case compare?
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Anomalous couplings@ HL-LHC

25 Expected boands st 5% CL o 35% CL boynds at 3000 B! @ HI-LHC
— 300 fo? — 2 ps e
o — 2000 fot — — Sps
| — 1 ps
= — Mo timing
. = ea—
= | T 2 P_, =
= 5 3
= )} =
2 g z .
= =
= - |||
wo .
T i \ \k —
-10] e —]
=15
=4
—30
R
_J—-\J‘. ] —i5 —10 -5 5 10 15 20 25 —& —& -3 [=] Fl &
¢ 10 Gey 4 ¢ 107 Gev )

Left: Comparison between 300 fb~! and 3000 fb—!. Right: (Zoomed-in; change of scale in X-Y
axis) comparison between the use of timing 4t = 2,5, 10 ps. £+ — hadron=s + ~ benefits the
most from the use of timing.

Expec’red improvements from HL-LHC Impressive ~ an order of
magnitude (~ 5 orders of magni’rude better than current best inclusive
[imits).
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[Nature Physics (2017)]

* Motivation b.Pb b Pb

- Tested indirectly in measurements of the

anomalous magnetic moment of the 7
electron and muon

- Previous LbyL measurements involve p.Ph p.Ph
Delbruck scattering and photon splitting
process at low-energies

- Light-by-light (yy — yy) scattering \O::_JH

PbPb—PbPbyy
ENNZE.E TeV, UPC

W, >5.5 GeV, In |<2.5
I‘i|1!=1 nb-‘

- Proposed as a possible channel to study =

- Anomalous gauge couplings
- Contributions from BSM particles

Predictions for

- Recent studies/predictions for SM rates o1
int

- [D. d’Enterria et al. PRL 111 (2013) 080405] 0

- [A. Szczurek et al. PRC 93 (2016) 4, 044907] —
%

10 15 20 25
M,, (GeV)

5 Sep 2017 M. Dyndal Experimental signatures of Pl reactlons In ATLAS 24



Long and chequered history

(nonlinear effects of QED)

Scattering of gamma-rays by a Coulomb field of heavy nuclei.
Delbriick 1933  First observed-1953 for 1.33 MeV on lead nuclei.
Most accurate high-energy results- Novosibirsk,VEPP-4M 1998.

Delbriick scattering

"y,

First claims of observation- DESY, PRD 8(1973) 3813.
Criticised by V.A.Khoze et al, ZhETF Pis.Red.19 (1974) 47.
First observation- Novosibirsk, VEPP-4M 2002.

Photon splitting in atomic Coulomb field

first direct observation of
Yy — ¥y scattering

(ArXiv:1702.01625)
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Search for light-by-light scattering

[arXiv:1702.01625]

ATLAS @ Vsyy = 5.02 TeV: € 1af lDamasou’ ATLAS || -
13 events (bkgd 2.6) = 4.4c evidence < o Eg:g’;ﬁc Pb+Pb Sy, = 5.02 TeV]
;C-; F [0 CEP vy MC
0 =70 % 20 (stat) £ 17 (syst) nb & 10F
(pT,.r, >3 GeV, IT]V| <24 Mu+p- >6 GeV, of Signal selection
pT(T/) 20 GeV, Aco < 0-01') no Aco requirement
6
ATLAS coll., ArXiv:1702.01625(2017) C
4...
o

001 002 003 004 005 006
vy acoplanarity

SM predictions:

«45+9nb

D. d'Enterria et al., PRL 111 (2013) 080405

»49+ 10 nb

A. Szczurek et al., PRC 93 (2016) 044907

Needed ZDCin order to
separate purely UPC events
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Processes of interest

® Many processes of interest in the lower mass region. Main channel of

Interest - yy ﬂnal-state.

* Light-b}f—light SM signa], but also e.g. Born-Infeld extensions.
* Axion-like particle prcductiom
* Magnetic mon:::poles,

* Other possibilities? Gravitons, radions, unpar‘ric]es, SUSY?

e A principle drawback of lﬁeav}f 1ons for these studies is the low

luminosil}f — benefit from increased datasets can be signiﬁcant.
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LbyL Scattering Constraint on Born-Infeld Theory

[arXiv:1703.08450]

Loep = —1FuwF* — Ly = 62 (1 — /1 + s FuFo — cLoF, B )

arXiv:1703.08450v1 [hep-ph] 24 Mar 2017

|

Light-by-Light Scattering Constraint on Born-Infeld Theory

John Ellis'? Nick E. Mavromatos' and Tevong You®

UI'heoretical Particle Physics and Cosmology Group, Physics Department,
King's College London, London WO2ZR 2LS, UK

2 Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland

YDAMTP, University of Cambridge, Wilberforce Road, Cambridge, CB3 0WA, UK;
Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue,
Cambridge, CB3 0HE, UK

Abstract

The recent measurement by ATLAS ol light-by-light. scattering in LIIC Pb-Pb colli-

sions is the first direct evidence for this basic process. We find that it requires the mass

scale_ ol a_nonlinear Born-Infeld extension of QD to be = 100 GeV,Ja much stronger

constraint than those derived previously. In the case of a Born-Infeld extension of the
Standard Model in which the U(1)y hypercharge gange symimetry is realized nonlinearly,
the limit on the corresponding mass scale is = 90 GeV, which in turn imposes a lower
limit ol = 11 TeV on the magnetic monopole mass in such a U(1)y Born-Infeld theory.
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Axion-like particles

¢ The 7y — 77 transition in CEP can be sensitive to Axion like particles.

¢ Discussed in Kapen et al. (1607.06083) - find that in heavy 1on
collisions can set the strongest limits yet on these couplings.

Ph
¢ [ agrangian:

1 |
L, = =(0a)® - 3 mZa® — IEFF

h.-||—~

. : : . Pb
gives simple production amplitudes:

1 m

Mis = 2 A Miz =0 o

e Implementation, including full vy 2,

. = F " ,..--""'—.----- P
decay kinematics, will be included | gt
I - ppyE =TTV
in next SuperChic release. ol | mmhmouw
$ 5 20 40 60 80 100
T |.|:..-l:'l'n
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LHC limits on axion-like particles from heavy-ion collisions

L, :%[.,jlﬂ-]'2 _lﬂtgﬂ.i —E—FF ArXiv:1709.07110

2 4 A
Ph Ze Fb
J. Jaeckel and M. Spannowsky, "I-J'robing MeV 1090 GeV axion-like particles with LEP and LHC.” _<
Phys. Ler. B753 (2016) 482487, arXiv:1500.00476 [hep-phl. 7
J. Jaeckel, M. Jankowiak, and M. Spannowsky, “LHC probes the hidden sector.” Pfivs. Dark Univ. Ph Ze b

202013) 111-117, ar¥iv:1212. 3820 [hep ph] |+ Exclusive ALP production in ultra-peripheral Pb-Pb co

"TGeV < m, =< 100GeV,

log A% [inear aFF coupling log 4+ [near aBEB coupling
LI — — T T | I— T T 1T
OPAL, 3y, o, 3689 - =" L
= LEPI, % |- SEess
0% — 10k | ATLAS,
AL, S I'U
C ATLAS, 2016 = ATL:
= 1 . = 1 N
_f L -7 = mL
\ oo . Ry
C - ppVE=TTEV - ppF=TTEV
-5 T2 Ph-Ph Ty = 55 TeV | 105k T Pb-Ph Ty = 5.5 ToV |
I.- I_ 1 1 1 1 1 1 I._ I_ 11 1 | 1 1
s & €5 40 60 80 100 $ & EsE W 40 &0 80 100
Mg (GeV) m, (GeV)

Fig. 2: Left: We show 95% exclusion limits on the operator %%EF F using recent ATLAS results on heavy-ion
UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb~" (10nb™!) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36pb—! of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II {OPAL 2+, 3~) [22] and fmm the LHC (ATLAS
27, 3y) [23,24] (see [1] for details). Righs: The corresponding results for the operator 4-:-:-5! B ,.L&BB The LEP
I, 2 (teal shaded) limit was obtained from [14].
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Example

- Compressed SUSY

e Searches for Compressed SUSY scenarios - po‘ren‘rial to increase reach in

regions of parameter space (EW Couplinga, low mass difference) where

]I]CILISIVE‘ searc ['IE'.S struggle.

. Signal cross section low - gain from HL-LHC.

® [nh addition - detector upgrades can ]“jE‘]p reduce BGs:

v Increased tracker coverage.
» Timing 1n forward detectors at [P,
» Radiation-hard ZDC with timing?

e However higher‘ pile will clear]}f lead
to more cha“enging environment -

Ful‘tller studies needed.

Event yields / (1) prr

£ =300 fb! 0 | 10 | 50
Excl. sleptons | 0.6—2.9 [ 0.5—24 | 0.3—1.4
Excl. 717 1.9 1.6 0.9
Excl. KTK~ ~ ~ 0 ~ 0
Excl. WTW— 0.7 0.6 0.3
Excl. ce ~ 0 ~ 0 ~ ()
Excl. gg ~~ 0 ~ () ~ 0
Incl. ND jets || ~0/~0] 0.1/0.1 | 1.8/2.4

e Note: here and elsewhere ~420m RPs could also greatly improve

things, Increasing acceptance towards lower mass region.

-
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arXiv:1812.04886

LHC Searches for Dark Matter in Compressed Mass Scenarios:
Challenges in the Forward Proton Mode

L.A. Harranp-Lancl], V.A. Knoze?t], M.G. Ryskt!
AND M. Tasevskyld

! Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU, UK
*IPPP, Department of Physics, University of Durham, Durham, DH1 3LE, UK

* Petersburg Nuclear Physics Institute, NRC “Kurchatov Institute”, Gaschina, St. Petersbury, 188300,
Russia

* Institute of Physics, Czech Academy of Sciences, CS-18221 Prague 8, Cgech Republic

Abstract

We analyze in detail the LHC prospects for charged electroweakino searches, decaying to
leptons, in compressed supersymmetry scenarios, via exclusive photon-initisted pair prodoe-
tion. This provides a potentially incrensed sensitivity in comparison to inclusive channels,
where the hackground is often overwhelming. We pay particular attention to the challenges
that such searches would fsce in the hostile high pile up environment of the LHC, giving
close consideration to the hackgrounds that will be present. The signal we focus on is the
exclusive production of same-flavour muon and electron pairs, with missing energy in the
final state, and with two cutgoing intacl protons registered by the dedicated forward pro-
ton detectors installed in association with ATLAS and CMS. We present resuits for slepton
masses of 120300 GeV and slepton -neutralino mass splitting of 1020 GeV, and find that
the relevant backgrounds can be controlled to the level of the expected signal yiclds. The
mest significant snch hackgrounds are due to semi-exclusive lepton pair production at lower
masses. with a proton produced in the initial proton dissociation system registering in the
forward detectors, and from the colncidence of forward protons produced in plle-up events
with an inclusive central event that mimics the signal. We also outline a range of potential
methods to further suppress Lthese backgrounds as well as Lo enlarge the signal yields,

arXiv:1812.04886v1 [hep-ph] 12 Dec 2018



https://arxiv.org/abs/1812.04886

Aim:
o toreport current status of our ongoing long-term studies on prospects of

searches at the LHC for ELECTROWEAKINO pair production via photon fusion
with forward proton detectors (AFP, CT-PPS)

o exemplified within the framework of the compressed mass MSSM

First discussed: KMR, J.Phys. G44 (2017) no.5, 055002 , VAK- talks at a number of
conferences; Marek, FWG meeting Dec. 2017-experimental aspects.

Recently: Lydia Beresford, Jesse Liu, 1811.06465 (Jesses’s talk)
(focused mainly on the WW background)

SUSY — solution to various shortcomings of SM (as an example only )

>
If (it looks like) squarks and gluinos are too heavy, @
sleptons, charginos, neutralinos- the main target. (null search result so far)

MSSM : charginos ﬁcg four neutralinos \7 534

A

-0
X1: natural candidate for cold Dark Matter —LSP
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arXiv:1710.02406 Naturalness and light Higgsinos: why ILC is the
right machine for SUSY discovery

(and quite a few other papers)

Howard Baer
Limiversigy of Elaloma, Norman, OF 73008, LEA
Eomail: baerdon . adu

natural SUSY: Mikael Berggren, Suvi-Lee
IMWERY, Hiamburg, {5

existence of light nearly E-
mass-degenerate Higgsinos/chargi
Mass™~ 100-200

mass splittin

reiversity af Tinkwo, Tidkye, Sapin -l

Most chal
scenari

ymmelry, a theorctically amd cxperimentally well-motivated
d the predicied exisience of four light, nearly mass-degeneraie Hig-
meass ~ 100 — 200 GeV (ot wso far above miz). The small mass splittings amongst
the higgsinos, typically 4-20 GeV, resulis in very little visible energy arizsing from decays of the
heavier higgsines, Given that other SUSY particles are considerably heavy, this makes detection
challenging at hadron colliders. On ihe other hand, the clean environment of an electron-positron

betwee

M Ot|vated by natu ra | ness’ colhder with /5 = 2Mhippring WouIld enable a decisive search of these reguired hipgsinos, and thos
. . erther the il‘i!li-l.'.iWL'.T}' or exchemon ol nalurl SUSY, We preseni a aheianbedd smuabiknan xllnl}' nl'prr.
COos mOIOglca I Obse rvatlo ns an d (g'2) crsion mesurements of iggsino masses and prodsction cross seetions al % = 500 GeW ol the
p he nomen Ology. proposed Intermational Lincar Collider corrently under eonsidenstion Tor constnsction i Japan,
. B T T ~0=0 . =
(Introduction-Jessse) e e X X1 X1 X199 €Ve (ﬂ. Vu ) .
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Co-annihilation (1702.00750, model-1a)

Dark matter annihilation

to bring DM abundance down
k to the observed value

Initially DM in thermal
equilibrium with SM, later it
/ freezes out

Overproduces dark matter

. Co-annihilation:
(Unless large couplings)

X ¢ x

We need a mechanism to

£ /
reduce the DM relic density Jou LLQ
V/Z

Freeze-out temperature Tr ~ Mpy /25 /

Boltzmann factor exp (—ATM) =) AM < mpy/25

We need mass splitting of 4% of mp,,  (very conservatively <10%)



DM Searches @ LHC O. Buchmiiller

Mono-Mania (at the LHC)

Mono-Z | ' Mgno—photon g Mono-jet
: z \ oo i N
' D ’ N »
@« @ =
AR ¥ A
q X q X
A
; 2 Mono-Higgs
) 7. - h q s h
Z,"‘i o Al 3
2 v\/\f\/\ﬂx \>n./v\,fvvv .
T X / ._‘n‘ R ool
T q X 4 ~Nx

-
o

-
—o

Model dependence e
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[ PR ] Diphoton X-Pair Production
vy — XX,

where X = W-boson, lepton, slepton, chargino...
@ If particle decays semi—invisibly, then additional information from tagged
proton momenta can be used to measure masses and discriminate BG.

1000 , — P
| R P
T —\dﬁ\_ ) FtF—
\‘-\d_\_ I 100 sts
I . +
\ - H
H ) 11 - v
i z
N v

s ! : ‘ > P

Te © 0.0

i ] 1 1 1 1 1 1 1
75 100 125 150 175 2000 225 2580
I HKSS, arXiv:1110.4320 I mT™ [CeV]

@ Consider exclusive production of chargino pair X7 X7, decaying via

TET) = (7)) (@) + 17

electroweakinos

where the ;}3? is an LSP neutralino.

@ For cases that AM = M(K9) — M(_ﬁ[] is relatively small, can be difficult to
observe inclusively. (compressed mass BSM scenarios)
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[ME- =120-300GeV, AM = M;— Mo = 10—20 GeV. ]

Major backgrounds

0 vy —=WW- =Tv+1 D

®  Low mass vy — [T]- production
Semi-exclusive process with proton from (SD,DD) dissociation detected in the FPD.

B Semi-exclusive QCD-initiated BGs due to low-pt ( mainly c-quark) jets,

with SD and DD followed by proton hits in the FPD.

B Coincidence of inelastic lepton pair production with two independent
SD/DD events from the PU interactions that mimics the signal.
(danger for other New Physics searches with <1 fb)

B <7, dimeson, vector resonances etc...
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- > 100 GeV from
Event Selection the LEP constraints

Compressed mass scenario - difference between slepton and DM candidate mass, 4M,
issmall  <my;>~AM - aim is to keep <m;;> low - 2 <m;; < 40 GeV

L In(D| < 2,5, cutson n(ly) —n(l,) (tosupressBG)
N pr(1) >5GeV (trigger conditions)

pr(1) <30 GeV (in order to supress the WW BG)

vy = WEW = with W — v
m requirement of no additional tracks with pt > 0.4 GeV at |n| < 2,5)

u both protons detected by the proton taggers ( with FT)

@)
) 20

u sleptons-quite small cross sections ( 0.01 -0.3 fb), +hostile PU environment

- chargino pair production- extra factor of ~25 suppression @

Calculations: SuperChic, analytical, PYTHIA 8.2, HERWIG 7.1 (quite reasonable agreement)
S—



Integrated event yields for L=300fb -1

In| < 2.5

In| < 4.0

Event yields / (1) P Event yields / (1) pU H
£ = 300 fh~! 0 10 50 £ = 300 th~1 0 10 50
Excl. sleptons || 0.6—-2.9 | 0524 [0.3-1.4 Excl. sleptons || 0.6—-3.0 | 0.5—-2.6 | 0.3—1.5
Excl. [T~ 1.4 1.2 0.7 Excl. IF1— 1.1 0.9 0.5
Excl. KTK~ ~ 0 ~ 0 ~ 0 Excl. KTK~ ~ () ~ 0 ~ 0
Excl. WTW— 0.7 0.6 0.3 Excl. WTW— 0.6 0.5 0.3
Excl. cc ~ 0 ~ 0 ~ 0 Excl. cc ~ () ~ (0 ~ 0
Excl. gg ~ 0 ~ 0 ~ 0 Excl. gg ~ ~ 0 ~ 0
Incl. ND jets || ~0/~0| 0.1/0.1 | 1.8/2.4 Incl. ND jets || ~0/~0 ] 0.03/0.05 | 0.6/0.7

The yield range for signal corresponds to the slepton mass range studied: X(300 GeV) - Y (120 GeV)

Possible ways to suppress backgrounds:
- Cuton the distance of the secondary vertex from the primary vertex or on the
pseudo-proper lifetime (many leptons from inclusive jets come from decays of heavy particles)
- Improve ToF resolution (ToF rejection improves with o, decreasing)
- ATLAS and CMS tracker upgrade: extend coverage up to |n|=4 and provide time info

for tracks in 2.5<|n|<4.0.

- Timing detectorin |n|<2.5?7?7? (envisaged in CMS)

Courtesy of Marek Tasevsky
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detectors at the LHC?
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gD

pp — p+ invisible + p,

An attractive idea, but huge backgrounds caused by soft proton @
dissociation, photon bremsstrahlung and PU (at high lumi)

p—p+7, N'"—=p+~vand N*" = p+7° p—prtmT

Measurements at low lumi (i ~ 1 )with  ‘veto’ detectors (like ZDC and FSC/ADA /ADC)

LHCb, ALICE, BLM-approach
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Summary & Outlook

® No immediate plans for a future 77 collider, but the LHC 1s already a

»

»

»

»

photon-photon collider!

The 77 1nitial state naturally leads to exclusive events, with intact
outgoing protons.

Theory well understood, and use as highly competitive and clean probe
of EW sector and BSM physics already demonstrated at LHC. Much
further data with tagged protons to come.

Such studies equally possible (with higher s, ) at FCC.

e SuperChic - a MC event generator for CEP processes.

¢ Unified platform for QCD-1induced, photoproduction and photon-

photon collisions.

e Fully differential treatment of survival factor.

o Aformalism (HKR-16) is developed allowing to describe photon-induced

events with LRG in terms of modified photon PDF with consistent

implementation of the soft survival effects.
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Searches for Odderon- current status

(personal view)

~~(0p7y~ | Valery Khoze (IPPP, Durham & PNPI, St Petersburg !EQL
(in collaboration with Alan Martin and Misha Ryskin)




i 2| First measurement of proton-proton oy, at \/s =13 TeV ...
CERN-EP-2017-321, http://cds.cern.ch/record/2296409

L #| First measurement of the p parameter at \/s =13 TeV ...
' CERN-EP-2017-335 https://cds.cern.ch/record/2298154
RAg

o

JAE| t=0

) (t = four-momentum transfer squared)

e Oiot and p: bound together by dispersion relations
— measurement of both has greater discriminative power

e exploratory work
o first measurements at the highest LHC energy
o first p measurement in proton-proton collisions after decades

e follow up articles: CERN Courier, Finnish Physics Society, INFN press release,

Kansas media communication, ...
53rd Rencontres de Moriond (QCD) 22 March 2018




9

X

SPENT 4 HOURS ARGUING

GOTTONO CONCLUSION

No consensus among the (theory) experts.

ALFA is still silent.
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do_/dt (mb/GeV?)

%»
L , Texatmu x.CERN SE pSs) Fe,

e u*tﬁ e S6GeV (x10)¥
Y

A IHL

7 Te’i]l‘»\ TT D, e esgnnmnalio e,

o {xt}
I N :'-‘ *u Te‘a IL\D H
(x0.001) Nl T

|
v e v Py b v v Py v P b s by gy

4] 0.1 0.2 0.3 0.4 0.5 OB 0.7 0.8 0.9
-t (GeVY)

1

Previous fit, but now red-dotted curves
show the effect of the Odderon fixed
to agree with p=ReA/ImA

Note Odderon increases pp(bar)
decreases pp
Main effect in dip region

. New TOTEM data at 2.76 TeV
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Dip region

No conclusive evidence for
a larger Odderon

do,/dt (mbr’GeVZ)

-

s

;rT 7 TeV (%0, l’]l} :
h\ '";;-_;

i ‘."‘L_L‘;_'_?Er TeV f‘d] I% i

o A
o T
Ba T " 1“‘& 3
L""--_ ’ oo L1
O

e Tewatmn

*1 8(1.96) TeV

(x1)

L3
}‘_ .

I e
ty
Wiy
%"'*:::?_T 13 TeV (x0.001)

no Odderon

Coaa” -

lSmh

pp(bar)
pp
pp

pp
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Odderon signals

e ppscatt Odderon exch. is a small correction to even-sighature term (gpg)2

C-even

e photoproduction of C even mesons  @° f,, n ... }r“‘«.\_\_‘/"mesgn

No evidence in HERA data

[} gp{]
m
upper limits o(n°)=39nb, o(f,)=16nb " Sdderon
Need to suppress backe due to y exchange . or v
™ i
e ultraperipheral pp —> Pb /L?
production in P X
-Pb collisions g
P C-even
Z2 in photon flux a meson . — o
P Odderon 2 Odderon signal in p-Pb collisions?

', Tlﬁ.u“'l{i.'fa'lf|yn:=ﬂ Expected upper limits [Iuh] -
b ml 74
é —3 X 1 3.4

f2(1270) 3.0
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Pb Pb

| 4
C-even
Healthy signal, s meson
but backgrounds Odderon
L

are due to o
. —3 X

production of C-even meson by

1. 7y fusion Pb Pb

2. Pomeron-Pomeron fusion - 14

3. Via vector meson ” v C-even meson
V = C-even meson + undetected y Pomeron // ¥ undetected

r
"

Py
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a(n?) from yy fusion is well known.
Estimwating the cross section due to

Odderon exchange, allowing for )4
the colour factors etc. and integrating
over |t| > 1 GeV? we find 7T°
Vi
w
Goqd(YP=2m%+X) ~ 5(1) nb voor Oddemnw"“'
w

for the cutoff 1 =0.3(0.5) GeV. P ———% X

The t cut adequately suppresses
the yy fusion background.

Pomeron-Pomeron background entirely absent by SU(3) flavour

However the reducible background from radiative © decay is very large
® =2 1% + v (undetected)
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. o Pomeron\:\
There is a very low backround due to radiative V decay. ‘:i C-even
However the problem here is the v.large Pomeron-Pomeron " meson
background. The signal-to-bkgd may be suppressed by PDmerUf:;f'
observing central (semi)exclusive production (CEP*) i
of C-even mesons in which the proton may break up P '—"""‘_'::i X

but the Pb-ion remains intact. For such events

we expect a larger possibility of break-up for Odderon

exchange --- exptally challenging.

In any nucleon-proton interaction creating the C-even meson there is a large probability
of inelastic nucleon-proton interactions which will populate the rapidity gaps. Only in
very peripheral ion-proton collisions is there a chance to observe a CEP* event.

Can show the A dependence of CEP* events scales as A3, Recall the photoprod”
cross section (the signal) scales as Z2, so the expected A3 backed scaling is much milder.

82



n Pom-Pom background is small as 1 has small SU(3) singlet compt.
However again the reducible backgrounds coming from
¢ =2 mny and n’ =2 nrln are rather large

Nlc  Inprinciple, viable channel but has a much smaller production rate.
C-even Odderon Signal Backgrounds
meson (M) | Upper QCD Pomeron-
Limat Prediction ¥y Pomeron | V — M + v

70 7.4 0.1-1 0.044 30

f2(1270) 3 0.05- 0.5 0.020 3-45 0.02

1(548) 3.4 0.05- 0.5 0.042 | neghgible 3 (j)) ny

e (0.1 -0.5)-1073 || 0.0025 | ~ 10°° 0.012

83



signal and background for do(Pb p =2 Pb + M +X)/dY atY=0
(Z(T/d};,\ur at Yn,,_.lr = 0 in }Ib

C-even Odderon Signal Backgrounds
meson (M) | Upper QCD Pomeron- Y unobserved
Limat Prediction 0% Pomeron | V. — M + ~* u /
w0 74 0.1-1 0.044 - 30 (o 4 o)
f2(1270) 3 0.05-0.5 0.020 3-45 0.02 (/= fyy)
n(548) 3.4 0.05-0.5 0.042 | negligible 3 (d]= MY)
Te - (0.1 —0.5)-1072 || 0.0025 | ~ 1075 0.012 (/v 2> ny)

1ex 0.05 for observable BR

pp=2p+M+X Pom-Pom background overwhelming
/Pb Pb = Pb+ M+Pb yybackground overwhelming

Ronan McNulty: Pb-Pb data could check model for Pom-Pom bked for f,; BR(f,>yy)~10°




Physics with AFP 2+2 (high )

Central Exclusive Jet p

Production
First observed by CFD@Tevatron
Low o =2 high pile-up run

- double tag

-2 ToF to control bkg

p

Photon-induced
WW/ZZ/yy Production

Best sensitivity to aQGC (few %

missing mass resolution): factor 100 P
better than “standard” LHC analyses
(sensitivity to higgless models, extra
dimensions)

New Particles?

C. Sbarra -

j

]

3

HESZ 2017

et

et

T

-y

800

—

150 250
l=ading jet transverse momeantum, P [Gelic]
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= 14 Tey, Ledd b’ =23

00 <M, = 660 Gawe®

200
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AFP distanen from 2016 BBA

b J_.'- i i i
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Dileptons good for calibration
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The (foreseeable) future

* Run Il (2020-2022)

— Run with possibly improved detector (luminosity in
standard runs increased mostly by leveling)

* HL-LHC (2025 and beyond)
— Available space/optics?

— Detector at 420 m for exclusive Higgs (defined spin-parity
state) and H=>bb (couplings)?

— yy=2>WW/ZZ/yy and new high-mass resonances

Research Program will depend on LHC strategy
and Previous Results
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Anomalous couplings - data

e ATLAS + CMS data: W — [ pair production with no associated
charged tracks => use this veto to extract quasi-exclusive signal. Use

data-driven method to subtract non-exclusive BG (p — p").

ar>av:1604.04464

0001 *

-0.002=

CMS 5.4 1" (7 TeW) + 18.7 17 (B TeV

Ay = 300 GV

[ — 7 TeV
[ — & TaV
| — B +T7 TaV .
[ — &+ 7 TaV 1-D limit -

P T I B
-0.0005 0 0.0005
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00018

Wi [GeVE
=
=

=
=
=
i

(=]

-0.0005

0.001

-0.0M5

+ Standard Mode
ATLAS & TeV 85% CL conlour

— ATLAS B TeV 85% CL 1D imits

— CMS T + B TaV 95% CL conbour

V== 8TaV, 202 i’
rr—= WW
A = 500 GaV

0.0004 -00003 -0.0002 -00001 0

00001 Q0002 00003 00004

aMiaz [GeV®]

arxiv:1607.03745

¢ These data place the most stringent constraints to date on AGCs:

two orders of mag. better than LEP, and ~ order of mag. tighter than

equivalent inclusive LHC.

¢ Direct consequence of exclusive selection = precisely understood 77

collisions. but at a hadron collider.
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