Hadronic diffraction

as a probe for long-distance
effects in QCD
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Basic features of diffraction:

Definition of diffraction
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no quantum numbers are exchanged
a new (diffractive) state is produced
characterised by large LRGs

mainly peripheral phenomenon (large b)

“The diffractive process is caused by t-channel
Pomeron exchange i.c. by the exchange
corresponding to the rightmost singularity in the
complex angular momentum plane with vacuum
quantum numbers..” A. Martin
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Challenges: theory vs experiment
v The definition of diffraction is not unique
T E <
% exchange of vacuum S S oo

quantum numbers elastic single double IP inelastic
scattering diffraction  exchange scattering

dN/dy
Experimentally: | | | |
% intact protons and/or rapidity . /_\ g / X . \,
gaps (no hadron activity) Y
* gap definition Rapidity y = %ln %ﬁz
mapping is not one to one! ~ — Intan g = 1 pseudorapidity

v QCD modelling of diffraction is a major problem

% fluctuations during the hadronisation process

(protons from recombination? gap size?)

low vs high mass diffractive dissociation huge sensitivity to details!
soft vs hard Pomeron

hard-soft factorisation breaking, etc 3
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Soft Donnachie-Landshoff Pomeron
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Birth of hard diffraction: QCD modelling of Pomeron

Introduce a hard scale to probe
“parton skeleton” of the Pomeron!

Ingelman-Schlein, Phys. Lett. 1985
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\IPE _/ o
Pi X
Monte-Carlo model with effective Predictions for
IP flux flp/p(zvjp, t) % jets in diffractive pp scattering
IP parton densities fq,g/lp(z, QQ) = basis for UA8 experiment
i[da ~ fP/p Ja.g/P Jq,9/p A0pert. QCDJ % diffractive DIS at HERA
e e
. q
Diffractive factorisation concept . X

Implemented in POMPYT, CASCADE, and PYTHIA8 MC



Diffraction at HERA
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Diffractive DIS

Non-diffractive scattering
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Diffractive scattering

~ 10 % of gap events!!!
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Sensitivity to the color string topology fluctuations

Edin, Ingelman, Rathsman
ME + DGLAP PS > Q% — SCI model —  String hadronisation ~ A
colour ordered parton state rearranged colour order modified final state
¢, | Jhadrons
E — P=0.5
2 .P=01 | _
Z 4 Tl - single parameter >
> ©10 ! “r-. partons model
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P _ diffractive events
Single model describing all final states: diffractive «<» nondiffractive from fluctuations
Gap events not 'special’, but fluctuation in colour/hadronisation in color string topology!
dynamics SCI Soft gluons can only change phase of propagating
hard | soft quark and it’s color — should be resumed!
< Q C/)MX
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Diffractive W production in high-energy pp collisions

Features:

v clean environment (color singlet)

v well-defined hard scale (tests of

QCD factorisation)

v high sensitivity to the production

mechanism

v large enough cross section to be

experimentally observed and tested

& = |pz ‘ /pbeam

pp — pW*X]

o)
e

== proton GAL

do/dz [nb]
3

L
6.425 Perugia 0
=== proton no CR

/s = 14 TeV

I === proton SCI
30 clusterx0.1

r mep < 15 GeV
20

(

background for
anomalous couplings studies
with forward detectors
see C. Royon
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SD/ND ~ 1 % for SCI/GAL
close to Tevatron data!

Regge models

QCD inspired models
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Diffractive factorisation breaking in pp collisions

Incoming hadrons are not elementary — experience soft interactions dissolving them
leaving much fewer rapidity gap events than in ep scattering

& [ __ MRW2005 . : . —
a3 | = NLOQCDfits + CDF data Sources of diffractive factorisation breaking:
S | E125 7 GeV
1001 !
- (Q=75GeV")  0035<E< 0095 v soft survival (=absorptive) effects
I |t <1.0 GeV

_ (Khoze-Martin-Ryskin and Gotsman-Levin-Maor)

10 = affecting e.g. the Pomeron flux (Goulianos)

v interplay of hard and soft fluctuations in incoming
hadron wave function

y  — H12002 6,0 QCD Fit (prel,) ' v saturated §hape pf the universal dipole cross section
T N Ty for large dipole sizes
0.1 1

B
Two distinct approaches treating the above effects:

v Regge-corrected (KMR) approach — the first source of the
factorisation breaking is accounted at the cross section level by
“dressing” the factorisation formula by soft Pomeron exchanges

v Color dipole approach — the universal way of inclusive/diffractive
scattering treatment, accounts for all the sources of Regge
factorisation breaking at the amplitude level (Kopeliovich, RP et al)
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Central exclusive Higgs... etc production
The Durham (KMR) model

arton level . .
q P "y implemented in ExHuME MC
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RP + Krakow group
Higgs CEP was proven to be hardly feasible at the LHC...
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Good-Walker picture of diffractive scattering

R. J. Glauber, Phys. Rev. 100, 242 (1955).
Projectile has a substructure!

E. Feinberg and I. Ya. Pomeranchuk, Nuovo. Cimento. Suppl. 3 (1956) 652
M. L. Good and W. D. Walker, Phys. Rev. 120 (1960) 1857.

Diffractive excitation determined by the fluctuations

‘ted: J A :
Hadron.canbe exc1tfed. . h) = z C o) falo) = fo|o)
not an eigenstate of interaction! oy
Completeness and orthogonality fluctuations sseeTr:fsac;‘fi” soft
W B = Ch . -vh — 38 hard hard
\ / z ( ) hi' |COL|2 Ou | Oror = E |Coc|20a O = E ’Calzgé
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f \ ] “1
Bloy) = 2((6 )" Cop =
Y Hard| ~ 1 |~ é ~ é ~ é

Elastic and single diffractive amplitudes
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Important basis for the dipole picture!
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Phenomenological dipole approach

Eigenvalue of the total cross section is see e.g. B. Kopeliovich et al, since 1981

the universal dipole cross section

Dipole:

« cannot be excited

» experience only elastic scattering

* have no definite mass, but only separation

* universal — elastic amplitude can be
extracted in one process and used in another

( )
partonic interpretation of

a scattering does depend on

frame of reference!
\_ )

Theoretical calculation of
the dipole CS is a challenge

Example: Naive GBW parameterization
of HERA data

color transparency

QCD factorisation

Eigenstates of interaction in QCD:
color dipoles

h—h' 2
z ‘l GS(I — z | (—./’ 2 0(’ _ .
o di : “ 1 6m SD cross section
! =0 0=

/'dzl,. 6% (rr) . (6(rr))
J o 167 167

wave function of
a given Fock state total DIS cross section

.
Ogq.(rT.XBj)

1
LP (0P x5;) = /d3l~1/d.\-|w(rf.g’)
‘ 0

BUT! Can be extracted from data and used in ANY process!

saturates at

Gq_q(ff--\‘) = 00 [1 — e_% "37 Qf(-\‘)] large separations
7"} > l/Qf
Gq—q("T ) o< ;-% rr — 0 A point-like colorless object
5 does not interact with
— - '
0qq (7“, :Ij) xXr :zjg(aj) external color field!

( ANY inclusive/diffractive scattering is due to an interference of dipole scatterings! J
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Gluon distribution amplitudes and dipole CS

In most cases, a scattering cross section in the target rest frame
can be represented in terms of three basic ingredients:

B Gluon to quark-antiquark splitting amplitude: fD'ZYUZS‘<

/<;2+e

K mQ(€ini - O — n)(€ini - K 1(€ini X 1) - _

- ¥ (€é§) {m@@m )+ i(1 = 26)( ) (Fni - V) — (Fons X 7) - V| ég Kofer),

27

B Gluon Bremsstrahlung off a quark: ! ‘§S§

i (2 — Q)(& - 7) +imga(ii X &) - & —ia(R X &) -F
T2 + a*my Q

Qi (. T) = as (15

B Universal dipole cross section:

W“?W? - -

§
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Dipole approach vs NLO QCD: Drell-Yan

J. Raufeisen et al, PRD66 2002

do(gN — 7" X) )
Po(pN = 1T17X)  Qem 1 /1
dM?2dx - 3r M2z + x5 .

da
a? ZZf [qf (oz ’
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N
qq

(ap, )
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Dipole approach predictions effectively account

for higher order QCD corrections!
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diffractive / inclusive

Diffractive Abelian (e.g. Drell-Yan) radiation via dipoles

* 2 p b =T ’
—4 - l _ W Diffractive "7, . | 7i-ritar = 1- | Fi-r+ar
- X - ' Drell Yan " Yt R
no p\i ]P/p (semi-hard) o=z /1,
> - — — 1

/7‘!|!ul‘l ) rT,‘H.‘.,l‘l = 7o T Qr)

interplay between hard and soft superposition has a Good-Walker structure

. . — - 2 2 [ B2 ( = 2
fluctuations is pronounced! « o(R) - o(R - aF) = h”("( ””) o— 2/ R3(x2) (;. /,>) +O(r?)
olL2

(Diffractive DIS o r* o 1/M* vs diffractive DY o 1 o l/.\l"’J r~1/(1-a)M

SD DY/gauge bosons SD heavy quarks % diffractive factorisation is
E automatically broken
1 | . charm % any SD reaction is a superposition
CDF data on vTve;/ﬁgoznbgngcTi%X —e—i 10 Ofdipole amplitudes
o1 | | 2 ) % gap survival is automatically
S included at the amplitude level on

2 beauty

001 / 0 F the same footing as dip. CS
10 3— *

works for a variety of data

-4t top

0001 - . 0 f in terms of universal dip. CS
M? (GeV?) 10'5' bl il el
e e Sophisticated dipole cascades are being
Vs (GeV) put into MC: Lund Dipole Chain model (DIPSY)
RP et al 2011,12 Kopeliovich et al 2006 Ref. G. Gustafson, and L. Lonnblad 6



Elastic amplitude and gap survival
Dipole elastic amplitude has eikonal form:
Im fo(b, 7 — ) = 1 — exp [ix (1) — ix(7)]

Oaq(rp, ) = / d*b2Tmf. (b, 7,) = oo(1 — e "o/ Fo(@)

= potential is nearly imaginary
x(b) = — / dzV (b, z) at high energies!

Diffractive amplitude is proportional to

Im fel(g, 1 — T + ar) — Im fez(g, 7 — T3) = exp [’iX(Fl) — Z'96(7:)2)] exp [iO‘F' ﬁX(Fl)]
“ Y,
‘f;_f}]’NbNRpaZ#] e

Exactly the soft survival probability amplitude

another source of QCD
factorisation breaking controlled by soft spectator partons

vanishes in the black disc limit!

Absorption effect is automatically included into elastic amplitude
at the amplitude level




SD-to-inclusive ratio for diffractive gauge bosons production

OIm fel (67

Rij) R

RP et al 2011,12 Im f,(5, Ry; + aF) — Im f.(b, Rij) ~

OR;,;

S 5 S 3a?
’\Ifi(’l“l,’l“g,’l“g;ﬂfq, {5’52’3""}» {5133’3""”2 — 7_‘_2

a=(rg)""

ar

_e—a(r%+r§+r§)p<%7 {:132’3""}, {9533})

x O(FL 47+ 73)0(1 —xg — Y @),

J

d*rid*rod?rs 6_“("“1”2”3)5( o + T3) = % /d2R12d2R13e__(R%2+R13+R12R13)
g 2 2 D22 2 2 A
dosl. /d*qy dxy dM? _ @ Rg(M3 /1) o5(s) 1 [ 2 N A2 ]
. doi Jd*qdxy dM? 67 Bsa(s)oo Rg(s) Az L(Ax —4A1)? (A3 — 4A43)? ’
2a 2 2a 2a 1
A= —+ : Ay = —, A3 = —+
3 Ri(s) 3 3 R(s) Soft KST (large dipoles)
Hard GBW (small dipoles) /Ro(s) = 0.88 fm (s0/5)" % "\

@) =23.03mb, Ro(zs) = 0.4fm x (z2/0)*™**, 0 =3.04 x 10_5

diffractive (Regge) slope B.a(s) =~ (r3)/3 + 2a/pIn(s/s)

At the leading twist, the dipole approach predicts the same
angular correlation in DDY as in inclusive DY!

333(8))

oo(s) = a.(s) (1 + 8<Tgh>7T

Ttor(5) = 23.6(s/50)"" mb

\ (i) = 0.44 fm® _/
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inc

DY

10

10

10

vanishes in the forward limit,

Diffractive factorisation breaking in DDY

—q
% L-*
- y

3

/%3:

higher twist effect!

o

[ Js=40 GeV

Vs=500 GeV

Vs=14 TeV

Qading twist effeD

saturated shape of the dipole CS

+
unitarity corrections

<

Fraction of diffractive events
* steeply falls with energy

* grows with the hard scale

<

Opposite to factorization-based

results (like Ingelman-Schlein)
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PT correlations in inclusive and diffractive Drell-Yan
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Angular correlations in Drell-Yan as a probe for saturation

E. Basso, J. Nemchik, RP, M. Sumbera, V. Goncalves PRD93, 2016 0% ' Ny T —
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This picture does not change when turning to diffractive Drell-Yan




Heavy flavour production: Bremsstrahlung vs Fusion

. . . B. Kopeliovich et al, PRD76 2007
Gauge-invariant sub-sets of diagrams

"Bremsstrahlung” component |—‘//'// ,@@M M

T — pT + M7 0’ T P1 p2
suppressed by QQ mass! — — =

(1) (2)
T~ _)2T .
’Fusion’” component
M? n
ML =2 MT 4+ MT + MT i
M?+ Q% : _— _ _—
3) Fe s (4) (5)
Dominates!
-9 2 9
. . T+ am . I - -
Gluon virtuality (p2—p)°=-Q%, Q= — T = aps — ak, k=) ki

Basis for heavy flavour production in the dipole picture
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Dipole framework for heavy flavor production

“Fusion”
components

G+N—>cc+X

LC momenta

impact parameter g — 1 /dz S22 A(F R oid SR
representation (5:7) (2m)4 ! (4. )
V3 AP =22 3 (ATA)
A 3 TN T =29 3g)1
A ) {70 7al 1A (B11) i) = 7 (f 1 (Br2) ) 82 &
: f T\ S A T NA TN 3 - -
o ZZfCTOLTC<f|7T(b13)‘Z>}(I)QQ(Ta5)7 Z@h/a(bk)’ya’(bl)’2>|3q>1 = ZCSaa’S(bk?bl)
- X

The universal dipole

cross section Tq0(T1 — 72) = /d25{5(5+ 71,0+ 1) + S(b + 72, b+ ) — 25(b + 7, b + *2)]

e N\
1
U(G‘I-p—)CE‘I‘X):Z/ dﬁ/dzl“()'g(?“,ﬁ,xg)‘(I)QQ(F,B)‘Q
The total up 0
cross section 9 _ 1 M2
0'3(7"7 /871‘2) — g (O'qq</8’]"’ .7}2) + O-qq(ﬁfr, :CQ)) - gaqq<7", .CUZ) 9 Iro — QmpEG

\. J
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Inclusive Q-jet pT distribution in pp collisions vs LHC data
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Diffractive non-Abelian (gluon) radiation via dipoles

“skeleton” contributions are subject for “dressing!”

. . B. Kopeliovich et al, 2007
—)—( )—)— Qadmg twist effeD
RP et al, in progress

(perturbative+nonperturbative) corrections due to NON-RESOLVED emissions are
9 AUTOMATICALLY resumed and accounted for by the dipole formula!

‘when the LO contributions get generalised to all-order results, ALL possible higher-order

J
3 2 5
SD amplitude |Asp|? =~ 956 \‘I’mmqffm’Q Z [VZ\IJZQQ<@7 r) VJ\I’QQ(O% F/)] Qéﬂft
ig—1
“soft color screening” part Qz‘ift - [Vi(qu(f’m) + Vquq(fi?,)] [Vj(qu(fiz) + Vj(qu(ﬂs)]

SD-to-inclusive ratio

g 2 11
gsp 0(22) [Oﬂ +a® — Zaa] Fs(z1, 8)

729 a*oo(115)* A(115)
4096 72 Bgp (s)

dO' incl

ds

70 5_0 Fs(ﬂfl,S) —

The angular correlation is affected by color-screening interaction
in higher-twist diffraction but not in the leading twist!




SD vs inclusive: Heavy QQbar angular correlation
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[The same for inclusive and leading-twist single-diffractive QQbar production!]




Diffractive Higgsstrahlung off heavy quarks

Gluon-Gluon fusion strongly
dominates over gluon
Bremsstrahlung!

RP, B. Kopeliovich, I. Potashnikova, PRD92 2015
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New developments:
probing the dynamical structure of the Pomeron

p RP, O. Teryaev and M. Tasevsky, in progress

s ki

B
g g
p p
™
=l
AFP detector
Wigner function
[(d*A,/(2x)?)e 21 xGpp(x, g, A)) = xW? (x,q,,b;)  encodes all the information
T about nucleon tomography
generalised TMD gluon
dipole distribution
elliptic angular
xGpp(*x,q1, A1) = xGpp(x, |gL],[AL]) correlation

Y. Hatta et al, PRL116, 2016 +xG5p(x, 14| |AL|)Cos 2(¢h,, —@
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Summary

Hadronic diffraction is one of the most prominent tools for probing
the long-distance effects in QCD

Major sources of diffractive factorisation breaking in hadron-hadron
collisions are (i) the absorptive corrections, and (ii) the hard-soft interplay
due to transverse motion of spectators, making the hadronic diffraction
of the leading-twist nature

The dipole picture provides universal and robust means for studies
the inclusive and single-diffractive processes in both pp and pA
collisions at large Feynman xF beyond QCD factorisation

The universal partial dipole amplitude accounts for the absorptive
corrections such that no additional probabilistic fudge factors
are necessary in the dipole picture

Single-diffractive gauge bosons’ (e.g. Drell-Yan) and heavy flavour production
at large Feynman xF has been studied beyond diffractive factorisation

The SD-to-diffractive ratio affects the scale and rapidity dependence
of the leading-twist hadronic diffractive observables compared to the inclusive
ones, the angular correlations are the same as in the inclusive case.
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