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Introduction



Introduction

e Record energies in the center-of-mass reachable by modern colliders

e Semi-hard collision process — stringent scale hierarchy

s> Q%> AQQCD, Q2 a hard scale,
/!

Regge kinematic region
Qs (QQ) 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)™
1. Next-to-Leading-Logarithmic-Approximation (NLLA): as(as Ins)™

#ii. Progress on next-to-NLLA
[V. Del Duca, R. Marzucca, and B. Verbeek (2022)

[G. Falcioni, E. Gardi, N. Maher, C. Milloy, L. Vernazza (2022)

]

]

[F. Caola, A. Chakraborty, G. Gambuti, A. von Manteuffel, and L. Tancredi (2022)]
[E. P. Byrne, V. Del Duca, L. J. Dixon, E. Gardi, and J. M. Smillie (2022)]

]

[V. S. Fadin, M. Fucilla, A. Papa (2023)] [V. S. Fadin (2023)
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Higgs plus jet as a paradigm

e Inclusive Higgs plus jet production in proton-proton collision
[V. Del Duca, C. R. Schmidt (1994)]

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

7. Same process in HEJ framework (full m¢,mp-dep.)

[J. Andersen et al. (2022)]

i dopp 1
() _
dypdysd|pg|dps|deides  (2m)2

Pa e ~
></ Vi (@1, 50,21, PH) ® fg(x1))

a2

S+ico dw fxzpgxys\¥ o
></ — (—— ) Guw(dq1,d2)

§—ico 2mi ED)

« / d%q,
q“Z

2

<Z VF]P) (@2, 50, 2,P7) ® fv-(wz)>

-

e Hadronic cross section expanded in azimuthal coefficients

dopp 1 [

oo
oep = Co+2 cos(mpw] =61 b2
dypgdyyd|pm|d|Fsldo1des  (2m)2 > "

n=1
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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 [L. N. Lipatov (1976)]
2 dP- 2k NI(1—e) I?
540/).4 6>\A’>‘A’ w(l>(t) g / L = QM (6) (62)6
(2m)DP-1 2 | k2 (4m)2te T'(2e)
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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), ... s /07



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)
[I. 1. Balitsky, V. S. Fadin, E. A. Kuraev, L. N. Lipatov (1975-1978)]

o @;}?’;)- LO impact factor in the t-channel color state (R, v)
R,v '
() = (o [PIv) Z/ SR 40y T gy (0 gy )° :

{f} .
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BFKL at NLLA in a nutshell

e Simple factorized form of inelastic amplitudes
\l/ [V. S. Fadin, L. N. 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
Virtual corrections
Non-Gribov terms
Strategy of rapidity regions
Agg—Hg amplitude



LO Higgs impact factor

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

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

|
|
B A
|
|

e LO impact factor
[V. Del Duca, C. R. Schmidt (1994)]
{H}(0) 2 =2 =242
ae ag @71 F(me, mp,d7)| ~ ,
BE__ — ¢ — to(2)8® (5 - @

dzpd2Fy  v2  12872/2(N2 — 1)

l Infinite top-mass limit

a0 g2 a2 (28 (g - F)

dod2py 8v/NZ — 1

e The study can be upgraded to Next-to-Leading Order (NLO), in the
limit m+ — 0o, by using the effective lagrangian

1 Qg 2
Lggn = ——guF;, F'°H g = — + O(ay)
4 3mv
[M. Nefedov (2019)] , [M. Hentschinski, K. Kutak, A. van Hameren (2020)]

[F. G. Celiberto, M. Fucilla, D. Yu. Ivanov, M. M. A. Mohammed, A. Papa (2022)]
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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 [M. Nefedov (2019)]

dzpd?py ~ dzpd?py °m
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2 5271 72

s

Pv viP 1. P
kRS +kY K kY kb
s s

Gribov’s prescription: g = gf” +2
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NLO Higgs impact factor: Virtual corrections

e Single gluon in the t-channel diagrams

Gribov’s prescription: g = gf” +2

e Two gluons in the t-channel diagrams

SO000000000T
0000000000«

10000¢

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

K{RY RS kK

(]py

g =g" +2 +97"
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Why these non-Gribov terms appear?

e Comparison with QCD

ki ki +k Pu

T by~ k K ks bk K
e Non-Gribov term in Agq_s mq

—sti(kh)v ulka)e] (k1)gge H, " (=k1 — k, k — q)

HY? (p1,p2) = ¢¥7 (p1 - p2) — P PS
e Non-Gribov term in Agq—gq

e (K1) kY L

_ssi(kl)(sivﬁ(k;)— ey
E

k2,5> A,78 (k — g, k1 + K)a(kh)v L oulka)
AYOB(k —q,—k1 — k) = 7P (q — k1 — 2K)" + g"% (k — 29 — k1)® + ¢"P(2k1 + k + q)
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What is their impact on the Regge form of the

amplitude?

e Born helicity structure: Hpom = (e (k1) - q1 ) @(ka — q)%lu(kz)
e Using the Sudakov decomposition for g

Hporn = (c1 (k1) - a1) k2 — a) —=— u(ks)

lg |2
q'} 't
e Defining the basis: nf = —L-, nk = epvt— 2L
la| la|

e Born structure and a non-Gribov term
HBorn = (6L (k1) - ng) a(k2 — @)Rqu(kz)

(k2 —a)é 1 (k1)u(ks) = —a(ka—a)vuulka) (nknl +nkn¥) el , = —Hporn—Hanomalous
e Taking the interference between Hporn and Hanomalous-part and summing
over fermions spin gives 0

e The anomalous helicity structure cancels completely at amplitude level
e Nonetheless, these non-Gribov terms give a total contribution

600 g = 9°(=2C4)Bo(¢%) = as (22)7 [— 204 —4C 4
gq—Hgq an \ p2 €
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Gribov part: Strategy of rapidity regions

e Strategy of rapidity regions for the calculation of two-gluon in the ¢t-channel diagrams

[V.S. Fadin, A. D. Martin (1999)] [V.S. Fadin, R. Fiore (2001)]

e Feynman gauge and Gribov’s trick

EERY 4+ kEEY R 2kE kY

wy . pv
g =ghY +2
11 s s

e Loop momenta decomposed a la Sudakov: k = Bk1 + aks + k|

Central region lol S o5 18] < Bo s

Region A lal S a0,y 1Bl > Bo

Region B lal > ag, |8l < Bo

Region C la| > ap, 18] > Bo,
ap L1, Bo K1, saBo > [t]

e Factorization of vertices in different rapidity regions requires that in the region |a| < 1

(|B|] < 1) we can factor out the vertex FEBO’)B (F(:/)A) from the diagrams.

18/27



Gribov part: Strategy of rapidity regions

e Region C is suppressed by a factor |t|/agBps < 1

e In the Central region

(8,—) 2 2.(0) jeentral +(0) _ (0) 25 _(0) 1 1 —s ¢(ag) | ¢(Bo)
Abox Central = ~97Cas gy 1 Tpig =Tawa7Tein w ) [Eln (:) Tt

1 1
¢(z) =Inz + 5 (*; — (1) + (1 4¢€) —2¢(1 —€) +2¢(1 — 25))

e Box and cross diagrams in the central region

— 2 1 — 1 —
A =200 w0 S (1) + S (2) + otao) + 6(50)]

e Correction to the upper and lower effective vertex
Central 0 1 Central 0 1
r(Gentral) = p® W™ (1)8(80) (el = p@) - w® (1) ¢(ao0)
e Correction from the region Region A
A) _ p(0) s(A) _ (0) 5(A)
Para =T a0\m0 =T 474 {_“’(t) In fo + 5NL0]

e Correction from the region Region B

B 0 B 0 (B
F(B’)B = F(B’)B 51(\IL)O = F(B’)B {—w(t) In g + 61(\IL)O}
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Higgs case (region A)

e In the Higgs case there is a huge simplifications between three diagrams

SO0 TOOO00C -

e Region A of box, cross and triangular diagram

ko(k — K4 kY 2¢%2  kEKY ka(p — k
g 2B 2D B iy - Py gy o 20 SRR (|22 B0
s s s s ka(p—k) s

(@) af* Y™ (p.k.q)
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Higgs case (central region)

e The full result is very compact

SR _ Dy 4 2 (0
NLO = 0T ux 2

7TCa 85 ’m2 2 i m%
X¢———+4+ —Cxg + — CAln ——= | +2C4 | — +Lig | 14+ — + Of(e)
3 e 18 72 6 72
e The lower I‘;ES) vertex properly factorizes in the region |a| < 1

e Central region of the box diagram

2
g“Cast\ s [og Bo
ABox,Central = FC(O) ( )gHeu(k1>6 - — */ da/ dp
a'q 2 2/ ay —Bo

aP—2p gk

(2m)D4 (aﬂs+k2 +10)(o¢ﬁs+(q7k) + 40)(—Bs + 10)(as + i0)

e The upper FZ;I(O)

vertex does not factorize in the region |8| < 1

e Nonetheless, in this region, we can use the symmetry of denominators under
the exchange kK, — q, — k1, to replace the numerator by %ql and obtain

8- 2. 210 tral ac(0
AB—) = —g°Cas Fgﬁq) peentral pac(0)

box,Central

e The result in this region agrees with expectations
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Higgs case (region B)

e Contribution from the Region B

Ap = c(o)(%) en(k1)6%“gy 0204 t/a 7(17 )2 /(dD 2k (q— k)"

aq t 2 D=1 k2 (kL — (1 —a)gy)?

o The expectation is the correction to the quark vertex coming from this
region [V.S. Fadin, R. Fiore (2001)]

e In comparison to [V.S. Fadin, R. Fiore (2001)] , an additional rapidity-divergent
free term appears

Ap gZC‘At/l da D=2p 1

= 1
ros® (2) e 2 Jay @ e +a)/ @mP=T k2 (ky — (1— a)qy)?

o “Anomalous” contribution from the region B to the Higgs vertex

L2\ —€
sB _ Gs (d° 2Ca
SNLo = o <u2) [ . tiCa
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Higgs case (region B)

e Contribution from the Region B

Ap = c(o)(%) en(k1)6%“gy 0204 t/a 7(17 )2 /(dD 2k (q— k)"

aq t 2 D=1 k2 (kL — (1 —a)gy)?

o The expectation is the correction to the quark vertex coming from this
region [V.S. Fadin, R. Fiore (2001)]

e In comparison to [V.S. Fadin, R. Fiore (2001)] , an additional rapidity-divergent
free term appears

Ap gZC‘At/l da D=2p 1

= 1
ros® (2) e 2 Jay @ e +a)/ @mP=T k2 (ky — (1— a)qy)?

o “Anomalous” contribution from the region B to the Higgs vertex
L2\ —€
(B) as [ q 2C 4
’NLo = 4n <7) [ +a04]

o Let’s recall the non-Gribov contribution

&G 2(L2c4)Bo(q?) = 22 N2 .
gq;,qug A olgq = i Mz A
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Agg—s g amplitude

e Comparing with the Regge form

8,-)  _ s [ s \w® =5\ _ped(0) _ pac(0) 25 bed(0)
Agg—Hg = F({l%)gz [(:) + —t gy ~ F{H}97F93

Lpae(0) fwu)(t) [m (i) tln (;j)] ngd(o) O] Qirbcd(l) 4 rec) Qirbcd(o)

{H}g 4 ¢ {H}g ¢ 99 {H}g ¢ 99

e The extraction of the effective vertex from Ay _, g4 leads to the same result

_ L2\ —€ 2 2
as [ q Ca 11Ca — 2ny 5nyg . myy T 67
SNLO =~ . (TZ ) {_T? + e T o + Ca (2Li2 ( 1+ 72 + 5 + =
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Agg—s g amplitude

e Comparing with the Regge form

8,-)  _ s [ s \w® =5\ _ped(0) _ pac(0) 25 bed(0)
Agg—Hg = F({l%)gz [(:) + —t gy ~ F{H}97F93

Lpae(0) fwu)(t) [m (i) tln (;j)] ngd(o) O] Qirbcd(l) 4 rec) Qirbcd(o)

{H}g 4 ¢ {H}g ¢ 99 {H}g ¢ 99

e The extraction of the effective vertex from Ay _, g4 leads to the same result

_ L2\ —€ 2 2
as [ q Ca 11Ca — 2ny 5nyg . myy T 67
SNLO =~ . (TZ ) {_T? + e T o + Ca (2Li2 ( 1+ 72 + 5 + =

e There are again non-Gribov contributions

_ L2\ —€
n.G. _as (] Ca 1 5
699—)Hg7g (/7) e [:2*;*9*4(2) + O(e)
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Agg—s g amplitude

e Comparing with the Regge form

8,-)  _ s [ s \o® =5\ _ped(0) _ pac(0) 25 bed(0)
Agg—Hg = F({l%)gz [(:) + —t gy ~ Iy = T

H}g y =~ 99

ac(0) 5 (1) s —s bed(0) | pac(0) 25 bed(1) | pac(l) 28 bed(0)
yeze O [ln(,t) +ln<,t>] Tog T mye 7 Tog TV Tog

e The extraction of the effective vertex from Ay _, g4 leads to the same result

3 18

_ L2\ —€ 2 2
as [ q Ca 11Ca — 2ny 5nyg . myy T 67
SNLO =~ . (TZ ) {_T? + e T o +Ca | 2Lig | 1+ 72 + +
e There are again non-Gribov contributions

_ L2\ —€
n.G. as [ q Ca 1 5
699—)Hg7g (/7) e [:2*;*9*4(2) + O(e)
e “Anomalous” contribution from the region B

_ 2\ —€
B) _ as (] Cap 1 5
*NLo = 4 (72) Tt irora]von
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estoring full top-mass dependece

e Real corrections with full top-mass dependence

[F. G. Celiberto, L. Delle Rose, M. Fucilla, G. Gatto, A. Papa (in preparation)]

'
'
'
'
'
'

'
-
'

'

'

'

'

'

'

'

'

e By expanding the result in 1/m; we recover the result obtained via the
effective Lagrangian

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

e Virtual corrections involve two-loop amplitudes with several scales

SO000000000 000K -
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Conclusions

Summary

e We investigated the high-energy behaviour of the one-loop Agq— Hq
and Agg—, g amplitudes in the infinite top-mass limit

e “Non-Gribov” contributions endanger the Regge form of the one-loop
amplitudes

e Structures not in accordance with the Regge form in different
diagrams cancel each other out

o A strategy of regions reveals an anomalous contribution in the
rapidity region of the quark/gluon which cancels with the part of the
non-Gribov terms that can be cast in the Regge form

Outlook

e Next-to-leading order Higgs impact factor with full top-mass dependence

e Full NLO/NLL Higgs plus jet production

[F. G. Celiberto, L. Delle Rose, M. Fucilla, G. Gatto, A. Papa (in preparation)]
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Thanks for your attention!
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