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Part I: Introduction & motivation

Part Il: First measurements: challenges &
achievements

Part lll: Future measurements - the LHC as a
photon-photon collider
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Semiclasical picture: Weizsacker-Williams

approximation

Back in 1934, Weizsacker and Williams (independently)

considered interactions of fast charged particles in matter by

casting these processes into two steps:

Representing the particle electromagnetic field by a
“cloud” (or flux) of virtual quanta/photons
Calculating then photon interactions with matter

Following assumptions were made there:

the charged particle moves uniformly

its field gets “Lorentz-contracted”, so for a “observer” at
some distance b (=impact parameter) it becomes a short
pulse of mostly transverse component

field is Fourier-transformed and finally, its energy can be
represented by a appropriate number of quanta (of given
frequency)

there is b_. , usually coming from a finite size of charge

min’
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Quantum picture: Equivalent Photon

Approximation (EPA)

In EPA the photon spectrum is a function of the photon energy w and its
virtuality Q2 [1]:

2 2
dN = %%‘"% [(1-%) (1 ng)F +@R\/f] (1)

where « is the fine-structure constant, E is the incoming proton energy and
the minimum photon virtuality Q2 ,, ~ [M}E/(E —w) — MZ|w/E, where M,
is the proton mass and My is the invariant mass of the final state N. For the
elastic production, assuming the dipole approximation for proton form factors,
Fy = G3; and Fg = (AM2G% + Q*G3)/(AM?2 + Q?), and G} = G3,/7.718 =
(14+Q?%/0.71GeV?)~ . For the inelastic production Fy; = [dzF,/z3 and F =
[dzFy/z, where Fy(z,Q?) is the proton structure function and = ~ Q*/M3%.

Phys. Rev. D63 (2001) 071502(R)

Elastic (or fully exclusive) production + Inelastic, when proton dissociates
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LHC as a High Energy yy Collider

Phys. Rev. D63 (2001) 071502(R)
D hep-ex/0201027

A\NNNL N\NN p

Initial observation:

Provided efficient measurement of very forward-scattered protons one can
study high-energy yy collisions at the LHC

Highlights:
* vy CM energy W up to/beyond 1 TeV (and under control)
* Large photon flux F therefore significant yy luminosity

* Complementary (and clean) physics to pp interactions, eg
studies of exclusive production of heavy particles might be

possible ‘ opens new field high energy yy (and yp) physics
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LHC as a High Energy yy Collider

A\NNNL N\NN p

—

Two photon exclusive production:

* Very forward proton scattering <> large distance interactions
* Possibility of detecting whole final state — precise kinematics
reconstruction; very much like in e"e”

Very different event topologies from typical events at the LHC
- must exploit that!
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DISCLAIMER:

This 1s NOT meant for studying all photon interactions at the LHC but those
for which the QCD (diffraction!) background can be strongly suppressed, as
for example in the exclusive production of pairs of charged non-strongly
interacting particles.

This IS meant for studying production of selected final states in photon
interactions at the LHC.

Note: At Tevatron available energy too small for EW physics (but enough for lepton pairs — CDF
published several measurements of exclusive two-photon production of these)

DESY 93173
UCD-93-39
December 1993

First inspiration:

vy PRODUCTION OF NON -STRONGLY INTERACTING
SUSY PARTICLES AT HADRON COLLIDERS

17/8/2015 )
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How to measure these events?

CMS or ATLAS detector and
scattered protons using p

very forward detectors '\/\/\//> W\ P

(thanks to proton energy —

Measure (yy —) X in the PPS
|

Very forward detectors needed — capable

\ » beam of running at high luminosity, installed as
- far (> 100 m) from IP and as close to the
\ beam (=2 mm) as possible — expected
photon energy resolution can be of
2-5 GeV'!
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LHC as a yy collider

P

V.M.Budnev et al.
Phys.Rept. 15,181

P

...introduced to major event generators as
Madgraph, Pythia, Sherpa, Calchep

v 0°<2GeV*

Y 0°<2GeV’

o pp—=>(yy—>X)pp)

low v virtuality ( typical Q2~ 0.01GeV?) =

* factorization to
> long distance photon exchange
> short distance yy — X interaction

17/8/2015
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EPA: Kinematics/yy Luminosity

Virtuality O? of colliding photons vary between
kinematical minimum = M °x“/(1-x) where x is
. : » __
fraction of proton momentum carried by a photon, W+= g Xl XZ

and O

..~ 1/proton radius’

Photon flux «1/0?
Q2 N szin = S62/4

Sn/CM for x>0.0007, Q?<2GeV? |raWs,

70

protons scattered at
‘zero-degree’ angle -5
S (W) = N, (%) ® N, (%)) 707

o,,=JS o, dW

Use EPA a la Budnev et al. *

* error found in the elastic (Q? integrated) y flux for protons!

17/8/2015 Note:

(where W = My)

Vs =14 TeV "
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[dWS,, ="y : pp luminosity’
it s few times larger if one of protons is allowed to break up



Single tags:

elastic only, or p-diss. incl.
Sp/GeV FdWS,,

=l

200 400 600 800 7000 250 500 750 7000

GeV
Color: double-tags, hence elastic scattering only

17/8/2015 Bad Honnef 11



LHC as a yy collider 09082020

2 e Yy
ol 03 - — yy->W'W
- vy —FF (m=100 GeV)
syy— uu  first yy process to be seen Ly ry—F'F (m=200 GeV)
== yy—S'S (M=100 GeV)
10°F - = yy—S'S” (M=200 GeV)
vy — W' W very interesting SM process 108fb 5
* New physics | 10k
Processes [fb] Generator 1_ Vs =14TeV
N 72 500 LPAIRpt> 2GeV | -
ml<3.1 - .
Y — WW 108 ol el TR
— FF (m=100GeV) 4.06 MadGraph g e,
— FF  (m=200GeV) 0.40 / I
—SS  (m=100GeV) 0.68 MadEvent 107 = (I)Ol - (1)01 e (1)01 8(1)0 1 11010 )
— SS  (Mm=200GeV) 0.07 w, [GeV]
Cross sections for yy processes as a function
moreover of the minimal yy cms energy Wo

lepton final states
clear signature — background suppression
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do/dM,,, (fb/GeV)

P e P
LD -

[a—
<
(o))

108
10710

10-12

gg > WW

| | I I I I I |
pp—=>ppW W
Vs = 14 TeV

- i

—— sum
—— boxes e,
— triangles B N
l_ | 1 | I 1 1 | | I | | 1 | I 1 | | | _I
500 1000 1500 2000

Myw (GeV)

At very high energy vy
wins over ‘inclusive’
production !!

Nucl. Phys. B 867 (2013) 61




LHC as a yy collider

Two-photon exclusive pair production cross-section
is given just by:

e particle charge, mass and spin

for a given mass and charge it is largest for vector
particles, then for fermions

vy — WW pair production has very sizable cross-
section at the LHC of ~100 fb (and x 4 if inelastic
included)!

Massive fermions have sizable yy cross-sections up

to about 200 GeV masses, for scalars cross-sections
are about 5 times smaller (but there is H** case, for
example)



Physics with yy — WW (and ZZ)

vy — WW and ZZ pair as a powerful test bench for
the gauge boson sector at the LHC

Search for anomalous quartic couplings



Lagrangian for aQGCs
aniv:0908.2020

we use Lagrangian for genuine anomalous quartic vector boson couplings
which conserves C, P as well as local U(1)en and SU(2)C

W

zZ
2a
e

2 a
LZ:— _OF N Fﬂ VW"’&Y W:\‘— € 0 F N F“ \4 ZLY ZLY
8 A* ! 16cos’®@, A* '
—e? a” e a”
Lg’: _CF F,u,(i(W+L\' W— + W—LYW+)_ c F F“‘(;ZLYZ
16 A2 FEN B B B

160032@W AT e

This gives a general auxiliary formula for a cross section

(total or differential, with or without cuts) as a function
of the anomalous parameters:

- 2 2
o= USM+ ano+ Uoo a, + Uc ar T Ucc d:- T Uoc 4,4
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What has been done at the LHC so far?

Bad Honnef
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Exclusive physics @ LHC

Two-photon production Photo-production Central Exclusive Production

P P p

P P

u, e'e, 3tt7£ p, JW, Y, Z, ... X, X, T dijets, vy,
WW-, HH, Il ... Higgs, ...

17/8/2015 Bad Honnef 18



Exclusive yy — utu”

The first measurement focus on the dimuon
channel — standard candle:

* Pure QED process:
- No PDF to account for
- Small theoretical uncertainties

* Striking kinematic distributions:
- due to very small virtuality of the exchanged
photons

* measured in previous experiments to be in
agreement with the ME LPAIR generator

* Largest background arises
from semi-exclusive two-photon
production due to single and
double proton dissociative

(or inelastic) photon exchange:

17/8/2015 Bad Honnef 19



Candidates for yy » upu process:

CMS Experiment at LHC, CERN

Data recorded: Fri Jul 30 01:43:39 2010 CEST
Run/Event: 141956 / 304737217

Lumi section: 546

= 20.51 £ 0.2 GeV
— = 0.98
Apr = 048 GeV

nnnnnnn

CMS-DP-2010-035

CMS Experiment at LHC, CERN
Data recorded: Fri Jul 30 01:43:39 2010 CEST
Run/Event: 141956 / 304737217

EUr sholon 2ag —

NN\

// \
\\ /

—

track: pr > 0 GeV
HCAL: E > 4 GeV
ECAL: E > 2.5 GeV

17/8/2015
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Candidates foryp = Yp and yp = J/¥p obervedin CMS:

CM CMS Experiment at LHC, CERN
CMS Experiment at LHC, CERN = Data recorded: Sun Jul 4 07:53:17 2010 CEST
Data recorded: Sun Jul 4 07:53:17 2010 CEST Run/Event: 139364 / 71476695
Run/Event: 139364 / 71476695 Lumi section: 70
Lumi section: 70 /

===l /(6\\\,\
fEEEEEI'"' \\\___4/)

] | | |
CMS-DP-2010-035

—  3.05+0.03 GeV track: pr > 0 GeV

— = 098 HCAL: £ > 4 GeV
Apr = 0.05GeV ECAL: E > 2.5 GeV

The ideal case: 2 muons and nothing else

17/8/2015 Bad Honnef 21



Question: How to select exclusive events in high pileup
environment?

Data recorded: 2011—May—25 08:00:19.229¢ S

CMS Experiment at the LHC, CH

Run / Ewvent: 165633 / 3@401045?

{c) CERN Z009. All rights reserved.




Question: How to select exclusive events in high pileup
environment?

Answer: Use tracking only and zoom in onto the vertices!

2 2010CEST




Exclusivity conditions

R In initial (very) low luminosity era:
B 2 muons and “nothing else”
T in the tracker and calorimeters

In 2010, each event of interest was
accompanied by extra “PileUp” events
within the same bunch crossing:
~ 2-3 pileup interactions

N In 2011, roughly 7-10 PU per crossing

&,
\ In 2012, PU =25 put the method to a very
limit...

Restricting the analysis to single interactions only would have reduced the data
sample a very small fraction of the total — impose exclusivity using tracking only



uu calibration candle

* Use Apand |I-A¢/m| to select

' o . regions enriched in elastic or
ﬁ; :Z: inelastic events
P P P Xz

l - A_(f) A
T
— Same cuts as used for 2010
“Anti-elastic” Yy—> Ul cross-section paper
7Y = ppm (pWp)
0.1 :
Elastic * Also separate Z peak region
1Y 7 zt)*#“ (76-105GeV) to check modeling
PP
N of Drell-Yan
i :
1GeV Apr(p7H) — yy—Z is suppressed at tree-level ,

exclusive Z is expected to be <Ifb
including branching fraction

17/8/2015 Bad Honnef 25



uu elastic region - summary

CMS Preliminary 2011, {s=7 TeV, L=5.24 ft"'

% 140 T | T T T T | T T T T | T T T T __
o _]
2 120 —
~ _
g ]
i 100 Data ]
I LPAIR yy—p’p” (double-diss.) _
80 [0 LPAR Y-y (singlediss)) —]
[ LPAIRpy—sp'p" (elastic) —
[ PYTHIAZ2DY v .
60 I FYTHIA Z2 DY p'y (Tune CT10) ]
40 —
20 _:
i S A R | L T .

200 250 300
m(up) [GeV]
8 =
g 6 -
8  4E + NN/ /177, Z
8 %EE-'*M"M#‘M‘+' P o v /-— i o
2E- T
4= 3

6 50 100 150 200 250 300

* Total event yields in elastic uu region
— Data: 825+28.7

— MC: 808 +28.4
— Ratio: 1.02+0.05
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uu control plots — elastic region

CMS Preiminary 2011, =7 TeV, L=5.24 ©5"
L s e e e e o e e B E LI E m e e e o e N E

Z region only ;

CMS Prefiminary 2011, f6=7 TeV, L=5.24 5"
T T T T T

Z region excluded

Events
Events

400

300

200

100

Number of extra tracks on dimuon vertex Number of extra tracks on dimuon vertex

* Large excess of events with 0 extra tracks outside the Z region, consistent
with sum of elastic and inelastic yy—uu

* No peak at 0 in the Z region — consistent with large Drell-Yan component
— NB — higher-multiplicity processes (WW, ttbar, W+ijets, etc.) not shown
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uu control plots — elastic region

CMS Prefiminary 2011, {5=7 TeV, Le5.24 f' CMS3 Preliminary 2011, f5=7 TeV, Le5.24 '

g 100 g 250
* Compare - g _ i | ]
acoplanarity, : Z region only : Z region excluded

150

pr(), Ap(eew)
distributions for

events with 0 extra ‘

traCkS 01 002 003 004 005 006 007 008 009 0.1 0 D001 002 003 004 005 006 007 008 009 O
T-104up )l 1-Adup il

100

P PRI PRTTY RTTT IYPR1 PRI PRTTI FATT1 RYTTE ITT0

CMS Preiminary 2011, f6=7 TeV, L=5.24 15"

CMS Preiminary 2011, f6=7 TeV, L=5.24 15"

3 EES EERAN LR LR EEEAN LA RS LR LR T i 3120 AES EERAN LAY EEEL LELRY LS RELLN LR RS
§ i E §100 —
g @ . ] g ) ]
i ‘ Zregiononlyi = region excluded-

* Generally good »
description, both in
and out of the Z
region

45 5
p,(np) [GeV]

= Shaded bands indicate MC statistical errors
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uu control plots — anti-elastic

From MC, expect inelastic yield
be several x elastic at high mass
— But at high p;/mass inelastics may

be suppressed by —
“rescattering” (production of
additional soft particles rejected
by the extra tracks veto) =
extract the total/elastic ratio from
the uu data

Invert the acoplanarity and Ap;
cuts to select a region enriched in
inelastic events

Overall find a deficit of ~¥18%
compared to MC prediction with
no rescattering

17/8/2015

region

CMS Preliminary 2011, {s=7 TeV, L=5.24 !

%, 400 ___I T I T T T T I T T T T I T T T T __
O = -
© 350 N
‘2 — _
g 300 —
w — —e— Data _
250 — I LPAIR yy—y’p” (double-diss.) 7
- [ LPAIRyy-py (single-diss.) —
— [/ LPAIRRyy—p°p” (elastic) -
- [ Inclusive WW (TuneZ2) —
200 — 1 Madgraph WW —
= [ PYTHIAZ2DY vt =
= BN PYTHIA Z2 DY pep (Tune CT10) -
150 — -
100 — —
50 = —
| 5.0 ole 184 . oo . -
200 250 300
m(up) [GeV]
CMS Presminary 2011, 6=7 TeV, L=5.24 15"
515\”0

£ Z region only

3 4 5

Number of extra tracks on dimuon vertex Number of extra tracks on dimuon vertex

e

e
T S,

I

2 3 4 5
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Events/ 2.5 GeV

Data/MC

uu — anti-elastic region

CMS Preliminary 2011, ¥s=7 TeV, L=5.24 fb"

e e * Further investigation — deficit
mainly at high-mass/high-p of the
pair

— Expected to be the region
most affected by rescattering
corrections

g IIIIlIIllIIlIIIIIIIllII II|III|1[I|III|III|11|I

* Derive a“data-driven” scale factor
for total yy—uulelastic yy—uu
from data with m(uu)>160 GeV:

=

PRI ST TN T Y D YRR (U TR SN TR SN (NN T S DU
100 150 200 250 0
P (uu) [Ge

—300

N;ly data — NDy ~56.00—-3.01

F = —
Nelastic m (u+u—)>160 GeV 13.40

= 3.95.

= Apply this to renormalize the yy—=WW and yy—ttr samples in the ue
analysis
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yy—=WW—-uevv
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Notation

e Fully exclusive (or “elastic”): events in which both
protons stay intact

— Theoretically clean QED-like production
e Quasi-exclusive (or “inelastic” or “proton
dissociation”): events in which one or both protons
fragment into an undetected low-mass system p(”/
— Larger uncertainties, possible rescattering corrections
* Cannot separate the two contributions in a counting

experiment, therefore signal is defined to include
both:

pp — pHWIWp)
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SM signal region (0 extra tracks,

pT(eu)>30 GeV)

CMS Preliminary 2011, Ys=7 TeV, L=5.05 fb"

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb™

> 4:‘||‘|||||Il‘llllllll|||llll|l||l||l||l||l||l|l||l: N. 4:|'||
8 » Woata 1 Q.
3.5 BDrel-Yan 'c 3 ®»35F
o ~ =linclusive W'W ] "E C
o - EDiffractive W'W ] o) -

- —EElyy->t'r [
= 3 L4J 4 > 3
?’ o ElnelElyy = v 7] L o
c - Btbar ] -

[ —Wijets —] .
92'5; nLW’W(SM) ] 2'5:
wJ C . C

2 -] 2-

1.5 ] 1.5
1e ¢ B 1=

05 ;7; LA LA A _: 0-5;,;;7,;',5;;9»:
0 gt i g g Liga Lugi g Lug 0

0 100200300400500600700800900]000 0 01020304050607 08 09 1

m(ep) [GeV]

* Expected bkg: 0.8
* Expected signal: 2.4+0.5
* (Observed in data: 2 events

17/8/2015 Bad Honnef
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WData

BDrell-Yant't

Srammer

—EElyy->dr
ElnelEl yy |t

[Sttbar

IIIIIIIIIIIIIIIII

“Wajets
Ty = W'W[ (SM)

1

1llllllll[llllllllllllllllllllllllllll

1-1A ¢(ep)/n|
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SM Signal candidates

Vi P - \ - ~— r/s

ll A 1 !
/ /oM Expeniment at L CERN =~ 3 L P ~CMs Expenmén é’l LHC,
J, Dalé recorded: Tue A6r 26 02: €4:57-2011 GEST ) - s Data-record \Mbn Sep 1902%62{111 CEST,’
..f ,/ in/Event: 163? / 25677§2f§/ / Run/Events; 1 /3139 2 -~
/J umi section 1 . 7____#- T~ R Lunn scchfén 2 \ - “//

S~ \;
= 7——“—7’7«&_.

Variable Event 1 Event 2
Run 163402 177201
LumiSection 391 254
Event number 256774116 318972926 . .
(o) [GV] s Yot 5 * Event displays and single/double
1-|Ap(p*e™) /| 0.66 0.33 lepton information for the two
pr(pt) [GeV] 26.2 49.2
(et [GeV] 548 749 selected events
7(p*) 2.01 1.88
1(et) 0.23 -0.30
17/8/2015 Bad Honnef
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Some time

later...

LHC pHYSICS

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

VoLumeE 53 NumBER 6 JuLvy/Aucust 2013

CMS sees first direct evidence for YY—=WW

Inasmall fraction of proton
| collisions at the LHC, the two
| colliding protons interact only
electromagnetically, radiating
high-energy photons that
subsequently interact or “fuse™ to produce
a pair of heavy charged particles. Fully
exclusive production of such pairs takes
place when quasi-real photons are emitted
coherently by the protons rather than by
their quarks, which survive the interaction.
The ability to select such events opens up
the exciting possibility of transforming the
LHC into a high-energy photon—photon
collider and of performing complementary
or unique studies of the Standard Model and
its possible extensions.

The CMS collaboration has made use
of this opportunity by employing a novel
method to select “exclusive” events based
only on tracking information. The selection
is made by requesting that two — and only two
—tracks originate from a candidate vertex
for the exclusive two-photon production.
The power of this method, which was first
developed for the pioneering measurement
of exclusive production of muon and electron
pairs, lies in its effectiveness even in difficult
high-luminosity conditions with large event
pile-up at the LHC.

The collaboration has recently used this
approach to analyse the full data sample
collected atVs=7 TeV and to obtain the first
direct evidence of the yy—WW process.
Fully leptonic W-boson decays have been
measured in final states characterized by
opposite-sign and opposite-flavour lepton
pairs where one W decays into an electron
and a neutrino, the other into amuon and a
neutrino (both neutrinos leave undetected).
The leptons were required o have: transverse
momenta p, >20GeV/ie and pseudorapidity

C || oo Cpmnant w0 CON
S it o A 2 820447 211 CAAT
P~ o Wil T
1 e e

Fig. 1. Above: Proton—proton collisions
recorded by CMS atVs=7 TeV, featuring
candidates for the exclusive two-photon
production ofa WW- pair, where one W boson

has decayed into an electron and a neutrino,

the other into a muon and a neutrino.

Fig.2.Top right: The p  distribution of eu
pairs in events with no extra tracks
compared with the Standard Model
expectation (thick green line) and
predictions for anomalous quartic gauge
couplings (dashed green histograms).

Fig.3. Right: Limits on anomalous quartic
yyWW couplings.

Inl<2.1; no extra track associated with their
vertex; and for the pair, a total p, >30GeVic.
After applying all selection criteria, only
two events remained — compared with an
expectation of 3.2 events: 2.2 from yy—WW
and 1 from background (figure 2).

The lack of events observed at large values
of transverse momentum for the pair, which
would be expected within the Standard

30 CMS Vs =7TeV, L=5.05f"!
; - ww I cvevae o

254 . W arvactn e
;i o

LRI e
- -
n --wmv,:g-z'm".-_e-c A por = 500 Gy
B e §
.-,-.n‘ﬂ:,---? 10“-‘7-.3-1: 4 A e 5000

-y e W (S0

L] ; A T -l
100 150 200 250 300

0 50
Pr (ew) (GeV)
0,00~ CMS. VS =TTeV, L=5.05fo*
0.001 4
3
5 Uy
<
=3
=0.001- *=aax mazel
—CVS BI% covidence wghon
A g~ S000E)
— CV5 -0 hrvt SO caetcence 1agor
~0.0p2-1ome” 000 -
-0.0005

0 0
a/A? (Gev?)

Model, allows stringent limits on anomalous
quartic yyWW couplings to be derived.
These surpass the previous best limits, set

at the Large Electron—Positron collider

and at the Tevatron, by up to two orders of
magnitude (figure 3).

o Further reading
CMS collaboration 2013 arXiv:1305.5596 [hep-ex],
submitted to JHEP.
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What more can be done at the LHC?

Bad Honnef
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Next step... —

Muon CMS |

Solenoid |

experiment at |z~

CERN’s LHC " | " PUBLIC WEBSITE -\L cc

CMS People Detector Physics Education and Outreach

The LHC as a photon collider

g+1| 347

Yes, that's correct: photon collider.

The Large Hadron Collider is known for smashing together protons. The
energy from these collisions gets converted into matter, producing new
particles that allow us to explore the nature of our Universe. The protons are
not fired at one another individually; instead, they are circulated in bunches
inside the LHC, each bunch containing some 100 billion (100,000,000,000)
particles. When two bunches cross each other in the centre of CMS, a few of
the protons — around 25 or so — will collide with one another. The rest of the
protons continue flying through the LHC unimpeded until the next time two
bunches cross.

Sometimes, something very different happens. As they fly through the LHC,
the accelerating protons radiate photons, the quanta of light. If two protons
going in opposite directions fly very close to one another within CMS,
photons radiated from each can collide together and produce new particles,
just as in proton collisions. The two parent protons remain completely intact
but recoil as a result of this photon-photon interaction: they get slightly
deflected from their original paths but continue circulating in the LHC. We can
determine whether the photon interactions took place by identifying these
deflected protons, thus effectively treating the LHC as a photon collider and
adding a new probe to our toolkit for exploring fundamental physics.

17/8/2015 Bad Honnef

CERN » CMS Experiment » The LHC as a photon collider

W Tweet | 250 [TTEPES {E’ureddit this!

P P
W=

W+

p p

Quartic gauge coupling: A Feynman
diagram showing how protons radiate
photons that then interact and produce
W bosons.

Drawings of the cylindrical detector
housing for the new Roman Pots
designed to accommodate timing
detectors
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CT-PPS concept:

1)
2)

3)

Q6

Proton spectrometer making use of .3
machine magnets o _
Two tracking stations with 3D pixel ToF vs:%z-vertex LN
detectors
. . . . ‘-55 R T T S S ST T
One stations with 10 ps timing Ut vt
detectors W”MM
geg Inclusnve WW-
ok : .
- : , )
Use timing to reject pileup background "t 3
— time difference of two protons is correlated to "Eg )
collision vertex oﬁ% E
;-}s 20 15. ;o. s.::'o-;:.s. nno g ;s
=== Leading lepton vertex z position [cm)
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- Picosecond ToF detectors @ LHC

proton E'oss

HECTOR: JINST 2 1 A
) ’ 2 =-+50 GeV
PO9005 (2007) — 500 GeV

- - '
: - -~
- i
- -

...........

Ultra fast timing detectors are essential for measuring the exclusive production
at LHC, like for the Higgs boson case in pp — pHp, JINST 4 (2009) T10001
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beam top view (x [mm])

beam side view (y [mm])

Optimal places for tagging Central Exclusive Production (CEP)
at LHC: @ 220/240m and 420m from IP
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Quick beam-optics course:

 To good approximation beam protons move independently in horizontal and
vertical planes

* Particle point-to-point transfer can be computed using transport matrices (X=MX,)
or, equivalently optics functions 3, ® and D

‘x =x"V(B/P*)sin® + 0_* V(BP*)cosd + DAE/E

Horizontal plane:

Q

A
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| Chromaticity grid at 220 m |
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| Chromaticity grid at 420 m |
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Basic principle:

* Three initial variables(position+angle+energy)
and two measured (position+angle) — assume
nominal vertex position (x=0)

* (Horizontal and vertical planes independent)

In each arm (&plane) position and angle @ PPS
give energy loss and scattering angle @ IP

10 um per point and ~10 m lever arm result in
about 2.10* energy resolution!



w%ﬁ Mass acceptance and resolution

» Mass acceptance and
resolution vs My

» PPS selects exclusive
systems in 300-1700 GeV

range (e>5%)
» At 150 acceptance larger

by a factor of two (wrt 200) =~ we T T em
for lower masses PP peuCp, 2204mE21Sm, Gx1So _ pp-pewWwep maam2ism. et
. T simulation simulation
» Mass resolution ~1.5% at Sw CMS-TOTEM S-w O80T
500 GeV
% ‘I.S:- &‘; 15—
I 1% 1%
- 500 1000 1500 2000 ‘-’f‘ ‘ 1000 1; : 2000
W (Gev) e Gev)
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CT-PPS Components for 2016 runmn
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Extra slides



Both processes weakly interfere, and transverse momentum of

the scattered protons are on average much softer in
two-photon case

XD, LHNTS
o
1

DD, LANTS
4

=]

6 — "
2} < 0.01 GeV?
: o 5 (@< ) 30 b}
a) "true’ distributions; b) )
distributions smeared due to ¥
beam intrinsic pT, all plots 30 2
normalized for p, <2 Gel? s
70
0 Diffraction b=4 GeV 5
0 0
) .2 0.4

’(Ge\f’) priGev’)
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From Detlef:

* Space above quench resistors (QRs) is not reserved yet
* Space between QR and beam pipe ~ 25 cm, and space
between QRs ~ 50

cm

* No problem of heat load
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Figure 1.1.3: Comparison between cross sections for charged pair production in unpolarised
ete” and vy collisions. S (scalars), F (fermions), W (W bosons); o = (ra?/M?)f(z),
M is the particle mass, W is the invariant mass (c.m.s. energy of colliding beams), f(x)
are shown. Contribution of Z boson for production of S and F in e* e~ collisions was not
taken into account, it is less than 10%
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AQGCs

* The anomalous couplings in the yy—=W*W", can be introduced with
the following effective Lagrangians

* Local U(1),, and global SU(2). invariance imposed; these are
genuine quartlc couplings mdependent of the gauge ones (a la LEP):

[0_ €0 o opwppray- _ € G0 F.,F"7°Z,
6 8 A2 a @ 16 cos? Oy A2

2

©__Gp pw Z°7;

—6 CL o a
LS = —-CF PP (W W —W W) 6o O Az ke

16 A2

= Where A is the scale for new physics, which is set in this analysis to 500
GeV
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EPA and absorption corrections

EPA assumes full factorization of the long range (-> photon fluxes) and short range (->
vy fusion) physics; values of the impact parameter b are the best check of a regime
one works with — they are different for the proton elastic and dissociative cases,
though the flux b dependence is similar, dn o« bdb.

If one takes the 8 TeV beam and x=0.01 (corresponding to W=160 GeV) than:
Elastic: b, ,, *20fmand b, = 0.6 fm
Inelastic (dissociative): typ. b, = 0.1 fmandb_. = 0.01 fm

For two-photon exchange one deals with two impact parameters, so one can
approximateb = b, + b,



EPA and absorption corrections

For two-photon exchange one deals with two impact parameters, hence one can
approximate b = b, + b,

Therefore, relatively small absorption are expected both for fully exclusive (elastic-
elastic) as well as single dissociative SD (2x elastic-inelastic) and BIG one for DD case

(inelastic-inelastic)

Three important comments regarding two-photon lepton pair production:

- Lepton acoplanarity is a good measure of the relevant impact parameters
involved; if there is significant absorption it must distort the acoplanarity

- Absorption should increase with increase of W (since b, ,, decreases)

- Fully exclusive pairs die fast with increasing pair pT; so above 1 GeV/c one is left
with SD+DD only
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Figure 7: Muon pair invariant mass spectrum (left) and acoplanarity (right), with all selection
criteria applied and the simulation normalized to the best-fit value. Data are shown as points
with statistical error bars, while the histograms represent the simulated signal (yellow), single
(light green) and double (dark green) proton dissociative backgrounds, and DY (red).

data-theory signal ratio:  Rg;_p = 0.831013;

single-proton dissociation yield ratio: Rgiss—g1 = 0.73191%;

Observe some deficiency but within stat.+syst. errors, without clear hint for
absorptive effects in fully exclusive case
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EPA and yy -> WW

Summary for the dilepton (semi-)exclusive production:

No evidence for strong absorption in elastic-elastic production; also above 160 GeV

- LPAIR, which is “mirrored” by EPA calculations, describes well both acoplanarity
and invariant mass (W) distributions

- DD seems to be almost completely suppressed! Proper modeling of the DD is
essential for further detailed studies of the absorptive corrections.

SOLUTION for getting a proper yy-> WW from pp —> pWWp(*) as proposed and
applied by CMS (and followed recently by ATLAS):

This is a data-driven F factor (in 2011) which “automatically” takes into account the

absorptive effects: - _ Ny cata = Noy
Nelastic m(utpu—)>160GeV -
F =323+053.

The basic assumption there (backed by the data) is that the absorptive corrections
are NOT strongly changing with W
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17/8/20 Figure 6: Transverse momentum distribution for #* u~ pairs with zero extra tracks passing the disso-
ciation selection, for the Z region only (left), and with the Z region removed (right). The hatched bands
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Figure 3: Invariant mass distribution of the muon pairs for the elastic selection with no additional track
on the dimuon vertex. The dashed lines indicate the Z-peak region. The hatched bands indicate the
statistical uncertainty in the simulation.
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8 TeV update

1 - Wi{w)Ad < 0.01

M(uu) [GeV]

Figure 3: The dilepton invariant mass for the u*u~ (left) and e”e™ (right) final states in the elastic
Yy — £7£~ control region. The exclusive simulation is scaled to the number of events in data for
m(£Y€7) < 70 GeV or m(£7£~) > 106 GeV. The Drell-Yan simulation is scaled to the number of events
in data for m(£7£7) > 70 GeV or m(£7£~) < 106 GeV The last bin in both plots is an overflow bin and

includes all events with invariant mass greater than 220

17/8/2015 Bad Honnef

% &
Rr g
R . SERNRRSPSRI | S , T ] “SDRSINS. JUSP SRS S 3 s d
3 ¢ . T § Y
0.5 ¢ ¢ oS ?
A l e l . l 1 1 - l 1 l | 1 L l D :l .l 1 1 l s l L. l 1 1 | I - l 1 l Ll 1 A
60 80 100 120 740 160 180 200 0 § 60 80 100 720 140 160 180 200 220

> CMS preliminary 19717 (8TeV) CMS preliminary 19.7 fb" (8 TeV)
(31 o e Data 8 300:_ ® Dat
g B -1 (doudle-dissociation) @ s B - ee (double-dissociation)
‘g -  ~= i (single-disscciation) ‘2 :— - vy ~= 8@ (single-dissociation)
L% B oo L% i B - ce (elasic)

DY =5 - DY =00

Bl ov-~ E oy
stat. error on simulation sum B stat error on simulation sum

1- Wi(ee)/d < 0.01

M(ee) [GeV]

GeV.

55



17/8/2015

A
o
)

Evepts / 40 GeV
o

10

CMS preliminary

8 TeV update

19.7 fb™ (8 TeV)
e Data
B - -« = (snghe dssociation)
B e (olastic)
DY —

- o

........ v 7Y ~* u i [double dssocaton)

e Y stat ermor on simulation sum

CMS preliminary

Events / 40 GeV

10

10°F :

19.7 fb” (8 TeV)
L] Data
- vy = @@ (single dsscciation)

B - oo (elastic)

DY = o0

. v«

1Y ~* @@ {double dissociation)

stat. error on smulaton sum

T lll"l'l

10" 10"

2F 2k
g sk g sk
— : — E Y
g Fey . + . : y (i 4 S B rscsusiiii
S st S osE

I
I

4

M(pp) [GeV] M(ee) [GeV]
Figure 4: The dilepton invariant mass for the ™ u~ (left) and e™e™ (right) final states in the yy —
£7 £~ proton dissociation control region with 0 additional tracks associated to the dilepton vertex. The
efficiency correction has been applied to the exclusive samples. The double-dissociation contribution
in the simulation is much too large because of rescattering effects. Therefore, the double-dissociation
contribution is not included in the ratio plot and is shown as the blue dotted line on top of the sum of
the simulation. The region m(£7£7) > 160 GeV is used to obtain the proton dissociation contribution.
The last bin is an overflow bin and includes all events above 480 GeV.
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EPA and yy -> WW

The basic assumption there (backed by the data) is that the absorptive effects are

NOT changing fast; in practice, it was tested by calculating F factor for increased
threshold values, above 160 GeV — up to about 400 GeV we see no clear trend, just
(rather small) statistical fluctuations which have been included into systematic errors

BOTTOM LINE:

The yy -> WW cross-sections measured (correctly) by CMS have no bias due to (not
well known) absorption and the corresponding uncertainties of our data-driven
procedure of extracting the proper yy -> WW are included in syst. errors.



