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Collinear factorization of amplitudes

Consider an amplitude in color space (with the colors of external legs unspecified)

‘M(plap27 e 7pn)> pMQ (SP(O)(p17p27p) + Sp(l) T Sp(2) T .. )‘M(p7 R 7pn)>

The statement of “Strict collinear factorization™
Sp(’) depend only on (color and momenta) of p,, p, and the parent parton P ~ p, + p, (P? = 0)

e Time-like splitting: e Space-like splitting:
collinear loops
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Glauber - soft loops
. .°0. vam
pinch

Loop corrections preserve
strict factorization
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e |oop corrections induce dependence
on non-collinear partons

e New surprises at every loop!
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IR poles of the Splitting matrix Forshaw, Seymour; Siodmock 10.1007/JHEP11(2012)066

The IR poles in the Sp(i) can be predicted from the general IR factorization formula
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IR poles factorization
n —_ —_ ——fin
M) = (I3(6) + TG () + ...} [M) + | M) M) = (I5(e) + L2 + .. ) [M) + [M™)
Make use of the color identity: (Z Ti) Sp® — Sp(O)TP — sp® | — Z T,
ieC JENC
At one-loop comparing the two sides: IR poles in Sp"”) captured by this object

Sp't) ~ Ig\l/l)(e)Sp(O) —

This procedure yields:
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CFV @ two-loops Forshaw, Seymour; Siodmock 10.1007/JHEP11(2012)066

Repeating the procedure at two-loops yields
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The genuine two-loop CFV piece results from the following commutator:
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Ag)(e) — 5 {I%7A(C)}
IR poles associated with / \One 000 CEV
non-collinear partons P
What is special about I(%l)?
(1) 1 _ — Sk — 10 —S;ip al, —s, 5 — 10\
IWD_E Z T, T ln( e >—ln< e — In 2
j,kENC : -
j#k

(%1) starts to involve kinematic invariants and color factors associated with the non-collinear partons.

While we can predict the poles, the IR factorization offers little insight from the perspective of IR regions

exhibiting the Glauber mechanism
4
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. Computation of Al in /" = 4 SYM: Henn, Ma, Xu, Yan, Zhang, Zhu Phys. Rev. D 112, 076003 (2025)
e Very recently computed in QCD: Buccioni, Fang, Yan 2603.27123
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Specific frame choice p; and p; collide head on:

The cross-ratio is the difference of rapidity




This work: all-order subgraph factorization of CFV
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Barcaro, Gao, AP Gaunt

Capture all-order CFV effects associated with a single
gluon pinched in the Glauber region

A highly constrained form: Glauber attachment to
incoming hadron @ tree-level, no collinear subgraphs for
other legs, ...

No non-analytic regulator

A new regulator designed in the process for rapidity
divergences that preserves analyticity

Yields a new algorithm to isolate hidden regions in spac-
like limit

All-order rapidity resummation

Make a precise connection with Reggeiztion in high-
energy limit of amplitudes

+ more



Outline

e |ntroduction: Forward scattering and the formalism of Glauber SCET
e Derivation of the all order subgraph factorization of CFV in space-like splitting amplitudes

e Prediction from IR factorization and all-order resummation of rapidity logarithms
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#1 The fO r'wa rd Scatte rl ng Ilmlt See the review: Del Duca, Magnea 1812.05829

P1 P2 R | t S asNCWG(t) ( )
egge Iimi N L 4
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T (—e)*T(e+1) [ —t\ ° 1 7
Leading order Regge Trajectory: wg(t) = ‘ iﬂi)(_z(:; ) (F> =5 (1 — C22 S §C3€3 + .. >

A fruitful interplay with the IR factorization: | M <p7’2,048(,u) e> =7 (pz as (1), e> H (p;,as(u) e)
T _ 12 T _

I. Becher, S. Caron-Huot, V. Del Duca, C. Duhr, E. Gardi, I. A. Korchemskaya, G. P

Korchemsky, L. Magnea, M. Neubert, M. G. Sotiropoulos, G. F. Sterman, C. D. White, ...

~ t t
In the Regge limit, the structure of IR poles simplifies: Z =242 (%,as(u), e) Z; <M2,a5(u) e> Z; <M2,as(u) e)

Zexp{i (/O dffrcusw <A>>) :(ln (_—t> —15) T; +inT?_ + QW (a1 %e)}

Relates the cusp anomalous dimension with
the IR poles of the Regge trajectory 9




#2 SCET

The SCET Lagriangian describes the low energy soft-collinear dynamics dressing a hard scattering.

E(SOC%ET = Z C,,(g) + L0 4 E(GO) + higher power

" / \ Soft wide angle emissions

A copy of collinear Lagrangian
for each n.-collinear sector

o, B LI X . T E L=
Hard operators: Op(z)=¢" L @ 2 ()b () S @ ({ps apst)
m=2{n; } {!i} 1=1

The collinear building blocks are made (collinear) gauge invariant with Wilson lines

' i (I)fcr]w,wz' — X?O?:f,wi ? (I)fcr]u,wz' — Y%,wz 7 (I)glz',wz' — Bl’nﬁilawi ’
2., . gneP B
I 0 H

_ : _ ) nH
W, = Pexp ! ig dswaA, (x" + 73)
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|. Rothstein, I. Stewart JHEP 08 (2016) 025

#3 SCET with Glauber Operators P

= Z, oy
il
: . . 0
The Glauber operators enable soft and collinear sectors to interact at leading power q¢ o
| o o4
Se = dxLY(x)=  si¥+ s q%ﬂm
ni (ni,nj) Lipatov vertex .
(nisn;) | ddq| dqu elC], ax! z)+i g qy! z) (n nA)/ \ ;ﬂﬂﬂﬂ/
SG (q Ci ) a-Onj AV

=gI" o dxd%yd?z oIy o2 , a0, :
ab ' @ ©

| dddedeq eiqi ax! z)

SURISEII oI 02 , 404y .
ab . = /7 /7
M =iJ, & &%,

The propagators are already expanded assuming Glauber scaling

Composed of gauge invariant bilinear operators for N

quarks and gluons that describe forward scattering:
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l. Rothstein, |. Stewart JHEP 08 (2016) 025
; ' I ] Moult, Raman, Ridgway, Stewart 2207.02859
Reg g e Izatl O n frO m Re n O [m al |Zat| O N Gao, Moult, Raman, Ridgway, Stewart 2401.00931,
2411.09692

In the EFT, the Reggeization arises from evolution
of collinear and soft matrix elements in rapidity

1 1 ) ! . )
M:iJ!éSé\g!! )
! 1 ") )
At leading order: . :
e : | n|’
p1 P2 p1 p2 D1 D2 J .. ps ! 11"
2 : :
o ¥ g
A %, %@@ T Rapidity resummation
: 19 ‘ Poptp- =gz _ .
P3 D4 D3 D4 D3 Dy , = Reggeization

Each graph has a rapidity pole and the corresponding anomalous
dimension is the leading order Regge trajectory a N .w-(q, )
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Glauber/Coulomb Phases # Glauber Regions

Criteria for Glauber region in momentum space: the qi both must remain pinched to follow the Glauber scaling

(pa + Q%! mg+io0 = Qg ! gf +i0,
(pe ! @)?! mg+io = I Qq ! g? +i0,
g’ ! mg +i0 = qgq ! gf ! mg+io,

Here one need not pick the q2 + 10 pole: qi are separately pinched:

(Pa! ka + Q! mg+i0 = Q! za)(a" ! kx)! (a, ! kai )?! zamg +i0,
(e ! ke ! @°! mz+i0 = ! Q@! zg)(q +kg)! (g, +kgi)*! zgm;+i0,
(ka ! Q%! mg+i0 | Qzaq" ! (g, ! kai)?+i0,

(ke + @)?! mg+i0 Qzsq ! (q, + kg )?+i0,

2

g’ ! mg+io qgq ! gf ! mg+io.

13 This pole is not needed!



Glauber Phases # Glauber Regions

Chiu, Jain, Neill, Rothstein, 1202.0814

The Glauber phases cannot be extracted naively. Typical in Glauber SCET: non-analytic regulator

- . g2C : Cdflk !! HZ! ‘2kz‘l TRT
A " (k21 m2)(! nak +i0)(a &K +i0)
k" ke 2kzy T 1
Spg = ! 29°C RV o, | _
i JF k? + m? R £$k2+ m2 2kz! 10
2 a2 ) 2
c _.0Ck ,_» m . . HCe 1 u
SAB_l a) e F !()—I! o _+IHW
This Is problematic:
pn ! ! l 11 2I, 1 , ] | ,
» Makes computations at higher orders quite challenging | > L
qns I l ]| , 11 ’ (| ,
e |t tangles the qi components: g* = g~ — g™ and prevents their multipole expansion ke 1) (; ")
in collinear and soft matrix elements
I 11 ]
e Cannot separately integrate over g~ when that's possible. 0g ! | 1 2]
14 g
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Problems with a blunt use of Glauber SCET

An Effective Field Theory for Forward Scattering and The Glauber and soft graphs give the same N

Factorization Violation

Ira Z. Rothstein! and lain W. Stewart?

/d4 e’ =3 3" /[d:ci] 2 /d ﬂdql 028 (a1, d1)

n,n 1,j=q,9 kit ki
—n
; in-8 +ifi -0
X [Onflkr(QJ_)wz U On k+( q/L):|
d2q, o| =Brs b —in- 8|
Y /dxi]Z/ O, (q1)w -
noi,j=q.g

PHYSICAL REVIEW D 96, 056005 (2017)

Collinear factorization violation and effective field theory

Matthew D. Schwartz,1 Kai Yan,1 and Hua Xing Zhu®

Cambridge, Massachusetts 02139, USA
(Received 16 May 2017; published 12 September 2017)

These observations, summarized in Sec. VIII, suggest
that the factorization-violating Glauber contributions may
be identified with a sort of generalized discontinuity of the
QCD amplitude: they reproduce the difference between
|\M(p2, p;)) and [M(—p,, p;)). Another corollary of these

observations is that the rapidity divergences in the Glauber
graphs must be regulated with a nonanalytic regulator. The
nonanalyticity is helpful, in that it allows for the Glauber
graphs to isolate the factorization-violating effects, but it
also makes computing Glauber contributions beyond one-
loop order more challenging than for graphs where dimen-
sional regularization can be used.

o4
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Coulomb pole. This requires zero-bin subtraction in
the soft graphs.
(5.46) . sCF 1 2
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- Can get extremely unwieldy at higher loops

Factorization Restoration through Glauber Gluons

Thomas Becher ! Patrick Hager®, > Sebastian Jaskiewicz®,' Matthias Neubert ,2 and Dominik Schwienbacher®'
Instltut fur Theoretische Physik and AEC, Umversztat Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland
“PRISMA™ Cluster of Excellence and MITP, Johannes Gutenberg University, 55099 Mainz, Germany
3Departmem‘ of Physics, LEPP, Cornell University, Ithaca, New York 14853, USA

® (Received 27 August 2024; revised 5 December 2024; accepted 13 January 2025; published 10 February 2025)

The same result can be obtained directly in SCET using
the Glauber Lagrangian of [49]. In this framework, one
additionally encounters diagrams with Glauber scaling on
both internal lines connecting to the soft-emission vertex.
After regularizing their contribution with a Glauber regu-
lator |k§|’7' [50], distinct from the rapidity regulator, and
performing the required 0-bin subtractions, we find that
SCET reproduces (13). For our observable, the 0-bin
subtractions and the additional graph with two Glauber
gluons cancel each other. We believe that it should be
possible to choose a regularization scheme in which such
“nongenuine” (or “Cheshire” [49]) Glauber contributions

1 5 vanish from the beginning.
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An Effective Field Theory for Forward Scattering and . N
o The Glauber and soft graphs give the same R
Factorization Violation D

. . . . . N
Coulomb pole. This requires zero-bin subtraction in .
Ira Z. Rothstein! and lain W. Stewart? the Soft graphs
11 d?q, d? q - 5 ))g
0 il
[#tzeg® =3 3 fuaat) 3 [T 0L ) (5.46) c L "sCe 1 W A g
n,M 4,j=q,9 kb kr SAB — GAB = | | + In_ ))g
= 2 # m?2
in-0 +in -0 " o
1A 2 /
X |0 (gu)w ” On k+( QJ_):|
d?q, 4 o| —Bnski —in- 8|
+ / d:z:ﬂE / (’)Z (q1 r O.?n
2 2 [l v ” - Can get extremely unwieldy at higher loops
J=4q9
PHYSICAL REVIEW D 96, 056005 (2017) Factorization Restoration through Glauber Gluons
Collinear factorization violation and effective field theory Thomas Becher ! Patrick Hager®,” Sebastian Jaskiewicz®,' Matthias Neubert®,> and Dominik Schwienbacher®'
Instltut fur Theoretische Physik and AEC, Universitdt Bern Sidlerstrasse 5, CH-3012 Bern, Switzerland
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The same result can be obtained directly in SCET using
the Glauber Lagrangian of [49]. In this framework, one
These observations, summarized in Sec. VIII, suggest additionally encounters diagrams with Glauber scaling on A con Seq uence Of
that the factorization-violating Glauber contributions may both internal lines connecting to the soft-emission vertex.
be identified with a sort of generalized discontinuity of the After regularizing their contribution with a Glauber regu- "
QCD amplitude: they reproduce the difference between lator |k|” [50], distinct from the rapidity regulator, and COntOU I defO 'm atlon
IM(pa, p i) ?md |M(—P2a.P _])> {Xnother cor.ollary of these performing the required O-bin subtractions, we find that !
observations is that the raplfilty dlvergence.s in the Glauber N t t ' SCET reproduces (13). For our observable, the 0-bin a n d a S m a rt Ch O | Ce Of
graphs must be regulated with a nonanalytic regulator. The O rue! subtractions and the additional graph with two Glauber
nonanalyticity is helpful, in that it allows for the Glauber gluons cancel each other. We believe that it should be Tal
graphs to isolate thﬁ: factorization—vic.)lati.ng effects, but it possible to choose a regularization scheme in which such ra p I d Ity reg u Iato rS
also makes computing Glauber contributions beyond one- “nongenuine” (or “Cheshire” [49]) Glauber contributions
loop order more challenging than for graphs where dimen- 1 6 vanish from the beginning.

sional regularization can be used.
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Factorization of the eikonal pole contributions

The gauge invariant collinear building Gy (0) (p1,p2 |X,,| O)

blocks captures Wilson line contributions at P (P|x,,|0)
tree and loop level

Use of Ward identities on the eikonal
(real) part enables us to bring sum over
all attachments into the Wilson line

What happens with the Coulomb poles
and when do Glauber regions arise?




) if BCD

B

' ' O =+ TA I 0% =p &' BS, ,B-H
The time-like case RN n 5—Bni uBn
! - % % | ) &7 Glauber operator needs . _
i dixels plngl' 2 Oy, (), 1+, (0), %‘3 transverse polarization }L
=09

W1

(pr+ P! Q2+i0 (pi! Q)2+i0
e w 4% |
g p;+p, +...+I0 ' gp; +...+i0

dof dd°[! g +...+i0]' [ g  + ...+i0]' {[+q +i0]' 1
|

=120 dof[! 20F + ... +i0]" '[! 2of + ... +i0]" P =0 .’

p

For timelike case, all the
All other single q+ propagator are not pinched: deform from q+ ~ Q/I2 — 0O/

Glauber insertions either
T LU Sp.(.?) vanish or can be moved

Tiln(x) Th(0)@E ! —, o +10 ' into the hard vertex

| O H# D VRN # &

| # B
i d%  qo#T !‘n(x)§

Goes through all loops! 19



The space-like case

i/ddaj e'd” <g(p2) { Z OZ X’nw } Q(p1)>

1=4q,9

e |nsertions In the black circles vanish

 Brown circles yield single propagators: deform and move the Glauber in the hard vertex

 The insertion in the red circle traps g™ to Q/I2 and generates a new contribution!

e Notethatp, > Obutp; +p, <0

(p1+ p2! Q2+i0° (p2! g2+i0 = lg" p;+p, +...+i10 ! gp, +...+i0

« Now the longitudinal g™ integrations do not vanish! For the spacelike case,

insertions on the outgoing
parton get pinched.

20



General argument

e Assume there are at least two propagators in the collinear
subgraph with poles g™ = = 6 (p,, p,, {£;}) £ i0

&' %q ! T
—_ 2 Aj | Z J
= |2 Os | q? | n (q 1p11p2) regdq zqz + 1(£) + | J + i0
“ig2 & Cg | 4 |
= ng ng 5 (o 1p11p2)TJAJ’
A, L . ’ L Al (gt . q -
I’ defined independently of the i (g | g, N 9.9 .P )

" Dn, (0", ,p.k{!i})

regularization choice!

* Sum over the bottom attachments: Sign(sy ) T2 8T = Toa | 2Tin + (. T3$!0/T22§
,. — P
o T, - T results from the standard i0 prescription in the Wilson lines but —2T, - T is the CFV effect

21



Defintion of the collinear subgraph

We thus define the all-order definition of the collinear subgraph with single Glauber insertion:

' | H 7 i N U '
C pP2.G,;pr ! gy’ dixel Tz ta & l%zgf 02(x)! 2(0)

a

(¢ )

1 deform q*

o Deform g% in all the single [—g™* 4+ A 4 0]~ with A ~ QA into the soft region g™ — 10

e Only those with g™ pinched to Q/I2 contribute

* No Non analytic regulator All other collinear subgraphs vanish to all loops

Tree-level:

\Pl D2
s 0] 0) hi
A C™ = T2Sp™ (2! Q) —-u(pr)

q+ poles can never get pinched:

Picking g — g as an example, works for all channels A consequence of the Coleman-Norton theorem
22




One-loop corrections

Two capture the two-loop CFV effect, we
need to consider one-loop collinear
subgraphs

Naively, there are numerous (~130) such
graphs.

bs
\?@
%@

udov ud8vVv UdeV UuddV

4
¢

Ud3V

U3RV Uskv U3sjV

U3ovVv

23




One-loop corrections

Two capture the two-loop CFV effect, we
need to consider one-loop collinear
subgraphs

Naively, there are numerous (~130) such
graphs.

Only a handful of graphs survive!

24



One-loop corrections

These graphs have rapidity divergences

Two capture the two-loop CFV effect, we
need to consider one-loop collinear

subgraphs

Naively, there are numerous (~130) such

graphs.

Only a handful of graphs survive!

Regulate in the Wilson lines:

| | qu?  EPL B -
— - W g N
W, = exp o +i0§!! % BaAs P°
perms

e Does not disturb analyticity in 7, g™ momentum integration!

o Absolute value needed as the direction of collinear loop momentum fc_ IS not fixed until after L”:F q+
integration 25



Rapidity divergent graphs

We can restrict to a set of graphs that exhibit an rapidity divergence that cannot be regulated by dim reg

 Rapidity poles in these two graphs cancel:

x P1 P2 xP1
W _I_ mmg@s:&;&@ _ rapldlty ﬁmte

 Rapidity poles arise from graphs involving hard
Wilson lines:

2

WWUWEWWNM WWWWMUW
igf T q £ \q

=11lg —+In$—; COT,T1$c(p ! @)

* And the Regge pole:

1 #

mm vmms 1 " C[l] bare _ | | =+ n— + O n 0

- clo (T2T13c(p2r ' 0 )! NeSg(a))

26



Rapidity divergent graphs

We can restrict to a set of graphs that exhibit an rapidity divergence that cannot be regulated by dim reg

 Rapidity poles in these two graphs cancel:

xP1 D2 xP1 D2
\qinnmfw.. g + mmW v _ rapi dl ty ﬁm te

 Rapidity poles arise from graphs involving hard
Wilson lines:

The Collinear subgraph contains the
same Regge pole as in the forward

< P1 BE xP1 P2 tt ]
\\ée“;’”” + O scattering  p, P2
2 T
| | i
1 # .
=1ls FHine COTTiSe(pr ! @) 1a
P3
* And the Regge pole: P4
X P1 P2 1 m
ULLLLL mmg_.o.t - : C[l] bare _ | | "+ Inl_ + O(©
W p— | SNC" G(ql ) % +4 In$il_ C[O] S 1) $ ( )

- clo (T2T13c(p2r ' 0 )! NeSg(a))
27



A BFKL-Ladaer N S

1a -.5‘1
The collinear subgraph combined with tree-level soft yields ' '
o] !¢72 I 1 % - Ne
clbare p g7 . 5 opmgd —nv __ 4+ 0 “+In— " T,5p¥ T,T1" —  &T,
o 7 2 6 (#) % n 2 2Sp™ (p2) 211 in
Consistently cancelling this rapidity pole requires a BFKL ladder like structure: B A
y 2 2
| N 2 ¥
. | , , 1 I R
| E:Z) =2!ipg” [T2aTs3, ToalTk] 5 = \) ..,*MML
% il . 1 ( ) .‘..Ain
T2 W+ S+ Intet e+ 4L Zine e+ 24 B: ., SO

The T, - T, — N./2 structure arises after sum over all collinear graphs:

[A2|[T2&Tin, T2 aT k]I B2l T 72y2 N

k> 3 < \> <\_ -
| H# %r % W &"# %r % % & 3 3 9 3 3 9 3 9

= Al B2 B Ck T Bi 3 2 9 3 o1 Fed 3 3

= y2 As 2 "By T 1 Ain 2 "SCk T K T inIn Fovodooow o X (=N %) 9 9 9

_ C B . -

=1y, A,dT,T;) T,T,! — B T C D .

28

Forshaw, Kyrieleis, Seymour arXiv:0808.1269



Problem #1: The soft sector looks formidable

The soft sector correlates multiple collinear directions and has a lot richer structure.

This vanished as a simple
consequence of the
Coleman-Norton theorem

These topologies do not confirm to
the subgraph factorization picture:

29



Problem #2: Standard rapidity regulators are not suitable

Standard rapidity regulators are designed for a soft sector that sits in mid-rapidity or for rapidity divergences
associated with real phase space.

AD =
The CMU 7 regulator:  Chiu, Jain, Neill, Rothstein, 1202.0814 ,, ,
! | i7iekE ® Q|
W ,.
g, = ex : 5% naA®TB | ’
; P 'naP+|()#I # ")
perms , ﬁ $ i , )
| | 2
- - gW ﬁﬂ a F)g # - n B oo 7 y
W, = ex B aAc P° o
" ¥ | gaP+i0 " | N |
PETmS (- =

The analytic phase space regulator. Becher, Bell 1112.3907

| | T
du(k) = d k— "(k?)! (k9
* The complete absence of collinear dynamics in other sectors imply that we only
have one-sided rapidity divergences!

UUUUUUUUUUUU}E&%

o In the Glauber regions the £, g~ components get pinched: Avoid minus
momenta in the regulators

30




A new regulator for the CFV problem

We do not want to put £, g~ in the regulator, neither we can make the soft scaleless.

Solution: | _ o °
: | A '
g, = exp I %‘aﬁ]’ﬁ Nk 8A° TP k1,2
' ngaP+10™ |
perms ) + 1k " ' # 3 UUUUUUUUUUUUW
| | g2 AP # *
— - gw ﬁﬂ| an . AAB o'
W, = eXP A prio 1T B A P° o
perms
G Ly . =
P P < P 1171 p2 -
! p? 1" -

e Captures the one-sided rapidity divergences with the n-collinear sector

e Two distinct scales v forthe ] — 0 and v~ for £ — 0 (collinear same as the CMU regulator)

 Either the soft or the collinear can be evolved in ™~ and the scales combine v v~ ~ ])22l

e This regulator has the unique advantage of preserving analyticity in £, g~ soft momenta
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Drastic simplifications with the new regulator

Analyticity with the new regulator leads to all these topologies vanishing to all loops!

This vanished as a simple
consequence of the
Coleman-Norton theorem

The zero bins cancel graphs with a
bottom Glauber rung. Checked one-
loop, expected to hold true generally

(f)




The soft subgraph operator definition

This concludes the derivation of the subgraph factorization:

2i g g 1 " % & T,
(P &'spP(p)= 5 & ¢ & °d 5 C pg 1F;pl a8 . i, b o

—[0]

Soft subgraph definition:

| | ! P

0
# ! N 0/
de S(O# q#)aT_ — d!; ddye! B >— ! 10 &~ O%

q# b 2 0

At one-loop, only one graph possible!

—_ n 2 | | uze"E H#$ vq + nk" '-ﬁ'rl-/n-l_02
=116 S — e I T2Tk 8§’
o # 9 4 > 3 q + g + nye #/ny

The g~ + £~ gets pinched to zero, and we get a Glauber (| + ql)2 propagator
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Cancellation of the rapidity poles

The soft graph has a rapidity pole as well as the required non-analytic azimuthal angle structure

Gﬂj! Zq;t u_[1]bare
S

. # (q# | q# ) ? " 0 F 97(C BU%UUUUUUUUUUE\Q;?MQ/
: # , P11 Pep” e NG \%
=16!" 2#e(G) (T28Tin)Tk! "+ —— "y =0 e 1
$ 2 o 2& K in
k>3 By, S
—.‘_ﬁd%k
The rapidity pole cancels against the one-loop collinear subgraph.
o] g2 D | % - Ne
cllbare p 7. 5 opg? —" _—  —+In— "T,S5p? T,T1" —  &T
5 ) 2 6 $ 2 2SpT(P2) TaTq 5 in
1A L A R 7 & N , \
clofbare 1 & . = oppg? — v "2+ Zln——" T,SpY ToaTin T
7 2 6 k $ 2 'pg Yk 2Sp™ (P2) (T2aTin Tk)
The two scales combine with v~ —>1)22l The kinematic CFV pieces

involve contributions from both
Glauber region and phases
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Outline

e Introduction: Forward scattering and the formalism of Glauber SCET

e Derivation of the all order subgraph factorization of CFV in space-like splitting amplitudes

e Prediction from IR factorization and all-order resummation of rapidity logarithms



CFV @ th ree_IOO pS Barcaro, Gao, AR, Gaunt

We can keep going. At three-loop many terms arise:

S(BR)_ |(3)(|)| |ﬂ3)(|)+ |d2)(|) I(l)(!)! Igl)(!)#_l_

## S
> RIOTR I ON ﬁl’(') IR IO
. eet
1D B () B 101 B SET e 100 () B
| % & % & % &
n SIgB)fln n Iﬂl)(!),SéZ)fln n Igz)(!)’slgl)fln n Iﬁl)(!) Igl)(!),slgl)fln
We are keen on isolating the highest power of rapidity log: a; /e“y V5
g 31 1° 3 1 .
|59 |= 2_3 5 (nZ)s! (INZ); ¢ 3 152 é{|§:),|(2)} This form allows us to
, ; $ S %0 & immediately spot where the
+% '2_5 -0 (InZ)o 1 | (D) (In2), rapidity logarithm comes

from
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The term that leads to 0{3/ €3y22 comes solely from the following nested commutator:

—

SS”R) = c I_(l), Y | (213; Sé,O’R) + Oless divergent or with less rapidity log

which evaluates to
L 2V5 1
19 =1 2il S5+ 0 32

We expect this pattern of nested commutator at an arbitrary order:

y!2 | ) ! ! ) ) && 1 \
1 "Tz al 1, # T5 aT%Tz al i, + O E’YZ

| times

S 2i

 \We can keep going and painfully bootstrap the result, but what is the significance of the nested commutator?

* Connect this with what we learned from the subgraph factorization.
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The rapidity anomalous dimension

The nested commutator structure is secretly a BFKL ladder:

(1) oy o & L
LT 2il T,4aT1, ... TzaT%TzaTm +0 =¥

l+71 n # ny

| times

The color in the nested commutator can be simplified by moving T to the end:

| . && }
: : T = e T
"TzaTl, # TzaT%TzaTm ToT 4! 5 T, arl i,

| times

This is precisely the consequence of a multiplicative evolution:

#

g ! (0 )S(@ .47, S1fl(g )= 2 ST &Ta#e(q )+

|#;¢ I##_ C # (a ) ‘
o E e PG p2’q' A0 (@), A new CFV contribution

A color charge-dependent anomalous dimension
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Reggeization In Factorization Violation

We can now derive a leading logarithmic rapidity resummation with tree-
level boundary conditions:

\)

|CfV

All loop result: ' ¢LL

, , R R N && N, ,
ady o4 (T24&Tin)! To4&Ty, " T2aT%T2aTin = T,T," — T,aT i .

| times
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Conclusions STl

e Provide a bottom up picture for the collinear factorization violating pieces

e Make precise the connection between reggeization in the high-energy limit and the space-
like collinear limit

e Uncover an interesting BFKL ladder type structure: only hints seen previously
e Simplify an immensely challenging multi-loop computation
e Pave the way for systematically studying Glauber regions from an IR perspective

e This approach leads to a general algorithm for finding hidden regions for general space-
like kinematics

e Develop the framework for “bottom-up” resummation of SLL, designing IR subtractions for
Glauber regions in cross-sections, analysis of PDF factorization, ...



Thank you
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(Strict) Collinear Factorization Violation @ 1-loop

b, de Florian, Rodrigo JHEP 07 (2012) 026
e Time-like splitting: Forshaw, Seymour, Siodmock 10.1007/JHEP11(2012)066

Sp® pi,p;P =SpY puLpsP o +lc pLpsP SpQ pipsP

rational pieces IR poles

- -

!12(612! Ci! Cp)+ %("12! R
& f(1;2)= ! Inz+ O(!)

| st it
lc pu, PP =gfc - 2

2

| TI(Ciz+ Cit C)F(1i2)+(Caz + ot Co)E (1, 22)]

» Space-like splitting: generalization for z, < 0 involves not only an i0 prescription but also entails

colors of non-collinear partons, 1; forj > 2

| c p1,p2;|j | Ic(pl,p%;pg,...,pn)
1512 " I)(Ct Ct C)f(zm)" 2 T AT f (12" i0s0)s + o
| s

= 9§C!



(Strict) Collinear Factorization Violation @ one-loop

_ Catani, de Florian, Rodrigo JHEP 07 (2012) 026
lc pu,P2;P 1V T (pP1,P2;P3y---,Pn)

% + -

#"s ¥ i0$”&0 1( *n '

= g2c 1512 T (Czt Ct C)f (Liz) " 2 T24Tf (22" i0s2) + .

! =3
Dependence on color charges of the non-collinear partons arises in the imaginary part:
4 27 ,!”T_ - e Yz
=TT 2aj:3 i Tr(!,22)+1 11 2, SIgN(s; 2) 53 <0, Sy 895 ... >0
#
2 2 7 1z 5 AN .
= |_T2 a(' T]_' Tz)fR(!,22)+ I_I 11 Z T2a TJ Slgn(sz)

J =3

Different sign between 3 =in and 4,5,.. = out prohibits the use of color conservation

| 1

Ti[M (p1,p2,---,Pn)! =0
=1
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