Diffraction with the ALICE detector

i

o Classification of diffractive processes

e Theoretical description (Pomeron exchange)
e Single and double diffractive dissociation

e Central exclusive production

e Summary
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High energy pp collisions: about 40% of ;5 comes from diffractive processes
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Regge theory

Regge theory (Regge, Chew & Frautschi,1959-1962)

- describes soft hadron processes in high energy hadron-hadron and y-hadron collisions:
elastic scattering, soft diffraction, behaviour of oo

- general methods of Regge theory are based on the unitarity, analicity and crossing

symmetry of the scattering amplitudes

— t-channel exchange of “reggeons” (IR) including the Pomeron (IP)
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t = ( 4-momentum transfer)?

e a generalization of a particle exchange
in the t-channel:
an exchange of a state of "spin” o(t)
which coincides with particles of spin J
for t = M?,

e Regge trajectory: a(t) =o(0) + o’ - t

e scattering amplitude :
T(s,t) = (s/sy)*®




oro1( PP ) and o1o7( PR ) Vs. Vs in the energy range of ISR, SppS and Tevatron

o~ : - Gror IS rising with s
(mb) | pp: 21.7050-0808 1 gg.395—0-4525 Gror(S) ~ S @0 -1
80 | pp : 21.7050-0808 | 56 (g ¢—0-4525 TOT

20 ¥ Reggeon exchange:
Donnachie & Landshoff (1992) ar(0) <1 o7or(s) ~ 1s
60 . 1 initial decrease of o;o7 With rising energy,

x

il L - .
50 -~ q contribution negligible at the very high
“““!J.,,_‘_>¢ TS ’ energy limit
40 oy perlb " Pomeron exchange:
30 ; : . OLIP(O) > 1
10 100 1000 oot IS rising with energy in agreement
va (GeV) with data
P p e Pomeron trajectory:
—_— 2 1lIP oyp(t) = oup(0) + ap’- t=1.085 + 0.25 -t (soft Pomeron)
s
e Pomeron exchange dominates at high energy
P ey i e Pomeron has quantum numbers of vacuum: [PC = 0**

Pomeron was introduced by V. Gribov and named after I. Pomeranchuk,
who studied the behaviour of vacuum exchange in Regge theory



QCD and Pomeron

Soft diffraction is described by phenomenolgical models based on Regge theory
It is a non-perturbative QCD process — a lot of unsolved problems

Properties of Regge poles partially emerge from QCD —
IP is interpreted in terms of exchange of at least two gluons in a colour singlet state

A 11'1 J /x ;f/ P - > p'
f@ hard Pomeron, BFKL Pomeron
(Balitsky- Fadin-Kuraev-Lipatov)

Regge pQCD
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/M p(p)— > p'(p")
Q9 ==
Complicated dynamic structure of a gluon ladder —

»> in the high energy limit development of the QCD cascade
InQ’ results from BFKL evolution equations

Diffractive reactions with an intrinsic hard scale are described by perturbative QCD

Theoretical definition of diffraction in HEP: any process involving Pomeron exchange
S}




Topology of diffractive events

elastic scattering SD and DD
o]
P D S X,
Dle °
n
n n

central diffraction

Two methods for selecting
diffractive events:

e proton tagging

e rapidity gap detection

n = -In(tan(6/2)

Exchange of colour singlet object — Large ranges in (pseudo) rapidity without particle

activity ( An 2 3 ) — large rapidity gap (LRG) events

LRG due to multiplicity fluctuations in non-diffractive events are exponentially suppressed



Rapidity gap kinematics ? 4
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At LHC, in soft diffractive processes Mx, My can be in the range from (m, + m,) to ~ 1 TeV

Survival factors

pp scattering : large probability that a rapidity gap produced in a single parton chain will be
filled by partons produced in another chain

— complicated structure of multiple interactions — suppression of diffractive
cross section encoded in the survival factor S?< 1



VWhy Is diffraction interesting at LHC *

e large fraction of oo, important to understand its composition and behaviour
e study of complicated structure of multiple interactions, event structure in pp

e interplay of soft and hard processes
overlap of Regge theory and perturbative QCD

e nature of Pomeron (spin ?, partonic structure, soft/hard Pomeron, ...)

e information on the proton (ion) structure and interaction mechanism



Diffraction with the A gdetector

THE ALICE DETECTOR a. ITS SPD (Pirel)

b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

@ e
1. -IT;._ ane
%g’;uk Selection of diffractive events:
ng T “ e |ITS: six layers of silicon detectors
e VO: scintillator hodoscopes
e FMD (Forward Multiplicity Detector):
e high granularity silicon strips
e very good tracking (ITS, TPC) e AD (ALICE Diffractive detector) :
PY good acceptance for Pt down scintillator pads (Since Run 2)
to 100 MeV/c e ZDC: Zero Degree Calorimeters
e good particle identification for neutron and proton
efficiency e Muon arm: production of vector mesons
(ITS, TPC, TOF) in ultra- peripheral PbPb and pPb
collisions



Diffraction with the ALICE detector

Selection of diffractive events:

e SPD: Silicon Pixel Detector
e VO: scintillator hodoscopes Ry A

Full length TPC/ITS tracks
-0.9<n< 0.9

e FMD: silicon strips

TPC
inti ~1.7<n< 1.7
e AD : scintillator pads <n<

. i ZN Vo C Vo A ZN
® ZDC: Zero Degree Calorimeters 210.0<n<=8.7 _3.7<n<-L7 28<n<s51  87<n<I0.0
for neutron and proton — —
ADC SPD ADA
-7.0<n<-4.9 -2.0<n< 2.0 4.8<n< 6.3
! ! ! L | L L L L | L L L L | L L ! !
-10 -5 0 5 10

pseudo rapidity (n)

Pseudorapidity coverage with forward detectors
V0 and AD:

VOC - VOA: An=8.8 (run 1)
ADC — ADA : An =13 (run 2)
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Single and double diffraction cross sections, Vs = 0.9, 2.76 and 7 TeV
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ALICE SD & DD data [EPJC78(2013)2456]
— good agreement with data at lower
energy and with theory predictions
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OINEL @ \/S=7 TeV

Results of ALICE, ATLAS, CMS, LHCb
and TOTEM experiments in agreement.

ALICE and TOTEM (larger 1 coverage)
closer to precise measurements of o\g,
using elastic scattering and optical
theorem.
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Central exclusive production: pp —» p+X+p

Topology of events : production of state X in the central region + 2 rapidity gaps

Contributions from double Pomeron exchange (DPE) and yIP, Odderon IP, Oderon y

and yy processes

p P P
_____ JPC = g*+ 2%+
P

P p

Theoretical predictions:

Model KRM / Durham

V.Khoze, A. Martin, M. Ryskin et al.
BFKL Pomeron + absorptive corrections ...

Tensor Pomeron Model
P. Lebiedowicz, O. Nachtmann, A. Szczurek
Phys. Rev. D93 (2016) 054015

p p
Odderon
_____ JPC = 1
P
P
P
P
_— Jre= o+
Odderon)] 2*
p
P

Odderon = 3 gluons

Strong QCD prediction,
C="-" partner of Pomeron




Central exclusive production pp —>p+ X +p

Production of low mass system M, Production of high mass system M, by
by DPE ( 2 soft IP ), contributions from DPE in pQCD ( fusion of 2 gluons )
reggeon and photon exchanges

P (Pa) p(p1) P
X Higgs,
x(cc)

P (py) P (p2)

e Central exclusive production of X — dominance of DPE at high energy IP +IP — X
— formation of new states from pure gluons — glueballs or mixed glueball and qq states ?

e |GJPC =0* (even)** — quantum number filter — studies of light scalar mesons JPC = 0**,
identification of scalar mesons (M < 2 GeV) is still a puzzle

f,(1500) and f,(1710) 0++ are glueball candidates
Lattice QCD: M(0**) glueball 1600-1700(x100) MeV

e Open questions: nature of IP, o¢p, gap-survival factors
e Constrain Pomeron structure in terms of quark and gluons (hard processes)

e Production of beyond-standard-model objects ? High M,, tagging of intact protons allows
for a clean spin-parity analysis
13



CEP in ALICE

e select CEP events in pp collisions by double gap (DG) detection
veto on signals in forward detectors (V0, FMD, AD)
(CD with single/double proton dissociation included)

e investigate centrally produced 2/4 track events with net charge =0
i, KK, pp, 47, 4K, ttKK channels
ITS-TPC track reconstruction within the range Inl <0.9

Data sets
Period Trigger Approx. number of
21 DG events
7 TeV  minimum bias trigger
2010 MBOR 0.6 M

SPD || VO

13 Tey dedicated DG trigger

n*T" event candidate >2016 CCUP13

>2 online tracklets & VO 1M

>2017 CCUP25
>2 online tracklets & VO & >2 TOF hits 5M

14



Analysis of centrally produced n*n- system

In preparation paper on ’Partial wave analysis of the n*n-system produced in double-gap
proton-proton collisions at Vs =7 TeV” (ALICE — Ana — 4187, May 2018)
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M_. : continuum + peaks in the mass region of vector resonance p°(770),
scalar resonance f;(980) and tensor resonance f,(1270)

Spin and parity of states contributing to nn spectrum disentangled using
partial wave analysis (PWA).

States with spin up to 2 included: S-, P- and D- waves.
Finally, P- wave (here one expects p?) found to be negligible and neglected.
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arb. units

10

PWA of centrally produced n*n- system
PWG-UD internal plots

ALICE pp, Vs =7 TeV

19, |
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— Breit-Wigner

T : T ' T : ' ' ' : T
ALICEpp, Ys =T TeV
DG =1V & IFMD

Total fif

Background
Interference

0.6

Mass-dependent fits of S- and D-waves with contributions from resonant,
non-resonant and interference terms.

The observed peaks in S- and D-waves are f,(998) and f,(1270), respectively.
Production cross sections of resonances and their parameters (mass, width)
are measured.

The total n*n" cross section for DG events (ly_. | <0.9) :

Opr = 31.4+04(srar) £2.7(sys) £ 1.1 (lumi)ub.
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Invariant mass distribution of CEP events at \'s = 13 TeV

ALICE 2017/2018 (~8.2 pb™'), uncorrected = data
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Invariant mass distribution of CEP events at \'s = 13 TeV

ALICE 2017/2018 (~8.2 pb-1), uncorrected KK data

g 2400
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Several visible peaks to be disentangled
using PWA ...
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e Advantages of the ALICE detector for performing diffractive studies: very good track
reconstruction and PID efficiency down to low p;, large pseudorapidity coverage

e ALICE exploits large rapidity gap detection to select diffractive processes

e Central exclusive production of low mass resonances promising for investigation
of scalar resonances and search for glueballs

e Invariant mass spectra of nt and KK systems in CEP show interesting structures
which need to be further investigated

e |t would be interesting to investigate the high invariant mass region in CEP
with increased statistcs in Run 3 and 4

a
_"' -
&

-
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ALICE

NZ23 members of PWG-UD:

Jan Figiel, Lidia Gorlich - Central Exclusive Production in pp

Christoph Mayer — production of vector mesons in ultra-peripheral pPb&PbPb
collisions, AD expert & very active in the FDD (Forward Diffraction
Detector ) Collaboration
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Additional slides ...
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M. G. Albrow, ,,Hadron Spectroscopy in Double Pomeron Exchange Experiments”,
arXiv: 1701.09092

Light meson states allowed in DPE. Branching fractions are in % (DPG 2016)

Name | M(MeV) | I'(MeV) (I¢JPC|  #m KK |Other modes

fo(500) /| 400-550 | 400-700 [0T0*TT| ~100 - -
fo(980) | 990420 10-100 |0T0"T |dominant| seen ~~ seen

1275.540.8|186.77523|0+2++ | 84.2727 | 4.6705 | 47 ~ 10%
1200-1500 | 200-500 [0F0T+| seen seen | pp dominant
150446 109+7 |[0T0T+ | 34.942.3| 8.6£1.0 | 47 49.5+3.3

1525+ ”Bi? 0F2++ | 0.840.2 |88.74+2.2| nn 10.4+2.2

on
-
n

[

1944412 | 472+18 07277 | seen seen 1 seen
201150 | 202460 |0+t2++ : seen b seen
2018+11 | 23718 |[0T4++ | 17% ~0.7% nn 0.2%
2297428 | 149440 |[0+t2TT - seen G seen

)
)
)
)
fo(1710) | 172318 13948 [0T0TT| seen seen nm seen
)
)
)
)
)

2345750 | 322470 |ot2t++ - - bp, ) seen




Tensor Pomeron Model

e P. Lebiedowicz, O. Nachtmann, A. Szczurek
,Extracting the pomeron-pomeron-f,(1270) coupling in the pp — ppn*n reaction through angular
distributions of the pions”, arXiv: 1901.07788

e Analysis of pion angular distributions, cos0,_, and ¢,, in the Collins-Soper system
of reference

e Azimuthal angle distributions are sensitive to the choice of PPf, coupling

e One of the PPf, couplings (gpps2(j=2)) leads to four-oscillations in ¢, compared to
two-oscillations for the six other tensorial couplings

e Influence of experimental cuts

P (pa) P f' \ pip1) P (pa) P pip) P (Pa) p(p1)
/ | \ rd Y

—— — 7 (ps) -— — 7 (py)

t ¥ _ i
—-— — 7T () —— — ()
P, IR P, IR

pp — p *+ (resonance — ©*w") + p
continuumpp - p+n'n +p 23



Tensor Pomeron Model

/(:'\ 1 02 T | T T T T | T T T T T T T T Et /(:\ 1 0 E T T T T | T T T T | T T T T E
O g . . i DO i - ]
= Epp — pp (f (1270) —» n'm) ] =1 -pp — pp (f_(1270) — n'w) :
\_,6 10%_ {s=13 TeV,”|1"|§|"il. p, > 0.1 GeV _ VS | i (s=13TeV. n|< 1. p_> 0.1 GeV i
B E ) 2 B b R e A B B O §
= I | = : i
i l — = - -
O - = ~—
3 g 1 © 10'E E
b lO—I = — [t D ”** TR e e s A ””- Wl ]| gPsz (j_ )
'-G == ] I~ .
i 3 1072 :/
1072 3 - A/;
s = [ Ve ¥ e 7 N ¥
g ] 103 L N \// L \\/ h
107 i : =
/i \ 3 I, ]
10_4 | / | | | | | | | | | | | | | | | \l | _l 10—4 | | | | | | | | | | | | | | | |
-1 -0.5 0 0.5 I 0 100 200 300
ATR 1N o
cosO_, (i)ﬁ s (deg)

Angular distributions for seven PPf,(1270) couplings

Absorption effects not included

d{:r/dqf)ﬁ+f(:5 ~ A :t B COS(H qf)ﬂ_,+f(:5)

The shape of the azimuthal angle distributions depends on the choice of the PPf, coupling

n = 2 for most of the couplings but for the j = 2 coupling n=4
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Absorption effects not included
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ALICE data (2017, Vs = 13 TeV)
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angle distribution




ALICE data - ¢_, distributions
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