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2 Photon photon interactions at the LHC CMS detector
2> Exclusive yy —» u'u and exclusive yy — e'e in pp collisions at 7 TeV

2> Exclusive yy > W" W in pp collisions at 7 and 8 TeV

2> Exclusive diphoton production:
2 Searches for central exclusive pp - g9g — pyyp at 7 TeV
2 Searches for Light-by-light scattering in PbPb —Pb yyPb at 5.02 TeV

2> Summary

(Central exclusive backgrounds):
P P p.Pb p.Pb
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Exclusive photon-photon interactions

2 Ultraperipheral (e.m.) collisions (UPCs)
without hadronic overlap: b_. > R,+R,

2> Coherent e.m. field of Z proton(s) = AVAAAN
Weizsacker-Wiliams equivalent photon spectrum.

b>2R

2> Photon flux Z?, cross-section enhanced by Z* in AA

2 Quasi-real photons, coherent emission from all subcharges (p,q)
Q ~ 1/R~ 0.06 GeV (Pb), 0.28 GeV (p). Produced central system at ~rest (pT~0)

. . ~ T
> Maximum y energies (LHC): @ < ®nax ¥ 5 ~ 80 GeV (Pb), ~ 2.5 TeV (p)

(Central exclusive backgrounds):
p.Pb p.Pb

. p P
\%/ J}r‘r {Pb} ~ {Pb)
7 3 0%,

p.Pb p.Pb (Pb) (Pb)

2 Exclusive production:
2 No other particles in the final state.
2 Intact protons (ions) in the final states.

(Semi-exclusive: if proton(ion) p*(Pb*) dissociate).
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The CMS Experiment

Steel Return Yoke
12,500 tonnes

Silicon Trackers

Total weight : 14k tonnes

Overall diameter :15.0m

Overall length :28.7m
Magnetic field :38T

f Superconducting Solenoid
/ Ni-Ti coil carrying 18,000 A

Muon Chambers

Preshower
(1.65 < |n| < 2.6)

Hadronic Forward (HF)
(2.9<|n/<52)

Electromagnetic Calorimeter (ECAL)
EB (|| < 1.48) + EE (148 < |n| < 3.00)

CASTOR : 5.2 <n| <6.6
ZDC: |n|<8.1

Hadron Calorimeter (HCAL
(HCAL) (not used in these analyses)

HB + HO: (| < 1.3
HE:13<|n|<3.0
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Exclusive yy production of muon pairs in pp at 7 TeV

> Exclusive u*l events compared to precision
QED predictions (with and without proton dissociation)

2 Provides an excellent control sample for photon fluxes
and cross-sections for other exclusive processes

> 2011 pp collision data at 7 TeV with 40pb™

> Two opposite-charge muons with p_( p) > 4 GeV

& | n(u)| < 2.1 fromsame primary vertex and
nothing else in the event (exclusivity).

S 70E T oM s = 7 TeV, L - 40 b
2 Muon pair invariant mass > 11.5 GeV, to S 6ok * dawm E
uo pa + 'a ° ;2 EGE %gﬁgrel';?;ﬂi;”i;thevy—m*p' ]
reject Y— [P L sof EEE Double dissociative vyt
Ll = B DY &fy—nu- ]
> Back-to-back: 1-[A¢/n| < 0.1 and |Ap_| < 1.0 GeV 4o JHEP 01 (2012) 052 -
> Contribution from proton-dissociation included S0F E
20F
10F

o 0.01 0.020.03 0.04 0.05 0,06 0.07 0.08 0.029 01

e 1-lA ¢ / |
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Exclusive yy - u*u” cross section at 7 TeV

JHEP 01 (2012) 052 JHEP 01 (2012) 052
:',."'..l- 45 i [ LI | T '1_ :- ||||| LA LN N I LA L L B B O
{g F CMS,"Js =7 TeV, L = 40 pb E 5 50_— CMS Vs =7 TeV, L = 40 pb"__
Ly 40 « dat - Te [ = data i
— = nal - - = ~— B [ signal yy—p*u” ]
@ 35F %Egbf;ﬁmmwﬂ wd S 40 [ Single dissociative yy—u"u”
- — Bl Double dissociative yy-—u*n” 3 o) = I Double dissociative yy—p*u” |
@ 30 B DY Zi—sutu” - = - B DY ZH—utu” -
- [ - (] 30_ _
*o2sE ERR T ;
20F = I )
- = 20 —
15 E i i
10F E 10 —
S5F E C -
ﬂ: — bt D_ | +,,|,,,,||_,_|F

20 40 60 80 100 0 0.5 1 15 2 2 5 3.5
pp mass [GeV] P (I-ll-ljI [GeV]

c(pp — pu'u p) = 338702 (stat.) £ 0.16 (syst.) £0.14 (lumi.) pb,

Data-theory signal ratio = + 0837013 (stat.) & 0.04 (syst.) 4 0.03 (lumi.)

The measured cross-section is consistent with the
predicted QED value (LPAIR event generator)
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Exclusive yy —» e*e production at 7 TeV

2> Exclusive e*e events compared to precision p p
QED predictions (with and without proton dissociation)

2 Provides an excellent control sample for photon fluxes
and cross-sections for other exclusive processes

2> 2011 pp collision data at 7 TeV with 36pb™

> Electron/positron with E_> 5.5 GeV & | n | < 2.5,

2 Invariant mass > 11 GeV, to reject Y— e'e

CMS Js=7TeV pp 36 pb™
rrrrrrrrrrrrr e

. o 12—
> Exclusivity : S [ —- DATA
" - o . [ el-el e
> No add!t!onal tracks in the trac_ker S 10F 1 inelel  voeve
2 No additional towers above noise threshold S | B inel-inel yy—ete
in the calorimeters. 2 8r JHEP 11 (2012) 080
I o
2> MC predictions include elastic processes -
and contribution from proton dissociation al-
2:—+
D- =

2.7 2.8 2.9 3 3.1
e*e” Ad [rad]
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Observation of exclusive yy —» e'e” at 7 TeV

JHEP 11 (2012) 080 JHEP 11 (2012) 080

CMS s=7TeV pp 36 pb™ CMS \s=7TeV pp 36 pb™

} 12_! ) I ) L] ) I L} I L] I L] L ) I ) L] L} | LI | L I L] T L] I I- } 10 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
@ - —s— DATA i @ —+— DATA i
O B [ el-el vy-—ete . O [ el-el vy-—ete ]
O 101~ [ inel-el vyy—e‘*e 1 T =8 [ inel-el yy—e‘*e —
- - * N inel-inel yy—e'e’ i W N inel-inel yy—e'e .
© gl 4 E |
— _ i @
[ - - > 6 —
= n i Ll -
L g — 4
; : 4 -
ar " ]
2f . 2 ]
D_ o e 0 T A P
0 20 40 60 80 100 120 140 0 1 2 3 4 5 6 7 8 9 10

M(e'e) [GeV]

> 17 exclusive or semi-exclusive e*e candidates are observed, with an expected
background of 0.85+ 0.28 (stat.) events

2> Measurement is consistent with the theoretical QED prediction for the combined
elastic and inelastic (=semiexclusive) events: 16.3 = 1.3 (syst.) pairs.
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Exclusive yy - W' W production

2 The electro-weak sector of Standard Model predicts QGC

2> Any deviation from SM expectations can reveal a sign of
new physics

2 The exclusive production of W pairs is sensitive to
anomalous quartic gauge couplings (aQGC)

2> Objective: Measure SM cross section and look for aQGC.

2 aQGC are introduced via effective dimension-6 operator Lagrangian

—&2aY )
Lo = 8 ;Ez uw FIYW AW,
C _82 ﬂ? up + X TAT— —a A7+

Anomalous coupling constant for quartic vertex
N\ : Scale for New Physics
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Exclusive yy > W W in CMS

=2 Exclusive production of W pairs
pp — pMHWTW—p) (with W— [*v)
p(*) : Exclusive + Semiexcl. contributions
> 2011 pp collision data at 7 TeV with 5.05 fb™*
> 2012 pp collision data at 8 TeV with 19.7 fb*

> Offline exclusive yy > W" W signal selection

e Opposite-sign eu pair (final state) originating
from commom primary vertex

 No extra tracks at eu vertex
to remove inclusive background

* Invariant mass (eu) > 20 GeV
to get rid of any low mass resonances

« p; (en) > 30 GeV
to suppress DY and yy — t'1”

2 Proton dissociation from exclusive yu sample
> aQGC searches region: p. (ep) > 100 GeV
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Exclusive yy - W' W evidence at 7 and 8 TeV
SM signal region : N extra tracks =0, p_(ep) > 30 GeV

CMS, Vs =7 TeV., L =5.05 fb' CMS 19.7 fb™ (8 TeV)
} 30_ T T T T | T T T T T T T T | T T T T | T T T T | T T T T ] } —
@ . ] - © 35 Data
O - ® Data B Drell-vant't - O - _— . ,
o 25 == inclusive w'w BB Diffractive WW- — & 30 YY = WW (8,/A%=1.57107, 8 /A0, Aqyor=500 GeV)
3 u M e wyets i @ - Ty — WW {a‘:m*:zﬂ 0°, a"A2=0, no form factor)
=L - _ : . ] ] c __F
E]:J' 20— Elasticyy — 1 - Inelasticyy — 1™t ] g 25— SM yy — WW - Inelastic yy — Tt
T f T mowwew ) - = woF B Diffractive WW B EWK WWaqq
1 5‘_ ey S WW S = 2710 % = 0, Ay yos=500GEV) _‘ - Bl Eiastic vy > © Inclusive diboson
L oy WOW {E'—"’f =-210%,28 = 810 A,,,,=500GeV) 1 155 Stat. uncert. in simulation Il Drell-Yan
1 0:_ Expected Signal: 2.2 £+ 0.4 — ‘0 Expected Signal: 5.3 + 0.7
e Expected bkg:0.84 £ 0.15 7 Expected bkg: 3.9+0.6
5-?-1--«------~ | Observed : 2 ] 5 + | Observed: 13
= --I..---:___"__-; m""”i.-.-u---n-n_.““”“”“!_ E D | L N ...|.“-|---|I i ] l 1 I I | I ll
BT e 0 30 60 90 120 & 150 = 180 - 210 . 240
% 50 100 150 200 - 250. .300 ( e) [GeV
JHEP07(2013)116 P (en) [GeV] JHEP 08 (2016) 119 H

Cross section times branching fraction

o(pp=>p ' ww p s pute” p =222 | |ol(pprp T WIw T p s p et pY)=10.8") b
SM Prediction : 4.0 £ 0.7 fb SM Prediction : 6.2 £ 0.5 fb

The observed significance for 7 and 8 TeV combination is 3.4c
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Limits on aQGC at 7 and 8 TeV

> Used shape of p_ (ep) distribution

CMS 5.1 fb™ (7 TeV) +

JHEP 08 (2016) 119

19.7 fb™' (8 TeV)
T | T T T

to search for sign of anomalous & 0.002——————
quartic gauge couplings.
(high-p_ curves in previous slide)

> p, (en) > 100 GeV used at 7 TeV

> Two binsat 8 TeV 30 < p_(eu) < 130
GeV and p_ (ep) > 130 GeV

2> Region outside solid line is
excluded at 95% CL. -0.001

Acytog = 500 GeV -

—— 7 TeV

> The most stringent limit existing so far iy <1 A

on aQGC, two orders of magnitude more 8 +7TeV 1-D limit

i _ 1 1 | 1 | 1 1 | 1 1 1 1 | 1 1
stringent than LEP. 0.002 O00E 5 00005
al/A? [GeV*Z

Dimension-6 AQGC parameter | 7 TeV (x1074GeV 2) | 8 TeV (x10*GeV %) | 748 TeV (x 104 GeV ?)
a / A*(Acutors = 500GeV) ~15<ay/A* <15 | =11<alV/A*<10 | —09<a)/AZ<09
aY / A*(Acyotf = 500GeV) —5<a¥/A <5 —42<al /A2 <34 | -36<a¥/A?<30
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Searches for central exclusive diphoton production in pp at 7 TeV

P P p.Pb p.Pb

y > Background for \%/ e

g ¥
: Light-by-light scattering |
" searches (next slide): g ]
Y =
a
p,.Pb p,Pb
p P JHEP 11 (2012) 080
I—I1.6
2 Exclusive diphoton production is closely ﬂ1 4}_ E;(y) > 5.5 GeV E_
related to exclusive Higgs boson production. © 1'25 el <25 =1
o R
1= %:*_
2> 2011 pp collision data at 7 TeV with 36 pb™ 0k o o O
I - - y
> Two back-to- back photons with E_> 5.5 GeV 06F O O 5 'S -
& |n| < 2.5 and nothing else in the detector oal 2 % {2 E :
_ _ _ L = = S = E
2 No diphoton events satisfy the selection criteria 0.0k E E E
=l oC
0: ;E {'%

An upper limit on the cross section is set at 1.18 pb at 95% confidence level

(in agreement with NLO theoretical predictions: Durham model)
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Light-by-light scattering in PbPb collisions

2 Elastic light-by-light (LbyL) scattering, fundamental p.P’b p,Pb
quantum-mechanical process with a tiny cross section, ;’_rr
experimentally unobserved so far (recent ATLAS 4c evidence) ¥

A

2 Study of yy — yy at high invariant mass: Neat channel
to study anomalous gauge couplings, search for virtual 8
contributions from BSM charged particles (SUSY,
monopoles, axions,...)

Y
i

p.Pb p,.Pb
2> LbyL signal events generated with MADGRAPH 5: [D.d'Enterria, G.G. daSilveira
N ~ 70 expected in PbPb at 5.5 TeV (1 nb™) PRL111(2013)080405]
e Light-by-light signal is clearly
2> Central exclusive production generated observable over the background
Wlth SUPERCHIC N CEP-gg ~ 6 Counts expec- ';1 00: Expected exclusive diphoton yields after cuts
3 “ Pb-Pb ys=5.5 TeV, L =1nb"’
2 QED generated with STARLIGHT, ‘;; 30| n'I<2.5, p!>2 GeV
o0 ~ 15 expected after all cuts S 20 Signal yy—7Y
ED 10 e s
P CEP p Pb,p Q > Pb,p B
3F =
2
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Search for light-by-light scattering in PbPb at 5.02 TeV

® 2015 PbPb data with integrated

uminosity: 380 b Light-by-light scattering candidate event
uminosity: nb-

e Light by light scattering event signature:
Exactly two photons back-to-back within
In|<2.5 and nothing else in the detector
(tracker |n|<2.5, calorimeters |n|<5).

Work in
e Selection of two exclusive photons events: Progress

2> Exclusive 2 photon reconstructed
2> Charged particle veto: No tracks above
p; > 0.1 GeV in tracker

2> Neutral particle veto: No activity
above noise in ECAL, HCAL, HF

e Removal of backgrounds:
2> QED: No hit in the pixel detector
2> CEP: Very low acoplanarity(yy) < 0.01,
and p.(yy) < 2 GeV
(Badly known CEP x-section in PbPb:
we normalized it with data with aco>0.05)
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Light-by-light MC expectations after cuts

Event selection: p.(y) > 2 GeV, p(yy) < 2 GeV, aco < 0.01

192
e 10¢ [ ]aED IS 12— [ ]aED
iT al [ Jcep D 10l [Jcep
B - exclusive y y — v vy E - exclusiveyy —> vy
61 °F
- Signal : 10.3 eF
4 B
QED: 0 ua
2 C
2_
0 B
O 02 04 06 08 1 1.2 1.4 16 1.8 2 . ! : I
Diphoton p 00 5 10 15 20 25 30
T Diphoton Invariant Mass
o -
< 12 L2 '
c 12f [ Jeeo = ., . [ JaEeb
> L 1
iTRNTNE [ oee @ : [ cep
B -exclusive'y'y—>'y'y : - exclusive y vy — v v
81— 10 I
~ |
6 8 :-—-»
- 6 1
4 1
B 1
C 4 1
°t 2 :
0 |||||| 0 h — R I — -
-2 15 -1 -05 0 05 1 15 2 0 0.05 0.1 0.15 0.2
Y vy acoplanarity

With current luminosity, we expect ~10 exclusive photon pairs, on top
of small QED+CEP backgrounds. Data analysis ongoing.
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Summary

Exclusive yy —» u'w and yy » e’e measurement
consistent with QED predictions

cMS \JE

7TeV PP sspb‘

3.40 evidence of exclusive

vy — W"W for combined 7 & 8
TeV data

10

Frrsesrr

= el
& 5o CMS .\ = 7 TeV, L = 40 pb™ ] > 10p JAp, ] _ oS 19.7 b (8 TeV)
[ . —— =
w L - galata | e O I el-el yy—ete (b) J 3 3 C Data
— B C Signal yy—p*u” 7 — e’ o WIAZ * 2
= 40— [ Single dissociative "y I 8 1 inel-el yy—e'e — 8 30k Y = WW (a)Y/A%=1.5°10%, a¥/A%=0, A;0y=500 GeV)
S L B Double dissociative yy—su*" | 0 BN inel-inel yy—e'e w L T¥ — WW (a¥/A2=2*10°, a%A2=0, no form factor)
= 5 B DY ZHy—ptp” 1 = b= C o
S i E @D 7 o 25 SM yy — WW I inelastic yy —»
L i ] L 20 - I Ditfractive WW I EwK Wwqq
C ] C Il castic 7 — Inclusive diboson
20 - 7 15 Stat. uncert. in simulation [l Drell-yan

3 } -
— 1 11 s 7
} : | 4 1 | +| | [ |
||||| ST SRS P NI S T e - L gl

2 3 4 5 6 7 8 9 10 90 120 = 150 .~ 180 = 210 . 240

p (e"e) [GeV] pT(ue) [GeV]

2.5 3 3.5
P (uw) [GeV]

Most stringent limit on aQGC _ _ . _
Y — \é\:ﬂsw Light-by-light scattering experimentally
5.1 b (7 TeV) + 19.7 fb™' (8 TeV) . .
e AR SAARERERRERE observable in PbPb at 5.02 TeV (work in progress)
(3. B Acutors = 500 GeV ] " )
. 0.001- ~ s 12:_ [ Jaeo
%O - i p,Pb p,Pb T 10 [ Jcep
L . E -exclusiveyy—>y~(
or B J:;_,—f 8-
? ? 7 . o
_0.001F ; ?t::\t:ard model N ! | E
| — 8 TeV i 4 —
| — 8+ 7 TeV | - L
L 8+7TeV 1-D limit ] ki LL_LIﬂ oF
00025 55005 "0 " o.0005 0% C
2 - [ i b
S [GON] pPb b Db %5 10 15 20 25 30
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