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Motivation

e Record energies in the center-of-mass reachable by modern and future
colliders allow us to study strong interactions in so far unexplored
kinematic regions

e Semi-hard collision process — stringent scale hierarchy

s3> Q%> AéCD, Q? a hard scale,
a

Regge kinematic region

Qs (Qz) In (é) ~ 1 = all-order resummation needed

e The Balitskii-Fadin-Kuraev-Lipatov (BFKL) approach is the general
framework for this high-energy resummation

— Leading-Logarithmic-Approximation (LLA): (aslns)™
— Next-to-Leading-Logarithmic-Approximation (NLLA): as(asIns)”

e Progress on NNLLA
[Sunday’s talk by E. Byrne and Thursday’s talk by C. Milloy]
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BFKL resummation

o BFKL factorization
s _ _
SALE = W/dlj 2qdP2qa
o0\ (d@1,50) [ dw [[s\* . . ] (s, s0)
X ———— | 5= |\ G, @) | ——=5—
qy 211 S0 qs
e BFKL equation
WGl @) =00 D @ — @) + [ 4P 20 K@, @ )G @)

[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975)]
e NLO definition of impact factors

w(=a7) ds , * N
®44(q1;50) = (qﬁ) /9(81\ SAR) 2er dpf I'{yya (Fff}A) (e[ Pol0)
1 {r}

)

1 [ o @2 . o 3
—5/65 q Fzl Qaa(@) Kr(@2, @) In| ——"——
3

s0(q2 — q1)2
sp — rapidity regulator w(—tj’f) — 1-loop Regge trajectory
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Factorization scheme for hadronic impact factors

e Infrared safety of impact factor for colorless particle
[V. S. Fadin, A. D. Martin (1999)]

e Impact factors of colored particles afflicted by infrared singularities

2 -2
my +Ph

pH = zgp1 + ————p2+pH, 1

zZgSs

n=uh
pu = zapr = raly

H H
d®pp /1 dzpr f Ty a® s
= - g —
dx g d?2py Ty ZH zp ) dzpd?fy

e Hybrid factorization(s)
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LO Higgs impact factor

poa

&: T1py

o Gluon-Reggeon — Higgs ' Nf p
(through the top quark loop) 1[

o Off-shell ¢-channel gluon

¢ LO impact factor

H} (0 i N
a@ YO 02 2 F(my, my, %))

— 5@ (5. —
depd?py  v2  128722(NZ — 1) folem)s'™ (Fu — @)

l Infinite top-mass limit

a@ YO 02 25 (20)8) (7 - pa)

de g d?2py 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

1 «
a ur,a S
LggH = —ZgHF“,,F H =

9H +0(ad)
3mv
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Higgs NLO impact factor
NLO Higgs impact factor: Real corrections
NLO Higgs impact factor: Virtual corrections
Cancellation of divergences



NLO Higgs impact factor: Real corrections

e Quark initiated contribution

=222

galin) [0z ¢ D)+ T
aq zy (,,?2)2
Collinear divergence: r = (§— pg) — 0

Rapidity divergence absent =—> sp — oo

e Gluon initiated contribution

—zH (tf'?)Z}}
g2r2

2
aetHaY 9 %H
99 (1 —zp)7?2 *

72
- [ZH(1 —zg)+2(1—¢)
T ZH q

1—2z m2 +&2
><0<sA—( H)™Mp + finite
zg(1 — zH)
Soft divergence: zpy — 1, @ — 0

Rapidity divergence == sp still present
A =Py —z2ud

Collinear divergence: 7 — 0

o Agreement with calculation within Lipatov effective action framework
[M. Hentschinski, K. Kutak, A. van Hameren (2021)]
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NLO Higgs impact factor: Virtual corrections

e 1-loop ggH effective vertex

(9) [1 + dnLo]

ac(l) , \ _ rac(0)
Pirye (D =Tiny,
o General strategy: Comparison of a suitable amplitude (in the high-energy
limit) with the expected Regge form
—s\ w(t) 2s
_ pac(0) 0
+ ) ] Toq ™ F{H}g7rgg )

(8,—) _ s s\ w(t)
Agg—Hq = F({lif}g; [(:) —t
ac(0) 5 (1) s s ¢(0) ac(0) 28 c(1) ac(1) 25 c(0)
+F{H}gtw (t) [ln<_t> +ln(_t>] Toe Ty, . roe Ty , ey
e Virtual corrections to the impact factor
avgy ) dvgy 0w (72N O Cay (1) B
dzpd?py dzpd?py 27 \ p? €2 € En) 2e
2 2
67
3 18
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NLO Higgs impact factor: Virtual corrections

e Single gluon in the t-channel diagrams

Gribov’s trick: ¢P¥ =

e Two gluons in

00
0

O
0

OO
00C

Dimension-5 operator in £ = Lgcp + L44u — Gribov’s trick violation

pov v, p
PPy + Pip
pv _ _pv 1P2 1P3
9" =94, +2 11

v P
Py P

> 2s—L 2 4 gPY
s s

[F.G. Celiberto, M. Fucilla, D. Yu. Ivanov, M. Mohammed, M. Nefedov, A. Papa (in prep.)]
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Showing cancellation of divergences

¢ BFKL cross section
- 1 / aP=2q, / dP =2,
AB = = = p
(21r)D 2 q12 q22

. dtico dw SN\Y (0) & = ~
X® A (q1550) — | —) G’ (q1,d2)| BB (—d2;50)
§—ico 2mi s0

e Spectral representation of the Green function at LO

oo ST P (T5)
Z / %

¢ (q1, ) =
o - x(n, v)

Projection onto the eigenfunction of the BFKL kernel

4*72q 5 -3 Lind g (0) ()
/ — @) oW, (7) = ) (n, )

e LO projected impact factor

dq’}f}a}(o)(IHaﬁH’m v) 9% (413)1”_56“14)”
de g d? 5y 8(1—€e)v/N2 —1 ™2

Scheme for cancellation of divergences

fg(zH)

7. Rapidity divergence — removed by the BFKL counterterm
4. UV divergences — QCD coupling renormalization

7it. Soft divergence — cancelled in the real plus virtual combination

441, Surviving initial-state IR divergences — gPDF renormalization
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= ae (@ g2 [- 50T 4 finite

Cancellation of divergences in the (n,v)-space

as c.t.

e UV counterterm a7}
-+ finite

(

e gPDF counterterm
{H}(0) _
{H} _ d%pp as |1
de = = | ZPyy ® fa
er Pgg c.t. fg(zm) 2m |:f o a:zqq
{H} () _
(H} _deL, as [1~ ) 1 Bo ] .
d® — — | =Pyg @ fg + —— fg(z )| + finite
Pr Pgg c.t. fy(wH) 27 Le 99 g 2 € 9\*H
e Real quark contribution
{H}(0)
{Hg} _4%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) _ /2y —c Y
{Hq} _ d®pp as (P Ca CA Pi 1. ) X
a® = by - 8 L Y -~ P, finit
pe gluon fo(zm) 2m (H2) [( €2 * € " folwr) e 99 © fg | HHinite
e Virtual corrections contribution
_ -2 —€ =2
_ e {HY(0) Qs (PR Ca CA P 1 Bo .
=d%rp Z(?) {’Tz’ P U Y
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Higgs pr-distribution



Higgs plus jet

e Inclusive Higgs plus jet production in proton-proton collision
[F.G. Celiberto, D. Yu. Ivanov, M.M.A. Mohammed, A. Papa (2021)]

i. Large pr and large rapidity separation
7. Full NLL Green function
7i1. Partial NLO impact factors — LO + RG-universal NLO corrections

dopp 1
dypgdyyd|Fg|d|Pyldeides  (2m)2

d*q
x [ RO @500, 5m) © 1y (01)
qy
/5+’i00 dw (a:lzgs)“’
x 4
§—ico 2mi EN)

d’g; )
></ 622 (ZV‘SI)((TzﬁSo,ﬂ?zﬁﬁJ)®fr(-’r2)>
p =

e Hadronic cross section expanded in azimuthal coefficients

dopp 1 [

oo
— — = Co+2 cos(ne)C :|
dyprdy jd|pp |dFs|dérdes  (2m)2 > "

n=1
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Higgs pp-distribution

do (|pw|, AY, s P R g
M:/ , d\m\/ ‘ dyH/  dys6 (yr —ys — AY) Co
d|pg|dAY P Y ymin

proton(py) + proton(ps) — H(|pul,yu) + X + jet(|5], vs)

JETHAD v0.4.2 1/2<C,<2
)

1 7] = [u| (Born); 35 GeV < || < 60 GeV (LLA, NLA)
>o lyu| < 25: [ys| <47, AY =y —ys
<3 5 = 14 TeV
= \W scheme; MMHT2014 NLO PDF set

. T .
o X S
A5 g et
-
==
N T
= 1070k }f
Sy SSY Born (el
= 10T S5 LLA
ETS NLA pa—
B NLO POWHEG AY =5
10

50 100 150 200 250 300 350

|]7[] | [G(‘,V]
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Higgs pp-distribution

max

- max max
do (|pmu|, AY, s) Py . H vs
W = . d‘pJ‘ . dyg . dy o (yH S AY) Co
[P prin ypin ypin
proton(p;) + proton(ps) — H(|pu|.yu) + X + jet(|ps], ys)
JETHAD v0.4.2 12<Ci<2
L ]
10 N 7] = |Fu| (Bom); 35 GeV < |5)| < 60 GeV (LLA, NLA)
= X lyn < 25; Jys| < 47: AY =y — ys]
Q V5 =14 TeV/
2 w0 MS scheme; MMHT2014 NLO PDF set3
= - \
v 1074 N B \ \\\ \\\\\N
A Mg goef &
— |y TR
NES T
= 10-° | If
v S8 Born et
= o oL Y LA
E NLA .
Bk b o
107 5‘(! 1(‘\(] L")U 2(‘!“ 2.5)0

L
300 350

[Pi] [GeV]
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Higgs pp-distribution

max

max max
do (|pm|, AY, s) P H J
W = . d‘PJ‘ ) dyg . dy o ('!/H S AY) Co
min min min
PH Py YH vy
proton(p;) + proton(ps) — H(|pu|.yu) + X + jet(|ps], ys)
JETHAD v0.4.2 1/2<Cu<2
L ]
¢ 10 N 7] = || (Born): 35 GeV < || < 60 GeV (LLA, NLA)
| % 10-2 \ [yl < 2.5 lys| < 4.7; AY = yu — y,]
\ o V5 = 14 TeV
2 w0 MS scheme; MMHT2014 NLO PDF set3
l v 1074 N B \ \\\ \\\\\N
 AEe Mg goef f
—ph= &
| & i
\ = 10-° | If
5 S8 Born e
=L
E NLA .
Bk b o
10-® 5‘(! 1(‘)(] L"»U 2(‘!0 2.5»0 .‘((‘!0 350

[Pi] [GeV]
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Higgs pp-distribution

M = / , d\PJ\/ _ dyH/ ~ dyyé(yg —ys — AY)Co
d|pg |dAY prpin yp ypin

proton(ps) + proton(ps) = H(|pu|, yu) + X + jet(|is, ys)

JETHAD v0.4.2 1/2<Cu<2
L ]
€ 10 N 7] = Il (Bom); 35 GeV < || < 60 GeV (LLA, NLA)
\ % 1021 lyn| <255 lys| < 475 AY = yu —ys]
\ Q V5 =14 TeV/
2 w0 E MS scheme; MMHT2014 NLO PDF set3
| —
[ @ 1071
| e
=
IS S
\ % 105 R
5 S8 Born
= L[ S ra
\\ B NLO POWHEG
1078 —

50 1(‘)“ L")“ 2[‘“) 25 .‘(["0 - 350 I
| [GeV] N ° semi-hard regime
BFKL expected |
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Higgs pp-distribution

max max

max
do (|pm|, AY, s) P YH J
TAa Y foen W[ [ dusd =y = AY) Co
min min min
P » y o
proton(py) + proton(ps) — H(|pu|,yu) + X + jet(|7s], ys) )
JETHAD v0.4.2 1/2<C.<2
i ]
< 10 N 5] = || (Born); 35 GeV < || < 60 GeV (LLA, NLA)
\ % 102k lyn| <255 lys| < 475 AY = yu —ys] ‘
\ 9 VF = 14 TeV A
2wl MS scheme; MMHT2014 NLO PDF setd |
‘1 /"? 1071 (f
]

S8 Born
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B NLO POWHEG
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Higgs pp-distribution

—_ max max max
do (|pm|, AY, s) Py R Y Yy
T dAY = Lo WS dy [ dysé (i —ys — AY) Co
Ile pmin ygln y}'”"
proton(py) + proton(pa) — H(|pu|, yu) + X + jet(|py], ys) )
JETHAD v0.4.2 1/2<C.<2
L ]

< 10 N 5] = || (Born); 35 GeV < || < 60 GeV (LLA, NLA) |

\ = b\ lu| < 25 |ys] < 4T3 AY = gy — ] |

9 VF = 14 TeV ;

2 g NS scheme; MMHT2014 NLO PDF set§ |

| w 1074F )

| |

S i | |

; _n; ém /

| =™ - 1/
T S8 Born
=L
E NLA 1
#  NLO POWHEG
1078 —

1(‘\(] L")U 2(3() 2}& .‘((‘]0 - 350 o
| [GeV] N ° semi-hard regime|

almost back-to-back emissions | BFKL expected |
Sudakov-type double logs T T

50
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Conclusions and outlook

Conclusions

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

e Stability of the BFKL series under higher-order corrections and
scale variations has been observed, with partial NLLA, in the inclusive
forward emissions of a Higgs in association with a backward jet

o Gribov’s philosophy for high-energy computations proposed in QCD
needs to be revisited for non-renormalizable interactions
Outlook and related topics
e Full NLL/NLO Higgs plus jet production

e The impact of the high-energy resummation in central inclusive Higgs
production at FCC center-of-mass energies is expected to be large

[M. Bonvini, S. Marzani (2018)]
[Monday’s talk by M. Bonvini]

e Unified formalism to include different kinds of resummations
(BFKL+Sudakov) [B. Xiao, F. Yuan (2018)]
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Thank you for the attention !
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Backup
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1sion to the central production at NLO

LO vertex with full mass corrections
[R.S. Pasechnik, O.V. Teryaev, A. Szczurek (2006)]

Computation of real corrections quite straightforward

Need to extract the vertex at one-loop in the central region of rapidity

o Necessity of a reference NLO two into three particle amplitude, e. g.
Agtg—a+H+q

e Necessary scalar integrals known: Ifm and 1, %m
[Z. Bern, L. Dixon, D. A. Kosower (1998)]
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Hybrid collinear/high-energy factorization

o Straightforward adaptation to partially inclusive processes: just restrict the
summation over intermediate states

Mueller-Navelet jets
e Inclusive production of two rapidity-separated jets in proton-proton collision
e Large energy logarithms — BFKL resummed partonic cross section
e Moderate values of parton  — collinear PDF's

jet
(Pryn)

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

CMS @7Tev with symmetric pp-ranges, only!

[CMS collaboration (2016)]
LHC kinematic domain in between the sectors described by BFKL and
DGLAP approaches
Clearer manifestation of high-energy signatures expected at increasing
energies (higher hadronic center-of-mass energy or higher rapidity difference
between tagged jets)
Need for more exclusive final states as well as more sensitive observables
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Muelle ry vs Erperiment

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

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

o Clearer manifestation of high-energy signatures expected at increasing
energies (higher hadronic center-of-mass energy or higher rapidity difference
between tagged jets)

e Need for more exclusive final states as well as more sensitive observables

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...

o ..call for some optimization procedure
¢ ..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 observable...
v ..by making vanish its (-dependent part

" "Exact’ BLM:
suppress NLOIFs + NLOKernel Bg-dependent factors
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Partially inclusive processes in NLA

o Mueller-Navelet jet production
[J. Bartels, D. Colferai, G.P. Vacca (2003)]
[F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, A. Perri (2011)]
[D.Yu. Ivanov, A. Papa (2012)]
[D. Colferai, A. Niccoli (2015)]
[B. Ducloué, L. Szymanowski, S. Wallon (2013,2014)]
[F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa (2014)]
[F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa (2015)]

e Light hadron-light hadron production
[D.Yu. Ivanov, A. Papa (2012)]
[F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa (2016, 2017)]
e Light hadron-jet production

[A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A.
Papa (2018)]

e Heavy-light hadrons in VFNS
[F.G. Celiberto, M.F, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa (2021)]
[F.G. Celiberto, M.F, D.Yu. Ivanov, A. Papa (2021)]

26/48



Other partially-inclusive reactions

e Three / four jet production (partial NLA)
[F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera (2016)]
[F. Caporale, F.G. Celiberto, G. Chachamis, A. Sabio Vera (2016)]

[F. Caporale, F.G. Celiberto, G. Chachamis, D.G. Gomez, A. Sabio Vera
(2016, 2017)]

e Drell-Yan pair - jet (partial NLA)
[K. Golec-Biernat, L. Motyka, T. Stebel (2018)]
o Higgs - jet
- Partial NLA
[F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa (2020)]
- Full NLA, mt — oo limit

[F.G. Celiberto, D.Yu. Ivanov, M.F., M.M.A. Mohammed, A. Papa (2022, in
preparation)]

e Heavy-quark pair photo/hadro-production (partial NLA)
[F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa (2017)]

[A.D. Bolognino, F.G. Celiberto, M.F., D.Yu. Ivanov, A. Papa (2019)]

e J/W - jet production (partial NLA)
[R. Boussarie, B. Ducloué, L. Szymanowski, S. Wallon (2018)]
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Stabilization effects

e Stabilization effects in Higgs and heavy flavor production

e A-baryon FFs

e heavy species — A.
KKSS19 [B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger (2020)]

e light species — A
AKKO8 [S.Albino, B.A. Kniehl, and G. Kramer (2008)]

proton(p) + proton(ps) = H(|ul, yn) + X + jet(|s], ys) proton(Py) + proton(Fy) = H(pa,.yn,) + X + H(pr,, yn,)
10*

JETHAL 2 1/2<C, <2 —
h Y |55] = [7u| (Born); 35 GeV < |fij] < 60 GeV (LLA, NLA) MS scheme
= " N\ ] < 2.5 lys] < 475 AY = gy — gy 103F  MMHT14 + KKSS19/AKKOS
Q V5 =14 TeV
= R \ITS scheme; MMHT2014 NLO PDF set 10?
B e M T
>~ \\\\\\\w = 10
A5
=& T 100
N
= w0
T Bomn B oo
= el S LLa 107! 10 GeV < pyy p, < i
E=3 NLA _
B NLO PoWHEG AY =5 + i [Ys:, .| < 2.0 .
0 50 0 300 30 1075 20 5 3.0 35

50 100 150

[P [GeV] AY =yu, —yu,

[F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa (2020)]
[F.G. Celiberto, D.Yu. Ivanov, M. F., A. Papa (2021)]
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BFKL resummation

What is the BFKL resummation?

e The Balitsky-Fadin-Kuraev-Lipatov (BFKL) approach is the general
framework for the resummation of energy-type logarithms
e Leading-Logarithm-Approximation (LLA): (as1ns)™
e Next-to-Leading-Logarithm-Approximation (NLLA):
as(aslns)”
In which contexts can BFKL approach be applied?

e Semi-hard collision processes, featuring the scale hierarchy

s> Q%> AQQCD, Q? a hard scale,
as(Q?) In ( QQ) ~ 1 = all-order resummation needed

e UGD sector
The evolution of the Unintegrated gluon density,

2
Fak) te @)= [ Sr@Rh@ )
7k
as a function of In(1/x) = In(s/Q?), is governed by BFKL:
oOF
gz 7 ek
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Before QCD

e Assumptions on S-matrix (Sgp = (bout|@in)):

e Lorentz invariance:
It can be expressed as a function of Lorentz invariant scalar product,
e.g (s,t) for 2 — 2 particle scattering.

e Analiticity

Causality — Analytic function with only those singularity required by

unitarity.

e Unitarity

Cutkosky rules Optical theorem

28 A4 = (277')464(2 Pa — Zpb) Z AacAib 2%./4,1@(8, 0) = Fotot
a b c

e Unitarity — relates the imaginary parts of amplitudes to sum of products of
other amplitudes, dispersion relations — reconstruct the corresponding
real parts

e More in general subtract dispersion relation — we must know the
asymptotic behaviour of amplitudes — Regge theory
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Before QCD

e Asymptotic behavior of amplitudes in the Regge region:
n+ e—ima(t)
(s,1)

a(t)
m— 5 B(t)s

e Definition of “Reggeization”

A particle of mass M and spin J is said to

“Reggeize” if the amplitude, A, for a process “ ¢
involving the exchange in the ¢t-channel of the

quantum numbers of that particle behaves

asymptotically in s as «— Reggeon

A o s

where «(t) is the trajectory and a(M?) = J, so
that the particle itself lies on the trajectory.

31/48



The Reggeized gluon

Elastic scattering process A+ B — A’ + B’
e Gluon quantum numbers in the t-channel
e Regge limit: s ~ —u — oo, t fixed (i.e not growing with s)

e All-order resummation:
leading logarithmic approximation (LLA): (s Ins)™
next-to-leading logarithmic approximation (NLA): as(as Ins)™

(;s>j(t) B (s)j(t)] P,
—t —t

i) =1+w(®),  j0)=1

! A/ !
A A (A4 =T% 4

j(t)- Reggeized gluon trajectory
T4 = g(A|T|A) T arg

Te- fundamental(quarks) or adjoint(gluons)

e LLA [Ya. Ya. Balitsky, V.S. Fadin, L.N. Lipatov (1979)]

2t N / P2k, N9 T2 o
9 o oie q

(0) —
IN —
(2m)(P-1) 2

ATA T SAA/)\Av w(l)(t) =

K(q—k2 7 (amFe I(20)
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8 S 8
Ap = 87ra526>\A,>\A6/\B,>\BG0

A8 = A§

14 w(t)In (q*%) + % (w(t)ln (%))2 +o.| A=A

S = / d(P.S.2) A5 (k) A5 (k—q) :

The integration that appears in w(t) is the residue of that over the phase space.

The terms in the denominator come from the propagators.

> NLLA [V.S. Fadin, R. Fiore, M.G. Kozlov, A.V. Reznichenko (2006)]
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BFKL in LLA

Inelastic scattering process A + B —» A + B 4+ n in the LLA

A A

: Leading logarithms resummation

a; . +
Yeicis |(Qé= q'i+1j Gi Multi-Regge kinematics (MRK)

i. t Gi+1
Gn
+ Jn+1 B
B B

o n o\ w(ti) w(tn41)
) s 1 1 Sn41 + c
RAGET™ = 250 Veries i (4irdi+1) ( l) ( o ) Tap’

AB AA E CiCit1 VA HY S0 ti ) tna1 S0 BB

e sp-energy scale, arbitrary in LLA.

e Terms that contain fermions in intermediate states are suppressed in
relation to those that involve the exchange of gluons

o “Vertical” gluons become Reggeized due to radiative corrections (“ladders

within ladders”) 34/48



Multi- Regge kinematics

Multi-Regge kinematics

e Sudakov decomposition for the produced particles: k; = z;p1 + Aip2 + ki1

A —————

e Transverse momenta of the produced ko
particles are limited —  k
e Their Sudakov variables z; and \;, oo

are strongly ordered:
20 > 21 > ... > 2Zn > Zntl

>\n+1 > >\n > > >\l > >\0

P

e Leading logarithms come from the integration over the longitudinal
momenta of the produced particles

e In the LLA, where each added particle contributes only one In s, only this
kinematics counts

35/48



BFKL in LLA

Amplitude A+ B — A’ + B’ in the LLA via Cutkosky rules

320 [ AR (V) s,

: | : di+1
|
|
n+1 | [ { @iy
. - -
DB bp
A%BB/ = Z(AR)%BB/ R = 1(singlet), 8(octect), ...

36/48



BFKL resummation

e Diffusion A+ B — A’ + B’ in the Regge kinematic region
e Gluon Reggeization

e BFKL factorization for SAﬁ;gB " convolution of a Green function
(process independent) with the Impact factors of the colliding
particles (process dependent).

‘JWL‘ <— [mpact factor

’h+§ ] §+m*u
7% .
[ ¢ ) <= BFKL Green function
S 4

a2 { z :\,‘i * G —q

‘ i \‘[’un’/ e ‘ <— Impact factor
, dD_2 dD_2
\YAA s = SD_2 / S0/ = q—lo 2 22/~ qi B)
~ @) a2 — )% 4 (@2 —q)

v ‘# d « — v - =
ZCD(AISA) q@,q 0)/# Ki) GG, @7 )} 1) (~ @, @, s0)

271 S0

37/48



BFKL resummation

° GEJR’) (¢1,d2; @ )-Mellin transform of the Green function for the
Reggeon-Reggeon scattering

WG (G, 3:7) = 32(@ — )26 P 2@ — @)

dD2/ (R)_‘_)/_‘(R)_‘/_'_)
+/ TG —ae KNG, 410GV (@, G2 T)

v
" . qdé Cé{mq
(”?/\§+ g ! G i—gq

DRSS

(R,v)

e onp

- LO impact factor in the t-channel color state (R, v)

{r}

, ds
‘I’%Rpf)—(cc [Plv) > / PdefF{f}P(F{f}P’) § | §
|
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BFKL resummation

e BFKL equation: ¢2 = 0 and singlet color state representation
[Ya. Ya. Balitsky, V. S. Fadin, E.A Kuraev, L.N Lipatov (1975)]
G (@1, 8,0) KO (G, ,0)

=——55—, K@1,¢2)= —2
CI1QQQ2 ’ ’ Q12QQ2

Redefinition : Gu(q1, @2

=

WGo(d@1, 3) = 5P~ (G — i@ +/dD 2g0 K(@1, @ )C(@r @2)

e FElastic amplitude factorization:

S — —
SALE = @D /dD 2qdP?go

‘I’(O) (q1, s0 o) —q2, S0
" o )/ [(7) Gw((ﬁ@)}%
qy 27 qs
e Optical Theorem:
SA4E

S

OAB

e Impact factor in the color singlet state:

p = (cc'[PI0) Z/ S deiT (T )
0y
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Solution of the BFKL equation

e Let’s solve the equation
WG (@1, 32) = 6P (@ — @) + / d”2q, K(q@1,G- )C(@r, 32)

K@, @) = K1, G) + 20(32)6 P (@ — )

e We can see IC(E, E’) as the integral kernel of an operator acting on a space of
complex functions (defined on a bi-dimensional vector space)

K1) = / PRKFE R f7)

e We solve the eigenvalue problem for the Kernel

Eigenvalues — wn (V) = @sxn(v) , as = %
I .
Eigenfunctions — ¢ (7)) = %\/ﬁ (q_'2) 2T gind

-

e Then we are able to reconstruct the G, (q1, ¢2)

0 oo 9N\ WV
I 4q
Gu(q,32) = Z/ dv (%2)
n=0" —> 9z

wo = 4asIn2 ~ 0.40 for as = 0.15

ein(01—02) 1

5 — — Gs(q1,q2) ~ s“°
212q1q2 w — asx(n,v)
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BFKL at NLLA in a nutshell

e Resummation of subleading logarithms means new kinematics
1. Multi-Regge kinematics (MRK)
2. Quasi multi-Regge kinematics (QMRK)
e Production amplitudes keep the simple factorized form
w(t;) 1

AB4n c1 = P; Si 1 Sn+41 w(tnt1) Cn+1
RAYE " = ZSFAA H'Yc¢0i+1 (qis qi+1) % o o S0 FBB
i=1 o n

e Multi-Regge kinematics — previous quantity must be calculated at
1-loop (one a, more)

0 . @

—.—./—.—
° r::‘(Bcrn) . r191(1-Ioc:>p) Born % . = 1-loop
PP P'P £ E
= Born = 1-loop
Gi(Born) Gi(1-loop) =
® Yociy 7 Yoy, 2 =00y
=

[V.S. Fadin, L.N. Lipatov (1989)]

41/48



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)

2 29
(] r;,(,?m") — r"}E"c?r“) Born £ — § -
i = < Born
Gi(Born) do(Born) ZBom  Z B;g%‘
® gy CiCis T — 8 -
= =
= Born ZBor
G;(Born) GG(Born) =
VeiGis1 Yeicia oI &
= = -

e 3 new contributions to the kernel

K = KRRE +King” + Kirde + Kindo
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NLO Higgs impact factor: Real corrections

e NLO definition of the impact factor

R

s0 )w(ﬂif)

N ds
P44(q1;50) = (E > /O(SA*SAR)

A ’ * 4
S dey T{f1a (Fff}A> (cc'|Pg0)
0 T

1 / p—2 I’ (0 () A
-——[d a2 =5 P, 4(q2) K0 (d2,q1) In ——
2 g2 Aa r ’ so(q2 — q1)?
sp — rapidity regulator

w(—q‘f) — 1-loop Regge trajectory

e Quark initiated contribution

dzp d?py 16N (2m) P12y

a2 Gy P D PehVNT -1 [4(1—zH>[<q*—ﬁH)~a]2+z%{q2(a—ﬁﬂ>2]

(7 —Pu)?)?

e Rapidity divergence absent = s5 —
e Collinear divergence: (¢§— pg) — 0

e Gauge invariance: dq’s{ng}{q*?:o —0
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NLO Higgs impact factor: Real corrections

e Gluon initiated contribution

ll‘I‘gfw(ly-P‘H-iﬁ s0) _ P9HCa
dzpgd?py 8(2m)P-1(1 —€¢)VN2 -1
2 {2;2 i (U= zp)zgm§y (7~ P)ef = 200 = zm)e] + 223 (- P Br - @) 225 (1 — 2y
n(l—zm) | H 72((1 = zi)m3 + pA] (U= zm)m% + g
=) (G 20— zr)d + 225 (A AR ) 23 (1— 2w}y
72 (1= iy + A7) [(1— 2yt + 57
(1— )22 (1 — z21)2m% 1 . 1 P2 A)? — 2e(1— zp) > Emiy
2 [0 —zm)ym% + A2 " [(1—zem)m% + 52 (0= ze)m% + 521 (1 — ze)m% + A7)

()(1 —) (7

® A=py —z2Hq T=q—PH

Rapidity divergence — s, still
present

Soft and Collinear divergences

e Gauge invariance:
{gH}
degg"  p2_g — 0

Agreement with independent calculation in the Lipatov effective action framework

[M. Hentschinski, K. Kutak, A. van Hameren (2021)]
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PDF and ay counterterms in the (n,v)-space

e 1-loop o, running produces the UV-counterterm

H}(0 ~ _ o —
_ a2 O @pr, prr m, ) as (Pg\~°
coupling c.t. dx g d?py 27

) (o)

o PDF counter terms produced through DGLAP evolution equations

1 d@}f,’,”m(m,ﬁﬂ,n,u)g(ﬁ)‘e

d‘I’{ }(mH7pHa" v)

de g d?py

‘I’{ }(IHapan v)
de g d?py

Pagct.  fo(om) depgd?pe 2m \ p?

1 uzF)) - ( )
——+4+In| —% Pgyq(z a s
X ( - (ﬁg AH n gq( H)az;qf n HrFE

H}(0 . _ o\ —
1 déép}( D@, Pr,myv) Qs ﬁ €
Pgg c.t. folzm) da g d2Ppr 2m 2

d‘1>{ }(mHvPan v)

de g d?Py I
1 uz 1 dz T
(o () £, [ (50
€ P zy ZH zH
_ .2 _ 11C 4 —2
Pyq(z) = Cpitd=2" ng(z):ch<ﬁ+%+z(1fz))++"f5(17z)
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Real quark and virtual contribution in the (n,v)-space

e BFKL counterterm + Rapidity divergent part in the real gluon NLO
contribution in the (n, v)-space

N H} (0 — = = -
A8 @, i, o) dSS O ayprn ) as (PN TC
depd?pyg dz g d2Fy 2m \ p?

s
~2
) {CA + G () 20 ) +o<60>}

S0

e Projection of the virtual contribution

H} (1 - H} (0 — N —
ao YD @y, par m, viso) _ a2 LY (@, e m, ) as (P4 ° [_CﬁA
dz g d25 g dz g d25 g 2r \ p2 €2
11C4—2ng c 72 Sny m% w2 67
L - Al H) - — 4 Ca(2Re(Liz |1+ —5 + —+ — | +11
0 9 2 3 18

e Projection of the real quark contribution

H ~ H ~ _ Loy —
d@f,Pq}(rH,PH,nyu)7 1 d@l{jp}(())(a:H,pH,n,u)ai 5h €
depd? P fo(xm) depd?py 27 \ p?

1 dzy T p 1 1+(1— 2
s () (e () o
TH ZH a=qq zZH €
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Real gluon contribution in the (n,v)-space

e “Plus” term

Hg}plus . H}(0 . _ o\ —
dqh{apg}p “(zg,PH,n,vis0) 1 dq)ﬁ:‘p}( )(IHVPHMLV)& <ﬁ> €

dapp d? P  felzm) da g d2Pp 27\ p?

1 dzg TH z 1 0
)20, 2H [7 o ]
X-/atH ZH fg<ZH> AT=—=my | +0(e)

o (1—azpy)-term

a7 T o ) ae U O im0 as (@)*

dx i d? Py dx rd? Py 27 \ p?

x2C 4 In(1 — zg) E + 0(60)]

e Collinear part of the remaining term

H 11 — H — _ — —
do SN @y, g n) 1 d@LP”O’(xH,pH,n,u)&(ﬁ) ‘

depd?Pp fo(zm) dapd?Pp 27 \ p?

Japg zH ZH

1 dz T .
L (22) ooy )

e Complete cancellation of divergences — € =0
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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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