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The LHC experiments
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The total cross section at the LHC

A short anatomy of pp collisions

Umt = UE| + G.h

G.:'ﬂ = Gpart‘m + GSD + Gﬂﬂ + GDPE
H

~.60% of the time a “hard” collision occurs

~25% of the time the protons scatter elastically

~10% of the time single difiraction occurs

~1% of the time double diffraction occurs

~1% of the time central (exclusive) diffraction occurs
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The total cross section at the LHC
A short anatomy of pp collisions
&‘\M’v Oot™~95 Mb

0,.=0_,+0, mu_.i 7 TeV Hﬂ
0.':1 = Gparb:m + GSD + Gﬂﬂ + GDPE W\N
]
~60% of the time a “hard” collision occurs
H
~25% of the time the protons scatter elastically
]

~10% of the time single difiraction occurs

~1% of the time double diffraction occurs

~1% of the time central (exclusive) diffraction occurs



Experimental techniques

Either we measure scattered protons using

forward detectors 5
4w L

15 10 5

Or we measure GAPs (veto on particles and/or energy flow)

This needs a large (9ap) .
pseudo-rapidity coverage... -




Central/forward detectors in ATLAS

Muan Delecton Tile Celofimater liquid Argon Cakximete
N \

ALFA: diffractive protons
elastic protons measurement.
measurement A first-phase installation

in 2016. =
CERN-LHCC-2015-009: ATLAS TDR 024 7
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Pseudo-rapidity coverage
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LRG (large Rapidity Gaps) and proton tags
A short anatomy of pp collisions / examples...
This will be covered in this presentation
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Many other processes (EM) possible
that can produce GAPs and/or ‘intact’ protons

J ' This will be covered in this presentation
i) YATATAYL W Ul: n-,ﬂ

[ B Cross sections in pb  ...deeper anatomy ]

10



And also...

Vector Boson Scattering (VBS)
This will be covered in this presentation

! i

q q q q
W+ \\":\:_::ﬁ i
/ !
VBS  VBS
W /{::\' Wt
q q q q

£ (1) 4t

tagging jet (4)

tagging jet (3)

= (2) X

[ B Cross sections in fb  ...even deeper anatomy }
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Outline

M Intact protons

-- ‘elastic’ diffractive scattering

“The diffraction phenomena of quantum systems can however be reduced directly
to a classical limit only when elastic scattering takes place...” [Alberi, Goggi 1981]

M Rapidity Gaps
-- ‘inelastic’ diffractive scattering

"As a consequence, inelastic diffraction can be reduced to elastic diffraction scattering
of the basic states, in which the initial and final states can be decomposed.
The fluctuations of hadronic systems over this set of basic states,

typical manifestation of quantum field-theoretical objects,
are the main origin of the large probability observed for inelastic diffraction...”
[Alberi, Goggi 1981]

M EM processes and beyond
(EM extended to EWK [Electro-Weak])

=& -1 —a o 5 10 15
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B Elastic pp->pp reaction

P
e
i / P2 t=(p1 — P3)? =(Py — P4)? =-p262

s To determine the total cross section, it is sufficient
to measure the elastic cross section down to
very small |t| values (6->0)...
This is why it is needed to use forward proton taggers
and a dedicated LHC optics (see later)

~ 167(hc)? doe h
Tt T T2 dr 0

-> total pp cross section

- J
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History: rise of o, at ISR

CERN Intersecting Storage Rings
At the ISR a rise of the total cross section was first observed.
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U. Amaldi et al., Phys. Lett. B 44 (1973)

192

S.R. Amendolia et al., Phys. Lett. B 44 (1973)
119

Next, we describe precisely the measurement at ATLAS using ALFA -

at 7 TeV (which kind of rise: In(s), In2(s),...?)
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.3' i t ; :
e - —— best fit with stat. error band

a incl. both TEVATRON points
O i | —— total error band of best fit:

con SIdcrcd

total crr01 band trom all modcls

Pre-LHC rise of o,

Js [GeV]

Then, Pre-LHC measurements does not constraint the rise of

the total cross section very precisely...
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ATLAS -- ALFA / Roman Pots

A-side C-side
ALFA Q5 D2 Q3 Q1 Q1 Q3 D2 Q5 ALFA

A EEN N ] ]| o8 SemSw———
Beam 2

Beam 1 ' |
Q7 Q6 Q4 DI Q2 ATLAS Q2 DI Q4 a6 a7
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- Roman pots:

located 240 m from the IP
- 4 stations, 8 detectors
- Detectors: scintillating fibers

(i.e. trackers) .



ATLAS -- ALFA / Roman Pots

A-side C-side
ALFA Q5 D2 Q3 Q1 Q1 Q3 D2 Q5 ALFA
eI e T
Beam 1 Beam 2 |
Q7 Q6 Q4 DI Q2 ATLAS Q2 D1 Q4 Q6 | Q7
B7L1 A7L1
Al A3
’ —8lArm
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A2 A4 I
241m A3
- Roman pots:

located 240 m from the IP
- 4 stations, 8 detectors
- Detectors: scintillating fibers
(i.e. trackers)
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ALFA / beams (protons)

B Roman Pot detectors at 240 m from IP1 approaching
the beam during special runs at high *.

We explain this condition in a few slides

4.14m 237.4m

/\K&

A-side Ccide
ATLAS
Interaction Point
-’_‘____.--""- \

Beam 1 (green) Beam 2 (red)

NI [F]
B W)
o [
(o] [N

]
In October 2011 ALFA had the special run 191373 with *=90m

and recorded 800k good selected elastic events used for the analysis
of the total cross section and the nuclear slope B.
At 7 TeV: each proton beam with momentum 3.5 TeV/c
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ALFA / Hit map (1)

E T T T aas ey M0 Remember the geometry or RP!
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ALFA/ Hit map (1)

LA
ATLAS F’rallmlnary .
Vs=7 TeV, 80 ub™'
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Hit pattern in one station,
before elastic event selection.

Pattern shape is caused only by
beam optics...

We justify this map in a few

AT7L1 A7R1 B7R1
A3 AS AT
|*I T 1 .ﬁ.l’T_‘ll_; A |
I"I | - |P - . - = ; A
A2 Ad AB AB
241 m 25 i, 23 m 241 m
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LHC beams (protons)

. ﬁ*gN Beam size (width) at
beaml ™ © 7 collision point

envelope

Beam
divergence

U Note: B*>GZ
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LHC beams (protons)

Special optics for ALFA w.r.t. nominal LHC optics

Beam size Beam | t] in < P €/B*
(width) at divergence
collision point
Standard optics Small Large >0.3 GeV?2
B* = 0.5m
Special optics Large Small ~0.01 GeV2

B* = 90m

This justifies the high B* requirement

higher p* (~1km) would lead to smaller [t/,,,~0.001 GeV?
Then, what is observed/measured in ALFA?

22



Measurements in RP [X,Y]

beam-optical elements (magnets)

}"‘.:?TH

y
beam
axis

[ 22 X101 8 3 W » RP
(6%, 0%*,) emission angles at IP (interaction point)
(x*,y*) vertex at IP )
at RP (=—(po'f
/

y) (M, M, y | W y~My, 6% = L[270 m] 6%,
- M, M,)\6 | M Similarly for [x]:

sy X=L13m] 0%y, x54D, ¢
In linear optics: det[M] :=1 (elastic £=0),,



ALFA / Hit map (2)

y=L,[270m] @*,
x=L [13m] 6* +v, x*+D, &
(elastic £€=0)

E L ATLAS Preliminary
¥s=7 TeV/, 80 b

-

Hit pattern in one station.
The shape is caused

by the beam optics only
(equations above)
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Vs=8TeV:f*=30m
e E=3.5TeV, pr= 0.1 GeV
'S E=3.5TeV, p.= 0.3 GeV
] E=4.0TeV, Py = 0.1 GeV
0 E=40TeV, p_=0.3 GeV
— 30 I
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- ATLAS
- Work in progress
_30_|III|III|III|III|

-4 -2 0 2 4
X557 [MM]

B MNote:
If one would like to measure
non-zero & values --
with a good acceptance

B => New RP needed L ALFA
CERN-LHCC-2015-009: ATLAS-TDR-024

AFP:
Al= -p2 0 diffractive protons
measurement.

A first-phase installation
in 2016.

>
= Aplp
Longitudinal momemtum
loss (fraction)
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(237 m) C-Side [mm]

Elastic cross section / Analysis strategy

Following the previous slides =>
Selection based on constrained kinematics of elastic events:

- Left (C side)-right (A side) symmetry (in x and y)
- Correlation between trajectory position (x) and elevation angle (0)
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Correlation between y on A and C sides Correlation between zand 0 on A side
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Elastic cross sectlon / Results

»  16m(hc)? doel
Otot = 1—|—02 dt ’t—)O

...can be extendedto

doel _ Coulomb + CNI

dt
149> gy
+0% ,—e
tot 161t

Dt

Cross sections:

Oror = 95.35+1.36 mb "0’

o = 24.00 & 0.60 mb 228 [ Totlero S eeee.. -:.:“ TRIN \
_D_|:1|5,1 _[E5] Statistical L * e . =
Tinel = 71.34 +0.90 mb 0 005 01 015 02 025 03 035

Elastic slope:
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arXiv:1408.5778

NPB (2014), pp. 486-548 F| Na I resu It

g 140_IIIII| T T T TTTT T T TTTT T T TTTT T T T7T Main Svstematic
L, e ATLAS - -
o - . TOTEM uncertainties:
120 s+ Lowerenergy pp % Luminosity: 2.3 %
B » Lower energy and cosmic ray pp /| =>1.1% inoc ¢
- o Cosmic rays > I . to
100 _ coMmPETE RRpl2u 2 T Beam energy: 0.63 %
T == 13.1 -1.88I + 0.141 7 — ;
80:_ n(S) : (5) _:.— —> 0-430/0 In GtOt
- mp el ATLAS
- 1 = === Luminosity
60 B _ E —— Beam energy {5=7 TeW, 80 pb™’
: : E 10 e 'D‘thl.!l n_!xperimental
40 TV o SrAreY ] E £ ----- Statistical
- ST S S
200 c e =4 |
:M el . AomenTT 7 1
- ASA-A--Adde === 7 il
0 L 111 I| 1 1 L 1111 I| 1 L1111 I| 1 L1 111 I| 1 111 :Il
10 o o o 02 0.04 0.06 0.08 01 0.12 014
= 0 002 004 006 0. . . :

(1) Measurements at 13 TeV will be important (in the range of cosmic rays)
(2) o growing more/less rapidly than o, ?
Right now: the slope of o,(E_,) is smaller than o, (E_.)
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Internal history of the paper in ATLAS

ATLAS Intemal

Number of review days

Why this takes a long time to publish?
~1 Y or reviewing

100 ~45 versions of the note/ papeu:ommitted

g0
60

40

20

I

At this point a'good version of the
analysis is ready and accepted
by the analysis group... Then, starts the reviewing process in ATLAS 29

Fina Journal
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Review phase



Back on the anatomy of pp collisions

From the ALFA measurement(s):
Cell Otot ¥ 25% and thus c;,. /6t ~ 75%

From this 75% of inelastic cross-section,
how much of SD and DD?

Single Dhffraction |

30



The content of soft diffractive events in the inelastic cross-section
can be obtained by the ratio of single sided events (enriched in
diff events) to the total # events.

This ratio is a function of f;... and this fraction can be tuned in the
MC up to reproduce the value of R, => f, ~27% + /- 2%

5 0.18[F | - ' L 4
o L1 Dala EDHJ 7]
— - % - Schuler-Sjostrand PYTHIA & ATLAS -

0.1 B | —— Schuler-Sjostrand EYTHIA 8
Bruni and Ingelman

- —@— DLe=0085x = 0.25 GeV™
0*14_ DLe = 0.08, «' = 0.25 GeV™
~ -£%- DLe=0.10,c = 0.25 GeV*®
0.12 - - PHOJET

Globally we count:

(a)
] 8-9% to produce a
gap on one side

- => 16-18% of SD

0.1

0.08

arXiv:1104.0326

- (b)
Nat. Commun. 2 (2011) 463 - and <10% DD.
\s=7 TeV

0.06

0.04E=
1 1 | 1 1 1 1 1 1 1 1 1 1 I 1 1 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Back on the inelastic cross-section
Ginel = 71.34 +/- 0.9 mb from ALFA at E_,=7 TeV

— 80

E 76
© 74

®
64 t
62
60

ATLAS Roman Pots ‘

An independent measurement
using MBTS triggers
(lower limit in & or Mx).
=>
Cinel = 60.3 +/- 2.1 mb
for Mx>15 GeV

(also) at E_,=7 TeV.

0, = 11.0. £2.3 mb for My < 15 GeV

(low mass inelastic cross-section)
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Back on the anatomy of pp collisions

Focus on low masses

For Mx<15 GeV, 6, = 11.0 +/- 2.3 mb

Out of these 11 mb, 27% are of SD and DD origins.

=>3 mb (with a 20% uncertainty)

Experiment CERN-ISR UA4 TOTEM ATLAS
Energy 31-62 GeV 516 GeV 7 TeV 7 TeV
cgirf(low mass)/c, | ~2/7=0.3 ~3/12=0.25 2.6/25=0.1 3/24=0.12

-

o 4issf(low mass)/c,, is decreasing with the Energy

\This IS an interesting experimental result... to be re-examined...

~

J
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Additional: ALFA and more complex reactions

——— Exclusive pion production

—— exclusivity line Pp-ppmTT
—— colinear protons

1

), [GeV]

P PR)y

—_—
Q
n

-
I I I I | I I I I * I I "L | I I I I |

high B* = 90 m runs (206881-)
at E. =8 TeV L=37.33 /nb

—

(

Analysis strategy:

- Two tracks from common vertex with
In| < 2.5 and P; > 100 MeV/c

- No signal in MBTS above noise

- Single proton on both ATLAS sides

-Preliminary ALFA alignment

| | | | | la | | | “.-I | | | | l.I

_1||||||||||||||||||||

-1 -0.5 0 0.5 1
(7'+7), [GeV]

Data contains elastic pp->pp events with overlap charged particle pair not
belonging to the same interaction vertex (collinear protons)
Clean exclusive signature (exclusivity line)
34



More on the anatomy

- Ra p | d ity Ga p S of diffractive events

Ane = the largest of the 2 forward rapidity gaps between the
first track (pT>200 Mev/c |n|<2.5) or the first CAL activity above noise
and the edge of the detector |n|=4.9.

a UL L E L L L L L

E10° i ATLAS ®  Datal=71pb" =

= F \s=7TeV PYTHIA 8 4C 3  Cross section [Ang]:
3 [ =5 p,>200 MeV ........ Non-Diffractive ] [Ane]
L Single Diffractive

o

- Non-diffractive fall
at small Ang

Double Diffractive

—

15-' —J—I_.___H_I—LH_"'—'—-—._
; . . . . .

]
'
r
'
;
1
'
'
!
1
]
1
1
1
]
'
L1101

- Rapidity plateau at
Ang>2 => SD and DD

MC/Data
n

arXiv:1201.2808
EP] C72 (2012) 1926

\]

w

o

&)

an

-]
Moglilil
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E 3 I — LI LI 1 T T
E ATLAS —s— Datal=7.1pb’
e 2.5 \vs=7TeV ——— PHOJET

3 P, >200 MeV mmmmm Non-Diffractive
£ 2 [ Single Diffractive

' Double Diffractive
1 Central Diffractive

—e— Datal=7.1pb’
vs5=7TeV ——— PYTHIAS 4C

P, >200 MeV mmmss Non-Diffractive
E Single Difiractive
' Double Diffractive

Ang>2 => data/MC confirms

that the event sample is
dominated by SD (and DD)
Observed: [1,1.5] mb / unit of An

...to be compared to:
(3.5 mb for Pythia and 2.7 for Phojet)

Note:
The 2 MCs does not agree...

And there is something more...

=
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Rapidity Gaps(P;t)

The diffractive plateau disappears for p;<“t >800 MeV
As the p;®tincreases, data show larger gaps
=> Sensitive to hadronization fluctuation and underlying event

Therefore, this is a measurement of do/d Ang[Ang][p ]
Interesting to tune MCs, certainly not to extract some physics messages
like tunes of MCs based on Minimum Bias (MB) studies...

=) L L L ") L L

E e Datal =7.1ub” 4 E &  Datal=7.1pb’ -
o PYTHIA 6 ATLAS AMBT2B TR PYTHIA 6 ATLAS AMBT2B

E ——=- PYTHIAGATLASAMBT2BNDE 310 — — = PYTHIA 6 ATLAS AMBT2B ND 5

o ———- PYTHIA 8 4C 1 T - PYTHIA 8 4C :

8 Fhm 0 e ' PYTHIAB 4C ND 1 8 e PYTHIA S 4C ND ]

PHOJET ND a A PHOJET ND |

. ATLAS e, -

- ] =7 TeV = - ’

............. kA P> 800 Me .'_'i'—,..,__ §

S—U3

= T £ :

= S1s -

(] O il o E

= = e = -]

0 TTTF 3 4 5 6 78 0 T3 3 4 5 8 7 8

AnF Anf
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Rapidity Gaps

For example, we can check that Herwig MC is not satisfactory.
<= Large gaps are produced in the absence of an explicit model

of soft-diffraction in Herwig...

E | o L L L L e s —
E som Datal =71ub’ ]
—51'32 — H4+ UET7-2 =
3 3
g T mm=== H++ UE7-2, No Empty Evis. —
10 e meme- H++ UE7-2, No Empty Evts., No CR

ATLAS Preliminary

i
E — Hi++ UE7-2, No CH

MC/Data
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Another view of Gaps

Jet (1

Interesting to test interesting
- > . .
Ay limits on MCs?

Jet (2)

In the experimental configuration:

2 jets events with large Ay separation
(GAP)

with/without a veto on jets P in A

(Gap events / Inclusive events)

One key observable is the gap fraction:

f(QD) - O-jj(Qc') / Oi inclusive
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arXiv:1407.57
EP] C (2014) 74:3117

Gap fraction (2j)

c 10— ———
e &  Data 2010
T 0.9}) - WS POWHEG+PYTHIA 8 |
& e e POWHEG+HERWIG
o 0.8 == ] HE] {partonic)
o - HE]+ARIADNE
o
] 0.7+
0.6} Eacas
0.5}
0.4l Qo =20 GeV
0.3k ATLAS s m“ R ey
VE=T TeV [Cdt=38 pb~’ Sy
LLERTETERET
m ! T K ¥
i
i+
o
g
o
@
-
I_

Gap between
jets (1) and (2)

Plateau at high Ay and In(~,/Q,)
=> Effect of PDFs and/or diffractive exchange

2 MCs are tested (POWHEG, HEJ): can be used as an element of tuning....

Gap Fraction

Theory/Data

0.90 p==

0.85}-X..
0.80}
0.75}

0.70F

| Ay >1 -
0.65 ' Qn. =30 GE‘U ---

U.B0F ATLAS

0.55

L V=7 TeV [Cdt=45"

® Data 2011 ]
POWHEGHPYTHIA B8 ]
POWHEG+HERWIG |
HE] {partanlc)
HEJ+ARIADNE

1.2}

1.1}

JEECRAY, NATEE s
g R

1000
pr [GeV]
Average PT

of jets (1) and (2)
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Gaps and Azimuths

Jet (1)

Still the experimental configuration:
2 jets events with large Ay separation
(GAP)
Define the correlation function (Ag) of
jets (1) and (2).

) 1

What happens when Ay increases?

Ay g (for Gap versus Inclusive events)
Y

Jet (2)
The idea: if more and more gluons are emitted Ay

between the 2 jets (as Ay increases),

this should lead to a de-correlation of their
relative azimuthal angle.
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Gaps and Azimuths

Let us note Ag the azimuthal difference between the 2 jets.

We can always write the Fourier series of the normalized cross-section

1/c do/dAg (.) = 1/(2n) {1+2X C(.) cos[n(n- Ap)]}

Where: C.(.) = <cos[n(n- Ap)]>

If there are only 2 jets with Ap=n => C(.) = 1.

With the emission of partons (between the 2 jets, even with
small transverse momentum) => C(.) < 1.

:= Stronger effect when Ay =|y1-y2| is increased?!
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(cos(m—Ag))

Theory/Data

Azimuthal decorrelation: inclusive events

0.96 . e
3.94:
u.92:

0.90

0.88

0.86

0.84

0.82

1.04}

1.00

0.96

Data 2010
FPOWHEG+PYTHIA 8
FOWHEG+HERWIG
= HE] {partonic)

HE]+ARIADMNE

| ATLAS
:- Vs =T TeV f-{idt:3

8 pb™’

- L L U T e
e i e Y o e W

----- L L L L LT T T T .

..-‘-.-‘-"'." L E )

o
LR AL

et R

Again, some tensions
can be observed between
the models...

None of them provide a
good description of this
first moment function!

However, the general
behavior is correct...
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(cos(r—Ag))

Theory/Data

0.99

0.98

0.97

0.96

0.95}

0.94

1.03
1.02

1.015
1.00F

0.99

Azimuthal decorrelation: gap events

. ATLAS
[ Vs =7 TeV [Cdt=38 pb~"

- @ Data 2010

W% POWHEG+PYTHIA 8
-------- FOWHEG+HERWIG
HE| {partonic)

R o o LT T L

~ Gap events:
Q=20 GeV |

HE|+ARIADNE
-y

Here, a veto is applied

for potential jets between
the 2 leading jets

(this defines Gap events
in the 2 jets configuration)

Similar conclusions as before

Note:

The veto enhances
back-to-back topology with
the gap size...

[C(.) increases]
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Intermediate summary

A short anatomy of pp collisions

%\M’7 Oot™~95 Mb

s e

Cine™~71 Mb
OS5 mb
p
p / P 6y~24 mb
p

U - 0 + G Proton -
ot el n It [Proton
—— 7TeV &—==
Gj} = Gparﬁ:‘:n + GSD + Gﬂﬂ + GDPE
]
~60% of the time a “hard” collision occurs
H
~25% of the time the protons scatter elastically
]

~10% of the time single difiraction occurs

~1% of the time double diffraction occurs

~1% of the time central (exclusive) diffraction occurs

Single iffraction

E o~ 15 mb

Double Diffgactio /
%&3‘_ 27% Inel
p

P X P

P 46




B Probing deeper: pp->(yy)->ppX

Using photons...

bk 4 A
VoL

FaVaN
AN NN
el f
A
ﬁ- il
‘ Y v=c v=C
Ve WG g
b Faron LI I
P S AAVAVAVARR Y
o AANAN WWW
F Yoy VW
€ \VaVs
.II."u.I-.
T

N
F ¥ Y4

The idea is that when the velocity of a charged particle (proton, Pb) ~c, its EM field
becomes Lorentz-contracted equivalent to a transverse EM (photon) field...

[This is the Equivalent Photon Approximation (EPA) ]




B Probing deeper: pp->(yy)->ppX

Using photons...

bAoA 4
VS I ] FavaN
FAVAVAY
#‘ il
v S AVAYAYAVARSENIE | |
b flllw IR .
R NV,
FryA AVAVAV)
AVAVS

The idea is that when the velocity of a charged particle (proton, Pb) ~c, its EM field
becomes Lorentz-contracted equivalent to a transverse EM (photon) field...

Then, in general, we can write:

dw dw
n(p+p+p+p+X)=]ff(~ul (2)0yy o x (w1, rg) L &2

W Wo

flwn) f(ws) — f f (B, 1)1 (Ba. 2) Poon—inet (1B — Bl )d2B1d2

Number(s) of equivalent photons (impact parameter, energy) 45



Example of processes @13 TeV

Elementary cross sections: yy->X

E‘ g I I | I | | | | I | | | | | | I | I E_E

= O(ph) for W, > 10 GeV (yy = () H-a i @ 15 13 Tev .

S 10° \s= e =

+ O(fb) for W, > 200 GeV (yy —>W*W") ; 3 PP ;

2L — VoW .

&-,,m"”’#ﬂﬂﬂﬂﬂﬂﬂggﬂﬂﬂi —- = WW :

g 10;‘ """ =

=S N

y W+ ) W T -

Tt ]

:}{ + «— 10";/ =

y W~y W /é_ -

T ; ) W b W 10_3;_ _;
’ ' w 10 E

. - : W : 10_5/ _;

=
A
\
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For pp collisions: c,,® #photons from each proton

- Also, we must not forget that protons have a finite size.
- This can be translated into a survival factor of the cross section

f.{,l},.p fl,j},_. "-3'1 wl) -(Ezawz)ﬁm—meeﬂal — §2|)d251d252
o ‘ﬁq}ﬂ LJH}GTl[gl.,wljﬂ.[:gg,Mg}dzgld?ag

cpoooooooo-
N S T I N e N s e T ]

: 0.05 \ arXiv:1410.2983
PLB 741 (2015) 66-70

_ 2
x 0.25 025 5 W

The pp->(yy)->... cross section with no account of finite size effects will be multiplied by S2
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. We can measure

in this domain
(at 7 TeV)

arXiv:1410.2983
PLB 741 (2015) 66-70

Prospects:

o4 :‘l,.: 1.2 I I I I I I I I I I I | | I I

0] i T |

B _ 0.9 1

1 Y v 0 — T

i § 08 | T fF———1 ]

0.7 T

0.8 o

0.6]- .

O RE— S AV T~

i ——{5=8TeV T

0.2 ---- {5=T7TeV ]

T T T B TN BT ST B R R

UU 200 400 600 800 1000
W, [GeV]
Process Tiot Otot & qu,- < 5:% =

vy — H (Mp = 125 GeV) 0.15 fb 0.11 fb 0.74
VY — T (ﬂil,.,,{. > 40 GeV) 12 pb 10 pb 0.8
Y = T ('H‘f,lr.,,lr. > 160 GeV) 36 1b 25 tb 0.7
vy — WHW- 82 fb 53 fb 0.65
vy =+ vy (W > 200 GeV) 0.06 fb 0.04 b 0.64

V5 = 13 TeV
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Measurement of pp->(yy)->ppX
(at 7 TeV) with X=di-lepton

Prerequisites: The measurement (and its interpretation) are complicated by the fact
that the proton does not stay necessarily intact:

elastic

Fiducial phase-space of the analysis:

= p;*>10 GeV, |r|”|«=:2.4, M
- p>12 GeV, |n_|<2.4, M, >24 GeV

u+u—:’20 GeV
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Measurement of pp->(yy)->ppX
(at 7 TeV) with X=di-lepton

Why this is complicated!

E 1 DE | | | T T | T T | | | | I_.I_ Il:}altal 2::]1|1 i;:r | | T T | | | | I_E
_ 1 Il Z/v*—p'p [ ] Double-diss. yy—p*ps
""N:; 5 \s=7 TeV, 4.6 b [ ]Multi-jet [l Single-diss. yy—pp -
= 10 [ Diboson [l Exclusive yy—uw 3
2 ]z -t - _
w10* _ _ Prior to any
e Baseline selection specific cuts, the
selection (di-muon)
107 is dominated by DY.
10
1 Similarly for ee
o .
=12
g | _
208 We are interested

207 40 60 80 100 120 140 160 180 200 Dy the red part
m,.- [GeV]
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Measurement of pp->(yy)->ppX
(at 7 TeV) with X=di-lepton

Analysis strategy:

- ONLY 2 tracks (pT > 400 MeV) associated to vertex, formed by the 2
leptons (exclusivity selection)

- Vertex is requested to be isolated from other possible tracks (to remove
again some DY and pile-up backgrounds)

- The p; of the di-lepton system is requested to be small (<1.5 GeV) to
keep elastic protons and reject (as much as possible) SD and DD.
+ cuts at the Z boson peak (to remove almost all remaining DY events)

54



Measurement: X=di-lepton / """
arXiv:1506.07098 EXCIUSiVity selection

PLB 749 (2015) 242-261

] | | I D N I N | | | I I |

Is

E,“:IE;_ TLAS ;;atazﬂ;l“l Eg{ume_d _;
Iy = _ -1 = iss.yy—t 3
’1[1?-;— ls=7TeV, 46 fb []Multijet [ Single-diss. yy—p” 3
108 L Baseline selection [l Diboson [l Exclusive yy—ufw N
E .. E
= I B 2 =Tt 3
10°F +— 2
10*
10°
10°
10
1
¢y 1.2
= 1.1
= =
© 09
Qoge .+ . . ...
2 3 4 5 10 20 30 40 50

Tracks associated with di-muon vertex
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Measurement: X=di-lepton / """
DY removal and p spectrum before cut

Baseline selection

+ exclusivity veto 10

We keep this part (small pT) larger p;: dominated by SD

:}-2DDG_III|III|III|III Ir'TT T T T T T T T T T T T1TT1 T T :_',.. 4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII TTTT
8 1500F ATLAS —e— Data 2011 S 10°E aTLAS —e— Data 2011 E
2 150{15— \s=7TeV, 46’ - 2y 2 Hi (s=7TeV, 46 B 27— :
2. F < Zregion - [[] Doublediss.1y—u'w 3 103 [ Double-diss. yy—uw |
g 1400 :_ | - Single-diss. yy—u 5 N - Single-diss. yy—pw 3
W ongoE Exclusive o 3 + exclusiyity veto Exclusive . ]
o ] et B, + 7 regign removed [] He T

1I]l]{]:— 102 -

) T T E ''''' E """"""""""""" E 8] Fr

= 1'55 : : T ] = 1.

‘n‘; 1:“-F'TF"’+_—F§¥+*""* '+++ + + . ‘m‘;
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) AT L AS Run 190644, Event 51422085

Time 2011-10-09, 16:29 CEST B
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Measurement: X=di-lepton / ™ """

Final step -1-

869 and 2124 events g 800
selected in ee/uu channels 2 700

LE 600
Signal events (elastic) £00
~50% of the analysis-selected 100

sample
300

MC does not include finite size 200

Effects (or absorptive corrections) 100

IIIIIIjIlIIIIIIIIIlIIIIIIIII|_|_¥_|I|IIII|rl

=> Data~80% of the prediction gt

We intend to determine this humber precisely!
for elastic and SD processes...

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
ATLAS

fs=7TeV, 46"

—a— Data 2011
[ | Exclusive yy—p

—_———

|:| Double-diss. yy—p W
| Ei

w
8
&
i
=
1
-':'I-
-=I
IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|II

. 06
A6, Iin
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Events / 0.002

Measurement: X=d|-|epton / PP->(yr)->ppX
Final step -2-
- Binned likelihood of signal (exclusive or elastic) and background (SD)

- DY and DD fixed! (DD from Pythia, re-scattering corrections included)
- Both elastic and SD requires the factor ~80%

35ﬂ B T T T T I T T T T I T T T T I T T T T I T 1 T T I T T T T g TDU T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
- ATLAS 9 g ATLAS

300 $ Js=7TeV 4.6 " 2 °F fs=7TeV 46"
= | e -

250 L?,; 500
- —=— Data 2011 - —=— Data 2011

200 :— |:| Exclusive yy—e'e 400 :— |:| Exclusive yy—u’y

| iSingle-diss.yye' 1 W i

_____

150 :— |:| Double-diss. pyp—e'e

B zr—ee

300 [] Doublediss. r— "y

Bz

100F-

-

10| S

1-Ag , Im -ag , Iim
» Rl | =0.86340.070  RTUS = 0.759 +0.080
> Rl =0.79120.041 e =0.762 4 0.049
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Measurement: X=d|-|epton/ PP->(yr)->ppX
Systematic uncertainties

dominant sources of systematic uncertainty are from background modeling:

Uncertainty [%)]

Source of uncertainty Yy —etTe” gy —putpu~
Electron reconstruction
and identification efficiency 1.9 -
Electron energy scale
and resolution 1.4 -
Electron trigger efficiency 0.7 -
Muon reconstruction efficiency - 0.2
Muon momentum scale
and resolution - 0.5
Muon trigger efficiency - 0.6
m—3  Backgrounds 2.3 2.0
————2> Template shapes 1.0 0.9
Pile-up description 0.5 0.5
Vertex isolation efficiency 1.2 1.2
LHC beam effects 0.5 0.5
QED FSR in DY eTe™ 0.8 -
Luminosity 1.8 1.8
| Total systematic uncertainty 4.3 3.3
| Data statistical uncertainty 8.2 5.1
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Events /0.3
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Measurement: X=di-lepton / """
Control distributions

Apply the derived scaling factors to MCs (elastic and SD)
=>
The description data/MC is good!

T T 71 | T LI | T T T | LI T T T T T T 1T [ | T T T 1 T T T 1 T T 1 T T T 1 T T T 1T 1T T°1 T T T T
ATLAS —e— Data 2011 i ’15[]:— A'H.AJS | —s— Data 2011 —:
fs=7TeV, 46 fb" RZE] syst. uncertainty 1« - (s=7TeV 461" [ syst. uncertainty ]
[l Exclusive yy—e*e’ - E 140— [l Exclusive yy—ufy ]
Exclusive selection B Single-diss. yy—e'e® | kt 120: Exclusive selection B Single-diss. yy—p
1-4A0 |/t < 0.008 ] DnubI&+d|_5‘.s_ ry—ete - 1JA¢ _ J/m<0.008 [] Double-diss. yy—pu’ .
e : Bl 2y —ee 1  1m0E H Bl 2 —e ]
-+ 80 =
1 60F =
] aof 3
1 = -
3 U 3
ye*e' 1:'Ilrlfll_
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Measurement: X=d|-|epton/ PP->(yr)->ppX

Cross sections

Rexel = 0.863+0.070

'ﬂfﬂf—?e"‘e

Rexel. — 0.791+0.041

Yyt

v

excl. excl. EPA

Oy—l+l— = By o 1+1— " Oy )41 -

Cross sections in the fiducial region
(inside the kinematical cuts)

Variable Electron channel Muon channel

P > 12 GeV > 10 GeV

" <24 <24

My > 24 GeV > 20 GeV
oexcl | =10.428 £ 0.035 (stat.) = 0.018 (syst.) pb
oexel: = 0.628 + 0.032 (stat.) £ 0.021 (syst.) pb

Yy—rput
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Measurement: X=d|-|epton/ PP->(yr)->ppX

Cross sections —summary-
Rexel = 0.86340.070

e arXiv:1506.07098
R, = 0.791+0.041 PLB 749 (2015) 242-261
I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
® 0= O —— Oon | Ongminal 5
i stat. uncertainty — [rEPA.fﬁErﬁm | !
— stat. & syst. uncertainty theo. uncertainty :
i
CMS yy—u*w’, 40 pb’ " -| ol O rominal™
(m..>115GeV, p:_ >4 GeV, | <2.1) l 4.07 pb
ATLAS yy—e'e, 46 b -I——- I OEPA_ =
(m_._>24 GeV, p$ > 12 GeV, nf| < 2.4) n 0.496 pb
i
ATLAS yy—u‘w, 46 b’ -—-|—- | o= -
(m,.>20 GeV, pl: > 10 GeV, | < 2.4 | 0794pb
ATLAS =7 TeV |
I|IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII|I
0.3 04 0.5 0.6 0.7 0.8 0.9 1 1.1
G / G.EPA
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Intermediate summary

On pp->(yy)->... processes

We have shown experimentally that:
This is possible to define an exclusivity selection in order to identify ‘exclusive’
events with a good efficiency —in the presence of Pile Up Events <u>-

This is something promising for any analysis of this kind! ‘

> €

oW
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Intermediate summary
On pp->(yy)->ppX processes

Example of potential studies: X=WW ; X=vyy ; ...
and many others in the exotic context...

This is a wide domain of experimental research... only starting.
A few points to keep in mind:
a) Take the correct scale for agy (Which means 0 GeV?2 for elastic)
b) This is not correct to write (even implicitly) a relation like:
_-
er(21) O 21y Ger(WW)/ s (WW)
and then use this relation to scale predictions...

Interestingly, all this can be done in PbPb >(yy)->PbPbX

with advantages and drawbacks compared to pp... .



Additional: MCg ~ Protrdissociation

For pp->(yy)->YY X processes

Treatment in LPAIR
This produces only particles
in the forward directions

‘Correct’ treatment in Pythia8
Particles are also visible in
the central part of the detector
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Additional: MCg ~ Pretrissociation

For pp-

=
-

1N, dN/dn
=2 =2
]
[=}]

>(yy)->YY X process

LPair (double diss.)

€s

l'.I'E":‘

-;'m-||||||||||||||

1/N,, dN/dn

0.15

0.1

0.05

Pythiab (double diss.)
+ MRST2004QED

|;|'|:|G

.ﬂmlllllIII|IIII|IIII|IIII|I

Treatment in LPAIR
This produces only particles
in the forward directions

‘Correct’ treatment in Pythia8
Particles are also visible in
the central part of the detector

Then:

A large part of the ‘total’ cross-section
is missed by LPAIR (/Phythia8)

or any approach a la LPAIR

for proton-dissociative events...
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Additional: MCg ~ Pretrissociation

For pp->(yy)->YY X processes

» O(a,) corrections to the yg — g process should have to be also

considered
a} b‘:] K C} %
klnitial state radiaiton Final state radiaiton Quark pair production )

Y

= 40% contribution to the double-dissociative cross section (PYTHIAS)

= Enhancement of the cross section (diss part)
= Increased underlying event activity in the central detector

= Total cross section comparison: (M, >20GeV, pi*>10GeV, |n,| < 2.5)

Generator LPAIR (s-diss) LPAIR (d-diss) PYTHIA 8 (d-diss) +MRST2004QED
Cross-section 0.87 pb 1.02 pb 7.72 pb
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Additional: Photon Induced reactions in DY

L L B L B L L BB
= ATLAS =
= I _[Ldt=1.6fb'1 E
- . \s=7 TeV -
- arXiv:1404.1212 -
— . JHEP 06 (2014) 112 =
:_ — _:
- ® _]
- _+_ Data _._‘_.___
E —— FEWZ (NNLO+AH°E E
- Theory Uncertainty MSTVIVZOOB 68% CL
- m'|<2.4, p,>12&15GeV 3
I T S S A S AR A

.......................................

2 to 3% contribution of PI
has been estimated...

and the data/theory

7| comparison looks reasonable
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B Probing even deeper -

Using Vector Boson Scattering...

QGC:=Quartic Gauge Coupling

R o 2 2 ;
AWLWL = W W) o 2y [_S_H 2 e }
pares i —"

B S SR R IR 2§

Direct probe of the nature of the electroweak symmetry breaking
mechanism EWSB
General motivation.
This is a high priority: we need to understand QGCs to tell
if the Higgs unitarizes the process WW->WW



WW scattering

Electro-weak same-sign WW production (42 jets) gets contributions
from VBS diagrams (and non-VBS):

[
) )

W

/
q q q
[

q
11
VBS S non-vVBS
1t
/

. VB
r‘r"

{f q

W

l'! I'J' '-rff

This is a promising channel for early VBS searches (low backgrounds)
The idea to identify the VBS signature:
two jets with large rapidity separation and large mass!

1= (1)

tagging Job £ Q}

= (2)

tagging jet (3)
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Ay . 2
tagging jet [4} K

Events

30

25

20

15

10

WW scattering |, /

tagping jet (3)

W+

7+

L (I I L e
I I I | [ [ | [ [

ATLAS * Data2012
20.3fo”", Vs =8 TeV EZ3 Syst. Uncertainty
W*Wjj Electroweak

m; > 500 GeV S WHYWTj Strong
) W Prompt
— Conversions
B Other non-prompt

[PRL 113 (2014) 141803]

+

First evidence of same sign WW

Signal:
(a) Same sign di-leptons

(b) 2 high pT jets with a large

0 1 2 3 4 5 6

WWijj observed with 3 66 Ay,

First evidence ever! -
ATLAS: o

Predicted:

/ gap between them

= 1.3 = 0.4(stat) £ 0.2(syst) th
0.95 + 0.06 b
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WW scattering: VBS cross section

ATLAS SM 6,;7=0.95 + 0.06 [fb]
20.3 b ' Vs=8 TeV NLO, POWHEG-BOX, CT10

0.4 +1.0+4.0 [fb]

1.3+ 0.6 +0.25 [fb]

urut e ey
1.7+ 0.8+ 0.15 [fb]

Combination o I —

1.3+ 0.4+ 0.2 [fb]

4 05 0 05 1 15 2 25

G \BS [fb]



WWjj event in ATLAS

p*u*jj Candidate Event
my=2800 GeV | Ayi|=6.3

Bl =
W=
Rt E:

It |
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2B ET [Gev]
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CATLAS

LEXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC

: ; I R I .
jets: p;:,} = 271 GeV, p1 = 54 GeV, nil =29, n?2 =-34

- o v 12 oo it T4 w2 © g
muons: p,?_.l = 180 GeV, -pf‘ii =38 GeV, gl =14, 2 =—-1.3




QOutlook -1-

B Soon, pp elastic measurement at 8 TeV (90m optics) :within a year

W 0n going: Some dedicated ‘diffractive’-like measurements using ALFA (at
higher beam intensity) instead of using LRG method (central detectors)

B New runs at 13 TeV for ALFA (nominal optics) foreseen in October: we
have already discussed how this measurement is important...

B On going: new studies in yy interactions (at 8 TeV). In parallel, we
prepare some analyses for the 13 TeV data... where the large statistic
expected will be decisive in the “probing deeper” topologies...

B Uncovered in this presentation. photo-production of VM in PbPb collisions
(on going)... for Pb, the equivalent #photons is multiplied by 822! Making
a high intensity field... (with smaller maximal energies for photons)
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QOutlook -2-

LHC/ATLAS is re-starting... sample of results using tracks in central detectors

Ratio

so important in all analyses!

Feynman plateau
L A M 2-particle correlations at large multiplicities

- ng = 1, p_ =500 MeV, Inl<25 n . - |
B T : => long ran rrelations(¢p~0)!
35— ATLAS Internal /s =13 TeV — Ong range co ((1) )
T ] ATLAS Internal N/%°2120
S e S [s=13TeV, L_=15nb" 0.5<p<5.0 GeV
Data 2015 0.5<p:<5.0 GeV
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