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Introduction
.

QCD and semi-hard processes

QCD and the semi-hard sector

High energies reachable at the LHC and at future colliders:

great opportunity in the search for long-waited signals of New Physics...
..faultless chance to test Standard Model in unprecedent kinematic ranges
only 5% of Universe visible, but most of this visible matter described by QCD

duality between non-perturbative and perturbative aspects (confinement and
asymptotic freedom concurrent properties) makes QCD a challenging sector
surrounded by a broad and constant interest in its phenomenology

[ IR IR
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.

QCD and semi-hard processes

QCD and the semi-hard sector

High energies reachable at the LHC and at future colliders:

great opportunity in the search for long-waited signals of New Physics...
..faultless chance to test Standard Model in unprecedent kinematic ranges
only 5% of Universe visible, but most of this visible matter described by QCD

duality between non-perturbative and perturbative aspects (confinement and
asymptotic freedom concurrent properties) makes QCD a challenging sector
surrounded by a broad and constant interest in its phenomenology

Semi-hard processes

Collision processes with the following scale hierarchy: s > Q2 > AéCD

[ IR IR

o Qs the hard scale of the process (e.g. photon virtuality, heavy quark mass,
jet/hadron transverse momentum, ¢, etc.)

o large Q = os(Q) < 1 = perturbative QCD

¢ larges = large energy logs = o;(Q) logs ~1 = need to
resummation
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BFKL resummation

The BFKL resummation
PQCD, semi-hard processes: s > Q* > Adcp

@ BFKL resummation: IVS. Fadin, EA. Kuraev, LN. Lipatov (1975, 1976, 1977); Y. Balitskii, L. Lipatov (1978)]
Lesedon, - gluon Reggeization
leading logarithmic approximation (LLA): ol (lns)"
IET)(E )
~ s(aslns) ~ s (as Ins)?
next-to-leading logarithmic approximation (NLA): o +1(lns)"

. : Ims{ A48} .
total cross section for A+ B — X: o4p(s) = — 48> <« optical theorem

> Jms {A4E} factorization:

convolution of the Green’s function
of two interacting Reggeized gluons
with the impact factors of the
colliding particles

August 27th, 2018
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BFKL resummation

S+ico

s db—2 N db—2 - d s\ oo
jms{A}:WJqu)A(%SO}J g.zqzq)B(*ﬁizvSO) J ﬁ(*) Gw(ﬁlvth)

A 27t \ sy

—ioo

@ Green's function is process-independent and takes care of the energy
dependence

—  determined through the BFKL equation
[YaYa. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975)]

W Ge (F1.72) = 8P2(1 — ) + JdD’qu(%ﬁ) Gu (7.71) -

(11+ +111*q
(11+ +f11*l]

+%fq
G =aq § § qu+—

¢ b, —q

(12+ +q27q
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BFKL resummation

@ Impact factors are process-dependent and
depend on the hard scale, but not on the energy

—  known in the NLA just for few processes

o colliding partons

[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
[M. Ciafaloni, G. Rodrigo (2000)]

o v — V. withV = pY w, ¢, forward case
[DYu. lvanov, M.I. Kotsky, A. Papa (2004)]

o forward jet production

[J. Bartels, D. Colferai, G.P. Vacca (2003)]

(exact IF) [F. Caporale, DYu. lvanov, B. Murdaca, A. Papa, A. Perri (2012)]
(small-cone IF) [D.Yu. Ivanov, A. Papa (2012)]

(several jet algorithms discussed) [D. Colferai, A. Niccoli (2015)]

o forward identified hadron production

[DYu. Ivanov, A. Papa (2012)]
o v — v
[J. Bartels et al. (2001, I. Balitsky, G.A. Chirilli (2011, 2013)]
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Motivation

Progress in high-energy phenomenology

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

o too low +/s or rapidity intervals among tagged particles in the final state
o too inclusive observables, other approaches can fit them

Advent of LHC:

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

— disentangle applicability region of energy-log resummation (BFKL approach)

[V.S. Fadin, EA. Kuraev, L.N. Lipatov (1975, 1976, 1977)]
[YYY. Balitskii, L.N. Lipatov (1978)]

Last years:

Mueller-Navelet jets

[B. Ducloué, L. Szymanowski, S. Wallon (2014)]
[F. Caporale, DYu. lvanov, B. Murdaca, A. Papa (2014); F.G. C.. DYu. lvanov, B. Murdaca, A. Papa (2015, 2016)]

Inclusive di-hadron production

[FG. C.. DYu. Ivanov, B. Murdaca, A. Papa (2016, 2017)]
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Motivation

<cos ¢> = C//C,

Introduction

oe

<cos 29>

(7 TeV theory vs exp. + sym.) [F. Ca

=c/c,

<cos g>

12

00

T T T T T
proton(p,) + proton(p.) > jetk, v + X+t )

<cos 20>

oy,

T T T T T
protonip,) + proton(p,) —> jettk,, ) + X + jet(ky, 1)

K> 35 GeV
Iy, <47

TS scheme.

MMHTI4 NLO PDF set

Theory vs experiment vs fixed-order DGLAP (MN)

T T T T
proton(p, + proton(p,) — Jettk,,y,) + X + jetlhy, )

porale, D.Yu. lvanov, B. Murdaca, A. Papa

(2014)]

<G,

roton(p,) + proton(p,) > jet(ky, ¥ + X + jetk,, v,)

TS scheme.
MMHTI4 NLO PDF set

(7 TeV BFKL vs DGLAP + asym.) [F.G. C., DYu. lvanov, B. Murdaca, A. Papa (2015)]
(13 TeV BFKL vs DGLAP + asym. windows) [A.D. Bolognino, F.G. C. (in progress)l
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Outline

e Inclusive hadron-jet production
@ Hors d'ceuvre
@ Theoretical setup
@ Numerical analysis
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Inclusive hadron-jet production
.

Hors d'ceuvre

A hadron-jet final-state reaction

Process:  proton(p;) + proton(py) — hadron(ky) + X + jet(kj)

»
7 K, p(p)
(ku, 0, yn)

kRpin =5 GeV, lyy| <24 [CMS]

kin =35 GeV, [yj| < 47 [CMS]

kpin = 5 GeV, =66 < yj < —52
[CASTORI

Jet
(k.0 s)

Why hadron-jet correlations?

o asymmetric cuts suppress Born, allowing to discriminate BFKL from DGLAP
© one-hadron detection quenches “minimum-bias” contaminations

o linear observables facilitate to compare different FF sets and jet algorithms

o similar analysis: J/W + backward jet Ir Boussarie B Ducloué, L Szymanowski, S. Wallon (2018)]
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Inclusive hadron-jet production
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Theoretical setup

BFKL partonic cross section (hadron-jet)

101 1
do dGrs(x1x28 WE) gy (XH
dyy dy; 2Ky 2K, fsq,gb[ 10 ) H fr(x1, we) f5 (X2, 1r) dys dy) &2F, %, o M

The expression for the partonic cross section in the BFKL approach reads:

)4t
= K*,p(p) o
(O ) ASpslaxs ) 1

dyp dyy d2ky 2k, 272

a2
x J qq1 VI (G, 50, x1: K. xp1)
1

o 3+i00 G [ x3xp8\ @
S—ico 27T\ Sp

42 s
X J qqz V‘ ‘(l]z S0, X2, ]\] Y/)

(K, 0. 9.1)
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Inclusive hadron-jet production
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Theoretical setup

Forward hadron and jet impact factor

@ take the impact factors for colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000); M. Ciafaloni and G. Rodrigo (2000)]

quark vertex gluon vertex

@ “open’ one of the integrations over the phase space of the intermediate state
to allow one parton to generate the jet

(apy, k)

vl (quark hadron/jet vertex)

H/l (gluon hadron/jet vertex)

H/I
@ use QCD collinear factorization
) (r) H (8) H
hadron — 3 ..o fr ® V' ® D; +fo®VH ® Dy
jet — Zéqqfs®\7 —b—fq®\7“
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Inclusive hadron-jet production
00@00
Theoretical setup

BFKL cross section (hadron-jet)

do

dors (X128 UF) ~p ((XH
T o e — dxljdX2JdXHf(Xl,up)fs(XQ,},Lp)y'si_._.D —, UF
dypg dy; d2Ky 42K ,‘S;,g i 7l ' dyp dyy 2K 2k " \

P
T K p(p)

Bt y) @ slight change of variable in the final
state

@ project onto the eigenfunctions of the
LO BFKL kernel, i.e. transfer from the
reggeized gluon momenta to the
(n,v)-representation

@ suitable definition of the azimuthal
coefficients

jet
(ks,05,91)

do 1 d

= = = Co+ 2cos(nd) €

dxygdxy iy | Ak ldppdp;  (2m7 | % '
..useful definitions: Y = |n fﬂxﬁs , Y, = Lnﬂsioﬁ
kg 1Kyl kg 1Ky
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Inclusive hadron-jet production
0000

Theoretical setup

Azimuthal coefficients (hadron-jet)

+o0 &s (1g) {x (1.v) + & (ng) K1) (n,v)}
= [ " av ()
—o0 S0
CY 2 = 7 *
x o (ur) e (v lkul xw) T (v kg g )]

(1)

1) - - *
cy’ (mv, kgl x ¢ (nv, |kpl,xp)
41+ o (pag) | (Y thalxi) 1 1513

cr (v, [kul. xp) ¢ (n.v. kjl.xp)

+ & (pg) In (xmqs) Bo

28 ) B xinv s}

where

n 1 . n 1 .
x(nv) = 211)(1)71b<§+§+1v>711)(E+§fw>

) _ s Bo _ 10 MR
K'Y (n,v) = X(n,v)—O—SNEx(n.v) |: x(n,v)+ 3 +2ln< ]}?i]}?

..several NLA-equivalent expressions can be adopted for C,,!
— ..Wwe use the exponentiated one
[F. Caporale, D.Yu Ivanov, B. Murdaca, A. Papa (2014)]
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Inclusive hadron-jet production
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Theoretical setup

On the scale optimization: BLM method

NLA BFKL corrections to cross section with opposite sign with respect to the
leading order (LO) result and large in absolute value...

o ..call for some optimization procedure...
¢ ..choose scales to mimic the most relevant subleading terms

@ BLM [S.J. Brodsky, G.P. Lepage, P.B. Mackenzie (1983)]

v' preserve the conformal invariance of an observable...
V' ..by making vanish its 3¢-dependent part

* “Exact’ BLM:
suppress NLOIFs + NLOKernel Ro-dependent factors

" Partial (approximated) BLM:

a) (BM)? —kyky exp [2(1+ 21) —f (v) — 3] « NLOIFs Bg
b) (LBM)? = kyky exp [2 (14 21) —2f (v) — 3 + Lx (v.n)] « NLO Kernel B

with ifstn(2) =2 [f(v) “In 0/@)}

[F. Caporale, DYu. Ivanov, B. Murdaca, A. Papa (2015)]
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Inclusive hadron-jet production
[ YololeloYeleYe}

Numerical analysis

Observables and kinematics (hadron-jet)

@ Observables:

¢d-averaged cross section €y, (cos (nd)) = Su =R, with n =123

o
(cos (2¢))/(cos ($)) = C2/C1 =Ra1, (cos(3¢)

o Integrated coefficients + BLM scale optimization:

)/{cos (2¢)) = C3/C2 = Ray

y}_’?ax y}nax kﬁax k}l’lﬂx
Cn:J , dyHJ _ dy/J _ dkHJ dky§ (v —yy =) € (yu.yy ket Ky)
yﬁ]n y;ﬂll’\ k?ln k?’\ln

@ Kinematic settings:
o V5=7 13TeV

CMS

o lyul <24 ™M <47 —66 <y TN < 52

o ky>5GeV: KM >35Gev; KN > 5Gev
@ Phenomenological analysis:
o full NLA BFKL: NLA GGF ® NLO collinear IFs
o JETHAD (HEP@WORK, FO95) + LHAPDF + native FF sets

o (MMHT14, C114, NNPDF3.0) ® (AKKOS8, DssO7, HKNSO7, NNFF1.0)
[A.D. Bolognino, F.G. C.,, DYu. lvanov, A. Papa (under development)]
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Inclusive hadron-jet production
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Numerical analysis

MN, hadron-jet and di-hadron Cy vs Y, /s = 13 TeV

proton(p,) + proton(p,) —> O,(k,, y,) + X + 0,(k,,y,)

Tes k; > 35 GeV; k; >5GeV

lyl<4.7; lyyl <24

=
B 2 3
" s= (13 TeV) ~ .
© _., _ BLM \‘\\
Mg =Hg =My S~
~ 3
~ -
N
N
\
r — — Mueller-Navelet NLA BFKL 7
— hadron-jet MOM scheme
M dihadron MMHT14 NLO + AKK08 NLO b
10 E 3
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
1 2 3 4 5 6 7 8 9

Y=y-¥,
[A.D. Bolognino, FG. Celiberto, D.Yu. lvanov, M.M.A. Mohammed, A. Papa (2018)!
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Inclusive hadron-jet production
00®00000

Numerical analysis

Hadron-jet Covs Y, /s = 13 TeV, NS MS [CMS-jet]

106 E Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr E

E proton(p,) + proton(p,) —> hadron(k, y,) + X + jet(k.], ¥y) E

S5 —

10 k; > 35 GeV; k;; >5GeV 3

[ ———==S3zsee Iyl <473 Iy, <24 ]

10°F
S‘ - -
E 03k 2 _
= 107 E s=(13 TeV) 3
o E E
r P =k, ]
12

107 E He = (kyk) —=

F | — NLA AKK08 3

1 — NLA HKNS07 |

10 E —— LLA AKK08 MS scheme E

- |~ — LLAHKNS07 MMHT14 NLO PDF set ]

) N T T T T I I ) T T T T Y T I ) T T T T Y T I N T T | I ) N T T T T I

2 3 4 5 6 7

Y=yy-y

[A.D. Bolognino, F.G. Celiberto, D.Yu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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[e]ele] lelelele]

Numerical analysis

Hadron-jet Cyvs Y, /s = 13 TeV [CMS-jet]

10 E Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr E
E proton(p,) + proton(p,) —> hadron(k, y) + X + jet(kj, Yy E
S5 —
10 k; > 35 GeV; ky; >5GeV 3
r Iyl <47 ly,l<24 .
10°F o=
2 0 ]
= 10°F s=(13 TeV)’ E
< F BLM 3
- l"’F = }J,R = HR -
10° =
F | — NLA AKKO08 3
1 |— NLAHKNS07 i
10 E |-- LLAAKKO08 MOM scheme 3
- |~ LLAHKNSO7 MMHT14 NLO PDF set ]
) N T T T T I I ) T T T T Y T I ) T T T T Y T I N T T | I ) N T T T T I
2 3 4 5 6 7
Y=yu-v,

[A.D. Bolognino, F.G. Celiberto, D.Yu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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Inclusive hadron-jet production
[eToTeleY Yele¥e}

Numerical analysis

Hadron-jet Rigvs Y, /s = 13 TeV [CMS-jet]

1-2 Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr I Trrrrrrrr
L proton(p,) + proton(p,) —> hadron(ky, y,) + X + jet(kJ, yJ) B
Lol s=(13Tev)’
r BLM ]
C My = Mg = Hg ]
0.8 — ]
08T ]
) L ]
\—1
8) C ]
[y ]
A
A 06 ]
S C ]
=]
g C ]
\" - -
04— ]
[ | — NLA AKK08 k; > 35 GeV; k> 5 GeV :
02 | NLAHKNSO7 Iyl <47 Iyl <24 ]
L --- LLA AKK08 MOM scheme 9
r LLA HKNS07 MMHT14NLO PDF set
0.0 i N T T T | I ) N T T T T I I ) T T T T Y T I N T T T T e | I N T T Y | 1
2 3 4 5 6 7
Y=vyyu-y

[AD. Bolognino, F.G. Celiberto, DYu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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Inclusive hadron-jet production

[e]ele]ele] Tole]

Numerical analysis

Hadron-jet R,,, vs Y, v/s = 13 TeV [CMS-jet]

12 T T T T 12 T T T
proton(p,) + proton(p,) —> hadron(k, proton(p,) + proton(p,) —> hadron(k, v,) + X + jet(ky,y,)
1wk S 1wk s=m3Tevy ]
k> 35 GeV: k>S5 Gev aise K;>35GeV; K, >5 Gev i
=ty =hp =ty =Hy
Iyl<4T; Iy, l<24 Iyl <d7: <24
_08f 4 _08f 4
< <
S J
1 i
A 0.6 - A 0.6 -
S =
v v
04 - 04 -
— NLAAKKOS —— NLA AKK08
02l [— Manknso . 3 0.2 — NLA HRNSO7 B
7 LLAAKKOS MOM scheme = -~ LLA AKK08 MOM scheme
LLA HKNSO07 ) -
MMHTLS NLO PDF set LLA HKNSO7 MMHTIS NLO PDF set
oo L e e T 0.0 LT L e
3 4 5 3 4 5 3
Y= Y=y,-y,
12 T T T T 12 T T T T
proton(p,) + proton(p,) —> hadron(k,, ¥, + X + et(ky,y,) proton(p,) + proton(p,) —> hadro +X+jetlky,y,)
10— | 10— |
s=(13Tev) s=(13Tevy
d [T b < osl wem
S08 08
1 1
¢ &
206 — 206 —
3 3
S &
2 04 - 2 04 <
v v
— NLA AKK0S k> 35GeVi k> 5 GeV — NLA AKK0S
02l | NuamKNs07 <47 Iyl <24 B 02l | MamKNso7 B
= LLA AKK08 MOM scheme = LLA AKK0S MOM scheme
LLA HKNS07 MMITIS NLO PDF set LLA HKNS07 MMHTI4 NLO PDF set
L L L L L L L L
0.0, 0.0,
2 3 4 5 6 7 2 3 4 5 6 7

[A.D. Bolognino, F.G. Celiberto, D.Yu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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Inclusive hadron-jet production
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Numerical analysis

Hadron-jet Ry vs Y, /s = 13 TeV [CASTOR-jet]

FTrr T I Trrrrrrrro I T rrrrrrrrT I T 1 rr1rrrrr 1T I Trrrrr 1113

1.4 :_ proton(p,) + proton(p,) —> hadron(k, y,) + X + jet(k,, y,) _:

C s= (13 TeV)’ :

1.2 » BLM -]

L Hp=Hg =Hi A

Lof -

- B ]
) B ]
= L ]
T8k 7
A L ]
S L i
8 - -
g 06 | — NLA AKKO08 7
C —— NLA HKNS07 ]

C k, >5 GeV; k, >5GeV _

04 |~ LLA AKKO08 k s 24 -

r LLA HKNS07 6.6 <y; <523 lyyl <2 ]

L MOM scheme i

0.2 C MMHT14 NLO PDF set ]|

0 0 L 11 1 1 I N T T N T T T | I N T T N T | I N T T T T | I N T T T T ]

5 6 7 8 9

Y=yy-y;

[AD. Bolognino, F.G. Celiberto, D.Yu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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Inclusive hadron-jet production
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Numerical analysis

Hadron-jet R,,,, vs Y, /s = 13 TeV [CASTOR-jet]

12 T T T T 12 T T T
Droton(p,) + proton(p,) —> hadron(k y,) + X + Jet(ky,¥,) Proton(p,) + proton(p,) —> hadron(k, v,) + X + jet(ky,y,)
X
b wmre' ] L s=asrev) ]
T NLAAKKGS st L0 | — NLa AKKos (3T
— NLAHKNSO7 = h =y — NLA HKNSO7 He=r=iy™
-~ LLA AKK08 -~ LLA AKK08
s 08~ LLA HKNS07 | 08— LLA HKNS07 |
S ky>5GeVs k> 5 Gev K>S GeVs K, >5 Gev
3 “66<y, <52 Iyl <24 6 '
d u I “66<y, <52 Iyl <24
[Xly MOM scheme ! A osf MOM scheme !
S MMHTL4 NLO PDF set = MMHTIS NLO PDF set
v H
v
04l \ 04l 3
02f 02l 3
=
_
T —
00 L 00 v b I
3 8 9
12 [ e 12 . . .
proton(p,)+ proton(p,) —> hadron(k,, y,) + X + jet(ky,y,) proton(p,) + proton(p,) > hadron(k,,,) + X + Jet(ky,y,)
L ~wrey? ] s= 3TV
L el e L0 [ NLa AKKS e o
— NLA HKNSUT — NLA HKNS07 me=m=i ™
- -~ LLA AKK08 J -~ LLA AKK0S
Sosf LLA HKNS07 B o8k LLA HKNSO7 B
>5GeV; ky>5 GeV T S GeV: k25
I K, >5GeVs ky>5 GeV N K, > 5 GeVs K, >5 Gev
b 66<y, <52 Iyl <24 & 66<y, <52 Iy l<24
£ 06 MOM scheeme 4 z 06f MOM scheme |
k g
X MMHTLANLO PDF st N MHTIANLO PDF st
£
S &
£ 04 — 2 04 |
v v
02f 3 02 3
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e Conclusions and Outlook
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Conclusions and Outlook
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Conclusions...

New candidate probe of BFKL dynamics at the LHC in the process for the inclusive
production of an identified charged light hadron and a jet well separed in rapidity

© asymmetric kinematics + “minimum-bias” suppression
o expressions linear in FFs and jet algorithms
¢ ..new and complementary study of strong interactions at high energies

e scale optimization: exact implementation of the BLM method
e three distinct kinematic ranges: [CMS-jet]l @(7, 13) TeV, [CASTOR-jet] @13 TeV

= [CMS-jetl: usual trend for cross section and azimuthal correlations as in
Mueller-Navelet and di-hadron production channels

= [CASTOR-jetl: new features — different FFs lead to clearly distinct results
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Conclusions...

New candidate probe of BFKL dynamics at the LHC in the process for the inclusive
production of an identified charged light hadron and a jet well separed in rapidity

© asymmetric kinematics + “minimum-bias” suppression
o expressions linear in FFs and jet algorithms
¢ ..new and complementary study of strong interactions at high energies

e scale optimization: exact implementation of the BLM method
e three distinct kinematic ranges: [CMS-jet]l @(7, 13) TeV, [CASTOR-jet] @13 TeV
= [CMS-jetl: usual trend for cross section and azimuthal correlations as in
Mueller-Navelet and di-hadron production channels
= [CASTOR-jetl: new features — different FFs lead to clearly distinct results

o further investigation of our observables in the [CASTOR-jet] ranges
o comparison with fixed-order DGLAP, inclusion of other resummation effects

o probe BFKL through other processes: heavy-quark pair production
[FG. C.. DYu. Ivanov, B. Murdaca, A. Papa (2018); A.D. Bolognino, F.G. C., D.Yu. lvanov, A. Papa (in progress)]
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Gluon Reggeization in perturbative QCD

o Gluon quantum numbers in the t-channel: 8~ representation

¢ Regge limit: s >~ —u — oo, t not growing with s

. . : et ()1
— amplitudes governed by gluon Reggeization — D, = Hg;# (%)

e, all-order resummation:  LLA [oc (Ins)"] + NLA [o+1(Ins)"]

SRS, factorization of elastic and real part of inelastic amplitudes

SemPE Elastic scattering process: A + B —s A’ + B/

A A j ‘
j(t) j(t)
_\A'B —$ 5 c
(Asg )AB =Twa|l = T\t Mo
t t

q j)=1+w(t), j0)=1
w(t) — Reggeized gluon trajectory
T4 =8(AT|A) T4 — PPRvertex
B B T¢ — fundamental (g) or adjoint (g)

o QCD is the umque SM theory where all elementary particles reggeize

Francesco Giovanni Celiberto
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BFKL in the LLA(I)

Inelastic scattering process A+B — A+ B+n inthe LLA

A A
tq
91
21 Gi
ygg}z.ﬂ(qi, Giv1) — ém i multi-Regge kinematics
' . + qi+1

- n w (t;) W (ty41)
c P; S; 1 1 St R
Reﬂggﬁ-n =25 ]"/5‘1/‘ (H Yeieia (is Gig1) <4> ti) <L> £B+1
i=1 N

tpr1 \ SR

fo[fm(qiv’]ul) —  RRG vertex

sg — energy scale, irrelevant in the LLA

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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BFKL in the LLA (Il)

Elastic amplitude A+ B — A’ + B’ in the LLA via s-channel unitarity

ba | ba
a i | { 7]
|
gt1: | g
Y w /
Gty | sidn
\
\
Gn+1 1 ‘ bl
. . .
PB bp

ALP =3 (An)af . R =1(singlet). 8~ (octet), ...
®

The 8~ color representation is important for the bootstrap, i.e. the consistency
between the above amplitude and that with one Reggeized gluon exchange

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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How could we further and deeply probe BFKL?

1. Study less inclusive two-body final states...

[FG. C.. DYu. Ivanov, B. Murdaca, A. Papa (2016, 2017, 2018)]

Di-hadron production

¢ inclusive di-hadron detection with large kr and rapidity separation
¢ hadrons detected at much smaller kr than jets!
o possibility to constrain not only the PDFs, but also the FFs!

Heavy-quark pair photoproduction

o quark masses play the role of hard scale
o ete at LEP2 and future lepton colliders

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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How could we further and deeply probe BFKL?

1. Study less inclusive two-body final states...

[FG. C.. DYu. Ivanov, B. Murdaca, A. Papa (2016, 2017, 2018)]

Di-hadron production

¢ inclusive di-hadron detection with large kr and rapidity separation
¢ hadrons detected at much smaller kr than jets!
o possibility to constrain not only the PDFs, but also the FFs!

Heavy-quark pair photoproduction

o quark masses play the role of hard scale
o ete at LEP2 and future lepton colliders

2. Study three- and four-body final-state processes...

[F. Caporale, F.G. C.. G. Chachamis, A. Sabio Vera (2016); F. Caporale, FG. C., G. Chachamis, D. Gordo Gomez, A. Sabio Vera (2016, 2017)]

Multi-jet production

o definition of new, suitable BFKL observables...
o ..in order to further investigate the azimuthal distribution of the final state

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018



Mueller-Navelet jets




BACKUP slides

Forward jet impact factor

@ take the impact factors for colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
[M. Ciafaloni and G. Rodrigo (2000)]

quark vertex gluon vertex

@ ‘open’ one of the integrations over the phase space of the intermediate state
to allow one parton to generate the jet

(xp1, i) (2p1, i)

quark jet vertex gluon jet vertex

@ use QCD collinear factoriz. 3, zfs ® lquark vertex] + f; @ Igluon vertex]

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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BFKL cross section (MN jets)...

do J
S dxljdxzf-(xl, Wfi (2, 1)
dxh dx]zdzkh dzk]z ,J%g ) 0 ' /

state

(n,v)-representation

coefficients

a6 (x1228, 1)
dxy, dx]zdzkhdzkfz

» slight change of variable in the final

» project onto the eigenfunctions of the
LO BFKL kernel, i.e. transfer from the
reggeized gluon momenta to the

» suitable definition of the azimuthal

do 1 <
— — = Co+ 2cos(nd) €
dxh dxlz dlkh ‘ d|k]2 ‘dd)h dd)lz (270)? é '
with & = by, — by, — 7
..useful definitions: Y = In fhxjfs . 0 = In—= S0
k7, [k, | Ky, [Nk, |

Francesco Giovanni Celiberto
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..and azimuthal coefficients (MN jets)

T (Yo [ (g )x () & (ug) K D) (nv)] 2
C, = dv eY Yol lastup)x(nv)tos{ug Yo (kr)

—00

xec1 (n,v)ep (n,v) 1+0€s(uR)<cl (n,v) ¢ (n,v)

where

X(mv) =2%(1) — (g+%+iv> — (g+%—iv)

1) _ - Bo _ 10 .4 c1 (n,v) 5
KW (nv) = x(n,v)+8NCx(n,v)< X (n.v) + 3 Tig, n (Cz ) +2In (UR)

7 Cr iv— C
o1 (n v, [kl x) :z,/é(kz) 172 (C;‘fg(x, 1) +ﬂ:waa(x, m)

..several NLA-equivalent expressions can be adopted for C,!

—  ..we use the exponentiated one
|[F. Caporale, D.Yu Ivanov, B. Murdaca, A. Papa (2014)]
August 27th, 2018

Inclusive hadron-jet production at the LHC
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The BFKL BLM azimuthal coefficients (MN jets)

a (WM = kky exp [2(1+ 21) —f (v) — 3] ~ 5%kika

b (LBIM)? = kyky exp [2(1+ 21) —2f (v) — 3 + Lx (v.n)] < (115)%kk,

BFKL(a): X[, X, J*‘X’dve(YfYo)[&S(HR)X(iLv)nL&?(HR)()‘([u,v]*%x[n,v]*;éiX2[11,v)>]
lkyy 1k, | J—o0
x o2 (ug) e1 (v, 1Ky | xp ez (. v, [K | xg,)

~(1) 7 (1) e
2 ¢ (nv, |kl x ¢ (nv, |k, x
1= 2o () TP s () | el lxn) € (. | )
(e (v lkyy |oxgy) e (n v, Ikp, | xp,)

GBFKL(in X[, X, J*"Od E(Y*YO)[&s(”R)X(I’LV)#’&E(UR)()‘([1’!,\/]*%){[”,\/])]
CAARS

x o2 (ug) c1 (m, v, Ky, |y, Vea (m, v, 1K, | xy, )

-(1) 7 -(1) 7

almv.lkylx) ey k,lx,)

00
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The DGLAP BLM cross section (MN jets)

a (M —kky exp [2(1+ 21) —f (v) — g} ~ 5%k
2
3

b (HEM)? = kiky exp [2(1+ 21) —2f (v) — 3 + bx (v.n)] < (115)%kiks
DGLAP (5 X1 X, e 2 e p
n === dv o (kr) c1(m v, Ik, | xg, Jea (n v, kg, L xg, )
CNICARS

x (1= 2 () TP + G 1) (¥ = Yo) x (1)

~(1) i -(1) i

¢ (mov, lky | x ¢ (mov, lkp, | x
os (R) 1 ( LI]' h) 2 ( L]z‘ /2]

C1 (n,v, ‘k]1|,xh) Cz(ﬂ,\’,lk]zLX]Z)

DGLAP X7, X +oo - .
() _ #J' (xg(HR)cl(n,v,|kh\,xh]cz(n,v,|k]2\,x;2)

! 1K, 11K, |
w14 o () (PO tmv) 25 ) 4 e () (Y — Yo x (m,v)
s (1R 47TX nv - Xs (HR o)X (1, v
-(1) 7 -(1) 7
v, ky | Vv, k|
Tt (kg) G (”VL]1|X]1)+52 (”Vllz‘xfz)
a(nov, lky | xp) e (v, lkp, | xp,)
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The “exact” BLM cross section (MN jets)

BN _ rwdve(Y—YoJaMOM(uELW[x(anécb‘OMmELMJ(>’<(n‘v>+%°j‘fx<n‘v1)}
! Ik [y | =00

x (o OM(LBMY ) 2ey (v, [Ky, | xp, Jea (v, [Kp, |, g, )

~(1) 7 -(1)
¢ (n,v |k x,) c

1+“MOM(M}3{LM){ 1 il M

nv. |k, | x 27conf
x ] i + 2 ( |]2‘ i) + ,
cl(n,v,lkhl,xh)

2 (n.v. Ky, . xp,) Ne

with the nBM scale chosen as the solution of the following integral equation..

0 7MOM (. BLM
X, Xp, J i (i)cxs (ug")x(n,v) <o¢MOM(uELM))3
g g S
AL R

@)
=%
1l

BLM )2
Xcl(n,v)cz(n,v)% {i +1ln 7(2{1(22) 72(1+ %I)

~MOM , BLM, [, S X (V) x(mv) 5 (nBM)2 2 N
+a " (kg )ln% 2 ( > +§+an72<1+§I>

Francesco Giovanni Celiberto
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..choosing the uB™ scale (MN jets)

.which represents the condition that terms proportional to 3¢ in C,, disappear

T
MOM

= 1—4/1+4a =,
o ZT[ + oc(m)ﬂ}

g __Bo
T = 2(1+31>

conf __ CiA 3 o 71 2713
T 8{21 S 1)a+<1 31)5 6&},

with T = TP 4 Teonf,

where [ = —2 fé dx xzhi(;L ~ 2.3439 and & is a gauge parameter.

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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Observables and kinematics (MN jets)

@ Observables:

db-averaged cross section €y, (cos [n (), — by, —m)]) = g—g . with n=1,2,3
(cos2(p1— P2 —m)]) _ €
(cos (b1 — 2 — 7))

1 " (cos[2 (b1 — b2 —m)]) =6, = R

o Integrated coefficients:
yllnax yanax k;xl\ax k}";a)(
Cn = J _diy J ) dsz . dkh J . dk/zé (1 —y2—Y) Cy (yh'yfz’kh'kfz)
ylin]n yE’n]n k}'llﬂn k}121|n
@ Kinematic settings:

o R=05and /s =713 TeV
© ygax < |yh,2‘ <47

© symmetric and asymmetric choices for k;, and kj, ranges
@ Numerical tools: JETHAD (HEP@WORK, F95) + LHAPDF

[A.D. Bolognino, FG. C., D.Yu. Ivanov, A. Papa (under development)]

Francesco Giovanni Celiberto
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High-energy DGLAP

o NLA BFKL expressions for the observables truncated to O («2) !

Why asymmetric cuts?

» suppress Born contribution to ¢-averaged cross section Cy (back-to-back
jets)

o avoid instabilities observed in NLO fixed-order calculations

[JR. Andersen, V. Del Duca, S. Frixione, C.R. Schmidt, W.J. Stirling (2001)]
[M. Fontannaz, J.P. Guillet, G. Heinrich (2001)]

emphasize

o enhance effects of additional hard gluons ———— BFKL effects

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018



BACKUP slides

Ry for kj, > 35 GeV, k;, > 45 GeV at /s =7 TeV

12 T T T T 12 T T T T T
Droton(p,) + proton(p,) —> jettk, 3,1+ X+t v £ proton(p,) + proton(p,) —> ek, y) + X +jet(ky, y,)
1of- 4 s 4
0sf 4 E 4
g L
ol [
1
po0s aosf
g s=(7TeV) PR
¥ §or
04l 4 0af 3
> 35k, 45 GaV 3 o 38 GeVi oy 45 Gev
02f Iy, <47 3 I d<d7 3
TS scheme g SIS scheme
MMHTIS NLO PDF set MMHTI NLO PDF set
| | I I | | | Lot | I I | | |
00 X
3 4 5 3 7 8 9 3 4 5 6 7 8 9
Y Y
12 e T T T T T T 12prr T T T T T
proton(p,) + proton(p,) —> jet(k,, v, + X + ek, y,) E DrOtOn(p,) + Proton(p,) —> jth, 1,1+ X + ek, )
Lor (> 45 Gev B L B
WIS scheme ¢ L
S 08 MMHTLS NLO PDF set S8 ]
J
g T F
S A F
" z.r
206 4 £ 06 3
- yor 2
4 Ior s= eV
g S o
¥ 2 oab -
04l 3 £ 0af W 3
L
E K> 35 GeVi k, > 45 Gey
02f 4 02f Iy <a7 3
NS scheme
MMHTL NLO PDF set
0ol h ) T Tt ST TETR IV TETETE ITPTRVETR ITTTRTRT T
3 4 5 3 7 3 9
$

[A.D. Bolognino, F.G. C. (in progress)
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Ry for kj, > 35 GeV, k;, > 45 GeV at /s =7 TeV

120 g
AN i
i+ i B i
[ % k1 o8- I -
08l B % .
(cos(d)) T (cos(2¢)) [ ]
08 g
04l < BRKL, || 04 [ BRKL, A
BFKL, BRKL,
k> 45 Gev o DGLAP, o DGLAP, k> 45Gev
02~ DGLAR,[  — 02— DGLAR, b
| | | | | |
2 4 6 8 10 2 4 6 8 10
Y v
€4C . C/C, . .
i k> 45 Gev i L i k> 45 Gev ]
08|~ - os T % LI
[T
(cos(3¢)) | : ] BE T ‘ ]
[ Cos
04 [ BRKL, < (¢)> 04l [ BFKL, g
BFKL, = BFKL,
o DGLAP, . o DGLAP,
021 DGLAR, B 02 DGLAP, B
T S R P T S
0 6 8 o 0 6 8
Y v

[FG. C., DYu. Ivanov, B. Murdaca, A. Papa (2015)]
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Ry for kj, > 35 GeV, k;, > 50 GeV at /s

[ % s o8t ¥ i
o8- g % .
(cos(d)) T (cos(2¢)) .| ]
08 g
e, | 04~ e, | B
04k Kks0ce BRKL. BFKL,
2 DGLAP, o DGLAP,
02~ DGLAR,| 02 DGLAR, b
| | | | | |
2 4 6 8 10 2 4 6 8 10
Y v
€4C . C/C, .
1 g 1 i g
[ 1 k,> 50 Gev
o8l : - osf T % L
I
cos@e)) T P fcoszey : :
cos(3¢)) |
Cos -
o4t [ BRKL, g < (¢ )> 04 . BRL, g
BFKL, BFKL,
. DGLAR, - . . DGLAP, k,>50Gev
02 DGLAR, b o2 DGLAR, b
T S R P T S
0 6 8 o 0 6 8
Y v

[FG. C., DYu. Ivanov, B. Murdaca, A. Papa (2015)]
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Exclusion of central jet rapidities (MN jets)

o AtgivenY =y, —yj, -
— lyj,| could be so small (< 2), that the jet i is actually produced in the central
region, rather than in one of the two forward regions
— longitudinal momentum fractions of the parent partons x ~ 1073
— for |yl and [k;,| < 100 GeV = increase of Cy by 25% due to NNLO PDF effects

[J. Currie, A. Gehrmann-De Ridder, E. W. N. Glover, J. Pires (2014)]

! Our BFKL description of the process could be not so accurate...

..let’s return to the original Mueller-Navelet idea!

© remove regions where jets are produced at central rapidities...
— ..in order to reduce as much as possible theoretical uncertainties

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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Rapidity range (MN jets)

S(y1—y2—Y) Cn (YJl’YJz'kh'klz)
N 0 '4:.74
Y 47 47
7 0 17
», Y =y —yp

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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Rapidity range (MN jets)

8(y1—y2—Y) 0 (Iy1l — ¥ ) ©(I¥2l = Yinax) €n (y12. 32 ks ki)

s

=Y 0 Yoax 47
9. T .4
1
|
1
!
!
!
4T+ Pom
Y 47 47
47 = Jom
0 3
-47 =)o 0 Hous 47 Y
I =Yn—Yn
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Rapidity range (MN jets)

4.7 4.7 c c
J dylj dyZ B(YT —Yy2— Y) 6 (‘yﬂ - Ymax) 9<|y2‘ - Ymax) Cn (YJl’YJZ'kh'k]z)
—47 —47

s s

~Jans 0 Yo 47
9. .4
Y=15
47+ M
Y=55
Y 4.7, 4.7
Y=35
47 = Jom
| ¥=15_
0
—47 -y 0 Hous 4.7 Y
I =Yn—Yn
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Di-hadron production

Process:  proton(p;) + proton(p,) — hadron(k;) + X + hadron(k;)

n
T K*p
(K1, 01,31)

kPN = 5 GeV, yg* = —yin = 24

(Ko, 02, y2)

(NLO impact factor) [DYu. lvanov, A. Papa (2012)]
[F.G. C., DYu. lvanov, B. Murdaca, A. Papa (2016, 2017)]
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Di-hadron production

Process:  proton(p;) + proton(p,) — hadron(k;) + X + hadron(k;)

11
do JJ A6 (x1x28, )
= dx1dxofi (xq, (o u) —————=
R ZW waf e ) SR

o large hadron transverse momenta: k2 ~ k2 > /\éCD = pQCD allowed

& QCD collinear factorization

X1X28

Y

o large rapidity intervals between hadrons (high energies) = Ay = In

= BFKL resummation: Y, (a,(qo) o s+ al) o In ! s)

¢ Collinear fragmentation of the parton i into a hadron h
= convolution of D! with a coefficient function C!

1
do; = Cl(z)dz — do" =doy, [ ZDI (S, 1) ClHz, )

Xp

where «, is the momentum fraction carried by the hadron

Francesco Giovanni Celiberto Inclusive hadron-jet production at the LHC August 27th, 2018
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The BFKL BLM cross section (di-hadrons)

piv e [Ymex o e e MoM
L | dle e | dvexp{(y Yo) &MOM (1 ){xmvl

Ymin K1min 2.min

i ) Tconf C 1 EZ "
MOM (| * I 4( oMOM 2LF
+ g OV () <X(”vV)Jr Ca X(n'v)>H (o™ (i) Ca [k [[Fy| ( )

L () () et ()

a=q.q

gy {E 0 (52) 4 zfﬂ(z)Dg(og)}

a=aqq

=(1) =(1) conf
X {1+6¢§AOM(;L}§)<C1 (nv) G (nv) oT )}

c(nv) cr(n,v) Ca
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Observables and kinematics (di-hadrons)

@ Observables:

¢$-averaged cross section €y, (cos (nd)) = =R, With n=1,23

G
(cos (2¢))/(cos (b)) = C2/C1 =Ra1, {cos(3d))/(cos (2¢d)) = C3/C2 = Rxy
¢ Integrated coefficients:

max

A
cn:J | dylj | dyzj | dklj kb (1 — Y2 — Y) Co (1 v K1 k)
y{nln yEﬂln kliﬂln k;ﬂln

@ Kinematic settings:
o \s=7 13TeV
o |yl 24,47 withi=1,2

MNjets

2 ) > 35 GeV! — more secondary gluon emissions!

o k12 >5GeV.vsk
@ Phenomenological analysis:

o full NLA BFKL

o JETHAD (HEP@WORK, FO5) + native FF sets

o (MsTw08, MMHT14, CT14) PDFs @& (AkKO08, Dss0O7, ) FFs
[F.G. C., D.Yu Ilvanov, B. Murdaca, A. Papa (2017)]
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10° | =—= NLA HKNS E s=(13TeV) ]

4

£ -
S 5
2 06[ 1 So06k 4
H 506
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L e b B 3
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Coat/s=713TeV, Y < 48, pup = ubtM

WETTTT T T T WET T T T T
F e 4 F ~ 4
Lo 4 L 4
w'E E 10'F B
z [ 1 = [ )
) MOM scheme ) MOM scheme

o8 BLM 1 r BLM 1

© M = Ky = Ky © My = Ky = My

3

s=(7TeV)’ E 10°F s= (13 Tev)!
F LLA AKK ] F LLA AKK ]
[ | =—= LLA HKNS 1 [ | =—= LLA HKNS 1
[ | ®—® NLA kernel AKK 1 [ | ®—® NLA kernel AKK 1
[ | #=—= NLA kernel HKNS b [ | =—= NLA kernel HKNS b

5 NLA AKK ) NLA AKK
10" | =—= NLA HKNS E 10° | =—= NLA HKNS E
S R B B S I S B
1 2 3 4 5 1 2 3 4 5
Y Y

[F.G. C.. DYu. Ivanov, B. Murdaca, A. Papa (2017)]
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Coats=713TeV,Y < 48, (1

10°E E 0E o E
F e 4 N —o 4
[ S<g. ] [ ~a ]
[ ] [ = ]
10 E 10°F E
= [ 1= ]
£ [ MOM scheme 1 = [ MOM scheme 1
> [ BLM > r BLM 1

© () =Ky p Mg = Hy © () =Ky Mg = Hy

3L
s=(7TeV)' E 10°E s = (13 TeV)’
F LLA AKK ] F LLA AKK ]
[|=—a LLA HKNS 1 [|=—a LLA HKNS 1
[ | ®—® NLA kernel AKK 1 [ | ®—® NLA kernel AKK 1
| =—= NLA kernel HKNS 1 | =—= NLA kernel HKNS 1
NLA AKK NLA AKK
10° H == NLA HKNS = 10° H == NLA HKNS =
P T N B N T TR B
1 2 3 4 5 1 2 3 4 5
Y Y

[FG. C., DYu. Ivanov, B. Murdaca, A. Papa (2017)]

jet production at the LH August 27th, 2018



BACKUP slides

Ry at \/g =13TeV, Y <48, ur =

LLA AKK ]
1+ - 1 .\- =—= NLA HKNS |
0sf . E 0sf- \. B
RN ]
A ]
2 06[ B E 3
v ]
04l 3 04 3
MOM scheme MOM scheme ]
L o b L ot 3
02 o =gl [ S — ]
s=(13TeV)! s=(13TeV) ]
Iy S L |
1 B
— — T
L ] i
osf B osf 4
N ot
& 5
Z06[ 1 So06k 4
& B
0af B = 4
MOM scheme MOM scheme
L e b B 3
02 fr— u
s=(13TeV) s=(13TeV)
N | | | | | I
1 2 3 4 5 I 2 3 4 5
Y ¢
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Ry, at \/5 =13TeV, Y <48, (HF)LZ = |E1,2|

1 W 55 NLA HKNS 7

4 o8 B

A ]

& ]

4 2 06 —

v 1

4 04 S—_—

MOM scheme MOM scheme 1

02 g, 4 02 4

B 5 5

s ] 1

08 - 08 ]
. [

& g

2 0.6 — =06 —
§ S HF
¥ [

04 4 04l ]

MOM scheme
02 B W),5=k, 7]
5= (13 TeVy
| | 1
B 1 2 3 4 5

’y
[FG. C.. DYu. Ivanov, B. Murdaca, A. Papa (2017)]
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Rym at \/5 =7TeV,Y <48, (HF)LZ = |E1,2|
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LO forward hadron and jet impact factors

@ LO forward hadron impact factor in the (n, v)-representation
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@ LO forward jet impact factor in the (n, v)-representation
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@ f(v) function
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The BFKL BLM azimuthal coefficients (hadron-jet)
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MN, hadron-jet and di-hadron Cyvs Y, /s = 7 TeV
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Hadron-jet Covs Y, /s = 7 TeV, NS MS [CMS-jet]
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Hadron-jet Cyvs Y, /s =7 TeV [CMS-jet]
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Hadron-jet Cyvs Y, /s = 13 TeV [CASTOR-jet]
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Hadron-jet Rigvs Y, /s =7 TeV [CMS-jet]
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Hadron-jet R, vs Y, /s =7 TeV [CMS-jet]
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Heavy-quark pair photoproduction

Process:  v(p1) + v(p2) — Qlg1) + X + Q(g2)

..Q stands for a charm/bottom quark or antiquark

photoproduction channel

collision of (quasi-)real photons
equivalent photon flux approximation
quark masses play the role of hard scale

first predictions within partial NLA BFKL
(NLA Green's function + LO impact factors)

o LEP2 and future ete~ colliders

[F.G. C, DYu. Ivanov, B. Murdaca, A. Papa (2018)]
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Co and R, vs Y at LEP2 (heavy quarks
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Co and Ry vs Y at eTe~ future colliders (heavy
quarks)
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