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INTRODUCTION

optics

Diffraction of light occurs when a
light wave passes by a corner or
through an opening or slit that is
physically the approximate size of,
or even smaller than that light's
wavelength.

. _ diffraction scattering of hadrons reveals features similar to the optical diffraction pattern
When light is scattered by an obstacle; for example, alternating light (maximum) and dark (minimum)
stripes on the screen. Hadron scattering also reveals a similar structure, namely, the dip , the first

minimum following the diffraction peak. In principle, at higher transferred momenta other diffraction
maxima/minima are possible.

Theory
Paul Hoyer

Experiment

Paul Newman
Kenneth Osterberg
Christoph Royon




Despite the enormous successes of Quantum Chromodynamics, there remain a number of
deep guestions to be answered in the domain of strong interaction physics. These concern first
of all small momentum transfer processes which are generically cabléateractions

Welcome to the world of difficult physics

Soft and Hard HE interactions

Soft processes

have momentum transfer squared |t| less ~0.5 GeV?,
and have do/dt~e-20t at LHC, so v.few large |t| events.

Such processes described by Regge Field Theory.
At high energies, Pomeron exch. dominates,
and gives both LRGs & multi-pt events.

Paul Hoer,
Francesco Giovanni Celibergo

de (pp-Tt°X)
A 1972
Hard processes ol

characterized by a large energy scale,

harl
lt| more ~ 2 GeV?2 — slower, power-like, \\
fall-off with [t|, modulo logs.

Here perturbative QCD is appropriate




Soft QCD is everywhere

Key area of SM where knowledge
of fundamental processes is limited

Theoretically:
- Beyond pQCD regime

- Employ phenomenological
models with tunable parameters

- Measurements are vital

Crucial input for other LHC searches
+ measurements & beyond!

cosmic ray air shower
4

Lydia Beresford



Why it is important to study soft and diffractive processes
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an understanding of diffractive processes is very important for the evaluation efipilckgrounds in higluminositypp collisions,
which have a direct impact on various experimental measurements

studies of diffractive processes should help in the understanding of the structure e€h&ggy cosmic ray cascades, which

requires detailed knowledge of the spectra of particles carrying a large fractbthe incoming momentum in proteair and
nucleusair interactions

m The LHC provides a significant lever-arm in providing .
~constrains for hadronic Monte Carlos for UHECR -~ I Tanguy Pierog I

The cross -sections are (normally) large, and we do not need high luminosity.
Special ( high %) optics is required.
Pile-up at high instantaneous luminosity. ‘



At high collision energiesoft interactiongplay a dominant role.
Unfortunately, soft interactions cannot be described in term&6fQCD
These are nomperturbative phenomena related to confinement which are

generally considered in terms 8kmatrix based orirst principles such as

analyticity, crossing symmetry and unitarity of partial waves.

The most self-consistent way is the Regge approach. Paul Hoyer

It is based on singularities of scattering amplitudes in the complex angular momentum j-plane. Grigorios Chachamis

This could be matched with PT QCD calculations at larger momentum transfer.

Within perturbative QCD there is a Pomeron: an esgmature singularity in theglane with vacuum d
guantum numbers I
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Diffractive events have properties similar to those of the wédhown from optics pattern of diffraction of a
beam of light on an obstacle. By analogy, in highergy physics, the corresponding processes are usually

called diffractive.

There is no universally agreed definition of diffractive processes. Theoretically, diffraction is the
effect caused by the absorption of the incoming plane-wave in some region of impact parameter,
b. After a decomposition of the distorted plane-wave over the outgoing momentum, ¢, due to
absorption we arrive at some set of plane-waves with non-zero transverse momentum, ¢; # 0.

Theoretically, higkenergy diffraction may be studied from
either thes-channel or tha-channel viewpoint.



Studiesof Soft Diffraction at the LHC

Fundamental interest.

Hopes to distinguish
between the different theoretical asymptotic scenarios for HE interactions.

(currently available data are still not decisive)

Rich testing ground for the dynamics of Soft Interactions

Practical interest.

Underlying events, triggers, calibration, number of interactions per bunch crossing..

In HE pp collisions about 40% of ,,; comes from
diffractive processes, like elastic scatt., SD, DD.

Need to study diffraction to understand the structure
of o, and the nature of the underlying events which
accompany the sought-after rare hard subprocesses.
(Note the LHC detectors do not have 41 geometry and
do not cover the whole rapidity interval. So minimum-
bias events account for only part of total ;. .cic-)




Diffraction at the LHC

® The LHC has allowed measurement of diffraction to be made out to

unprecedented collider energies, with broad rapidity coverage and proton

tagging.

* Already measurements of the elastic, total and diffractive cross sections
in the first LHC runs have thrown up some interesting ‘surprises’ and a hard

diffraction program is developing.
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(pre-LHC)
109 A
B F 'ﬁ\l l Js =T7TeV Block et al.
EE i I Bourrely etal.
2 il \ Islam et al. (CGC)
- F vl Jenkovszky et al.
] Petrov etal. (3P)
= =2 TOTEM
(2011)
10_3 E_ _E
101 E
10_5 IR I T T R R T N N PRI B L
0 0.5 1 1.5 2 25

[t| (GeV?)

No theoretical / phenomenological model describes the TOTEM data completely.
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Total Inelastic

Cross Section

- Crucial quantity for
understanding cosmic ray
air showers

Equivalent c.m. snargy Vs, (GeV)
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No unique definition of diffraction matter of

i
1. Diffraction is elastic (or quasi-elastic) scattering caused, sonvEnen
via s-channel unitarity, by the absorption of components
of the wave functions of the incoming particles

°9.- PP7PP, i : —r ) Paul Newman
pp—>pX (single proton dissociation, SD),
pp—> XX (both protons dissociate, DD) =X

Good for quasi-elastic proc.
— but not high-mass dissoc" _%

2. A diffractive process is characterized by a large rapidity
gap (LRG), which is caused by t-channel Pomeron exch.
(or, to be more precise, by the exchange corresponding
to the rightmost singularity in the complex angular
momentum plane with vacuum quantum numbers).

Only good for very LRG events — otherwise
Reggeon/fluctuation contaminations
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DIFFRACTI\IEPScatteringPROCESSES

Experimental Signature presence Of: (also EW exchanggs) All these events have properties similar to those of the wkhown from optics pattern of diffraction of a

Q intact leading protons
O LargeRapidityGaps  (wpically at least An > 4)‘

called diffractive.

Elastic scattering O1=Im f, (t=0)  Total cross section
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The large interval of rapidity is devoid of any hadronic activR{
0SD, ODD, are ot the order ot 5—10 mb depending on the gap size.

beam of light on an obstacle. By analogy, in highergy physics, the corresponding processes are usually

rapidity

y - 5 E_pz
(pseudorapidity)

(n = — In(tan(0/2)
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Intact leading protons

one or both incoming particles stay intact after collision and are registered by the dedicated
forward detectors placed a few hundred meters from the interaction point. The momentum
loss of the initial particle, & = 1 — z, is typically smaller than 0.15.

Single Diffracti i —

dn: defi

M -fpseudofrapidityé

M=V meo=-Intan(9/2) :

.t - four-momentum :
e ndtersquared
. & - fractional momentum loss

Typically at the LHC the integrated cross sections of diffractive dissociaiptpo, are
of the order of 10 mb depending on the gap size.
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Current theoretical models for soft hadron
interactions are still incomplete, and their

parameters are not fixed, in particular, due to lack of H
data on LowMass diffraction.

Recent (RFbased) models alloweasonable
description of the data in the
ISRLHC range:

The differences between the results of other
existing models wildly fluctuate.

ReggeonHeld Theory, Gribov1986

optica

( theorem
1
1
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chargeparity Geven amplitude

do_/dt (mb/GeV?)

2-channel eikonal global fit 104
to describe all high-energy :
do/dt, it Giown™ PP data 3

(KMR 1806.05970) o,

ISR pp at 62.5GeV (x100)

model 2 (tuned 2018)

11 parameters in total <
4 for Pom: oy, ap(0), a'p, ¥ |
/ for two GW eigenstates

%¢ CERN (SppS) ¢
=, 546 GeV (x10)7

Oiot 104.2 mb at 13 TeV

ALEA Ctot = 104.7+1.1 mb, 2023

TOTEM  ~tot = (110.32.49)mb 2017

&)Od descrlptlon Of the |OW reg|0n 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

In agreement with the recent LR paper.



Let us start with the

s-channel viewpoint

Unitarity plays a central role in diffractive processes.

Unitarity gives us the optical theorem

Paul Hoyer

Otot = ) ;)5){
X
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S matrix and the Optical Theorem

ZP(J'.—MN) = 1 =

58 = I.

true for any |i), so

> lnlsl)f?

= > (ilsTn)(n|s)i) =

n

Introduce trans matrix 7°:

(I—iTHY(I+iT) = I

,(TT
i(fITT = T)i) =

2ImT (i — f) =

put f =1.

forward elastic scatt.

~T) = T'T

> ST ) (T i)

T

> " (n|T*| f)(n|T|i)

T

—  Optical theorem

2 ImT,(t

Z|T1—>n =

Ttot

s-channel unitarity of the -$natrix

(i|S1S|i) = 1

= [ +T

|

disc T=T — TV =TT

denotes a cut in-sshannel between incoming an
outgoing particles

J
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'Eikonal (Q(s,b)) parametrization |

the s-channel unitarity relation is diagonal in the b-basis

The general solution

Sest to work in b space, since at high energies the value of b is frozen

2 Im7T, = ZlT(f—> n)? = |Tul® + Ginel
. fixed b corresponds to a particular
|=

partial wavel,
2 InTu(s.b) = |Tu(s.b)]? + Gina(s.b) ‘6

Ta(b) = i(1 — e )2

Ginel(sa b) =1- eiREQ(b) =1- Pnointer(sa b),

where Gipel is the sum over all inelastic intermediate states and Ppointer 1S @ probability to have
no inelastic interactions. Gine(s,b) describes the b-profile of inelastic particle collisions. It satisfies 0 < Gipe < 1

Ol =

Oinel =

Ciot = 2 / d*b TmT,(s.b)

with Re() > 0. Amp ~ imag. at HE so eikorfal 2 is real

— 9 / b (1 — (,_Q/z) Ginel= 1 for full absorption

Ginei= 0 the complete dominance of elastic scattering

/(1‘21) (s, b)|? - /(121) (1—e™/?)?

/(121) [2ImT (s, b) — |Tu(s. b)?] = /(]2() (1—e™9)

Note e<¥sb) is prob. no inelastic inter" occurs at b

Q (Ref2 > 0) is called the opacity (optical density) or eikonal

— _—Re2(b . . - . .
§2(b) = e 0O = Prginter(0) so-called survival factor , which enables us to calculate the probability that the LRG survives soft rescattering.

19



At high energies, the-channel unitarity relation is diagonal in tlhebasis

Optical Theorem| |Ttot = 2 ImTg(s,t = 0)

(/tl,b LL'}L(,‘L\»L
acrall u

. z)ﬁ =2:0n>b\

1. The sum over all inelastic channels forms a “shadow”,
which “generates” elastic scattering
- diffraction - can generalise

-~ m“c,e S}u_ lL

A
AB
. n

B

2. As s increases Im T,(s,0) is the sum over increasing
number of positive terms. No such constraint exists for
Re T,. T(0)is predominantly imag. at HE.

3. Away from forward dir", phases in 2ImT_ ~ T * T, vary.
T,(s,t) rapidly decreases away from t=0.

disc Tdenotes a cut in the-shannel between incoming and outgoiparticles as visualized by crosses

20



scattering on a black disk, with Gipel = 1 for b < R, gives 0q = Oinel = 7122 and ooy = 27 R?

At HE the inelastic contribution, G, dominates; Q(s,b) > 1.
In this so-called "black disk” limit Im7,(s,0) =1

Example: black disc of radius R
Jor <R, -Q=co 6?m=27tjk(1—e"ﬂ)bdb = TTR*

(T, =4) ) Eotal aksorphion
6,4 = TR { shadow due to absorption
leads to elastic scattering
ot = 2TR™
P (1001 ¢ ¢ —
Since it~ TmTa(s. ) (1+ %) Fourier transform P = ReTel/ fm e

to b-space:
\ . _S‘t = qgr°)
b «— q;

. . wide narrow
data  directly determines Im7,(s,b) 21




So far only discussed elastic diffraction
—-—" _--_’
lon ?

tothe pp - p + X and pp — X; + Xs processes where one or both protons are allowed tc —
dissociate into a system X with the quantum numbers of the proton.

Inelastic diffraction | is a consequence of internal struct of P

p—

NP

The lifetimes of each Fock comporjent

T~ E/m?,

~ At HE fluctuations of p are frozen.
A constituent of p can scatter and

are large

destroy coherence of fluctuations
- inelastic, as well as, elastic diffraction
(single diffractive dissociation)

Diffraction dissociatiorn+ a quantum mechanical process caused by the fact that different components ¢

incoming hadron wave function have different probabilities for interaction with a target

22
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Good-Walker formalism for low-mass diffvé dissocn

Wewrite  [p> = X ap |@r)y where |Ze> d,i,a.&uwaﬁése,_r
The [®e)> undergo “elastic-type” scatt {@(T[¢&>= o) g;e,k)

l#> — diffractive eigenstates [¢e> - mullichannel ekonal

the proton case describes different p — N*, N — N/ transitions))|

InT = aFa’ whore <@ |Flge) = Fp Sik

orthogonal matrixa

Elastc . <F[:BY\,T(F> = Z(QML Fr = §F>

average of F over the initial prob. distrib. of diff. estates
SATTFNI OOADS SPSyiGa | NE22&dzg ENDKS A

the individual components of the incoming proton wave function interact differently with the target

Each hadronic constituent can undergo a scattering with its own probability and thus
destroys the coherence of the fluctuations. As a result, the outgoing superposition of
states will be different from the incident particle, and will most likely contain multiparticle

states, so we will have inelastic, as well as elastic scattering.
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['he amplitude is normalised to oyt = 2 [ d*b ImA(D)

%f:t = 24pImTlpy = 27 [aef B = 2 <F

dot — [qpirlpl” - (Zlaf B = <)

Lae o 2@l = F 1l re = <5

Commenss " :
; d 3 _ 2 sfaiiskt . . L A
1. d—;i:” = <F2> <F> abvocp. Fru(s o's- cligt estates

2. T ol compls. o dncideal proton abustted equally then
%amdw-z{nm&w. No anelastic diffrmckion
e§ Smafl b: Fp=d (~hblack disc), s0 diffr prod ~ gurd

Here the average is taken over the componéntd the incoming proton which dissociates
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3 O<R <\ Fp < {F3 < <Fy

Fomplin. boumd:  deg, 1 dene _ deu
S 2 dzb d?.b

4. E%foaﬂowMWfomm}
Stpomd, hoth |pDs v diffractne eigenstllos
5. Hiakmw dusociakion, met Ancluded Af’{f

the average is taken over the components k of the incoming proton which dissociates.

If the averages are taken over the components of both of the incoming particles, then we arrive at the sum

of the cross sections for SD and DD

Under the assumption that amplitudes Fyat high energies cannot exceed the black disk limit, Im Fk <1

doel 4 $D1+8D2+DD < l doot (the Pumplin bound)
d?b — 2 d?%

(Strictly speaking, the proof of the Pumplin bound is justified only for low mass dissociation, with no overlap of GV states

i suppression of the amplitude at low values of b automatically increases
the elastic slope B, since By < R? = (bz) where R is the interaction radius.
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(a) Elastic amplitude

o0
ImAq =E= -2 =% e QP2

n=1

N*

(b) Inclusion of low-mass dissociation

ImA;, :Ei: 1 — e /2 — veee Q2
| ST o

(c) Inclusion of high-mass dissociation

i i
Qi = + i + i +.. E§ +...
Lok kM

Fig. 1. (a) The single-channel eikonal description of elastic scattering; (b) the multichannel eikonal formula which allows for low-mass
proton dissociations in terms of diffractive eigenstates |¢;), |¢r); and (c) the inclusion of the multi-Pomeron-Pomeron diagrams which
allow for high-mass dissociation. In all these diagrams the exchanged lines represent Pomeron exchange.
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In pre-QCD times, in order to describe the behaviour of scattering amplitudes at high en-
s, and small momentum-transfer squared, —¢, Regge theory was developed and successfully
applied in a wide range of energies. The Regge approach | is based on the singularities of
amplitudes in the complex angular momentum, 7, plane.

Qpl(t
0 Trp(s,t) oc s\,
where the process is described by the exchange of the p-trajectory, j = a,(t) ~ 0.5 4+ 0.9¢ (with
= (pp- — pyo)? in GeV?). This trajectory passes through the spin-1 p-meson resonance in the
‘crossed’ t-channel 7~ 7° — pn; that is, a,(t = mg) = 1. The corresponding cross section decreases
with increasing s.

For instance, the measured 7~ p — 7 n amplitude behaves as

t-channel picture of Diffraction

A//
First, v. brief overview of Regge Poles

Paxﬁal aole exbondion. i bh: T acZ (2€+l) A
tcr:(cﬁm«g,&’{rfsaﬂ—wﬂe,o%si:m.\rmt—dv

* Tt M) ~ GCBb) s as s
M- =t
sch | ; cosb = 1- 5z

whereas from unitarity

T(s,t=0) £ CZS-&ﬁﬁS
so sl violates unitarity if j > 1.

C%Bb (CU& 6(;)1

Paul Hoyer
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' o{(‘t) ° .
S - ~ 3«: Qe 8 .
9 S (Pq""i’?):-
¢ ' 1 = (Pa ~ Pa)
e 23 q—’
%t
Qa

| . 8192 (PQPG) 91 92
Vj=d ~ e~ 2132
! ‘ M _ £l - M

st
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Donnachie-Landshoff type
simple Regge pole fit to

oyt and do,/dt for
PP, PP, 7p, Kp,...

Good description up to
Tevatron energies with

Simplest singularities
isolated poles at j = (1),

. g(0)1 ~ g0.08

o eff o) = 108 + 025 t Grot(s) = 3 dmg;s™ @1
P () SN, PF=P+5+,P+C(7_+ ,-
s 0 where g; = ~;(0)Im{n;(0)}

=P+L-o+Qy-W
MO s

CERN ISR Teyalonn LHC

ar(t) ~ 0.5+ 0.9t

\ Oyot ~ SUEO) /s

O above Tevatron energies, the secondary Reggeon contributions (which all have intel«(0) ~ 0.5) y are hi
suppressed, which enables us to study the properties of the Pomeron only.

29



Consider particles lying on a single linear Regge trajectory
X = Kt 't

’.‘; _&(ﬁ_)‘ = /3%,
) | wE-t

(!-: Xo +°(IM2) s-ch E-ch
s R o
¢ X
T(st) = Z(zm)(%gt) ~ /5(;) o(:l(o&Q) © ) (ot &
Swed t 3 ) /BGL‘) s““’)
be(k)- %52
2 STe ~FO )~ )" eplexteyd)e]

so we have shrinkage of forward peak, exp(-Bt), as s increases

Paul Hoyer

Reggeonghe same quantum
numbers as resonances
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HE behaviour dominated by leading (highest) Regge-exch. trajector

o.¢«(hadron-hadron) - const. (actually slightly rising as s—=>infinity

that is T(s, t=0) ~ s (actually s1-08)

(In our discussion on Regge poles we use more usual normal” of
such optical theorem reads 2Im T,(s,t=0) = flux 6,,; = 2S Gy )

Implies Regge-pole exchange with o(0) = 1

Grigorios Chachamis

The pole with the largest intercept called the Pomeron

sotot = ImTe(s,t = 0)

trajectory with vacuum quantum numbers, oot o< 8771 Ty (s,t) oc s°® (t)

the Pomeron is represented by - ‘ —
gluon exchange — we need two gluons to form colourless

exchange. But, for the moment, let us consider the Pomeron
as a simple (effective) Regge pole

the opacity corresponding to the exchange of one Pomeron is at HE  the opacity has a Gaussian form irbtepace:

d? T 2.0 az(0)-1
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