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Introduction



Introduction

e Record energies in the center-of-mass reachable by modern and future
colliders allow us to study Quantum Chromodynamics (QCD) in its
least well understood “final frontier”

e Semi-hard collision process — stringent scale hierarchy

s> Q2 > Aécl), Q2 a hard scale,
a

Regge kinematic region

as(Q*) In (é) ~ 1 = all-order resummation needed

e Linear regime of high-energy QCD
The BFKL (Balitsky, Fadin, Kuraev, Lipatov) approach
i. Leading-Logarithmic-Approximation (LLA): (asIns)™
7. Next-to-Leading-Logarithmic-Approximation (NLLA): as(asIns)™
7ii. Progress on next-to-NLLA

[Falcioni, Gardi, Maher, Milloy, Vernazza (2022)]
[Caola, Chakraborty, Gambuti, Manteuffel, Tancredi (2022)]

3/22



BFKL approach
Reggeization
BFKL in the LLA
BFKL in the NLLA



The Reggeized gluon in pQCD

e Elastic scattering process A+ B — A’ + B’

i. Gluon quantum numbers in the t-channel
ii. Regge limit — s ~ —u — oo, t = ¢> fixed (i.e not growing with s)
iii Valid in LLA (a” In” s resummed) and NLLA (a?7!In" s resummed)

/
A A e IR RN
Wit =ra|(5)7 - () o
. O =1+, 0 =1
j(t)-Reggeized gluon trajectory
D94 =9(ATIA) T 44
B 5% T°- fundamental(quarks) or adjoint(gluons)
e LLA [Lipatov (1976)]
D—2 2
r® _s (¢ 9>t / d kL _ o NIPQ =€) I%(e) o\
A/A Aariad w () 271_ (D—1) 2 k‘ (47_‘_)2+€ F(Qe)(q )
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BFKL in LLA

o Inelastic scattering process A + B —» A+ B+nin the LLA

A A

91

G ain) —

* n+1

B B

.

4.

Leading-logarithm resummation

Multi-Regge kinematics (MRK)
Exchange of fermions suppressed in LLA

Vertical gluons become Reggeized due to
loop radiative corrections

P; :
Vejeiy1 (@ @i+1) — Lipatov vertex

e Multi-Regge form of inelastic amplitudes

; w(ts) 1 1 s W(tni1)
A“B+” = 25T (H Veierir (@i Qi) (so) t) ( n+1> r

Cn+1
BB

tn+1 50
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Multi- Regge kinematics

o Sudakov decomposition
ki = zipa+Aipp+kiL  ph =pE =0

e Multi-Regge kinematics (MRK)

20> 21> .. > 2n D Znt1

Ant1 > A > .. A1 > Ao

kor ~ kit ~..~kpy ~kpy1o

o Cutkosky rules
pA 1 paA

]
A B/ AB+n AB+n * qﬂ' +qi
IdCDAB-Q-n‘A (‘AA’B/ ) ]
. 1 .
4y . bai
o Integration over phase space Qi1 v
Each integration over s; (or z;) 2 | :
\l/ q77+1*§Uﬁmﬁé+qg+]

One energy logarithm bB ! 124
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BFKL resummation

e Diffusion A+ B — A’ + B’ in the Regge kinematical region

o BFKL factorization for %AQ/BB' — convolution of a Green function
(process independent) with the Impact factors of the colliding particles
(process dependent)

pa pa
<«— [mpact Factor

<«— Green Function

PB )22
<— [mpact Factor

gAdE ___® / dP2q dP2go
@mP=2) (@ —7)2 G (@2 —7) >

V) /s o dw s\¥ ) /> = v JEOE
Z‘I’fﬁA) q17Q730)/7, [(*) G0 (@, ¢ )} o) (~ g, G, s0)

271 S0

e R = 11 (singlet), 8 (octect), ... /oo



BFKL resummation

° G (q1 G2; ¢ )-Mellin transform of the Green function for the
Reggeon-Reggeon scattering

WG (G, 3:7) = 32(@ — )26 P 2@ — @)

dD 2 / (R) (= = = (R),~' - -
+/ 21C (01,¢1;70)Ge " (@1, @23 7)
!

e BFKL equation (72 = 0 and singlet color state representation)
[Balitsky, Fadin, Kuraev, Lipatov (1975-1978)]

o @;}?’;)- LO impact factor in the t-channel color state (R, v)
(Rv) _ ;
DL = (cc'|P|v) Z/idpfr{f}P(F{f}P’) !

{f} .
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BFKL at NLLA in a nutshell

e Simple factorized form of inelastic amplitudes
\L [Fadin, Lipatov (1989)]
Straightforward program of computations
e Resummation of subleading logarithms means a new kinematics

i. Multi-Regge kinematics (MRK)
1. Quasi multi-Regge kinematics (QMRK)

o Multi-Regge kinematics

Previous quantity must be calculated at higher loops (one s more)

1= Loop 2 — Loop
i wO () — w@ (1) @ @
“ g?l)a — Fcpg/ll)g § Born . % 1 - Loop
G 0 Gi 1 Born 1 — Loop
W Ve, CE-}-)l — ’yCiéS',-{-)l ?Mﬂw — ?mm
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BFKL at NLLA in a nutshell

e Quasi Multi-Regge kinematics

A pair of particles (but only one!) may have longitudinal Sudakov variables
of the same order (one logarithm less)

. 70 ©
i Thrp — e

i A8, o5 - e

. G(0 0
. '7%(01'11 — '788&1)

e 3 new contributions to the real kernel

K (@1,3) = Kk (@1, 3@) + Ko (@, @) + K0 (q1,d) -

1—Loop Born Born
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BFKL at NLLA in a nutshell

e Separating MRK and QMRK — Introduction of sy parameter
e QMRK (s;; < sp)

In the two-gluon contribution to the kernel the invariant mass should be
constrained

Lo cic ’Po cach ds
Ke(d1, @) = {e1c2Pojeacy Z/ R)I; pr 72 (a1, 42) (7, ,(q1,qz)) 0(sA—SRR)
{f}

e MRK (s;; > sa)

The lower bound of integration over invariant masses is sy

1/ D=2 1 +2-2,-(0) )/ ar = ( sp2 )
__ d il Kl _ _ _ _
2 ¢ @7 d K (@, 7K, G2) In LGN AE

e Similarly, for the impact factors

w(— 41) N
Qa4(q1580) = (q ) 2/9 —SAR)—( 2 R dpy IS (F{f}A) (cc'|Pol0)
1 {r}
2

1 _ q - S
77/dD 2‘1 1 <I>(0)(2)’C(0)(2741) ln( P 2>
2 s0(q2 — q1)

e Dependence on sy disappears in the combination
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NLO impact factors: Higgs case
Real corrections
Virtual corrections
Cancellation of divergences



Factorization scheme for hadronic impact factors

o Infrared safety of impact factor for colorless particle
[Fadin, Martin (1999)]

e Impact factors of colored particles afflicted by infrared singularities

2 — 2
my +Ph B
PH = zHP1 + — P2 +PH, 1
ZHS m=uh
= zpp =vuPy

H
aol :/1 dzp zp doll
dxd?py zp ZH zp ) dzpgd?Fy

e Hybrid factorization(s)

BFKL Green's function

‘ T A
Collinear PDF
| N
|

[Mueller, Navelet (1987)]

k; — dependent
UGD
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LO Higgs impact factor

o Gluon-Reggeon — Higgs
(through the top quark loop)

o Off-shell t-channel gluon with
effective p4 /s polarization

¢ LO impact factor

H}(0 - .
ae 110 _ o2 §2|F(me, mp, 7 2))?

drpd2py  v2  12872/2(NZ2 — 1)

falem)s® By — @)

l Infinite top-mass limit

Rl T 8 P1CT O LI C e 720)
depd?pp 8v/N2 — 1

e The study can be upgraded to Next-to-Leading Order (NLO), in the
limit m+ — oo, by using the effective lagrangian
Qs

~ 4+ 0(a?)

1
L = ——guF5 F'%H =
ggH 4gH nv 9H v—
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NLO Higgs impact factor: Real corrections

e Gluon initiated contribution

—

7%zn q

+
N

L [ —em 20 -9t @"ﬂ}

(I —zg)r2 72

<0l s _(1—ZH)7TL13+&2
A zp(1—zH)

ZH q2,,72

) + finite

e Divergences

Rapidity divergence = sy still present A= P —2Hq

Soft divergence: zgr — 1, 7 — 0 Collinear divergence: 7 — 0

14/22



NLO Higgs impact factor: Real corrections

e Quark initiated contribution

41— 2g) (7 ) + 257 272

{Hq}
do ~
99 ZH(,FQ)Q

e Divergences

Rapidity divergence absent =—> sp — o©

Collinear divergence: 7= (§— pm) — 0

o Agreement with calculation within Lipatov effective action framework

[Hentschinski, Kutak, Van Hameren (2021)]
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19gs impact factor: Virtual corrections

o 1-loop ggH effective vertex

i@ =T (@) [1+ dnvo)

e General strategy: Comparison of a suitable amplitude (in the high-energy
limit) with the Regge form

w(t) w(t)
(8,-) ac S |(s —s c ac(0) 25 1c(0)
Agg—rrq = Vinye g [(_t) + (_7) ]F ~T{itys Lo

ac(0) $ (1), 5 —s c(0) ac(0) 28 c(l) ac(1) 28 c(0)
Yy @ (){ln(it)Jrln(it)}F + iy Daa” + iy, 7 Laa
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NLO Higgs impact factor: Virtual corrections

o 1-loop ggH effective vertex

i@ =T (@) [1+ dnvo)

e General strategy: Comparison of a suitable amplitude (in the high-energy
limit) with the Regge form

w(t) w(t)
(8,-) ac S |(s —s ¢ ac(0) 28 1.¢(0)
Agq—Hq = F{H}gt [(—t) + (Tt) ] Faq = I‘{H}g a4
ac(0) $ (1), c(0) ac(0) 28 (1) ac(1) 28 c(0)
Ty (){ln(it)Jrln( t)}r + iy Daa” + iy, 7 Laa

e Virtual corrections to the impact factor

avfy " awf" %) &, (72)\ [ Ca | 1104 20
w2 €2 6e

a2 2 2
_Gay ( ) 5"f+cA 2w (Lip (1472 ) )+ T+ %) 4
€ S0 q 3 18

e Agreement with [Nefedov (2019)]

dzpd?py ~ dzpd?py °m
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P v v
Gribov’s prescription: g¢f¥ = gf" 4+2-1-2_-1-2 2172
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NLO Higgs impact factor: Virtual corrections

e Single gluon in the t-channel diagrams

Gribov’s prescription: g¢f¥ =

e Two gluons in the t-channel diagrams

SO000000000T
0000000000«

10000¢

Dimension-5 operator in £ = Lgcp + L4gu — Gribov’s trick modification

g’ = gill +2

pip5 + piph

— 2s

Pi Py

+9
S

pv
NS
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Showing cancellation of divergences

o Perturbative expansion of the Kernel: K= as K0+ aZK!
i=(w-R)Gu = CGu=(v-K

G (w - asko)_l + (w - asko)_l (o‘@f(l)
e FEigenfunctions of the LO kernel
1
™2

Alternative: NLO eigenfunctions [G. A. Chirilli, Y. V. Kovchegov (2013)]

KO [n,v) = x(n,v) In,v) o (@ |n,v) = —= (@) 7

e BFKL cross-section

1 6t+ico duy (s \¥
d = —— d d '/ — (—)
TAB (2m)P-2 7%:,/ V/ v S—ico 2T \ So

dP s A dPpp
X (=5~ In,v) (n,v|Guln’, V') (n'v'|—357)
qy qs

e Projection onto the eigenfunction of the BFKL kernel

dd d272e o3 .
(A2 ) = [ TG R aDan (@) = dPaa(nr)
s
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Showing cancellation of divergences

e Rapidity divergences — removed by the BFKL counterterm

a9t 5 adtlor — go 1ot _ qo T o k(¥ Insy
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Showing cancellation of divergences

e Rapidity divergences — removed by the BFKL counterterm

a9t 5 adtlor — go 1ot _ qo T o k(¥ Insy
e UV divergences — QCD coupling renormalization

1+ %50 (1 —In(4me”7E) + In <,u%>>]
4 € u?

as (1) = as(ufh)
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Showing cancellation of divergences

e Rapidity divergences — removed by the BFKL counterterm

a9t 5 adtlor — go 1ot _ qo T o k(¥ Insy

e UV divergences — QCD coupling renormalization

1+ %50 (1 —In(4me”7E) + In <,u%>>]
4 € u?

e Soft divergences — cancelled in the real plus virtual combination

as (1) = as(ufh)
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Showing cancellation of divergences

e Rapidity divergences — removed by the BFKL counterterm

a9t 5 adtlor — go 1ot _ qo T o k(¥ Insy

e UV divergences — QCD coupling renormalization

+ %50 (1 In(4me~7E) + In <#R>>]
4 € u?

e Soft divergences — cancelled in the real plus virtual combination

as (1) = as(ufh)

e Surviving collinear divergences — gPDF renormalization

fg(x’”):fg(mvﬂF)aséle‘)<<] In (471'6_’YE)+1I1</:‘F>>

X /Il [qu Z Ja (E,HF) + Pyg(2)fq (ja#F):|
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Showing cancellation of divergences

e Rapidity divergences — removed by the BFKL counterterm

a9t 5 adtlor — go 1ot _ qo T o k(¥ Insy

e UV divergences — QCD coupling renormalization

+ %50 (1 In(4me~7E) + In <#R>>]
4 € u?

e Soft divergences — cancelled in the real plus virtual combination

as (1) = as(ufh)

e Surviving collinear divergences — gPDF renormalization

fg(x’”):fg(mvﬂF)aséle‘)<<] In (471'6_’YE)+1I1</:‘F>>

X/I & Pyq(z Z fa (E,HF) + Pgg(2)fg (37#1?)

a=qq

e Complete final expression
Gaussian hypergeometric functions 2 Fi(a, b, c; z)
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Showing cancellation of divergences
= e} as [—%l] + finite

as c.t.

e UV counterterm a7}
-+ finite

(

(

e gPDF counterterm
{H}(0) _
{H} _ d%pp as |1
de = ) fa
er Pgg c.t. fg(zm) 2m |:f o a:zqq
{H} () _
(H} _ d®pp as [1~ . 1Bo ] :
dd = — | =Pyg @ fg + —— fg(zyg)| + finite
Pr Pgg c.t. fy(wH) 27 Le 79 J 2 € gvEH
e Real quark contribution
{H}(0)
{Hg} _ d®pp s 1 ;
dd = — | ——Pyg ® fa | + finite
PP quark fg(zH) 2 |: e 91 a:zqﬁ
e Real gluon contribution (BFKL counterterm subtracted)
{H}(0) - 2\ —€ . y =2
{Ha} _®pp " as (Ph Ca , Ca P 1. i )
a® = by - 8 2L 4 L — P, finit
pe gluon fo(zm) 2m (H2) [( €2 " € " 5 folwr) € 99 @ fg| inite
e Virtual corrections contribution
_ -2 —€ =2
_ x{H}(0)%s [PH C Ca P 1 Bo .
_d<I>PP E F) |:— = — . In ; +;? + finite
20/22
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Summary and outlook

Summary
e Higgs plus jet production at large difference of rapidity has been
investigated within partial NLLA in the BFKL approach

[Celiberto, Ivanov, Mohammed, Papa (2020)]
[Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, Smillie (2022)]

e NLO corrections to the forward Higgs boson impact factor
has been obtained both in gr and (n,v)-space in the m; — oo limit

o Gribov’s prescription for high-energy computations in QCD needs to

be modified in the present case
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Summary and outlook

Summary

e Higgs plus jet production at large difference of rapidity has been
investigated within partial NLLA in the BFKL approach

[Celiberto, Ivanov, Mohammed, Papa (2020)]
[Andersen, Hassan, Maier, Paltrinieri, Papaefstathiou, Smillie (2022)]

e NLO corrections to the forward Higgs boson impact factor
has been obtained both in gr and (n,v)-space in the m; — oo limit

o Gribov’s prescription for high-energy computations in QCD needs to

be modified in the present case

Outlook

e Full NLL matched to NLO Higgs plus jet production

e Finite top-mass corrections

e Extension at full NLL of other interesting processes: J/v plus jet,

Drell-Yan plus jet, heavy-light dijet
[Boussarie, Ducloué, Szymanowski, Wallon (2018)]
[Golec-Biernat, Motyka, Stebel (2018)]

[Bolognino, Celiberto, M. F., Ivanov, Papa (2021)]
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Higgs impact factor at NLO

“Higgs impact factor at NLO”
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Finite part of the result in the (n,v)-space

e The complete finite result is obtained in terms of hypergeometric functions
and integrals of hypergeometric functions (with some shrewdness!), i.e
2-2¢
d Eq(q.z)iufgewm(qz)fwl 1
™2 [(@—Fm?] [ =2 + B — 20 D?]

Io(y1,m,v) =/

(FR)Z einen |:F(%+'y1+%7iu+e)l“(fé7W1+%+w76)}

Z%I\/ﬁrre T'(l+n—c¢)
1 (1-a)\" (1—A) (1= A)1 = zgym2 |~ 3 —m+iv—5—c
R O O L R
0 ZH 2% 2%
1 n X 5 . n A1
X 2Fy *5*W1+E+W*6,§+’Y1*w+5+€,1+n*6,C ) ¢——1
e Extracting singular part
3 . .
S 2\— 5 —Y1tiv—€_ing
(pA) 2~ ™M eMPHT (1 + €) 1 1 e
Ipas(y1,m,v) = 2 - / FINCEYN
(1= =m)VZne (m3 + 0 —=mpg) Jo
1 (FR) "3 -mHiv—egindnp(l 4 o) 1
T (1= zy)V2re (my +0—=m)53)

e Replacement: Io = Iz 45 + (J2 — I2,as) = I2,a5 + I2,reg
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Higgs plus jet as a paradigm

e Inclusive Higgs plus jet production in proton-proton collision

. Full NLL Green function + Partial NLO impact factors (full m¢-dep.)
[Celiberto, Ivanov, Mohammed, Papa (2021)]

1. Same process in HEJ framework (full m¢,m;-dep.)

[Andersen et al. (2022)]

dopp 1
dypdydlppldlpylde1dds  (2m)?2

d2q
x [ S O @ 50,01, 7) @ Fo o)
1

d+ico dw [fzgxys\¥ o
></ — | — Gu(q1,d2)
§—ioco 2Ti ED)

X/d2§2
52

2

<Z V.(jp) (@2, 50, w2, P5) ® f'r'<172)>

™

e Hadronic cross section expanded in azimuthal coefficients

dopp

1 o
— — = Co +2 cos(ny)C :| p=¢1 —¢2—7
dypdyyd|Fg|dpsldp1dés  (2m)?2 [ nz::l "
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Higgs pp-distribution

e Higgs pr-distribution

— max max max
do (||, AY,s) [P} dlg Y 4 vy du 16 AV)C
amtdny = Somin WP dvH [, d¥ad (e — g — AY) Co
d|py |[dAY P’ v Y
proton(py) + proton(pa) = H(|pu|. yu) + X + jet(|5y, ys) proton(py) + proton(pa) = H(|pn|. yu) + X + jet(|pyl, ys)
JETHAD v0.4.2 12<C,<2 JETHAD 2 1256, <3
10 0t Py = v = 60 GV a1
. 1751 = Il (Born)s 35 GeV < [ < 60 GeV (LLA, NLA) . N [ = [l (Boru); 35 GeV < |f5] < 60 GeV (LLA, NLA)
Z ol < 25 ys| < 4T; AY = yu — Z ol <25 lusl < 475 AY =y ~us
2 V5 =14 TV Q ViV
2w IS scheme; MMHT2014 NLO PDF set =2 MS scheme; MMHT2014 NLO PDF set
e DI
AT
=S
S
=T f
< S pom ST it
LI s RIESEITY
107 NLA &3 NLA AY =5
& NLO pOEG & NLO POkEG
o 50 100 150 200 250 300 350 50 100 150 200 250 300 350
P [GeV] |Pu| [GeV]
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Higgs pp-distribution

e Higgs pr-distribution

— max max max
do (||, AY,s) [P} dlg Y 4 vy du 16 AV)C
Tdpgday - Jymin oyl f = dym [ . dysé(ym —ys — AY)Co
PH Py Y vy
proton(p:) + proton(ps) —» H(|p|. ym) + X + jet(|iis|, yr) proton(p:) + proton(ps) — H (|, ym) + X + jet(|ii|, us)
JETHAD v0.4.2 2<Cyen ETHAD v0.4.2 135C, <3
10 0t - = v Py oV a1
. 7] = || (Born); 35 GeV < [fi)] < 60 GeV (LLA, NLA) . i = B (Born): 35 GeV' < [jiy| < 60 GeV (LLA, NLA)
Z ol < 25 ys| < 4T; AY = yu — Z \ ol <25 lusl < 475 AY =y ~us
2 Ve =TV 53 Ve=UTY
2 o F1S schemme; HMET2014 NLO PDF set 2wl MIS scheme; MMHT2014 NLO PDF set
> > S\
Tz Az
s —
N £
= ) BT e
5 NSW Bom S < Bom
~= L s ~= RIS
107 NLA 107 = Na AY =5
B NLO PouKEG R NLO PouHEG
o 50 100 150 200 250 300 350

100
30 100 150 200 250 300 350

[P [GeV] [P| [GeV]

e Additive matching procedure
[Celiberto, Delle Rose, M.F., Gatto, Papa (to appear)]

doNFL/NLO(AY, 5) = doNFO(AY, s) + doNHH(AY, 5) — Ade NP/ NLO (A 6)

fixed order BFKL NLO double counting
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Hybrid factorization: Theory vs Experiments

“Hybrid factorization: Theory vs Experiments”
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Hybrid collinear/high-energy factorization

Mueller-Navelet jets
e Inclusive two jet production in proton-proton collision
e Large pr and large rapidity separation
e Large energy logarithms — BFKL resummed partonic cross section

e Moderate values of parton x — collinear PDFs

e Hybrid formalism: can be extended to several type of semi-hard
reactions

7/9



Muller-Navelet: Theory vs Experiment

proton(p;) + proton(ps) — jet(ky1.ys1) + X + jet(hro,vs2)

35 GeV < ky1z < W78us

Lo a2l <47 o
_ VE=TTeV
< 08 1
Il o6 ]
—
S
wm
S 047 PDFALHCL5 NLO (100 replicas) 1
=

BLM S

0.2 WEE NLA BFKL
BN LLA BFKL
¥ CMS data

o
5

H
2

o
@
&

!

IS

=
-1
@
!

Ryg/mean
g &

Y =y —ys2

[B. Ducloué, L. Szymanowski, S. Wallon (2013)]
[F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa (2014)]
In this slide: [F.G. Celiberto (2021)]
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Muelle ry vs Erperiment

e CMS at 7 Tev with symmetric pp-cuts, only!
[CMS collaboration (2016)]

e Asymmetric cuts would provide a better discrimination between DGLAP
and BFKL

e LHC kinematic domain in between the sectors described by BFKL and
DGLAP approaches
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Mueller-Navelet: Theory vs Experiment

e CMS at 7 Tev with symmetric pp-cuts, only!
[CMS collaboration (2016)]

e Asymmetric cuts would provide a better discrimination between DGLAP
and BFKL

e LHC kinematic domain in between the sectors described by BFKL and
DGLAP approaches

e Strong manifestation of higher-order instabilities via scale variation

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

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

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

v’ preserve the conformal invariance of an ocbservable..
v' by making vanish its By-dependent part

* "Exact’ BLM:
suppress NLOIFs + NLOKernel pg-dependent factors
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