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In a nutshell

Mueller-Navelet jets in a nutshell

Mueller-Navelet jets (1987) at pp(p) colliders

L, !

jety (ki1 ¢1)

—_— e —

proton (p2) + proton (p1) —

jety (ki2, ¢2)

©=d¢1— (2 —m)
ki1~ kiolarge

= perturbative approach
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In a nutshell

Mueller-Navelet jets in a nutshell

Mueller-Navelet jets (1987) at pp(p) colliders

lowest order

SIS quark jety

proton (p1)

o=¢1—(62—7) gluon
iy~ ko large jet2

= perturbative approach
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In a nutshell

Mueller-Navelet jets in a nutshell

Mueller-Navelet jets (1987) at pp(p) colliders

proton (p1) —

jety (ki2, ¢2)
| ©=¢1— (2 — )

ki1~ ki large

= perturbative approach

jety

LHC: very high available energy!

emitting a lot of semi-hard partons cost very few energy
= large cross-section + decorrelation (from overall momentum conservation)
thus ¢ # 0
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In a nutshell
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Introduction

The various regimes governing the perturbative content of the proton

Yoini 1 A SATURATION
REGION
In oz(y)
BK JIMWLK
+ BFKL

DGLAP
- //\
y

oy > (Y

InAeo InQ?

@ “usual” regime: xp moderate ( xp 2 .01):
Evolution in ) governed by the QCD renormalization group
(Dokshitser, Gribov, Lipatov, Altarelli, Parisi equation)

Yalas Q)" + as 3, (as Q)"
LLQ NLLQ
@ perturbative Regge limit: s,+, — o0 i.e. 25 ~ Q%/syp — 0
in the perturbative regime (hard scale Q?)
(Balitski Fadin Kuraev Lipatov equation)

S (e ns)" 4 as 3, (as ns)" +

LLs NLLs 7/76



Introduction

QCD in the perturbative limit

@ One of the important longstanding theoretical questions raised by QCD is
its behaviour in the perturbative Regge limit s > —t¢

9 Based on theoretical grounds, one should identify and test suitable
observables in order to test this peculiar dynamics

t
hi(M7) (M)
PN <— vacuum quantum
number
ha(M3) hy (M)

hard scales: M7, M3 > Adop or Mi?, M5® > Adep or t > Adep
where the t—channel exchanged state is the so-called hard Pomeron
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Introduction

How to test QCD in the perturbative limit?

What kind of observable?

@ perturbation theory should be applicable:
selecting external or internal probes with transverse sizes < 1/Agcp
(hard ~*, heavy meson (J/W, T), energetic forward jets) or by choosing
large t in order to provide the hard scale.

p—0
@ governed by the "soft" perturbative dynamics of QCD \Frrfi(
m =0
and not by its collinear dynamics ‘rr‘r‘xi/e 0
m=0

— select semi-hard processes with s > p%,; > AQQCD where p%,; are
typical transverse scale, all of the same order.
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Introduction

How to test QCD in the perturbative limit?

Some examples of processes

@ inclusive: DIS (HERA), diffractive DIS, total v*~v* cross-section (LEP,
ILC)

@ semi-inclusive: forward jet and ©° production in DIS, Mueller-Navelet
double jets, diffractive double jets, high pr central jet, dihadron production
in hadron-hadron colliders (Tevatron, LHC), inclusive photoproduction of
two heavy quark-antiquark pairs at ete™ colliders (ILC)

@ exclusive: exclusive meson production in DIS, double diffractive meson
production at eTe~ colliders (ILC), ultraperipheral events at LHC
(Pomeron, @dderon)
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Introduction

Resummation in QCD:

Small values of «a (perturbation theory applies if there is a hard scale) can be
compensated by large logarithmic enhancements.

DGLAP BFKL

krn+1 < krn z1, kr1 Tnt1 K Tn z1, kr1

x2, kTQ x2, kTQ

strong ordering in kp strong ordering in x

> (e In Q)" S(aslns)™

When /s becomes very large, it is expected that a BFKL description is needed
to get accurate predictions
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Introduction
The specific case of QCD at large s

QCD in the perturbative Regge limit

The amplitude can be written as:

T TE) . (E)

~ ~ s(aslns) ~ 5 (as Ins)?

this can be put in the following form :

< Impact factor

Uizltlw,zﬁa,nything _ llmA ~ an:(())fl
< Green's function

with ap(0) =1 = C s +C' a2 +
C > 0 : Leading Log Pomeron

< Impact factor
Balitsky, Fadin, Kuraev, Lipatov
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Introduction

Opening the boxes: Impact representation

@ Sudakov decomposition: k; = a;p1 + Bip2 +kii (03 =p3 =0, 2p1 - pp = s)
@ write dki = £ daidBid’kyi (&= Eucl. & ki = Mink)

up/down

@ t—channel gluons have non-sense polarizations at large s: €37 =2py

=setan =0and [dB: = & 7 (k,,r — k)
impact factor

. 2 21./
18 ﬁ @’u;z(k7 r— E)/ d°k q)dnu:'n,(_k/ _E_‘_E/)

e B K> -
S+ico
x / do (516 (kK ,r)
omi\so ) “w\BEL
§—ioco

<— multi-Regge kinematics

= set By =0and [da, = & 77 (<k,,—r+k,)
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Introduction

Higher order corrections

@ Higher order corrections to BFKL kernel are known at NLL order (Lipatov
Fadin; Camici, Ciafaloni), now for arbitrary impact parameter
as Y, (as Ins)™ resummation

@ impact factors are known in some cases at NLL

e v* — 4* at t = 0 (Bartels, Colferai, Gieseke, Kyrieleis, Qiao;
Balitski, Chirilli)

o forward jet production (Bartels, Colferai, Vacca;
Caporale, Ivanov, Murdaca, Papa, Perri;
Chachamis, Hentschinski, Madrigal, Sabio Vera)

@ inclusive production of a hadron (Ivanov, Papa)

@ v} — pr in the forward limit (Ivanov, Kotsky, Papa)
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MN jets at full NLLx
[ leJele]

Mueller-Navelet jets: Basics

Mueller-Navelet jets

@ Consider two jets (hadrons flying within a narrow cone) separated by a
large rapidity, i.e. each of them almost fly in the direction of the hadron
“close” to it, and with very similar transverse momenta

@ Pure LO collinear treatment: these two jets should be emitted back to
back at leading order:

e p=A¢p—7m=0 (Ap = ¢1 — P2 = relative azimuthal angle)
@ kj1=Fk 5. No phase space for (untagged) multiple (DGLAP) emission
between them

p(mw

large - rapidity
| jetz (kiz, ¢2)

Beam axis

"_'f(; . zero rapidity
-

large + rapidity
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MN jets at full NLLx
[e] lele]

A long story

@ dijets with large rapidity separation as a probe of BFKL resummation
effects: A. H. Mueller, H. Navelet 1987

BFKL LL: cross-sections

T idea: study the ratio 251
] o (s2)
for two different values of s; and s3
with fixed values of x5 1, 2
= access to the Pomeron trajectory

(LL argument: PDFs simplifies)

— M

note: LHC: z ~ 1
= one should not use any saddle point approximation

gy when evaluating the BFKL Green's function

@ BFKL LL: cross-section + azimuthal decorrelation
V. Del Duca and C.R. Schmidt; W. Stirling 1994
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MN jets at full NLLx
[e]e] o]

A long story

@ modified BFKL LL:

o MC event generator: energy-momentum conservation + running of alpha
L. Orr, W. Stirling 1997
J. R. Andersen, V. Del Duca, S. Frixione, C. R. Schmidt, W. J. Stirling 2001
note: the balanced situation (kJi7 = kZJ'%%) was shown to be problematic,
calling for a resummation of Sudakov-type logs

o kinematical constraint along the parton chain:
J. Kwiecinski, A. D. Martin, L. Motyka and J. Outhwaite 2001

@ mixed: NLL BFKL Green function + LL jet vertex
A. Sabio Vera, F. Schwennsen; C. Marquet, C. Royon 2007

@ Full NLL BFKL
our group 2010...
and then 2013...
F. Caporale, G. Chachamis, F. Celiberto, D. Gordo Gémez, D. Yu. lvanov,
B. Murdaca, A. Papa, A. Sabio Vera, C. Salas

@ see also HEJ (based on the Multi-Regge Kinematics (MRK) a la LL
BFKL) which goes beyond LL BFKL) 2011...
J. R. Andersen, L. Lénnblad, J. M. Smillie
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MN jets at full NLLx
[e]e]e] ]

jets at  fails

Mueller Navelet jets at LL BFKL

@ in LL BFKL (~ Y (asIns)™),

emission between these jets jet,
— strong decorrelation c;::f:r
between the relative azimutal (PDF) »
angle jets, incompatible rapidity gap
with pp Tevatron collider data
@ a collinear treatment LL BFKL
at next-to-leading order rapidity gap ("~ 1\ function
(NLO) can describe the data
@ important issue:
non-conservation collinear
parton
of energy-momentum (PDF)
along the BFKL ladder. jet,
A LL BFKL-based
Monte Carlo combined Multi-Regge kinematics
with e-m conservation (LL BFKL)

improves dramatically
the situation (Orr and Stirling)
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MN jets at full NLLx
[ ]

Studies at LHC:

Mueller Navelet jets at NLL BFKL

@ up to now, the

collinear

jet; NLL jet vertex

subseries as Y (s Ins)™ E’;g"’:’;
NLL was included rapidity gap
only in the exchanged
Pomeron state, and
not inside the jet vertices NLL BFKL
. rapidity gap .
Sabio Vera, Schwennsen Green function
Marquet, Royon
@ the common belief C;!::::r
was that these corrections (PDF) jety NLL jet vertex

should not be important

Quasi Multi-Regge kinematics (here for NLL
BFKL)
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MN jets at full NLLx
@®00000000

Jet vertex: VErsus

k,k’ = Euclidian two dimensional vectors

LL jet vertex:

NLL jet vertex:
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MN jets at full NLLx
O@0000000

Jet vertex: jet algorithms

Jet algorithms

@ a jet algorithm should be IR safe, both for soft and collinear singularities

@ the most common jet algorithm are:

o cone algorithm (not IR safe in general; can be made IR safe at NLO: Ellis,
Kunszt, Soper)

o k¢ and anti-k; algorithms (IR safe)

21/76



MN jets at full NLLx
0O0®000000

Jet vertex: jet algorithms

Cone jet algorithm at NLO (Ellis, Kunszt, Soper)

@ Should partons (|p1], ¢1,y1) and (p2|, ¢2,y2) combined in a single jet?
|p:| =transverse energy deposit in the calorimeter cell ¢ of parameter
Q= (yi,¢:) in y — ¢ plane

@ define transverse energy of the jet: p; = |p1| + |p2|

@ jet axis:
= [P1ly1 + [P2| y2
Py
Qe
_ |1l ¢1 + |p2| #2
Py = ——
Py

parton; (1, |p1])

cone axis () Q = (yi, ¢3) in y — ¢ plane
partonz (Q2, |p2])

If distances | — Qc|® = (yi — y)® + (¢0i — ¢c)? < R* (i =1 and i = 2)

— partons 1 and 2 are in the same cone Q.
Ip1] + [p2]

combined condition: |1 — Q| < ———————
maT(\pl\, |p2‘) 22/76



MN jets at full NLLx
000@00000

Jet vertex: versus and jet algorithm

LL jet vertex and cone algorithm

k, k’ = Euclidian two dimensional vectors

Vo

5P (kus) =5 (1= 21) k6P (k — k)
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MN jets at full NLLx
000080000

Jet vertex: versus and jet algorithm

NLL jet vertex and cone algorithm

k, k’ = Euclidian two dimensional vectors

853,c0nc) (k/7 k — k/7 zz T) —

(2) k—k'|+ |k’ 2
sP(k,z) © <[MRH] - [Aay* + Acﬂ)

2 / k—K' | +]K| 2
+ S'(] >(k —k',22)© <[Ay2 + A¢?] — [m}%one} )

k—k'|+|k’ 2
g (K,2(l1-2)© ([Ayz + A7 - [mmm] ) ’
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MN jets at full NLLx
0O0000@000

Jet vertex: jet algorithms

kr algorithm (Cacciari, Salam, Soyez)

)(yi =) + (i — ¢5)°
th

Ry, = size parameter of the jet
9 identify the smallest d;;, dip
9 if it is a d;; combine ¢ and j
@ ifitis a d;p, i is considered as a jet
@ this is done until all the particles are clustered into jets
At NLO, there are 3 distances to be computed: di2, dip and da5.

Condition for particles 1 and 2 to be combined into a jet:

dia < dow, dip & Ay® + A¢” < Ry,
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MN jets at full NLLx
000000800

Jet vertex: versus and  jet algorithm

NLL jet vertex and k7 algorithm

k, k’ = Euclidian two dimensional vectors

Sf}*'“‘”(k’, k -k xz;x) =

SP(k,z) 0 (R:, — [Ay® + A¢?])

+ 8Pk — K, 22) © ([Ay? + A¢?] — RZ))

0,z k,z(1—z2)

+ 8P K, x(1 — 2)) © ([Ay? + A¢®] — RE,),

0,z k,z(1 — z)

26 /76



MN jets at full NLLx
000000080

Jet vertex: jet algorithms

anti-k7 algorithm (Cacciari, Salam, Soyez)

0 \2 L 2
di; = min<l2,i2)(yz ;) +2(¢Z ?5)
p;’ P Ry,
1
dip = —
B p12

Ry, = size parameter of the jet
@ identify the smallest d;j;, dip
@ if it is a d;; combine 7 and j
@ ifitis a d;p, i is considered as a jet
@ this is done until all the particles are clustered into jets

main difference of kr versus anti-kr algorithms:
anti-kr algorithm makes more circular profile in the (y,®) plane

At NLO, same condition as for the kr algorithm
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MN jets at full NLLx
00000000

Mueller-Navelet jets at NLL and finiteness

Using an IR safe jet algorithm, Mueller-Navelet jets at NLL are finite

9@ UV sector:
o the NLL impact factor contains UV divergencies 1/¢

o they are absorbed by the renormalization of the coupling: avg — as(ur)

@ IR sector:
o PDF have IR collinear singularities: pole 1/¢ at LO

o these collinear singularities can be compensated by collinear singularities of
the two jets vertices and the real part of the BFKL kernel

o the remaining collinear singularities compensate exactly among themselves

o soft singularities of the real and virtual BFKL kernel, and of the jets vertices
compensates among themselves
This was shown for both quark and gluon initiated vertices (Bartels, Colferai,
Vacca)
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MN jets at full NLLx
[ ele}

Master formulas

kr-factorized differential cross section

do
= [ dpsd d?k; d?k
dlks1| dlks2|dys1 dyse /(z”1 ¢J2/ e

ki, ¢s1, 201 X ®(ky1,z1, —ki)

X G(k1,k2,§)

k2, ds2, T 52 X ®(kyo, xy2,ko)

with ®(k o, 252, ko) = [das f(z2)V(ke,22)  f=PDF  zy = Kilews
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MN jets at full NLLx
(o] le}

Master formulas

It is useful to define the coefficients C,, as

Cn

/quJl dez cos (n(¢ps1 — ¢py2 —m))

X /ko1 d’ko ®(ky1, 251, —k1) G(k1, ka2, §) ®(ky2, 72, ko)

@ n =0 = differential cross-section

do

Co =
0 d|k 1| d|ks2| dy1 dyse

@ n > 0 = azimuthal decorrelation

ﬁ
Co

@ sum over n — azimuthal distribution

ldo 1 {1 +2 Z cos (ny) (cos (TL(,D))}

o dp 27

= (cos (n(¢1 — prz — ) = (cos(n))

n=1
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MN jets at full NLLx
[e]e] ]

Master formulas in conformal variables

Rely on LL BFKL eigenfunctions

o\iv— 3 in
@ LL BFKL eigenfunctions: Ey., (ki) = 15 (ki)™ 2 e
@ decompose ® on this basis
@ use the known LL eigenvalue of the BFKL equation on this basis:

w(n,v) = asxo (In], 3 + iv)
with xo(n,7) =2¥(1) =¥ (y+3) — ¥ (1—v+5)

(¥(z) =T'(2)/T(x), @s = Neas /)
@ — master formula:

A\ w(m,v)
Con = (4= 36m.0) / AV Con (k1| w1) Cr (K2, 20,2 (i)

S0
with
Cmw(ksl|,zs) = / dpy d’kda f(2)V (k, ) Em,v (k) cos(ma.)

@ at NLL, same master formula: just change w(m,v) and V
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MN jets at full NLLx
[ ]

BFKL Green's function at NLL

NLL Green's function: rely on LL BFKL eigenfunctions

@ NLL BFKLkernel is not conformal invariant
@ LL E, . are not anymore eigenfunction

9 this can be overcome by considering the eigenvalue as an operator with a
part containing 01/

@ it acts on the impact factor

1 .
xa (Inl 5 +iv

_ﬂ——bo <|n|7%+ll/){ QIHHR d In 4CH’V(|kJ1|7xJ’1)}:|7

1
w(n,v) = asxo (|n| + w) + a2

“ov Ch,v(ka2|, z72)

91y K1l '2|sz|
MR
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MN jets at full NLLx
o

LL substraction and sy dependence
§=x1228)

@ onesums up Y (asIn§/so)" + as Y (asIng/so)™ (

@ at LL s¢ is arbitrary
@ natural choice: so = /50,1 50,2 So0,; for each of the scattering objects
o possible choice: sg; = (Jky| + |ks — k|)? (Bartels, Colferai, Vacca)
9 but depend on k, which is integrated over
@ §is not an external scale (x1,2 are integrated over)
2

o we prefer
T
50,1 = (ki + ks — k)2 — s, = lek?n
J1 K 3 TJ1Tg, S
- 5 ==
22 80 so kgl kool
;T2 42
7 Sp2 = k7o

' 7,2 — VI 17VI2 = Y

s0,2 = (Jkga| + [ky2 — k2)?

9 sp — s affects
o the BFKL NLL Green function
/ .
(1)

@ the impact factors:
1 s
onin(kis sp,;) = OniL(kis so,i) +/d2k' Dpp (k) Krp(k, ki)~ In 2% (1)

2 50,i
@ numerical stabilities (non azimuthal averaging of LL substraction)

improved with the choice so; = (k; — 2k.;)?
(then replaced by 56,1’ after numerical integration)
33/76
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MN jets at full NLLx

Collinear improvement at NLL

Collinear improved Green's function at NLL

@ one may improve the NLL BFKL kernel for n = 0 by imposing its
compatibility with DGLAP in the collinear limit
Salam; Ciafaloni, Colferai

@ usual (anti)collinear poles in v = 1/2 +iv (resp. 1 —+) are shifted by w/2

@ one practical implementation:
o the new kernel asx(!) (v, w) with shifted poles replaces

&SXO('Yv 0) + 07§X1 (’Yv 0)

@ w(0,v) is obtained by solving the implicit equation
UJ(O, V) = O75)((1) (’Yv w(O, V))
for w(n,v) numerically.

@ there is no need for any jet vertex improvement because of the absence of
v and 1 — 7 poles (numerical proof using Cauchy theorem "backward"”)

@ this can be extended for all n
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Results at full NLLx
@00

Results

Results for a symmetric configuration

In the following we show results for
@ /s=7TeV
@ 35GeV < |kJ1| R |kJ2| < 60GeV
9 0< |y1|,ly2| <47
These cuts allow us to compare our predictions with the first experimental data

on azimuthal correlations of Mueller-Navelet jets at the LHC obtained by CMS
collaboration

note: unlike experiments we have to set an upper cut on |ky1| and |kj2|. We have
checked that our results do not depend on this cut significantly.
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Results: symmetric configuration (Jk;.1 min| = [KJ.2 min|

Results at full NLLx
(o] lo}

Azimuthal distribution

NLL vert. + NLL Green's fun

- Y=62 — "]
yZ93
12| [
s A ]
o8 [ 4
s 4
o4 F % b
02— 4 « -
ok ]
I L L L L P’
) 2 1 o 1 2 3

NLL vert. + NLL resum. Green's fun.

Full NLL treatment predicts :
@ Less decorrelation for the same Y
@ Slower decorrelation with increasing Y

|
2 El o T 2 B

LL vert. + NLL resum. Green’s fun.

35GeV < |ky1| < 60 GeV
35GeV < |kyz| < 60 GeV

0<Y <4.7
0<Ys <47
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Results at full NLLx
ooe

Results: symmetric configuration (Jk1 min| = [kJ.2 min| = 35 GeV)

P

Azimuthal distribution: stability with respect to so and ur = pr

do 1do Ldo
re 7T 7ds

T T T T T T T T T T T T T

I pure LL A 14— LL vertices + NLL Green's fun — 141~ LL vert. + NLL resum. Green's fun. —

r ur = ue/2 t i > /2 uE = e /2 1
r jlar > b 1 r ol 1 vr s s ]
L ] E ] s ]
F 4 ek 4 el ]
F EEe 4 el ]
L 04 4 eab / \ ]
L 0z 4 e - . ]
L ] 0 = of I

1 I I I I I I I I I I 1 I I I I I I

3 2 1 o 1 2 R 2 1 o 1 2 ) 2 E 0 1 2 3 ¢

pure LL LL vertices + NLL Green’s fun. LL vert. + NLL resum. Green's fun.

do. 1do

T 7

T T T T T T T T T T T

r NLL vert. + NLL Green's fun. 7 ™[ NLLvert. + NLL resum. Green's fun — ]

L Z:f)%‘u 1 L ﬁmjﬁ“,, ] 35GeV < |kji| < 60GeV

L Vso — /s ] WL Ve S8 35GeV < |kyz2| < 60GeV

L 1 L

= - osp 0<Yr <4.7

L e 0<Ye <4.7

F 4 o2 integrating on the bin:

i I | I i 1 i I 6<Y=Y1+Y2<94
3 2 1 0 1 2 3 9 3 2 1
NLL vert. + NLL Green's fun NLL vert. + NLL resum. Green's fun.

The predicted ¢ distribution within full NLL treatment is stable
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Results at full NLLx
0000000

Results: azimuthal correlations

Azimuthal correlation (cos ¢)

Co = <COS 80> = <COS(¢J1 —¢g2 — 7T)> recall: ¢ = 0 & back-to-back
2

35GeV < |kji| < 60 GeV
35GeV < |kj2| < 60 GeV

0< ly1] <47
0 < |y2| < 4.7

LO vertex + NLL Green
NLO vertex + NLL Green fun.
CMS

0 ! ! ! ! ! Y = |y, —
4 5 6 7 8 9 v = el

The NLO corrections to the jet vertex lead to a large increase of the correlation
Note: LO vertex + NLL Green done by F. Schwennsen, A. Sabio-Vera; C. Marquet, C. Royon
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Results at full NLLx
0@00000

Results: azimuthal correlations

Azimuthal correlation (cos ¢)

<COS (p) = <COS(¢J1 — ¢J2 — ’/T)) recall: ¢ = 0 < back-to-back

0.4

0.2

35GeV < |kj1| < 60 GeV
35GeV < |kja| < 60 GeV

. 0<|y1| <4.7
0< lyal <47

- NLL BFKL =

.......... V50 = 250
+—e— CMS data

| | | | | Yy

4 5 6 7 8 9

@ NLL BFKL predicts a too small decorrelation

@ The NLL BFKL calculation is still rather dependent on the scales,
especially the renormalization / factorization scale
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Results at full NLLx
00e0000

Results: azimuthal correlations

Azimuthal correlation (cos 2¢)

(cos 2¢p) recall: ¢ = 0 < back-to-back

1 35GeV < |kyi1| < 60 GeV
: 35GeV < |ky2| < 60 GeV

0< |y1] <47
0< |y2| < 4.7

NLL BFKL
w2
= 2p
02 V30 = V/50/2 _
- e /50 = 20/30
—e— CMS data i

0 | | | | | Y
4 5 6 7 8 9

@ The agreement with data is a little better for (cos2¢) but still not very
good

@ This observable is also very sensitive to the scales
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Results at full NLLx
000000

Results: azimuthal correlations

Azimuthal correlation (cos2¢)/{cos ¢)

(cos2¢) /(cos p) recall: ¢ = 0 < back-to-back

12 T T T T T

= 1 35GeV < k1| < 60 GeV
’ 35GeV < |ky2| < 60 GeV

0< |yi| < 4.7
0 < |ya| < 4.7

0.4 - ——— NLL BFKL -
s-sss up = prR/2
. © UER —2pp
02 T VE0 > VEo/2 —
E2N . /50 = 2/50
—e— CMS data ]

0 | | | | | Y
4 5 6 7 8 9

@ This observable is more stable with respect to the scales than the previous
ones

@ The agreement with data is good across the whole Y range
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Results at full NLLx
[e]e]e]e] Tele]

Results: azimuthal correlations

Azimuthal correlation (cos2¢)/{cos ¢)

(cos 2¢) /(cos p) recall: ¢ = 0 & back-to-back

12 T T T T T

- 1 35GeV < |kj1| < 60 GeV
35GeV < |kj2| < 60 GeV

0< |y1| < 4.7
0< lyal <47

——— LO vertex + LL Green'’s fun. B
——— LO vertex + NLL Green’s fun.

02— NLO vertex + NLL Green's fun. T
| +——— CMS data i
0 | | | | | Y
4 5 6 7 8 9

It is necessary to include the NLO corrections to the jet vertex to reproduce the
behavior of the data at large Y
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Results at full NLLx
0000080

Results: azimuthal distribution

Azimuthal distribution (integrated over 6 <Y < 9.4)

recall: ¢ = 0 < back-to-back

T T T T
NLL BFKL
n /2
Joo=r 2pp e 4
Vs = V/50/2 -
V50 = 24/50 e

CMS data +—e—i

01 —

1 1

1

} oo
{7 = 5 142 Z cos (ny) (cos (ny))

0.01 — n=1

@ Our calculation predicts a too large value of %Z—; for ¢ < 3 and a too
small value for ¢ 2 %

@ It is not possible to describe the data even when varying the scales by a
factor of 2
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Results at full NLLx
000000e

Results: limitations

@ The agreement of our calculation with the data for (cos2y)/(cos ¢) is
good and quite stable with respect to the scales

@ The agreement for (cosn¢y) and %j—g is not very good and very sensitive

to the choice of the renormalization scale ur
@ An all-order calculation would be independent of the choice of pur. This
feature is lost if we truncate the perturbative series
= How to choose the renormalization scale?
'Natural scale’: sometimes the typical momenta in a loop diagram are
different from the natural scale of the process

We decided to use the Brodsky-Lepage-Mackenzie (BLM) procedure to fix the
renormalization scale
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The

NLLx + BLM
o

renormalization scale fixing procedure

@ The Brodsky-Lepage-Mackenzie (BLM) procedure resums the self-energy

corrections to the gluon propagator at one loop into the running coupling.
@ Applications to BFKL:

LL: S. J. Brodsky, F. Hautmann, D. E. Soper

NLL:

S. J. Brodsky, V. S. Fadin, V. T. Kim, L. N. Lipatov, G. B. Pivovarov

M. Angioni, G. Chachamis, J. D. Madrigal, A. Sabio Vera

M. Hentschinski, A. Sabio Vera, C. Salas

F. Caporale, D. Yu. Ivanov, B. Murdaca, A. Papa

@ Brodsky, Fadin, Kim, Lipatov and Pivovarov suggested that:
@ one should first go to a physical renormalization scheme like MOM

o then apply the 'traditional’ BLM procedure, i.e. identify the 89 dependent
part and choose g such that it vanishes

@ We followed this prescription for the full amplitude at NLL.
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NLLx + BLM
[ Jelele]e}

Results with

Azimuthal correlation (cos ¢)

(cos p)
1.2 T T T T T
1 I e T | 35GeV < ‘k.]l‘ < 60 GeV
_________________ .
L N 35GeV < |kyz| < 60 GeV
\
— -
08 - ’ ; S 0< ly1] <47
I ! I 0 < |ya| < 4.7
06 i I | 2]
r 1 anti-kr jet algorithm
L ----- NLL BFKL 4
NLL BFKL+BLM
0 | | | | | v
4 5 6 7 8 9

Using the BLM scale setting, the agreement with data becomes much better

46 /76



NLLx + BLM
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Results with

Azimuthal correlation (cos 2¢)

(cos 2¢)
1.2 : : | |
T NLL BFKL _ 35GeV < |kyi1| < 60 GeV
NLL BFKL+BLM
L oS | 35GeV < |kjz2| < 60GeV
o - T 0< |ya| <47
““““““““ | 0< |ya| < 4.7
06 g e Tl | [y2|
I } i $ 3 X anti-kr jet algorithm
0.4 ' { R R o5
02 _
0 1 | | | v
4 5 6 7 8 9

Using the BLM scale setting, the agreement with data becomes much better.
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NLLx + BLM
[e]e] le]e}

Results with

Azimuthal correlation (cos2¢)/(cos ¢)

(03 2)  (cos )
12 T T T T T
L | 35GeV < |kj1| < 60 GeV
L | 35GeV < |kj2| < 60GeV
08 _; ] 0<|y1| < 4.7
[T ] 0
===L__ < < 4.7
0.6 ____}_ ________ {_ _________ l-——"‘ [y2]
r 7 anti-kr jet algorithm
04 | . R=0.5
L ----- NLL BFKL 4
NLL BFKL+BLM
02 . cms n
0 | | | | | Y
4 5 6 7 8 9

Because it is much less dependent on the scales, the observable
(cos 2¢) /{cos p) is almost not affected by the BLM procedure and is still in
good agreement with the data.
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Results with

NLLx + BLM

[e]ele] o}

Azimuthal distribution (integrated over 6 <Y < 9.4)

1do
o do
T T T T
1 P~ —-==-=-- NLL BFKL —
NN NLL BFKL+BLM
L \\ —e— CMS
AN
N
.
01 | \!\ —
i
\
y l
L et f

\ b

With the BLM scale setting the azimuthal distribution is in very good
agreement with the data across the full ¢ range.
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NLLx + BLM
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CMS measurement versus theory within various alternative descriptions
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Figure 1: Left stlubunom of the azimuthal-angle difference, Ag, between MN jets in the
rapidity intervals Ay < 3.0 (top row), 3.0 < Ay < 6.0 (centre row), and 6.0 < Ay < 9.4 (bottom Figure 2: Left: Average (cos(n(7r — A9)))(n = 1,2,3) as a function of Ay compared to LL
row). Right: Ratior of predictions to the data in the corresponding rapidity intervals. The DGLAP MC generators. In addition, the predictions of the NLO generator POWHEG interfaced
data (points) are plotted with experimental statistical (systematic) uncertainties indicated by with the LL DGLAP generators PYTHIA 6 and PYTHIA 8 are shown. Right: Comparison of
the error bars (the shaded band), and compared to predictions from the LL DGLAP-based MC the data to the MC generator SHERPA with parton matrix elements matched to a LL DGLAP
generators PYTHIA 6, PYTHIA 8, HERWIG++, and SHERPA, and to the LL BEKL-motivated MC parton shower, to the LL BFKL inspired generator HEJ with hadronisation by ARIADNE, and to
generator HE) with hadronisation performed with ARIADNE (solid line). analytical NLL BFKL calculations at the parton level (4.0 < Ay < 9.4).
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BFKL vs fixed-order
[ ]

Comparison with fixed-order

Using the BLM scale setting:

@ The agreement (cosny) with the data becomes much better

@ The agreement for (cos2¢)/(cos ¢) is still good and unchanged as this
observable is weakly dependent on g

@ The azimuthal distribution is in much better agreement with the data

But the configuration chosen by CMS with |k1|min = |KJ2|min does not allow
us to compare with a fixed-order O(a?) treatment (i.e. without resummation)

@ These calculations are unstable when |k ji|min = |kJ2|min because the
cancellation of some IR divergencies is difficult to obtain numerically

@ Resummation effects a la Sudakov are important in the limit kj; ~ —k 2
and require a special treatment.

@ This resummation has been obtained at LL
A. H. Mueller, L. Szymanowski, S. W., B.-W. Xiao, F. Yuan

@ The evaluation of the magnitude of this effect remains to be done

o Beyond LL, it is presumably very tricky ...

@ This resummation is not available in fixed-order treatments
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BFKL vs fixed-order
e0

Motivation for asymmetric configurations

@ Initial (and final) state radiation (unseen) produces divergencies if one
touches the collinear singularity q? — 0

k; ki
055

a TTET 8T8
/ ko

@ they are compensated by virtual corrections

@ this compensation is in practice difficult to implement, or even incomplete,
when for some reason this additional emission is in a "corner” of the phase
space (dip in the differential cross-section)

@ this is the case when k1 +kj2 — 0
@ this calls for a resummation of large remaing logs = Sudakov resummation
k %
9)}/;2}:}  ARERE]T
/ ko
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BFKL vs fixed-order
(o] ]

Motivation for asymmetric configurations

@ since these resummation have never been investigated in this context, one
should better avoid that region

@ note that for BFKL, due to additional emission between the two jets, one
may expect a less severe problem (at least a smearing in the dip region

k1] ~ [ks2|)
ki1

k2

@ this may however not mean that the region |k 1| ~ |kj2| is perfectly
trustable even in a BFKL type of treatment:
in the limit ¢7 = (kj1 + k2)? < P? = |ks1||ksz|, at one-loop,

OzsCF 1n2 PJQ_QRi
2m c

Sag—aq = (co=2e""7)

impact parameter R, Lo homentum imbalance qL
R, ~ 1/q, = suppression of this back-to-back configuration
(on top of BFKL large Y effects)
@ we thus think that a measurement in a region where both NLO fixed order
and NLL BFKL are under control would be safer!
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BFKL vs fixed-order
[ ]

Factorization of Sudakov double logs and of BFKL dynamics

One-loop analysis and factorization of the differential cross section
@ Collinear and soft gluon radiations = incoming partons gets a ¢
@ These radiations are controlled by the Sudakov formalism and can be
derived formally by the Collins-Soper-Sterman resummation
@ Each of the incoming partons with a ¢, scatter off each other by
exchanging a t—channel gluon, dominated by the BFKL dynamics

do .
dyrdyzd?ki d?kay

/d2qud2qua(I1, Qi =ki)Fp(T2,q21 ;0= kai)

XGap(k11, kais ) ferrn(kin — @i, kay — @213Y)
@ G,4p: partonic cross section
@ Fqup: transverse momentum distributions (TMDs) with Sudakov

resummation effects including initial and final state radiations:

2R,
Falz, 5 =k =
(@, qu;nr =k1) 93/ (@2

9 fq,9(x, pp): integrated q/g distribution functions at the scale p, = co/R1

EiqL ‘R e_sgud(“F =ki,Ry1) C®fa (I7 /»Lb)

@ C ® fq,4: convolution integral for the parton distributions

0® fulw) = [ 237 Capate/a ) fila )
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BFKL vs fixed-order
@000

Comparison with fixed-order

Results for an asymmetric configuration

In this section we choose the cuts as
@ 35GeV < |kJ1| R |kJ2| < 60GeV
9 50 GeV < Max(|kj1], k2|

9 0 < |y],lye] <47

and we compare our results with the NLO fixed-order code Dijet (Aurenche,
Basu, Fontannaz) in the same configuration
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BFKL vs fixed-order
(o] lele}

Comparison with fixed-order

Azimuthal correlation (cos ¢)

35GeV < |kji| < 60GeV

I e ey 35GeV < |kja| < 60 GeV

50 GeV < Max(|kj1]|, |ksz2|)

06— n 0< |y1| < 4.7
i T 0 < |y2| < 4.7
0.4 — —
. —— NLO fixed-order 4
02 - NLL BFKL+BLM |
0 L L L L L Y
4 5 6 7 8 9

The NLO fixed-order and NLL BFKL+BLM calculations are very close
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BFKL vs fixed-order
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Comparison with fixed-order

Azimuthal correlation (cos2¢)

—— NLO fixed-order
NLL BFKL+BLM 35GeV < k1| < 60 GeV

08 B 35GeV < |kj2| < 60 GeV

\/( 50 GeV < Max(|kj1], [ks2|)
06 0< |yi| < 4.7

0 < |y2| < 4.7
04

02— —

0 ! ! ! ! ! Yy

The BLM procedure leads to a sizable difference between NLO fixed-order and
NLL BFKL+BLM.
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BFKL vs fixed-order
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Comparison with fixed-order

Azimuthal correlation (cos2¢)/{cos ¢)

(cos 2¢) /{cos )
12

35GeV < |kji| < 60 GeV
35GeV < |kj2| < 60 GeV

0.8 —
\//ﬁ 50 GeV < Max(|k1], [k2|)

06— TS = 0< |y1| < 4.7
I 0< |ya| < 4.7

04 |- —
[ NLL BFKL i

oo b — NLO fixed-order |

: NLL BFKL+BLM

0 I I I I I v

4 5 6 7 8 9

Using BLM or not, there is a sizable difference between BFKL and fixed-order.
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BFKL vs fixed-order
o0

Comparison with fixed-order

Cross section: 13 TeV vs. 7 TeV

back to the original idea of Mueller and Navelet

013TeV /O7TeV
10000 ‘ ‘
————— NLL BFKL
—— NLO fixed-order /i 35GeV < |kj1| < 60 GeV
1000 [~ NLL BFKL+BLM A 35 GeV < |Kkya| < 60 GeV

50 GeV < Max(|kj1], |ksz2|)

0< |y1] <47
0 < |y2| < 4.7

1 \ \ \ \ \ Y

@ In a BFKL treatment, a strong rise of the cross section with increasing
energy is expected.

@ This rise is faster for LL BFKL than in a fixed-order treatment

@ this remains true within a NLL BFKL treatment
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BFKL vs fixed-order
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Comparison with fixed-order

Cross section: 13 TeV vs. 7 TeV

013Tev /07Tev 013Tev /07Tev 013Tev /07Tev

12 30 e 3

1 | —— NLO fixed-order ] L —— NLO fixed-order 4 300 [~ ——— NLO fixed-order I
| — NLL BFKL+BLM | ——— NLL BFKL+BLM b —— NLL BFKL+BLM 4

ok 1 e - 250 - _

9 - 7 |
T ] 1 sl } 1L % ]

50 — —

Y =7 Y =8 Y =9

caveat: with scale + PDF uncertainties, the difference is less pronounced
still:
9 higher s = at fixed Y, = inside PDFs reduce = statistics increase

@ thus, higher precision expected at 13 TeV than 7 TeV
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Further insights
000

Energy-momentum conservation

@ It is necessary to have K jmin1 # Kmin2 for comparison with fixed order
calculations but this can be problematic for BFKL because of
energy-momentum conservation

@ There is no strict energy-momentum conservation in BFKL

@ This was studied at LO by V. Del Duca and C. R. Schmidt. They

introduced an effective rapidity Yeg defined as
o238

oBFKL,0(a3)

Y =Y

BFKL

9@ When one replaces Y by Yeg in the expression of o and truncates to

O(a?), the exact 2 — 3 result is obtained
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Further insights
0®0

Energy-momentum conservation

We follow the idea of Del Duca and Schmidt, adding the NLO jet vertex contribution:

exact 2 — 3 BFKL

—/ . —/ .

large rapidity gap
s

\y2

— s

large rapidity gap

Y2
one emission from the Green's function + LO jet vertex

Y1 Y
we have to take into Y3
account these additional + + large rapidity gap
O(a?) contributions: large rapidity gap
Y3
Y2 Y2

no emission from the Green's function + NLO jet vertex
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Further insights
ooe

Energy-momentum conservation

Variation of Yeg/Y as a function
of ko for fixed kj1 = 35 GeV (with
Vs=TTeV, Y =8):

—— LO jet vertex
—— NLO jet vertex

0 L L : ! k2 (GeV)
35 40 45 50 55 60

@ With the LO jet vertex, Yeg is much smaller than Y when ki and k2
are significantly different

@ This is the region important for comparison with fixed order calculations

@ The improvement coming from the NLO jet vertex is very large in this
region

@ For k1 = 35 GeV and k2 = 50 GeV, typical of the values we used for

comparison with fixed order, we get Yf,ff ~ (0.98 at NLO vs. ~ 0.6 at LO

63/76



Further insights

MN jets in the single partonic model MN jets in MPI

here MPI = DPS (double parton scattering)
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Further insights

single P ladder two P ladders interferences
scaling: s°F (?7) s> 7
@ The twist counting is not easy for MPI kinds of contributions at small x
9 k11,2 are not integrated = MPI may be competitive, and enhanced by
small-x resummation
@ Interference terms are not governed by BJKP (this is not a fully
interacting 3-reggeons system) (for BJKP, ap < 1 = suppressed) o5 )76



Further insights

A phenomenological test: the problem

@ Simplification: we neglect any interference contribution between the two
mecchanisms

@ How to evaluate the DPS contribution?

@ This would require some kind of "hybrid” double parton distributions, with

@ one collinear parton
o one off-shell parton (with some k)

@ Almost nothing is known on such distributions
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Further insights

A phenomenological test: our ansatz

Mueller-Navelet jets production at LL accuracy Inclusive forward jet production

Factorized ansatz for the DPS contribution:

Ofwd Obwd
opps = —————
Oeff
Tevatron, LHC: e ~ 15 mb
To account for some discrepancy between various measurements, we take
et ~ 10 — 20 mb
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A phenomenological test: our ansatz

At LO for the jet vertex:

Tp1=2TJp1

2
zipr+yp2+kl (y= :(T—’, on-shell cond.)

unintegrated gluon distribution (UGD):

o (2101

normalized according to:

[ dk*Fy(, |k|) = zfy(z) (usual PDF)

inclusive forward jet cross-section:

do

Qg k2
dcoldyy ~ K@ O Jal@n) +Cafo(@i) 7 (s— |le)
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Further insights

A phenomenological test

@ We use CMS data at /s =7 TeV, 3.2 < |ys| < 4.7

@ We use various parametrization for the UGD

@ For each parametrization we determine the range of K compatible with
the CMS measurement in the lowest transverse momentum bin

do

—d‘kj‘dyj [pb.GeVil]
10° T 5
7 Kmin  Kmaa
i KMS : 1.20 1.94
3 KMR : 1.05 1.69
A0 : 4.27 6.89

JH2013 :  2.44 3.94

KMR
L A0
10" = poooa KS
i JH2013 setl

100 | | | |kJ\ [GeV]
40 60 80 100 120 140
do «@ K>
_ 97 g% 4 c B
d|kJ|dyJ |kJ|xJ( Ff‘?(wJ)—’_ Afg(xJ))fg <51‘J7| J|)
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Further insights
0000008

SPS vs DPS: Results

We focus on four choices of kinematical cuts:
@ \/s=T7TeV, k1| = |ks2| = 35 GeV,

(like in the CMS analysis for azimuthal correlations of MN jets)
o /5=14TeV, |ks1| = kya| = 35 GeV,
9 /s =14 TeV, k1| = |ksz| = 20 GeV,
9 /s =14 TeV, |kj1| = |kj2| = 10 GeV  « highest DPS effect expected

parameters:
@ 0<ys1<47and —4.7<yjs2<0
@ MSTW 2008 parametrization for PDFs

@ In the case of the NLL NFKL calculation, anti-k: jet algorithm with
R =0.5.
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Further insights
0000000

SPS vs DPS: cross-sections

do -2 do ,
Ay 16V Ty o]

000007

104 - -
- u —u
SIS ML S
10% Frzzzzs pps VA= TV, k| = kel = 35 GV 10% Frzzzzs pps VA= 1TV, kol = kel = 35 GeV —
1 1 1 1 y 1 1 1 1 1 y
4 5 6 7 8 9 4 5 6 7 8 9
A G dr ph G
A [dk2ldY Al [dk2ldY

7 =
Gy,

L
Z

0007

77T <
100 L2007 77 \ 100
7777744 ’//,/,/
102 - 102 - -
10 - B 10 - B
—
1 NLL
108 oz ops VA= 1 TeV. kol = ksl = 20 Gev - 108 Sz ps VA= TV, | = ksl = 10 Gev -
1 1 v 1 I 1 1 v
4 5 6 7 8 9 4 5 6 7 8 9
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Further insights

SPS vs DPS: cross-sections (ratios)

S opps /oL SIS opps /o SIS

VR =TTV, [kl = lka| = 35 Gev e | V= 14 TeV, [kl = fkal = 35 Gev ovps/oniL
10 L I I I L y 10 L I I I L y
4 5 6 7 8 9 4 5 6 7 8 9
s /oses opps/oses
0 0
10 ‘ ™ 10 ‘ ‘ ——
] AT 77T A S IS IIIS
k7 77777
o b o /% WY I

102 102
10° 10% El
104 E| 104 E|
ovrs/ouL ] ovrs/ouL
VA= 14TV k] = k| = 20 Gev oops/oniL 1 VA= 1TV, ko = ksl = 10 Gev ors /oL
10 1 1 1 1 1 y 10 I 1 1 1 1 v
4 5 6 7 8 9 4 5 6 7 8 9
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Further insights

SPS vs DPS: Azimuthal correlations

{cos @) {cos )
12 T T 12 T T
sps ESSS) | SPS ESSSY
1 sps+ops 27221 1B sps+ors 27221

0.8

RS T
.08 LR

X L ORI -
06 06 LR
04 - 04 - —
0.2 - 02 J
VE=TTY, k| = [ksa| = 35 GV 1 VA= 1TV, k| = [k
0 I I I I I v 0 ! I I I I v
4 5 6 7 8 9 4 5 6 7 8 9
{cos ) {cos )
12 T T 12 T T
sps Ny | sPS
4 5P34+DFS i I SPS+DPS 4

VB = 14TV, k| = [kyal = 20 GeV q VA= 1TV, kol = k.
1

0 I I I I I vy 0 I I I I vy
4 5 6 7 8 9 4 5 6 7 8 9
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SPS vs DPS: Azimuthal distributions

Further insights

ldo

ad;

T T T
SPS ESSSS)

SPS+DPS 7777

T T T
PSS
SPS+DPS [Z277]

VE=TTeV, k| = [ksal = 35 Gev VE = U TeV, k| = [koa| = 35 Gev
1 1 1 1 1 1 0.01 1 I 1 1 1 1
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
1do 1do
odyp ode

VA= 14TV, [kt = [ka| = 20 GeV
1 I 1 1

VA= 14T, [y
1

1| = ke
L

T T T
PSS
SPS+DPS 2277

=10 Gev
I I I I

0 05 1 15 2 25 3

0 0.5

1 1

5 2 25 3

8<Y <94
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Further insights

Inclusive production of a forward J/¢) + a backward jet

Color singlet mechanism Color octet mechanism

@ Hard scales: k;y and M}y,
@ 2 mechanisms:
@ naive color evaporation model
@ Non Relativistic QCD (NRQCD): singlet + color octet contributions

@ Very promising at ATLAS and CMS
R. Boussarie, B. Ducloué, L. Szymanowski, S. W. [See backup]
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(di)Jets are among the best observables to access the QCD high energy
dynamics

Mueller-Navelet jets at full (vertex + Green'’s function) NLL BFKL
accuracy, improved by using the BLM scale fixing procedure, gives a very
good description of CMS data at 7 TeV for dijet azimuthal distribution
To be fully conclusive with respect to fixed order descriptions, one should
consider asymmetric configuration

Sudakov resummation is expect to reduce the back-to-back configuration;
it factorizes with BFKL dynamics at one loop

(cos2¢) /(cos p) is almost not affected by BLM and shows a clear
difference between NLO fixed-order and NLL BFKL in an asymmetric
configuration

Energy-momentum conservation much improved with the NLO jet vertex
A sizable difference is expected between NLLx and NLLQ descriptions of
the ratio of cross-sections with different s

For large Y and low k jets, the effect of DPS can become larger than the
uncertainty on the NLL BFKL calculation.

Exclusive diffractive production of dijets

(in UPC (LHC) or in photo/electroproduction (EIC, LHeC))

is a perfect way to perform precision physics (NLO) of gluonic saturation

and to get access to the Wigner gluon distribution ,
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Jet + J/9
@00

Inclusive forward J/¥ and backward jet production at the LHC

Why J/U?

@ Numerous J/v¢ mesons are produced at LHC

@ J/4 is "easy" to reconstruct experimentaly through its decay to pu* ™
pairs

@ The mechanism for the production of J/1¢ mesons is still to be completely
understood (see discussion later), although it was observed more than 40
years ago E598 collab 1974; SLAC-SP collab 1974

@ Any improvement of the understanding of these mechanisms is important
in view of QGP studies since J/VU suppression (melting) is one of the best
probe. Cold nuclear effects are numerous and known to make life more
complicate

@ The vast majority of J/1 theoretical predictions are done in the collinear
factorization framework : would k: factorization give something different?

@ We performed an MN-like analysis, considering a process with a rapidity
difference which is large enough to use BFKL dynamics but small enough
to be able to detect J/1) mesons at LHC (ATLAS, CMS).
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Jet + J/9
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Master formula

k| -factorization description of the process

do
dyvd|pv 1 |d¢vdysdlpsi|dé.

= Z/d?kl &K,
a,b

1
X/O dz fo(x) Wia(ki,x)

X G(—ki,—k|,3)

1
></ da’ fo (") Vyp(—k' 2",

0
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Jet + J/9
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Master formula

k| -factorization description of the process

do
dyvd|pv 1 |d¢vdysdlpsi|dé.

= Z/d?kl d*k,
a,b

??? X /O dx‘fa(m)vv:a(ki—vx)

x G(—k.,—k\,38)

1
></ da’ fo (") Vyp(—k' 2",

0
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Jet + J/9

The NRQCD formalism

Quarkonium production in NRQCD

@ We first use the Non Relativistic QCD (NRQCD) formalism
Bodwin, Braaten, Lepage; Cho, Leibovich ....

@ Proof of NRQCD factorization: NLO Nayak Qiu Sterman 05; all orders Nayak 15.

@ Expands the onium state wrt the velocity v ~ @ of its constituents:

17/9) = 0(M)|QQLS{V]) + 0)|QAIPPM1g) + 0(w*)| QA1 5§V 1) +
+0(v")| QA1 S Vgg) + 0(vH)|QQI DS Vgg) + e
@ all the non-perturbative physics is encoded in Long Distance Matrix
Elements (LDME) obtained from |J/v)
o hard part (series in as): obtained by the usual Feynman diagram methods
@ the cross-sec. = convolution of ( the hard part)? * LDME

@ In NRQCD, the two Q and Q share the quarkonium momentum: py = 2q

The relative importance of color-singlet versus color-octet mechanisms is still subject of
discussions.

@ We consider the case where the QQ-pair has the same spin and orbital momentum as
the J/W : ’QQPSEI)D and ‘QQ[SSE&>]QQ> Fock states

@ We treat the vertex Vi, at LO
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Jet + J/9
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The J /1 impact factor: NRQCD color singlet contribution

From open quark-antiquark gluon production to J/ production

NRQCD color-singlet transition vertex: — :

. ij 1/2
el 7 (C22) e e,

-3 D i T

otk b B ppn bk N

oty “
5} q q

B2+ ks T:é * B2+ ks N:é !

note the unobserved gluon due to C-parity conservation

(O1) y/y from leptonic J/V decay rate (O1) 5/ € [0.387,0.444] GeV?
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Jet + J/
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The J/1 impact factor: NRQCD color octet contribution

From open quark-antiquark production to J/v production

NRQCD color-octet transition vertex: — :

el s (L) a4 am,,
ol w3 o |
ﬂpﬁmq ’q a;wzdié B

@ the QQ color-octet pair subsequently emits two soft gluons and turns into

a QQ color-singlet pair
@ the QQ color-singlet pair then hadronizes into a .J /1.

<OS>J/¢; € [0.224 x 1()*27 1.1 % 1072] GeV3
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Jet + J/9
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The Color Evaporation Model

Quarkonium production in the color evaporation model

Relies on the local duality hypothesis

Fritzsch, Halzen ...

Very crude approximation!

@ Consider a heavy quark pair QQ with mog < 2mqg
Qg = lightest meson which contains Q
e.g D—meson for Q = ¢

@ it eventually produces a bound QQ pair after a series of randomized soft
interactions between its production and its confinement in % cases,
independently of its color and spin.

@ It is assumed that the repartition between all the possible charmonium
states is universal.

@ Thus the procedure is the following :
o Compute all the Feynman diagrams for open QQ production
@ Sum over all spins and colors
o Integrate over the QQ invariant mass
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Jet + J/9
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The J /1 impact factor: relying on the color evaporation model

From open quark-antiquark gluon production to .J/ production

s BT b B

Bp2 + k1 4\ Zé 4 Bp2 + kL 4\ - Bp2 + k1 4\
4mg dO' _
—F dM2 cc
Gi/p J/Y [1 2 A2
FJ/w: varied in [0.02, 0.04], poorly known
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Jet + J/9
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Numerical results

Kinematics and parameters
@ Two center-of-mass energies: /s =8TeV and /s=13TeV

@ Equal value of the transverse momenta of the J/v and the jet:

[pvi| = Ipsil=p1

@ Four different kinematic configurations:

¢ CASTORQCMS:

2 0<yy <25, —6.5<ys <—5, pi. =10 GeV
@ main detectors at ATLAS and CMS:

9 0<yy <25, —45<y; <0, p. =10 GeV
9 0<yy <25, —45<y; <0, pi =20 GeV
9 0<yy <25, —45<y; <0, p. =30 GeV

@ Uncertainty bands:
@ variation of non-pert. constants

@ variation of scales ur. ur 86 /76



Jet + J/9
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Numerical results

Differential cross sections

[nb.GeV %]

do
dlpy L[ dlpsL|dY

o .
————————[nb.GeV 7]
TpvTdps v ]

5 L B Color singlet
ESSSY Color octet
E7ZZ2 Color evaporation

BT Color singlet
LSS5 Color octet
[ZZZ2 Color evaporation

10° . . 10t .
5 6 7 8 4 5 6 7
0<yy <25, —65<ys<—5 pi=10GeV 0<yy <25 —45<y; <0, py =10 GeV
do 21 do 2
R A— RN R — RN
Tty OV v Ty qav "GV
107! 10?

g [ EXXXR Color singlet
ESSXY Color octet
7772 Color evaporation

EXRZA Color singlet
£S5 Color octet
Color evaporation

4 5 6

0<yv <25, —4.5 < yy <0, p =20 GeV

4 5 6 7

0<yy <25, —45<yy <0, pi =30 GeV

Vs =8 TeV

@ color-octet dominates over
color-singlet
specially for large p,.

@ color-octet and
color-evaporation model
give similar results
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Numerical results

Differential cross sections

[nb.GeV %] [nb.CeV 2]

do do
dipy L Tdlps[dY dipv[dps[dY

10° 10!

L BXSEA Color singlet
ESSSY Color octet
E7ZZ2 Color evaporation

BT Color singlet
LSS5 Color octet
[ZZZ2 Color evaporation

5 6 7 8 9 4 5 6 7

0<yy <25, —65<ys <5 pi=10GeV 0<yy <25, —45<y; <0, pi = 10 GeV

do 21 do 2
R A— RN R — RN
Tty OV v Ty qav "GV

5 | EXXXR Color singlet
ESSXY Color octet
7772 Color evaporation

| EEER Color singlet
107 F SS9 Color octet
Color evaporation

4 5 6 7 4 5 6

0<yy <25, —45<y, <0, pi =20 GV 0<yy <25, —4.5<yy <0, pp =30 GeV

Y

Vs =13 TeV

@ color-octet dominates over
color-singlet
specially for large p,.

@ color-octet and
color-evaporation model
give similar results

@ slight increase of
cross-sections when
Vs =8TeV —

Vs =13TeV
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Numerical results

(cos )

(cos @)

Vs =8 TeV

@ all 3 models lead to similar
decorrelation effects

2 jets 2 jets
0.2 | EX=EA Color singlet 0.2 | EXX3 Color singlet
Color octet SS9 Color octet
{7772 Color evaporation 72772 Color evaporation
0 . . . 0 . .
5 6 7 8 4 5 6

0<yy <25, —6.5<y; < -5, pL =10 GeV

0<yy <25 —45<y; <0, py =10 GeV.

7" @ they are compatible with
the case where
VJ/¢ — LO ‘/jet

0.2 | BO Color singlet
==Y Color octet

7772 Color evaporation

XA Color singlet
ESSY Color octet
2772 Color evaporation

4 5 6

0<yy <25, —4.5<y; <0, p. =20 GeV

4 5 6

0<yy <25, —4.5<yy <0, pi =30 GeV
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Jet + J/9
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Numerical results

(cos )

Vs =13 TeV

(cos @)

2 jets

2jets

02 | £xxxA Color singlet 0.2 | EXX3 Color singlet
Color octet SS9 Color octet
{7772 Color evaporation 72772 Color evaporation
0 . . . 0 . . y
5 6 7 8 9 4 5 6 7

0<yy <25, —6.5<y; < -5, pL =10 GeV

0<yy <25 —45<y; <0, py =10 GeV.

ESSSY Color octet

7772 Color evaporation

ESSY Color octet
2772 Color evaporation

4 5 6

0<yy <25, —4.5<y; <0, p. =20 GeV

4 5 6 7

0<yy <25, —4.5<yy <0, pi =30 GeV

@ all 3 models lead to similar
decorrelation effects

@ they are compatible with
the case where
VJ/»(!; — LO Vjet

@ slight increase of
decorrelation effects when
Vs =8TeV —

Vs =13TeV
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Jets beyond BFKL
000

Factorized picture in the projectile frame

see G. Chirilli's talk

(P 5 P

Factorized amplitude

A" = /dD*%*ldD*?zz (1,7 ) (P'|[Te(UZ UL — N.J|P)

Dipole operator U], = ~Tr(UZ U;’j) -1
Written similarly for any number of Wilson lines in any color representation!
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Jets beyond BFKL
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Practical use of the formalism

@ Compute the upper impact
factor using the effective
Feynman rules

@ Build non-perturbative models
for the matrix elements of the
Wilson line operators acting on
the target states

@ Solve the B-JIMWLK evolution
for these matrix elements with
such non-perturbative initial
conditions at a typical target
rapidity n = Yo. A= [dz1..dZ, (Z1,...,Zn)

@ Evaluate the solution at a typical x(P'|Uz, ..Uz, |
projectile rapidity n =Y/, or at
the rapidity of the slowest gluon

P)

Exclusive diffraction allows one to

probe the b -dependence of the

@ Convolute the solution and the non-perturbative scattering amplitude
impact factor
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Jets beyond BFKL
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Exclusive dijet production

@ Regge-Gribov limit : s> Q% > Agcp
@ Otherwise completely general kinematics
@ Shockwave (CGC) Wilson line approach

9 Transverse dimensional regularization d = 2 + 2¢, longitudinal cutoff

\pm > (xpf:
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Jets beyond BFKL
]

LO diagram

D>
Pq

il

A=

62']»1: » .

VN, /dDZO[ﬂ(pmZo)]z’j(—ieq)éwe v 20) [y (pg, 20)]0(—2g )
Y o /ddﬁlddﬁaé(ﬁq b P — By — P — ) R0, )
xCr (P'|U* (p1, 72) |P)

Z;{a (ﬁl,ﬁ2) _ fdd,?lddig e*’i(ﬁyi'l)*i(ﬁz»i’z)[NL"_[‘I.(U;}I U;};) _ 1]

c
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Jets beyond BFKL
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el
s S

Diagrams contributing to the NLO correction

NLO open g production
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Jets beyond BFKL
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First kind of virtual corrections

AL < 8(py +pq — pY) / d*P1d 52b 5y + g — Ty — P1 — D2) Py (51, 2)

xCr (P'|U* (p1, p2) |P)
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Jets beyond BFKL
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Second kind of virtual corrections

Ao < (py +pa — pY) / d*5rd" od 538 (7 + F7 — By — P1 — P2 — 73)
X[©1 (P12 )Cr (P'|U(P1, P2) | P)
+®vo (P, Pa, P ) (P’ W(pr, P2, Ps) | P) ]
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Jets beyond BFKL
o

LO open ¢gg production

Pq /\
Py (%QQQQ,
— Py ps Pq

\/\
P1

AR o §(pf +pq+ps — ) /ddﬁlddﬁzddﬁ35(ﬁq + Pg + Py — Py — D1 — P2 — P3)
X[ (1, P2 )Cr (P'| U (1, P2) | P)
+®po (P, P2, B3 ) (P'| W(Ph, P2, P3) | P) ]

AR o 8(pf +pa+pd —pT) /ddﬁld%a(ﬁq + Py + By — Py — 1 — o)
XD pr1(p1,p2 )Cr <P/’Z/~fa(ﬁ1>ﬁ2) |P)
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Jets beyond BFKL
00000000

Divergences

Divergences

o Rapidity divergence p, — 0 Qyo®py 4+ PoPyy

@ UV divergence p,; — +o00 Dv1®f + Codyy

@ Soft divergence p, — 0 Qv1®5 + DDy, Pr1 PRy

@ Collinear divergence py o< pgq or pg Or1 PRy

@ Soft and collinear divergence p, = %pq or :—zpq, py — 0 Or1 PRy
1
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Jets beyond BFKL
0O®000000

Rapidity divergence

u P P

" z% N " ) Kot
. | | % oy | | %
m » M »

Double dipole virtual correction ®y2

B-JIMWLK evolution of the LO term : & ® Kk
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Jets beyond BFKL
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Rapidity divergence

B-JIMWLK equation for the dipole operator

aug, o / d¥E;dkad ks

(2m)2d 8(Fy + ko + ks — Pt — 15'2)(&;1:;1;{:(53 + ULy + Uy — z,?i;)

y(E1 —71) - (ks — F2) N w%m—%)r%%) 5(k2 — Pa2) N 5(k1 — p1)
_ _ _ - _d - _d
(kl 71)? (k2 — §2)2 r(d—1) [(kl _ﬁl)g}l 2 [(k2 _ﬁ2)2]1 2

7 rapidity divide, which separates the upper and the lower impact factors

Do U — DU, +210g< >K:BK(I>OW12$

Provides a counterterm to the log(«) divergence in the virtual double dipole

impact factor: ~
Qo U, + Py2IVihs is finite and independent of «
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Jets beyond BFKL
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Divergences

@ Rapidity divergence

@ UV divergence p,; — +00 Dv1®f + Podyy

@ Soft divergence p, — 0 Dy 1Py + Doy, Pr1DPR;

@ Collinear divergence py o< pgq or pg Or1 PRy

@ Soft and collinear divergence p, = %pq or %pq, py — 0 Or1 PRy
7
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Jets beyond BFKL
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UV divergence

Dressing of the external lines

Some null diagrams just contribute to turning UV divergences into IR

divergences
1 1
=0 —
x (26[R 2EU\/)
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Jets beyond BFKL
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Divergences

@ Rapidity divergence

@ UV divergence

@ Soft divergence p, — 0 Qv 1®f + Doy, Pr1 PRy
@ Collinear divergence py o< pgq or pg O p1Ppy
. . Py py ¥ x
@ Soft and collinear divergence p, = —-p, or —-pg, p; — 0 Pr1PR;
Pq Py -
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Jets beyond BFKL
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Soft and collinear divergence

Jet cone algorithm

We define a cone width for each pair of particles with momenta p; and py,
rapidity difference AY;x and relative azimuthal angle Ay

(AYir)? + (Agir)® = R,

If R? < R?, then the two particles together define a single jet of momentum
Di + Dk.

parton; (yi, i)

cone axis

partong (Y, ¢x)

Applying this in the small R? limit cancels our soft and collinear divergence.
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Jets beyond BFKL
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Divergences

o

Rapidity divergence

(7

UV divergence

@ Soft divergence p, — 0 Oy 1Pg + Po Py, PriPry
@ Collinear divergence p, o p, or pg D1 PRy
@ Soft and collinear divergence

The remaining divergences cancel the standard way:
virtual corrections and real corrections cancel each other
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Jets beyond BFKL

Phenomenological applications

@ diffractive exclusive dijet production is a key observable: it gives an access
to the Wigner dipole function Y. Hatta, B-W. Xiao, F. Yuan
@ a ZEUS diffractive exclusive dijet measurements was performed, and the
azimuthal distribution of the two jets was obtained
o this relies on an exclusive algorithm, in which a y parameter regularize both
soft and collinear singularities
@ using a small y limit, and for large 3, there is a good agreement with a
Golec-Biernat Wiisthoff model combined with our NLO impact factor

0.5<B<0.7
daep/de (pbirad)
6 E
5 E
45_}_‘
3F 2
2F B= 53 ]\32 —
Q%+ dijet t
1 E

L L rad
0.0 0.5 1.0 1.5 o(rad)

o within ZEUS kinematical cuts, the linear BFKL regime dominates
@ our agreement is a good sign that perturbative Regge-like description are
favored with respect to collinear type descriptions
@ EIC should give a direct access to the saturated region
@ a complete description of ZEUS data, in the whole S-range, requires to go

beyond the small y approximation 107 /76



Jets beyond BFKL

The ultimate picture

6D/5D Wigner distributions W (x bk )
for hadrons / -
P Experimentally

inaccessible directly

UPDFs (gluons)

perturbative Regge

Unintegrated parton

limit ek N
distributi I (T
3D istributons [ 4p [ d*k; [ Fourier (B)
q
I [d*k; [db N
TMDs byeon £=0 <
N
f(x k) f(x,b;) <= H(x,0t) =— H(x,g5,t) » Ta =
t=—A
Semi-inclusive  Transverse momentum Impact parameter generalised parton exclusive
processes dependent distributions distributions distributions processes

[ d*k; [ d*b, [ dx Jaxx

~l o
1D - PDFs . FFs GFFs
’ Geul(t)
//—A%g f ( X) )//—L\\ ’l generalized form factors
inclusive and semi- parton distributions elastic processes  form factors lattices

inclusive processes 108 /76



Comparison: 13 TeV vs. 7 TeV

Azimuthal correlation (cos ¢)

(cos ) {cos )
12 ‘ 12 ‘
1 - 1 .
08 3 — 08 —
£
L 3 i 3 L 4
06 |- ] Jam— 06 |- =
04 |- — 04 |- —
02— NLL BFKL+BLM — 02— NLL BFKL+BLM —
L +—+— CMS 4 L 4
0 | | | | | Y 0 | | | | | Y
4 5 6 7 8 9 4 5 6 7 8 9
Vs =TTeV Vs =13 TeV

The behavior is similar at 13 TeV and at 7 TeV
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Comparison: 13 TeV vs. 7 TeV

1do ldo
o dp o dp
T T T T
1 NLL BFKL+BLM — 1+ NLL BFKL+BLM —
) —e— CMS
L3
3
¥
0.1 — 0.1 | —
t
0.01 - 0.01 — —
" ! ! ! ! ! Loy
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3

Vs=TTeV Vs =13 TeV

The behavior is similar at 13 TeV and at 7 TeV

110/76



Comparison: 13 TeV vs. 7 TeV

Azimuthal correlation (cos2¢)/{cos ¢)

(asymmetric configuration)

(cos 2) / (cos ) {cos 2¢)/ (cos )
12 : : 12 : :
1k B 1+ -
0.8 V— 0.8 \__\—
0.6 — — 06 — —
04 |- — 04 - —
02— NLL BFKL+BLM — 02— NLL BFKL+BLM —
—— NLO fixed-order 4 I — NLO fixed-order j
0 | | | | | Y 0 | | | | | Y
4 5 6 7 8 9 4 5 6 7 8 9
Vs =TTeV Vs =13 TeV

The difference between BFKL and fixed-order is smaller at 13 TeV than at 7

TeV
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Numerical implementation

In practice: two codes have been developed

A Mathematica code, exploratory

D. Colferai, F. Schwennsen, L. Szymanowski, S. W.
JHEP 1012:026 (2010) 1-72 [arXiv:1002.1365 [hep-ph]]

@ jet cone-algorithm with R = 0.5

¢ ¢ ¢ ¢ ¢

(7

MSTW 2008 PDFs (available as Mathematica packages)

pr = pur (in MSTW 2008 PDFs); we take ur = ur = /|ks1| [koz|
two-loop running coupling as (u%)

we use a v grid (with a dense sampling around 0)

we use Cuba integration routines (in practice Vegas): precision 1072 for
500.000 max points per integration

mapping |k| = |ks|tan(£n/2) for k integrations = [0, co[— [0, 1]
although formally the results should be finite, it requires a special grouping

of the integrand in order to get stable results
= 14 minimal stable basic blocks to be evaluated numerically

rather slow code
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Numerical implementation

A Fortran code, ~ 20 times faster

B. Ducloué, L. Szymanowski, S.W.
JHEP 05 (2013) 096 [arXiv:1207.7012 [hep-ph]]

9

9

¢ © ¢ ¢ ¢

Check of our Mathematica based results

Detailled check of previous mixed studies (NLL Green's function + LL jet

vertices)

Allows for k. integration in a finite range

Stability studies (PDFs, etc...) made easier

Comparison with the recent small R study of D. Yu. Ivanov, A. Papa
Azimuthal distribution

More detailled comparison with fixed order NLO:
there is a hope to distinguish NLL BFKL / NLO fixed order

Problems remain with v integration for low Y
(for Y < —%— ~4). To be fixed!

2as Ne

We restrict ourselves to'Y > 4.
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Integration over |k |

Experimental data is integrated over some range, kjmin < kj = |kJ|

Growth of the cross section with increasing kjmax :

o (nb)

30 —

25 = =
90% Omazx

20 - —

0 ! ! ! ! ! ! Ermax (GeV)

40 60 80 100 120 140

= need to integrate up to kjmax ~ 60 GeV
A consistency check of stability of |k ;| integration have been made:
@ consider the simplified NLL Green's function + LL jet vertices scenario

@ the integration fkoj ~ dky can be performed analytically

@ comparison with integrated results of Sabio Vera, Schwennsen is safe
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