Inclusive four-jet production: a study of

Multi-Regge kinematics and BFKL
observables

FRANCESCO GIOVANNI CELIBERTO

francescogiovanni.celiberto@fis.unical.it

=5 UNIVERSITA DELLA CALABRIA INFN
DIPARTIMENTO DI Universita della Calabria & INFN-Cosenza
FISICA Italy L/

Instituto de Fisica Teérica UAM/CSIC
Lmjm Spain f{ Instituto de
UNIVERSIDAD AUTONOMA| ' Jeol
based on

[F. Caporale, F.G. C., G. Chachamis, A. Sabio Vera (2016)]
published in Eur. Phys. J. C76 (2016) 3
arXiv:1601.07847

DIS 2016: 24" International Workshop on Deep Inelastic Scattering and Related Subjects

April 11%t - 15t 2016
DESY Hamburg



@ Introduction
@ Motivation

e Four-jet production
@ Four-jet cross section
o New BFKL observables

© Results

@ Numerical analysis

@ Conclusions & Outlooks




Introduction

@0000
Motivation

© Introduction
@ Motivation




Introduction

[e] le]e]e}
Motivation

So far, search for BFKL effects had these general drawbacks:

© too low /s or rapidity intervals among tagged particels in the final state
< too inclusive oblservables, other approaches can fit them

Advent of LHC:

— higher energies, larger rapidity gaps, abundance of data produced and being
produced

— unique opportunity to disentangle BFKL applicability region
— new, suitable BFKL observables needed

Last years: Mueller—-Navelet jets —  theory vs experiment

[B. Ducloué, L. Szymanowski, S. Wallon (2014)]
[F. Caporale, D.Yu lvanov, B. Murdaca, A. Papa (2014)]
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Motivation
Mueller—Navelet jets
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Pictures from
[D. Colferai, F. Schwennsen, L. Szymanowski, S. Wallon (2010)]
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..large jet transverse momenta: Eﬁl ~ l?f’Q > AZQCD

XJ,1%J,25

.large rapidity gap between jets (high energies) = Ay =In |
sallks2




Introduction
ooking for new observables

@ BFKL feature: factorization between transverse and longitudinal (rapidities)
degrees of freedom

@ Usual “growth with energy” signal mainly probes the longitudinal degrees of
freedom

@ Mueller—Navelet correlation momenta mainly probe one of the transverse
components, the azimuthal angles

I We would like to study observables for which the pr (any pr along the BFKL
ladder) enters the game...
o ...to probe not only the general properties of the BFKL ladder, but also “to
peek into the interior”...
¢ ...by studying azimuthal decorrelations where the p1 of extra particles
introduces a new dependence...
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Looking for new observables

@ BFKL feature: factorization between transverse and longitudinal (rapidities)
degrees of freedom

@ Usual “growth with energy” signal mainly probes the longitudinal degrees of
freedom

@ Mueller—Navelet correlation momenta mainly probe one of the transverse
components, the azimuthal angles

I We would like to study observables for which the pr (any pr along the BFKL
ladder) enters the game...
o ...to probe not only the general properties of the BFKL ladder, but also “to
peek into the interior”...
¢ ...by studying azimuthal decorrelations where the p1 of extra particles
introduces a new dependence...

...multi-jet production!

[R. Maciula, A. Szczurek (2014, 2015)]
[K. Kutak, R. Maciula, M. Serino, A. Szczurek, A. van Hameren (2016)]
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Three- and four-jet production
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[F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera (2015)] [F. Caporale, F.G. C., G. Chachamis, A. Sabio Vera (2016)]

[F. Caporale, F.G. C., G. Chachamis, D. Gordo Gémez, A. Sabio Vera (2016)] [F. Caporale, F.G. C., G. Chachamis, D. Gordo Gémez, A. Sabio Vera (in progr.)]
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Four-jet production

Four-jet cross section

The partonic cross section

Starting point: differential partonic cross-section (no PDFs)

ot (Kaka, Ya=Ys) . .
= / /dPB/dPI/dPZ

d2kydy1 d2 ko dy» n2k2k2
6@ (pa+ki—pi) o (55— ko — p2)

® (@\,ﬁA, Ya —)/1> @ (PL. P2, y1—¥2) @ (PBv ke, y2 — YB)

@ Multi-Regge kinematics rapidity
ordering: Yg < vo» < y1 < Ya

o kf, k22 lie above the experimental
resolution scale

@ ¢ is the LO BFKL gluon Green
function

@ as =asN. /1
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Four-jet cross section
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First step - A Ia Mueller—Navelet observables

Integrate over the azimuthal angles of the two central jets and over the difference in
azimuthal angle between the two forward jets AO =04 —0g — 7T ...

— ...to define:
N 2 on d9 (K ks, Ya— V)
dAB cos (MAB / déy [ db
/0 cos (MAG) o o > dkidy1d91dkodd2dys

_ 4 (ur)?

(eiM" Om(ka, ks, Ya. Ya, ki, ko, y1,y2) + c.c.)
kik2

where
T R +oo +oo 27 27
Qn(ka, kg, Ya, Yo, k1, ko, y1,y2) = /0 dPAPA/o dPBPB/O dpa A dog
(o + e #4)" (ps — koei®s)"
\/(P% + k + 2paky cosda)” \/(sz + k3 — 2pgks cos )"

Pal. Ya =) gn (Ipel. kel y2 — Ye)

| Kal,

o
2 4 k2 4 2pak 2 + k2 — 2pgk —
Pn <\/PA+ 1 t+2pa 1COS¢A,\/PB+ 5 peka cos g, y1 yz)
and

e~ P2 &XsX|n| (V)Y
al,Y) = / dvcos|(vin— | ———,
gn(lpllal.Y) = | ( q2>n2\/ﬁ

~ F.G. Celiberto  Inclusive four-i /21
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First step - A Ia Mueller—Navelet observables

Integrate over the azimuthal angles of the two central jets and over the difference in
azimuthal angle between the two forward jets A =04 — 0 — 7

— ...to define:

27 27 27 d6047jet (l&h kE, YA - YB)
M
/0 dA cos (MAG) /O a1 [ gt

_ Ais (VR)2

(eiM” Om(ka, ks, Ya. Ya, ki, ko, y1,y2) + c.c.)
kik2

Associated experimental observable:
(cos(M(8a — 5 — 7))
dogt et
B f dAGcos(MAG) o T dd; 0 T do, T b o 53353
- 2 dboi—jet
fo dA6 fo do, fo dd dky dy; d01 dkoy dO5 dys

Then, take the ratios:
ot _ (cos(M(85 — 8 — 7))
N (cos(N(8a — 85 — 7))
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Second step - Generalized azimuthal coefficients

By far more interesting, it is to integrate over all angles after using the projections on
the three azimuthal angle differences indicated below...

— ...to define:
2m 27 2 27
CMNL :/ d19A/ dﬂB/ dl91/ d1.92 COS(M (19A — 191 — 7'[))
0 0 0 0
ot (K, ks, Ya— Vs)
dky dy, d01dkadO2dys

cos (N (91 — 02 — 7)) cos (L (02 — 9g — 7))

_ 21 (pr)’
ki ko

+ QM,—N,—L + (LM,N,L + ()—M,N,—L + Q—M,—N,L + Q—M,—N,—L)

()M Qe + Qv+ Qe

with
- +o0 +o0 21 2
Qmni = / dpa pa / dps PB da dog
0 0 0 0
e~ 'mba ilts (pAei¢A + k1)" (PBe*’?PB _ kz)n
\/(P,24 + kZ + 2paky cosdpa)” \/(pé + k3 — 2pgks cos ¢)"

Kel.y2 — Ya)

9m (IKal. 18], Ya = 1) @1 (1551,

@n (\/Pi + k% +2paky cos ¢a, \/p% + k3 — 2pgkz cos ¢, y1 ,y2)
~ F.G. Celiberto  Inclusive four-i /21
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New BFKL observables

Second step - Generalized azimuthal correlations

By far more interesting, it is to integrate over all angles after using the projections on
the three azimuthal angle differences indicated below...

— ...to define:

27 2 2 27
CMNL :/ d1.9A dﬁB/ dl?l/ d1.92 COS(M (19A — 191 — 7T))
0 0 0 0
dSgtet (/?A Ky, Ya— YB)

cos (N (91 — 02 — 7)) cos (L (92 —9p — 7)) dkydy, d9,dkaddadys

Main observables: generalized azimuthal correlation momenta

MNL _ CMNL _ <COS(M(19A — 191 — 7'[)) COS(N(ﬂl — 192 — 7'[)) COS(L(192 — 193 — 7T))>
POR ™ Cpro ~ (cos(P(94 — 81 — 7)) cos(Q (91 — 8 — 7)) cos(R (2 — 0 — 71)))

R
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Numerical analysis

Observables and kinematics

@ Observables:
(cos(M (04 — 01 — 7)) cos(N (81 — 92 — 7)) cos(L(O2 — 8p — 7))

mne _ Cmne _
POR ™ Cprg ~ (cos(P(9a — 81 — 7)) cos(Q(91 — 82 — 7)) cos(R (82 — O — 7))

R
© remove the contribution from the zero conformal spin
t . . . .
LN drastically reduce the dependence on collinear configurations
MNL with integer M, N, L, P, Q,R > 0

study Rpgr
@ Kinematic settings:
<& 1. kp =40 GeV; kg = 50 GeV; quasi — symmetric
2. kp =30 GeV; kg = 60 GeV; different
Ya—Yg =9

O Ya—-y1=y1—Yy2=y2—Yg =3;
o 20 GeV < ki, ko < 80 GeV

@ Numerical tools:

o FORTRAN & MATHEMATICA

 F.G. Celiberto  Inclusive four-1




Results
[e] [e]

Numerical analysis
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Numerical analysis
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Conclusions...

Study of process with four tagged jets to propose new, more exclusive, BFKL
observables

@ LLA framework, taking ratios of correlation functions to minimize the influence
of higher order corrections
= R’\Pf’é\’}% exhibit interesting patterns:

» similar to oscillation modes of a two-dimensional membrane
» changes of sign in the denominator coefficient give ries to singularities




Conclusions...

Study of process with four tagged jets to propose new, more exclusive, BFKL
observables

@ LLA framework, taking ratios of correlation functions to minimize the influence
of higher order corrections
= R’\Pf’é\’,’g exhibit interesting patterns:

» similar to oscillation modes of a two-dimensional membrane
» changes of sign in the denominator coefficient give ries to singularities

o Give theoretical predictions on hadronic level by introducing PDFs in the jet
vertices, using the strong coupling running and match the kinematical cuts of

LHC [F. Caporale, F.G. C., G. Chachamis, D. Gordo Gémez, A. Sabio Vera (in progress)]
¢ Perform a study in the NLA accuracy
o Comparison with BFKLex results and other Monte Carlo codes

o Comparison with analyses where the four-jet predictions stem from two

independent gluon ladders [R. Maciula, A. Szczurek (2014, 2015)]
[K. Kutak, R. Maciula, M. Serino, A. Szczurek, A. van Hameren (2016)]
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An event with three tagged jets

Beam axis

Ye < y; < Ya

~ F.G. Celiberto  Inclusive four-1 oo )
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