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Motivation

High energy limit

The high energy limit studies a limited part of the phase
space, but allow us to compute things otherwise impractical

Purely theoretical

o CFT's

o AdS/CFT

¢ Special Functions

¢ Integrability Methods

¢ Spin Chains
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Motivation

High energy limit

Phenomenology

& Mueller-Navelet jets
& Muellet-Tang jets
o DIS at small x

With the advent of LHC we have access to higher energies:
opportunity to test pQCD in the high-energy limit and the
applicability of BFKL resummatlon

David Hig
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BFKL

BFKL

BFKL does not cover all high energy energy scattering, but it
is essential to understand some of its aspects.

Consider quark-quark scattering in the Regge Limit.
s>> [t| ~ Q% >> AL

The amplitude at LO in ag is

q X as_
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If we go to NLO large logarithms appear AL « A0, log é

Real corrections

Virtual corrections
, ¢

Lt L]

GGGOGOO00D |

At arbitrary order, we will have terms proportional to
(as)P(aslog &)q that are not negligible in the Regge limit.
o LLA BFKL: (aslog )7 terms
o NLLA BFKL: as(aslog $5)9 terms

All orders result in perturbation thery!
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Rapidity variable

large — rapidity pH
| deta (kua, 622) tanhy = E
74 - _ Zero rapidity

1 plane

For m=0 it coincides with the
R— pseudo-rapidity .

i :y(m = O) = —Iogtanj
D(PZ)T

getr (ki1, 1)

bi Related to the angle of the

icture from

[D. Colferai, F. Schwennsen, L. Szymanowski, S. momentum Wlth the beam axis
Wallon (2010)]

. 2 — 2 elastic scattering at high energies = Y =y; — y» = log ﬁ

. Muller-Navelet jets = Y = In 2X1X2%
[ky1llky2]
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Mueller Navelet jets

Warming up: Mueller—Navelet jets

It has been the playground for BFKL tests
since it was proposed in

[ A. H. Mueller, H. Navelet (1987)]

o At Y=0, no minijet radiation in the
rapidity interval. Exact correlation
do ~ 6%(ky1 — ky2)

o At large Y the BFKL approach
predicts decorrelations (minijets)

Key observable: correlation in the azimuthal
angle of the 2 tagged jets.

...large jet transverse momenta: l_<'J2’1 ~ l_<'J2’2 > AéCD
DGLAP evolution. pQCD applicable.
...large rapidity interval between jets: Y = In =X1X2>

ks 11k 2]
BFKL resummation effects (XY ~1
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Mueller Navelet jets

Warming up: Mueller—Navelet jets

It has been the playground for BFKL tests
since it was proposed in

[ A. H. Mueller, H. Navelet (1987)]

o At Y=0, no minijet radiation in the
rapidity interval. Exact correlation
do ~ 82(ky1 — ky2)

o At large Y the BFKL approach
predicts decorrelations (minijets)

Key observable: correlation in the azimuthal
angle of the 2 tagged jets.

do 1
dxydo d|ky 1| d|ko|dOde,  (27)2

Co+ Y 2cos(nb) C,
n=1
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Mueller Navelet jets

Mueller—Navelet jets

CMS Preliminary,\s =7 TeV,det =5pb’ CMS Preliminary,\s = 7 TeV,JLdt =5pb”
g“f‘”w‘”\”‘W‘” AR AR AR AN G [T T T T
o 1:, EI DAT_A E a 1— Mueller-Navelet dijets —|

F — Pythia 6 72 ] o P, >35GeV, |y| <4.7 1
0sk- Pythia 8 4C 1 0'82"7 e 1

— —— Herwig++ 2.5 1 r

08 = = r

[ j——— 1 0.6/
o7t L;_—T - ¥ ]
: — ] oar ]
0.6 —_ | L !
[ Mueller-Navelet dijets *—L ] I [JDATA Sherpa 1.4 1
05  Pr>35GeV,ly| <47 E o2 Cascade2 [XIBFKLNLL+ |
[\ /| NN FEEEE FEEE EEEE FETE SES S s s | IR ETEEE FEE RS R NREEE FRTTE FEET P
i 2 3 4 5 Ay % 7 Ay

NLLA predictions against LHC data quite successful for large
rapidities.
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Mueller Navelet jets

Mueller—Navelet jets

© Big dependence on high order corrections in Cy due to
collinear contamination, better to define ratios.

¢ Focusing in azimuthal angle correlations is more fruitful
than the usual " growth with energy” behaviour.

¢ Including more jets allow us to study azimuthal
correlations and its dependence on transverse momentum.
Less inclusive observables!

Multi-jet production!
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A new way to probe BFKL

Three- and four-jet production

[F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera (2015)]
[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (2016)]

[F. Caporale, F.G. Celiberto., G. Chachamis, A. Sabio Vera (2016)]
[F. Caporale, F.G. Celiberto, G. Chachamis, D. G.G., A. Sabio Vera (2016)]
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Three-jet at partonic level

An event with three tagged jets

\\/ 2
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@ *
Y < y; < Yau
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—co Yo Yy = (Ya+Yg)/2 Ya < <

Rapidity —»
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Three-jet at partonic level

The three-jet partonic cross section

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

d3p3et
dk_j d9J dyJ

/dPB5 A+EJ_5B>X

X

¢ (kAyﬁAv Ya— }/J) @ (.55, kg, ys— YB)

@ Multi-Regge kinematics rapidity
ordering: Yg < y; < Ya

@ kj lie above the experimental
resolution scale

@ ¢ is the BFKL gluon Green function
(LLA or NLLA)

@ &s = asN./m
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Three-jet at partonic level

Generalized azimuthal correlations -
partonic level

Prescription: integrate over all angles after using the projections on the
two azimuthal angle differences indicated below...
— ...to define:
J3o3—jet
) ko
—a Z / dp? EL 2”d9 (—=1)M*N cos (M) cos ((N — L)6)

— Jo N
- <p2+k3+2 p2k3c059)

X Pm (kf\,pZ, Ya —yJ) on (p2 + kf +2 p2k§ cos ), ké,yJ — YB>

2 27T r270
/ dGA/ dGB/ d6y cos (M (64 — 6, — 7)) cos (N (6 — 0 — 7t

Main observables: generalized azimuthal correlation ratios (w/o the 0 component)

RMN _ Cun _ (cos(M(0a — 0, — 1)) cos(N(0, — 05 — 7))

PQ — CPR a (COS(P(QA—9_1—7'[))COS<Q(€J—93—7'()))
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Three-jet at hadronic level

Next step: hadronic level predictions

Introduce PDFs and running of the strong coupling:

do3—et
dkp dYp d6y dkg dYg dog dk dy,do; —

873 Cr s (#r)® Xa g / 2= / 22 7
ST CF % (BR) d?Ba [ P56 (Pa+Kk, — B
N2 Kakp k) Pe PA J PB)

N¢c
x (T@(XJA uE)+ Y frlxy,, VF))

r=q.4
N,

x| ZE (g mr)+ X FlxgiF)
Cr 5=q.q

x ¢ (EAvﬁAv Ya *YJ) % (5B,EB,YJ - YB)

@ Match the LHC kinematical cuts (integrate do375 on kt and
rapidities Ya,Yp):

3 1. 35 GeV < kg < 60 GeV, 35 GeV < kg <60 GeV;  symmetric cuts
2. 35 GeV < ky <60 GeV, 50 GeV < kg < 60 GeV;  asymmetric cuts
o Y =Ys— Yp fixed;
yi=(Ya+Yg)/2

o /s=17,13 TeV
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Three-jet at hadronic level

RZ vs Y for three different k; bins

k;‘“in = 35 GeV, kg‘m = 35 GeV, k'™ = kg™ = 60 GeV (symmetric)

Vs =13TeV; k" =35 GeV

10}
Se———
.---
—
o~ ————— ."“--.._.
e —————— e ————
e T
05
23
Rz = 20 <K;/GeV <35
== 35 <Ky/GeV < 60
" — 60 <Ky/GeV <120
-0.5
5 55 6 6.5 7 15 8 8.5 9

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (2016)]
Ya+Yp
Ak

Y is the rapidity difference between the most forward/backward jet; y, =
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Three-jet at hadronic level

RZ vs Y for three different k; bins

ki‘nin = 35 GeV, kgm =50 GeV, k'™ = kg®™ = 60 GeV (asymmetric)

Vs =13TeV; k" =50 GeV

S
..._:::
10 s
“"\_\‘
SRS
eSS
T et P T
==
0.5
RZS
12 == 20 <k;/GeV <35
== 35 <kj/GeV <60
0.0l = 60 <ki/GeV <120
~05.
5 55 6 6.5 7 7.5 8 8.5 9
Y

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (2016)]
Ya+Yp
Ak

Y is the rapidity difference between the most forward/backward jet; y, =
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Three-jet at hadronic level

R3? vs Y at 13 TeV - NLLA

Preliminary results
kg‘in = 35 GeV, kg‘in =50 GeV, k'™ = kZ* = 60 GeV (asymmetric)

Vs =13TeV; k"™ =50GeV; k, € ®bin-1, @ bin-2, @ bin-3

4|

0 -= LLA
== NLA MOM BLM

72%-%%

e T —
——
————
Se———
~~
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Y

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
YatYp
A=

Y is the rapidity difference between the most forward/backward jet; y; =
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Three-jet at hadronic level

R3? vs Y at 13 and 7 TeV - NLLA

Preliminary results

Vs =7Tev; k'™ =50GeV;

k; € ®@bin-1, @ bin-2, @ bin-3

Vs =13Tev; k"™=50GeV; k;, € ®@bin-1, ®bin-2, @ bin-3

4

-
== NLA MOM BLM 2
Rs

_—LLA

= NLA MOM BLM

We have entered in an asymptotic regime!

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
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Conclusions

e Study of processes with three and four tagged jets to
propose and predict new, more exclusive, BFKL
observables: generalized azimuthal correlation with
dependence on the transverse momenta of extra jets.

e Ratios of correlation functions used to minimize the
influence of higher order corrections

e Comparison with other approaches such as fixed order
calculations and Monte Carlo simulations are needed to
determine if the observable is a genuine BFKL signal.

e Comparison with experimental data suggested and needed
to know the window of applicability of the BFKL
framework at LHC.
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Outlook

o Three- and four-jets in the NLLA accuracy: improved kernel(s),
scale optimization
[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
¢ Dependence on rapidity bins (asymmetric configurations for the

central jet(s))
[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]

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

two independent gluon ladders (double parton scattering)

[R. Maciula, A. Szczurek (2014, 2015)]
[K. Kutak, R. Maciula, M. Serino, A. Szczurek, A. van Hameren (2016, 2016)]




Thanks for your
attention!!
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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 observables, other approaches can fit them

Advent of LHC:

— higher energies <> larger rapidity gaps
— unique opportunity to test pQCD in the high-energy limit

— disentangle applicability region of energy-log resummation (BFKL approach)
[V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975, 1976, 1977)]
[Y.Y. Balitskii, L.N. Lipatov (1978)]

Last years:
hadroproduction of two jets featuring high transverse momenta and well separed in

rapidity, so called Mueller—Navelet jets...

o ...possibility to define infrared-safe observables...
...and constrain the PDFs...
o ...theory vs experiment

<

[B. Ducloué, L. Szymanowski, S. Wallon (2014)]
[F. Caporale, D.Yu. lvanov, B. Murdaca, A. Papa (2014)]

November
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Partonic prediction of R3 for k; = 30, 45,70

k=40, kg =50, Y5 =10, Y5 =0

30
ky=30 mmimm
45 —
2 70 nuwu
20 |-
15
INEN
10
o
5L
o
st
-10

[F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera (2015)]

YA — Yp is fixed to 10; y, varies beetwen 0.5 and 9.5.
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R vs Y = Y5 — Yg, 1/s and kI for three

k, bins
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[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
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R3? vs Y at 7 TeV - NLLA preliminary

results
KRN = 35 GeV/, kBN = 50 GeV, kP& = k2@ = 60 GeV (asymmetric)

Vs =7TeV; ki"=50GeV; k, € ®@bin-1, ®bin-2, @ bin-3

[ == LLA
= NLA MOM BLM

[F. Caporale, F.G. Celiberto, G. Chachamis, D. G.G., A. Sabio Vera (in progress)]
Y is the rapidity difference between the most forward/backward jet; y; = %.
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R3? vs Y at 13 and 7 TeV - NLLA

preliminary results

Vs =13Tev; k" =50GeV; k; ¢ ®bin-1, ®bin-2, ®bin-3 Vs =13Tev; K{"-50GeV: k;  @bin-1, @ bin-2, ®bin-3
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Four-jets: generalized azimuthal
coefficients - partonic level

27 27 27 271
Crmt =/0 dﬂA/O ‘“93/0 dﬂl/o dd cos(M (84 — 01 — 7))

dOAiet (/?A, Kg, Y — YB)

cos (N (81 — 8 — 1)) cos (L (0 — 0 — 7)) ks dy, 401 dhadBdys

272&s (g 2 ~ - -
- kig ) (-pMe (Qmne+Omn-—L+Qum-nL

RNV S O I VR YW N O N VA VIS O VRN IS o UV VR
with

~ oo +00 270 27T
Qpmyn :/0 dpa PA/0 dpg PB/O d¢A/o dpp

e~ impa ildg (pAe;¢A +kl)n (pBe,@B _ kz)n

V(% + K +2paki cosga)” \/(ph + K3 — 2pgka cos )"

gm (1Kal. 182l Ya =) @1 (165 ks, v2 = Vi )

Pn (\/P,%\ +kf +2paky cospa, \/PZB + k3 —2pghy cosdp, y1 *yz)




BACKUP slides

Four-jets: generalized azimuthal
coefficients - partonic level

271 27 27 27T
Crne :/ dﬂA/ d&B/ d191/ d9, cos (M (84 — 01 — 7))
0 0 0 0

dBgAet <IZA Ky, Ya— YB)

N (9, — 85 — L (6 — 05—
cos (N (81— 8> — 7)) cos (L (92 = 05 — 7)) — 1 o 182 dvs

Main observables: generalized azimuthal correlations

wmne _ Cumne  (cos(M(8a — 01 — 1)) cos(N(0y — 82 — 7)) cos(L(%2 — 0p — 7))
Rpgr =

Cprg  (cos(P(84 — 01 — 7)) cos(Q(¥1 — 92 — 7)) cos(R(82 — ¥ — 71)))
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R)i and RlZ vs Y = Y4 — Yg and /s for
two k; bins

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
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R)i? and R?2 vs Y = Y, — Yg and /s for

two k; bins

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G.G., A. Sabio Vera (in progress)]
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