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High-Energy factorization in a nutshell

Reminder: Miiller-Navelet dijet production (pr of both jets is fixed)
and BFKL (see also talk by M.Fucilla):

Y
folay, pr) - - - - -@ -~ fo(x2, pir)
c

Hard-scattering coefficient C' contains higher-order corrections
x (asY)™ (LLA) or as(asY)™ (NLLA), which can be resummed at
leading power w.r.t. e~Y using BFKL-formalism.
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High-Energy factorization in a nutshell
High-Energy Factorization [Collins, Ellis, 91’; Catani, Hautmann, 94’|:

Using the same formalism one can resum corrections to C' enhanced by

1 - 1
Yi=In ( Y Zi) ~ In Hy +In —, in LP w.r.t. —|qTi| “+
|QTi| 24 IqTi| Z4 py 1—zi

in inclusive observables (e.g. inclusive quarkonium production). Here

_ P+ s = pP—
PJr:fl’ - P_z,

Z4 and py =pye V" =p_e’*,

e.g. u%, = m% + p%.
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High-Energy factorization in a nutshell
High-Energy Factorization [Collins, Ellis, 91’; Catani, Hautmann, 94’|:

Y, Y_
ar+ b= . ar-
o ) Qi —— @~~~ LA o -~ ), (2, ir)
P P_;,_J?l H(qT+7qT—) P_J?Q P
* C(z4,ar+) C(z—.,ar-) -

Hard-scattering coefficient is re-factorized, unintegrated PDF is
introduced:

x
(I)Q(x7anu’Y) = fg (Z’N’F) ®c(z7qTap’F7p‘Y)'

» (Collinear divergences from additional emissions are subtracted inside
UPDF.

» New coefficient function H depends on 1,2 as well as qr+
(kr-factorization).

» Factorization with single type of factors C and H is proven at LL and
NLL approximation [Fadin et.al., early 2000s|, and known to be
violated at N?LL. Factorization with several types of C and H should
be introduced then. 4 / 22



High-Energy factorization in a nutshell

Structure of the LL BFKL series for C after subtraction of collinear

divergences:
, UF Hy 1 HE
C(z,ar, py, jir) = allY"In" — = [ozk (111— +1n = ) In — }
Zn: ’ lar| Zn: ° lar| lar|
n
= Z{agln Hy lnM—F} + Z ocgln 1" kY ln"H—F
" lar|  |az| nk<n |OIT| lar|
LL TMD PDF (CSS) ~ KMRW UPDF overlap with N*LL TMD
,UF
+ Q, 1n }
Xn: [ ’ IqTI

LL UPDF [Catani, Hautmann, Bliimlein]|
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MRK LL evolution equation

Is the LO BFKL-equation with real emissions ordered in physical rapidity
= ln(k;.r/k;)/Q:

C(z,qr,uy) = d(x — 1)é(qr)D(uy, €) + < coll. initial condition

1
/ dz {aSCA/ dP %k 1 .
( — real €1M1SS101n

z(1—2) ™ m(2m)—2¢ k&

x

XC( ,ar + kr, |k_T| )9(A(|kT|,,uy)—z)e y — ordering

: T z(l—=2 .
+ 2wy (a7)C (;, qar, gy ﬁ) 0 (A(lar|, py) — z)} + virt.part

where D =4 — 2¢, A(qr, 1) = /(1 + qr), D — collinear loop factor,

—2e € 2
wy(qF) = D‘gi“ qz (4m) Fr((lfeéf) 1=9 _ sne-loop gluon Regge trajectory.

After Mellin transform w.r.t. = lﬂ Z —r N’”Ll)

C(N,qT,uY):5(qT)D(uy,e)+/dﬁ iV [2wy(ad) (4 larl) VW, ar, o + lar )+

asC. d” ke 1, _ _
| S it k) V. + K+ fer)
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Collinear loop factor
BFKL evolution does not properly take into account interactions in
the purely collinear sector (p~ > 0, p™ = |pr| = 0, infinite rapidity).

To include them, collinear loop factor D
should be added:

Wilson line is tilted from

? light-cone:
Dle,pv) = | pt + +o
pt n" —n! +nle

2 2 -2y _ 2 /.2
14 @sWCa Lo L Ly where e = piy, /p?
m 22 2 py 4 g provides scale to D(py, €).
+0(a?)
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Doubly-logarithmic (=Bliimlein) UPDF

One has to solve the dimensionally-regularized evolution equation
to subtract collinear divergences. To demonstrate how it works
let’s skip all O(z)-corrections in MRK-equation and go to

(N, xr)-space (see [M.N. 2020, Appendix A]):

A 2\€e
C(N,xr) =1+ %% /d“eyT C(N,yr) x

el'(1—¢)
7T176((XT _ yT)2)1725
where &5 = asCa(pu?)~¢/m, then we solve it iteratively and collinear
divergences at each order organize into:

I

[k 3G~ y) -

@sS
sPe dOZ
Zcoll, = €Xp [—E/ ;’YN(O‘)] , v (@) = ’Yl(N)a‘F’Yz(N)az-i—...,
0

where S, = exple(—vyg + In4n)] for M S-scheme and [Jaroszewicz 827,
Catani, Hautmann, 94’]:

71 N772 3 » Y4 N4575 N57"'

and poles in N correspond to In"(1/z)/z in the DGLAP P,,(z). /
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Doubly-logarithmic (=Bliimlein) UPDF

In doubly-logarithmic apprizimation (corrections to which start at
O(a?)!), the finite part of C can be expressed as:

— ren. F(l - 70) q%eiw\{E o
CU™ (N, x1) ~ exp [—yoln(uzx2)] < (N, = ,
( T)DLA p[ Yo In(pz T)} pLa’ (N, ar) 2T (70) 12

where X = x7e?2 /2, and 79 = O‘f“ % Note that:

n% n%

/ dad CU2) (N, qr) = 1+ 0(a?), ie. / dai 3PV (2, qr) = fo(z, 1),
0 0

T T T3 T T T
. HERAPDF20-NLO-EIG ] « HERAPDF20-NLO-EIG |
S H=50 GeV, x=102 1 =50 GeV, x=10

» dash-dotted — Bliimlein,

> KMR s i - ]
KMRW, 4 g
> DL i; il
UPDF@exp[ aZ./(1 GeV) } 3 s
;:dﬂzf 3 "anz -
» Parton-Branching Ed

UPDF [Jung
Hautmann, et.al.]




Quarkonium photoproduction in HEF
The LO coefficient functions for quarkonium photo and
electro-production had been calculated in [Kniehl,Vasin,Saleev, 2006]
both for direct and resolved-photon channels. The 2 — 2
subprocess:

R_(q) +(q) = cc {359)} +9,
where R_ — Reggeized gluon with momentum ¢} = 21 P{" + ¢},

¢} = —q%,, and we take ¢*> = 0.
The 2 — 1 subprocesses:

Ve Ve c R_ (C]1) + 'V(Q) — cC [15(()8)a 3S§8)7 3P§8)} )

3558) amplitude =0 even for qr; # 0.
The Reggeon-gluon “mixing” coupling (“non-sense” polarization):
O a7
nh & ——,
2|lar| lar:|

due to Slavnov-Taylor identity for amplitude ¢}’ M,, = 0 (“Gribov’s
trick”).
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Quarkonium photoproduction in HEF

Some numerical results from [Kniehl,Vasin,Saleev, 2006]:

pr-spectrum in photo-production

-spectrum in DIS (H1 data,
pr-sp ( (ZEUS data, Q% < 1 GeV)

2 < Q% < 110 GeV?)

E_JB

pTz' Gev? pTz. GeV?
> 35U state dominates, as in LO of CPM (see talk by Y.Yedelkina)
» Moderate spread between KMRW and Bliimlein (JB) UPDFs.

> Large scale-unceartainty (~factor of 2).

10 20 20 40 50 60

» photo-production cross-section is under-estimated
= NLO corrections to H-function may be significant. 11 / 99



High-Energy EFT: Reggeon fields

Let’s introduce gauge-invariant Reggeon fields Ry (z) = T*R% (z)
subject to kinematic constraints (< (Q)MRK, 94 = n 9, = 26%):

6,R+ = 8+R7 =0=
Ry carries (k4,kr) and R_ carries (k—, k7).

Effective action [Lipatov, 1995]:

S:/d4x(—2RiaiRa > /d2 {/ d“d“‘Lan(x,Aww)

rap. ints.

dx

+ / deJr tr [R (w4, x7) T [z, Au)] + / Tf tr (R (o xr) T [, Al } ’

what are the interaction operators 7+ 7
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High-Energy EFT: light-like Wilson lines
Constraints we have:

» At leading power in energy, partons highly separated in rapidity
perceive each-other as infinite light-like Wilson lines [Mueller,
Nikolaev, Zakharov, 1990s; Balitsky, 2000s;...; Caron-Huot, 2013,

» Hermiticity [Lipatov, 1997; Bondarenko, Zubkov, 2018]

» R, — g transition is given by “non-sense” polarization ni

= Tilw, A, = giai (Waol, X, Ay = Wi [, %70, A,])

Where:
. w:F
—ig,
We, [rs,x7,Ar] = Pexp 2g /dw%Ai(xi,x;F,xT)

= (1 + igsailA:t)_l )

and 03" — —i/(k* + ie) in the Feynman rules.
After IBP trick:

Sint. = /alxi tr {R+(x)6f_8, (WI+ [A_] - WL [A,]) +(+ & _)} 7

s
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Structure of Induced interactions

Induced interactions of particles and Reggeons:

gitr [R.030_WI[A |+ R 820, W[A,],

expansion of P-exponent generaties induced vertices:
tr [(R+83_A7 + R763A+) +
(—igo) (O3 R4)(A_OZ A) + (~ig, 203 Ry)(A_ 07" A O A) +
(—igo) (0T R-)(AL 07 Ay) + (—igs)* (0T R-) (A0 A 0T AY)
+0(g))] -
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Ry — cc [15(()&} @ 1 loop

Rg couphng dlagrams

E K W % M Induced couphng dlagrams
/RS S

< c
cd g9 & e W e g e
o Al c § c
Raq 9 Roy, 9 &
- g
a
’?gn g ng g PLy

» Expressions for all dlagrams had been generated using custom
FeynArts model-file, scalar products converted to denominators

» Since heavy-quark momenta = +p/2, not all (quadratic) denominators
are linearly-independent. Linear-dependence had been resolved before
IBP

» IBP reduction to master integrals has been performed using LiteRed.
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Rapidity divergences and regularization
|
pla+ 2
) m@ = 2t [ e PR
o ) P ¢ p - a)?ata
Cutoff in rapidity [Lipatov, 1995] (¢ = \/¢% + qZe®¥, pt =p~ =0):

[l o]

H%) ~ 5abp% X CAQE/

dD 2qT

————— X(y2 — y1) + finite terms
a7 (pr — ar)?

W'g(p2/>

Tilted Wilson-line regularization [Hentschinski, Sabio Vera,
Chachamis et. al., 2012-2013]:

At =nT+r-nF, kKF=kT+r kT, r >0,

+ modified kinematics [M.N.,2019]: |, R_ = d_R, = 0.
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“Tadpoles” and “Bubbles”.

“Tadpoles” (one quadratic propagator):

ddl ddl

AH(P):/ L ] /2 -
(p+0)2[l 2l —p

where [dP1] = 5;;,;/;11, rr = r2(1 —OT(1+¢)/T(1 — 2e),

1[0 ]:(1/(1 +ie)+1/(- —za))/2

“Bubbles” (two quadratic

propagators):
[d]]
B —
R A 1®) = /12(p+z) 2]’
p+1 > K d
B (o / dl)
Pp+1)? ]
[
14 d
— d®l
=~ Bii—(p) =/#
A 2 p+ D20
= where p™ = p~ = 0 for the last integral.
|
|
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Rapidity divergences at one loop

Only log-divergence ~ Inr ( cells in the table) is related with
Reggeization of particles in ¢-channel.
Integrals which do not have log-divergence may still contain the
power-dependence on r:
» r~¢ = 0forr— 0ande<0.
» ¢ — oo for 7 — 0 and € < 0 — weak-power divergence (
cells in the table)

» ¢ 5 0o — power divergence. (Red)

(# LC prop.) \ (# quadr. prop.) 1 2 3 4
! B | O
: =l | By | Clee

The weak-power and power-divergences cancel between Feynman
diagrams describing one region in rapidity, so only log-divergences are
left.
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Triangle integrals, logarithmic RD
Result for Q2 = 0:

o1 pA\"1 o lg—|? 1 (g+aq)*=0
Cry(t1,0,47) = P (H) - {hl? +im—1In »
—V(l+6) = o) + 2 (=] + 007, T

coincides with the result of [G. Chachamis, et.
al., 2012].

Result for Q2 # 0 [M.N., 2019]:

2\ I(Q?/t 1
Cy(t1, Q% q-) = C[_](t1,0,q)+<u—) He/n) 1 AB_1(Q%q-),
t1 q-t1 he—
where
2X¢ 2 X(l ~)d.
— X X
nx = - €2 _Z/ 11—z
0
_2X—€ 2

_ > +2[—L12(1—X)+% + O(e).
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New mass-dependent master integrals

Example: “bubble-type” integral with massive propagator arises
during IBP-reduction:

_ 1 :u2€ 1 m2 ‘ ~ —2€, €
PR\ 2 Ty e {cos@re) KM%) -6 T]+
(1 —26)%(1 +¢€) | m™2sin(me)? P2\ tg(me)

where M2 = m? + p2. New kinds of mass-dependent r**-terms
appear, which should cancel between diagrams.
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New mass-dependent master integrals

New mass-dependent “triangle-type” integrals arise as result of

IBP-reduction:
— pP—q1 —>I

l— —

5@ —

[Sles
[Sles
1

P — ,
QT a—-51

Their calculation is in progress.
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Outlook

>

HEF rigorously resums corrections enhanced by “rapidity” logs:

Yy =In(py /|gr|) + In(1/2+) to LLA and NLLA. Obtaining the
complete solution for LLA UPDF is hard, therefore approximations
had been used. Situation at N*>2LLA in QCD is more complicated.
In the region z+ < 1, emissions with |qr| ~ uy < V'S are allowed, so
HEF is not limited to |qr| < py

There is an overlap between HEF and TMD-factorization (or CSS, or
SCET) w.r.t. resummation of In(uy /|qr|)

KMRW and Bliimlein UPDFs can be considered as two “opposite”
approximations to exact LLA UPDF in HEF: resummation of

(as In®(py /|qr]))™ and (asIn(ur/|qr|) In(1/2))" respectively.
Calculation of YR — c¢ [25 +1LJ} contributions at one loop is a good
starting point for the full NLO calculation for heavy quarkonium
production in HEF. All master integrals needed at NLO are contained
in this calculation. At NLO for H, the scale-dependence should be
reduced even with LLA UPDF.

Cancellation of 7*¢ terms will serve as a strong cross-check of one-loop
result. Only In r-divergence should be left.

Thank you for your attention!
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Backup: rapidity divergences in real corrections

Constraint 4 R_ = d_R, = 0. Lipatov’s vertex (k = q1 — qa, k% = 0):

L n, il O
() ((QI + q2)u + qfq—f + qu—i) +2(q@n, +3n,),
2 1

without modified constraint, the Slavnov-Taylor identity

is violated by terms O(r).

The square of regularized LV:

ry, Iy, P¥= 16qT1qT2f( )s

o ) le
—fly) = (rev + ev)2(rev + e )2’
+oo
/ dy f(y) =—1—Inr + O(r)

— 00
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Backup: On the energy dependence of ppr-integrated
pp — H + X cross-section

pr-integrated cross-section with DL UPDF can be put in the form:

do . dN1dNo F(l — ’le)F(l — ’yNQ)e_Q’\/E(A/Nl +Ny)
-~ ) P TOw T (1) T ) I )
d’qrid’qr: (i)ﬁwl (@)VNQ <&>_N1_N2 |M(qri1,qre)|?
TA71 A7 1 1 VS M3 ’

where M2 = M? + (gqr1 + ng)Q, N = % and e.g. for 1Sp-states:

2M?* (M? + (qr1 +ar2)?)”
5 2 73 sin” ¢12.
(M? + a7, + d7»)

[M(ari,qre)|? «

It is unlikely, that some fixed pp scale-choice can cancel all
g /N1 o-corrections.
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Backup: on Multi-Reggeon exchanges
Example EFT calculation of the 2-Reggeon exchange [M.N.; 2019]:

?mm“mmw @\nnn}nm @mmn/’\ +§mmnw‘
U N é ; A i
Lo o) @ @) 0] (5)
M ota-l a e [ - - o= -
v - [ - N o L/
N - [ y \, o .
= i 1 + + + vl h
e Do [ L !
I I / \ M —|
L, o =
@ @) @) (1) (5)
d—2 ~+,c2c1b3 —,b1cicabs
J(RP)b1babs _ 1/ d* Iy A; (Ir) AL (Ir)
pro - 2 )
8./ (2m)? (a1 —1r)?

“+ o0

_ dl_
,142+44),bycreabs .2
Al rrabieiests — (g2, (PP g)) / o

pricgien 1 (apy (-2P))
2 —PJrlf — l% + ie P+lf + 21TqT1 — 1%« + 1€
L e A T N Y
2 —PJrlf — l% + ie P+l7 + 21TqT1 — 1%« + 1€ ’

Integral in front of fo1te1d fdea}bs gives im\/2, integral in front of
bilerd pdealbz yanishes after subtractions.
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