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FACTORIZATION & RESUMMATION FOR LHC JET PROCESSES
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Factorization and Resummation for LHC Jet Processes

ON THE MEANING OF “FACTORIZATION

Most fundamental: Separation of energy/distance scales
» Without this principle, physics would not exist

» Effective Field Theories (EFTs) describe phenomena using only the relevant
degrees of freedom, quantum effects from shorter distances are “integrated
out” and included in the couplings of the EFT

[Bauer, Fleming, Pirjol, Stewart (2000)

Bauer, Pirjol, Stewart (2001)

Bauer, Fleming, Pirjol, Rothstein, Stewart (2002)
Beneke, Chapovsky, Diehl, Feldmann (2002)]

» EFT for collider physics: Soft-Collinear Effective Theory

Matthias Neubert — 1 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 i I Itp



Factorization and Resummation for LHC Jet Processes

ON THE MEANING OF “FACTORIZATION

Most fundamental: Separation of energy/distance scales

» Without this principle, physics would not exist

» Effective Field Theories (EFTs) describe phenomena using only the relevant
degrees of freedom, quantum effects from shorter distances are “integrated

0.5

out” and included in the couplings of the EFT
» EFT for collider physics: Soft-Collinear Effective Theory

» Relevant in QCD: separation of perturbative partonic
(short-distance) from non-perturbative hadronic
(long-distance) effects

Matthias Neubert — 1 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

“PDF FACTORIZATION" = o

Stronger assumption: /(v

» Up to power corrections, all long-distance effects in hadron collider scattering
are contained in universal parton distribution functions (PDFs) of the nucleon:

doppr(s) = ) /d:v1dxz fasp(@1, 1) foyp(x2, 1) doap— f (5 = T12028, 1)
a,b=q,q,9

» Used in all calculations of LHC processes, but proved only for Drell-Yan
processes: pp — color-neutral state (y*, W, Z, H) [Collins, Soper, Sterman (1985)]

» Entails the absence of low-energy interactions between the colliding hadrons

» What about processes with colored particles (jets) in the final state?

Matthias Neubert — 2 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 I I Itp



Factorization and Resummation for LHC Jet Processes

JET PROCESSES AT HADRON COLLIDERS

CMS Experiment at the LHC, CERN
Data recorded: 2017-Oct-28 09:41:12.692992 GMT
Run / Event / LS: 305814 / 971 08678_,8..-“ )

Large logarithms:
L=1In(Q/Q, > 1

Pert. th. contains terms = / ——
~ aiL™ (m < 2n) e/ -

N

4/ :
I
I

!
I
54 { J
"
1 /s '
- :

rmﬂm,,“mm“ \

High-energy scale Q

Matthias Neubert — 3 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

LARGE LOGARITHMS IN JET PROCESSES

gap-.
RS Eout < C10 ‘

unrestricted E;,, ~ Q

Perturbative expansion includes “super-leading” logarithms:

O ~ OBorn X {1—|—048L—|—043L2—|—042L3+...}

T

state-of-the-art

Matthias Neubert — 4 Theoretical Particle Physics Seminar — ETH & UZH - April 8, 2025



Factorization and Resummation for LHC Jet Processes

LARGE LOGARITHMS IN JET PROCESSES

gap-.
RS Eout < C10 ‘

unrestricted E;,, ~ Q

Perturbative expansion includes “super-leading” logarithms:

2712 4
O ~ OBorn X {1+aSL+a8L —|—Oz§L3—|—OéSL5—|—Oé§L7—I—...}
CEe———— e
T formally larger than O(1)

state-of-the-art [Forshaw, Kyrieleis, Seymour (2006)]

Matthias Neubert — 4 Theoretical Particle Physics Seminar — ETH & UZH - April 8, 2025



Factorization and Resummation for LHC Jet Processes

LARGE LOGARITHMS IN JET PROCESSES

gap:
ad Eout < Qo ‘

unrestricted E;,, ~ Q

Really, a double-logarithmic series starting at 3-loop order:

O ~ OBorn X {1 + oL + agLQ + (oz87r2) [a?l}?’ + ofgLE’ + .. } }

CEe———— e
formally larger than O(1)

(%m L) 2 [Forshaw, Kyrieleis, Seymour (2006)]

>
Matthias Neubert — 4 Theoretical Particle Physics Seminar — ETH & UZH — April 8, 2025 hf tp



Factorization and Resummation for LHC Jet Processes

IMPORTANCE OF COLOR COHERENCE

» Color coherence (familiar from Low’s theorem) holds if all three particles
are in the final state of a scattering process (time-like splitting):

collinear

T — g 4 + o

soft soft soft

» Then also collinear factorization holds:

universal splitting function
(process-independent)

B
Matthias Neubert — 5 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 | I Itp



Factorization and Resummation for LHC Jet Processes

BREAKING OF COLOR COHERENCE

» Color coherence is broken if not all particles are outgoing (space-like splitting),
since then both sides receive different phase factors at higher orders:

» Collinear factorization is violated:

P:'||If>1>

violated by soft gluons!

P2 Pn P2 Pn

[Catani, de Florian, Rodrigo (2011); Forshaw, Seymour, Siodmok (2012)
see also: Henn, Ma, Xu, Yan, Zhang, Zhu (2024)]

>
Matthias Neubert — 6 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 m?tp



Factorization and Resummation for LHC Jet Processes

BREAKING OF COLOR COHERENCE B

()
Q
0 QK

» Origin lies in Glauber phases from initial-state soft
gluon exchange

Tt

. . P
» Soft anomalous dimension:
LC(ipy, 1) = Z L euspl) 1 Z V() + O(a?)
(29) [Bern, Carrasco, Dixon, Johansson, Roiban (2008)

Becher, MN (2009); Gardi, Magnea (2009)]
where s;; > 0 if particles i and j are both in the initial or final state

» Imaginary part (only at hadron colliders):

ImI'({p}, 1) = =27 Yeusp(as) Ty - T + ( .. ) 1

T

irrelevant
Matthias Neubert — 7 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025




Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

SCET factorization theorem for M-jet production at the LHC

@)= Y [ drds (Hnln), Q. 61,6 ) A REHOREED)

m=mmy
[Becher, MN, Shao (2021) I I
Becher, MN, Shao, Stillger (2023)]

high scale low scales Qg and Aacp

f@l\ﬂﬂﬂmmﬁmmnm% @1\ + hard functions H,,, consisting of squared
SR N

i hard-scattering amplitudes at fixed parton
—~ directions {n;} integrated over energy
g — + low-energy functions containing soft

0,7 N / \ g, Wilson lines for all particles and collinear
fields for initial-state parsons

B
Matthias Neubert — 8 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 I I Itp



Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

SCET factorization theorem for M-jet production at the LHC

o(@Qo)= Y [ dades (o}, Q1,6 10) ONCENOENED)

m=mmy

[Becher, MN, Shao (2021)

Becher, MN, Shao, Stillger (2023)]

|

high scale

=) .

Matthias Neubert — 8

CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025

|

low scales Qg and Aocp

new perspective to think about non-global
observables

large logs can be resummed using RGEs

all-order understanding of super-leading
logarithms for arbitrary processes
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Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

SCET factorization theorem for M-jet production at the LHC

=Y [ e (o (n),0.6. &) NS

m=mmy
[Becher, MN, Shao (2021) I I
Becher, MN, Shao, Stillger (2023)]

high scale low scales Qg and Aacp

» Renormalization-group evolution equation:

1y (0}, Qu) = — 3 H,, (0}, Q) Tlh({n), Q. )
3! <l \

operator in color space and in the infinite

» All-order summation of large logarithmic corrections! space of parton multiplicities

>
Matthias Neubert — 9 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 I I Itp



Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

Evaluate factorization theorem at a low scale i, ~ (),

» Low-energy functions:
W?T?({ﬂ}v QO) L1, L2, :uS) — fa/p(ajl) fb/p(xQ) 1+ O(Oés)

» Hard functions:

) |
H({n}, Qo) = 3 HE ({0}, Q, Q) Pexp / LA ({n}, Q)

l<m S I'L

dim

» Super-leading logs correspond to the leading logarithmic approximation!

Matthias Neubert — 10 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

Anomalous dimension matrix:

Vorm Royn 0 0
0  Voyrnm+1 Roynm+a 0
' = Z—S 0 0 Vosmye Royprvo -0 | + O(a?)
70

0 0 0 Voinis ..

» Action on hard functions:
( 1
Hin Vi = Z : _I_ :
» J J
(25)
i exponentiation generates arbitrarily
H, R, = Z j high parton multiplicities starting from
(i) the 2 - M Born process ’

Matthias Neubert — 11 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 jtp



Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

Anomalous dimension matrix:

Vorn Rovym 0 0
0  Voynm+1 Roymsa 0
T = Zé—s 0 0 Vosmye Royprvo -0 | + O(a?)
70

0 0 0  Vornres ...

» Virtual and real contributions contain collinear singularities, which must be
regularized and subtracted:

T (61,6) =61 —&)6(1 =&)Y +T7 (&) 6(1 — &) +6(1 — &) TS (&)

T~

soft/soft-collinear part collinear parts

Matthias Neubert — 12 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

SOFT ANOMALOUS DIMENSION

Glauber phase

2
Vo =V + VO Y vem e
i=1,2 5 - 102
=T+ VC 4+ I ~—
. % S
R, = R,, RS In — ! !
+ ) Riln=

soft emission collinear emission
(collinear div. subtracted)

/1

V¢ =2 (Ty -Tor —Tir Tor)

new color space of emitted gluon

)
¢ = Z [C’i 1—-T;; 0T, go(ng — nl)]

i=1,2

B
Matthias Neubert — 13 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 | 1tp



Factorization and Resummation for LHC Jet Processes

SOFT ANOMALOUS DIMENSION

Glauber phase

2
Vo =V + VO Y vem e
| S v 2
1=1,2 — e c 9!
. Mz S
R, =R, + RS In — t t
D R~

soft emission collinear emission
(collinear div. subtracted)

V=3 [gt 3:} {:% j;:ﬁ
(37) fZQZ(EL'I},L—l-E,R'Tj,R)/dﬂ(nk) Wk

4 v
(25)

1 _4ZTLOCF]RW @hard(nk)
:% j (i5) T

subtracted dipole emitter >
Matthias Neubert — 13 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 1tp




Factorization and Resummation for LHC Jet Processes

COLLINEAR ANOMALOUS DIMENSION

splitting functions

Matthias Neubert — 14

l

as |

Ly (&) = 2 (2@_@(5@-) ~Civg " In

4 |

—2 (’78 — O™ I ) 0(1 —&)dip

el

q—4q
/
@\\

2k,

2k,

. &Q_O_Q/(/
Cq%gdaa‘ Cgq

B

non-trivial color structures

v

al 0(1 —&;) 5@'13) o(nk —ni)C,_,p C;[—>P
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Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

SLLs arise from the terms in Pexp

number of insertions of I'¢

» Four algebraic identities simplity

4+ color coherence without Glauber phases:

4+ collinear safety:

4+ cyclicality of trace:

4+ DGLAP evolution without Glauber phases:

Matthias Neubert — 15 CFENS-INT Joint Program: Precision

/Qd“rﬂ (ah.0)

the calculation:

H,, TT

Im

2

recal. T°=T+V%+T°In ’MT
S

with the highest

=H,, TT¢ also for TY (&)

(H,,T°®1) =0

(Hm VE ®1)

(HT (&) ©1) =

QCD with the Electron lon Collider — May 14, 2025

0 DGLAP splitting functions

|

(H 1) =P, p(&)
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Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

Q
SLLs arise from the terms in Pexp / au ' ({n},Q, ) with the highest
number of insertions of I'¢ 1 im

» Relevant color traces at @(a”+3L2”+3)

Con = (Hy TV V@) "T"VET®1)

» Kinematic information contained in (M + 1) angular integrals from I';

ni-nj

d$2(ny) ,

Ty = Mg T = T

L
Matthias Neubert — 16 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 Mé\ﬂtp



Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

SLLs arise from the terms in Pexp

number of insertions of I'¢

» Relevant color traces at O(«,

Qd,u H : :
/ L ((n).0. )| with the highest

dim

n+3L2n+3)

Con = (Hy TV V@) "T"VET®1)

» Series of SLLs, starting at 3-loop order:

O

8’ n+3 —
_ . S LQTL—I—S
OSLL = 9Bo Z (47T) (2n + 3)! Z 4r

n=0

Matthias Neubert — 16 CFENS-INT Joint Program: Precision

from scale integrals (at fixed coupllng)

QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

SLLs arise from the terms in Pexp

number of insertions of I'¢

» Relevant color traces at O(«,

/Qd“rﬂ (ah.0)

dim

n+3L2n+3)

with the highest

Con = (Hy TV V@) "T"VET®1)

» Series of SLLs, starting at 3-loop order:

oL [N
— OBorn
OSLL B 7TNC
N\

o N. o ntl
cYts 9 C S 12
E " L
T W) ¢ ( T )

/

Matthias Neubert — 16 CFENS-INT Joint Program: Precision

QCD with the Electron lon Collider — May 14, 2025



Factorization and Resummation for LHC Jet Processes

RESUMMATION OF SUPER-LEADING LOGARITHMS

» Infinite series can be expressed in closed form in terms of a prefactor times

, , . : . N_.«
Kampé de Fériet functions X(v,, w), with w = ——= L* and:
T
| 3N, =+ 2 2 (N, =+ 1)
Vo — O, _ — p— 1 — ¢ — C
0 U1 9 U2 9 U3 4 2NC 9 U5.6 NC
1.0 ——
| KAsymptotic: behavior forw > 1: A
0.8:- 3 3
| Yolw) = 200 (1n(4w) +vE — 2) | T2 | (’)(w_s)
— 0.6
S N
= | ~ 3arctan (vv—1) 3vm 5
~ 04 KZ(U’M) V= 1w 2/vwd/? Olw™) y
0.2 = much slower fall-off than Sudakov form
_ - - factors ~e=<"
“Po0s 010 0s0 1 5 10

Matthias Neubert — 17 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025



Factorization and Resummation for LHC Jet Processes

RG-IMPROVED RESUMMATION OF SLLS

Multiple insertions of I'“ exponentiate

» Expand out all terms except the log-enhanced soft-collinear piece:

Kh d,“l K1 d,uz H2 d,ug easy to include running-coupling effects

Usii({n} fn, ps) / / /
s\ U3 ) =
X Uc(,uha ,ul) ’ycusp (CVS (,ul)) VG Uc(,uly ,UQ) /ycusp (053 (,UQ)) VG iﬂ' ) I

with the Sudakov operator:

resums all double logs

o [ o ] =g
; Yeusp | s\ U n” QQO

Uc(:uza:u) — CEXP
‘7 Y Wi

- »
Matthias Neubert — 18 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025 1tp



Factorization and Resummation for LHC Jet Processes

RG-IMPROVED RESUMMATION OF SLLS

Introduce a color basis

» Simplest case of (anti-)quark-initiated scattering processes:
1

Xl:zjjifabchszbfl}ca X4:EJ12T1°T27
71>2
X2 — ij (0'1 —0'2) dabchaTQbf[}C, X5 — J12]_,
1>2
1
X3 = ﬁzjj(Tl—Tﬂ'Tw
€ j>2
where 6; = — 1 (+1) for an initial-state quark (anti-quark)
» In the general case, the basis contains 11 operators
Matthias Neubert — 19 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025
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Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

Based on this approach, we have performed the first all-order resummation of

super-leading logarithms for jet processes [Becher, MN, Shao, Stillger (2023)]
)] |
| — Q) —au(©Q
25; — (v QGo) — ()
SN O=1TeV, AY =2
= 20 |
% I forward scattering

Qo |GeV] Qo |GeV]

Matthias Neubert — 20 Theoretical Particle Physics Seminar — ETH & UZH - April 8, 2025




Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

Based on this approach, we have performed the first all-order resummation of

super-leading logarithms for jet processes [Becher, MN, Shao, Stillger (2023)]
35 [ S —
ol —as(Qo) —as(Q) 0| 00
I —Oés(\/QQo)_&b‘(:u) :
X 25 Q=1TeV, AY =2 1 20¢
2 forward scattering -
T 20 e —
—20f - — n=012 -
a 2in=3,4,5
—401 n==6"78"
| >
60 =
10 20 30 40 50
Qo |GeV] Qo |GeV]
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Factorization and Resummation for LHC Jet Processes

GAP-BETWEEN-JETS OBSERVABLES

Based on this approach, we have performed the first all-order resummation of

super-leading logarithms for jet processes [Becher, MN, Shao, Stillger (2023)]
I e — _
_105-/
X |
E 2071
© Q=1TeV,AY=2
;} —307 forward scattering |
1S : :
e _40'_ _053(@0) _043(@) ;
| — as(v/QQo) — ()
sl o '
10 20 30 40 50

Qo [GeV] Qo [GeV]
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Factorization and Resummation for LHC Jet Processes

PHYSICAL GAP-BETWEEN-JETS CROSS SECTION

(07/0),,, [

15

10

2 < |AY| < 3
i pT>200GeV
IOI - I20I - I3OI - I4OI - ISO
Qo[Ge\/]

[Becher, Hager, Martinelli, MN,
Schwienbacher, Stillger (2024)]

Figure 2: SLL contribution to the pp — 2 jets cross section at the LHC as a function
of the veto scale (), for a center-of-mass energy /s = 13TeV and jet radius R = 0.6.

Matthias Neubert — 21

process | oa_o [pb] | 055k [pb] || process | ga_o [pb] | o525 [pb]
qq — qq 231.9 12.0 || q@ — gg 12.4 —0.9
qq' — qq’ 454.4 22.2 1| qg9 — qg 4104.6 403.3
qq — qq 142.0 7.4 g9 — qq 57.9 —4.4
qq — qq’ 372.9 18.0 || g9 — gg 2281.1 150.6
qq — ¢'q’ 3.6 <0.1
> 1204.4 59.6 > 0455.0 548.6
Zall channels 7660.0 6083.2
R
©
()
| | >
Y4 Y3 Y

Theoretical Particle Physics Seminar — ETH & UZH — April 8, 2025
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Factorization and Resummation for LHC Jet Processes

PDF FACTORIZATION ?

Several authors have expressed
doubts that PDF factorization will

be valid in general
[e.g.: Collins, Qiu (2007); Gaunt (2014); Zeng (2015)]

Observed breakdown of collinear
factorization in space-like splittings
was taken as indication that PDF

factorization may also be violated

[Catani, de Florian, Rodrigo (2011)

Forshaw, Seymour, Siodmok (2012); Schwartz, Yan, Zhu (2017)
Dixon, Hermann, Yan, Zhu (2019); Cieri, Dhani, Rodrigo (2024)
Henn, Ma, Xu, Yan, Zhang, Zhu (2024)

Guan, Herzog, Ma, Mistlberger, Suresh (2024)]

Matthias Neubert — 22 CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025



Factorization and Resummation for LHC Jet Processes

PDF FACTORIZATION ?

Several authors have expressed
doubts that PDF factorization will

be valid in general
[e.g.: Collins, Qiu (2007); Gaunt (2014); Zeng (2015)]

Observed breakdown of collinear
factorization in space-like splittings
was taken as indication that PDF

factorization may also be violated

[Catani, de Florian, Rodrigo (2011)

Forshaw, Seymour, Siodmok (2012); Schwartz, Yan, Zhu (2017)
Dixon, Hermann, Yan, Zhu (2019); Cieri, Dhani, Rodrigo (2024)
Henn, Ma, Xu, Yan, Zhang, Zhu (2024)

Guan, Herzog, Ma, Mistlberger, Suresh (2024)]
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Soft gluon emission at two loops in full color

Lance J. Dixon,® Enrico Herrmann,® Kai Yan® and Hua Xing Zhu®

ABSTRACT: The soft emission factor is a central ingredient in the factorization of generic
n-particle gauge theory amplitudes with one soft gluon in the external state. We present

In the limit where the outgoing soft gluon is also collinear with an incoming
hard parton, potentially dangerous factorization-violating terms can arise.
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Factorization and Resummation for LHC Jet Processes

PDF FACTORIZATION ?

Several authors have expressed
doubts that PDF factorization will

be valid in general
[e.g.: Collins, Qiu (2007); Gaunt (2014); Zeng (2015)]

Observed breakdown of collinear
factorization in space-like splittings
was taken as indication that PDF

factorization may also be violated

[Catani, de Florian, Rodrigo (2011)

Forshaw, Seymour, Siodmok (2012); Schwartz, Yan, Zhu (2017)
Dixon, Hermann, Yan, Zhu (2019); Cieri, Dhani, Rodrigo (2024)
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Guan, Herzog, Ma, Mistlberger, Suresh (2024)]
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Soft gluon emission at two loops in full color

Lance J. Dixon,® Enrico Herrmann,® Kai Yan® and Hua Xing Zhu®

ABSTRACT: The soft emission factor is a central ingredient in the factorization of generic
n-particle gauge theory amplitudes with one soft gluon in the external state. We present

In the limit where the outgoing soft gluon is also collinear with an incoming
hard parton, potentially dangerous factorization-violating terms can arise.

We speculate that at next-to-next-to-next-to-leading order
(NNNLO) in QCD, integrating over the phase space of the collinear splitting can give rise to
soft-collinear poles which depend on the color charge of non-collinear partons entering the

process. Such poles cannot be canceled by the conventional counterterms associated with

renormalization of the parton distribution functions (PDFs), which by definition are pro-

cess independent.

CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025

>

0

(p



Factorization and Resummation for LHC Jet Processes

STRUCTURE OF THE FACTORIZATION THEOREM ?

A
hardscale Q ~v/§ —+ Hm
double-logarithmic evolution
(super-leading logs) & non-
v DGLAP * collinear evolution
jet-veto scale Q, T WP
single-logarithmic PDF evolution
v
hadronic scale Agep 1+ fa/p (&1) fo/p (&2)

") Dokshitzer—Gribov—Lipatov—Altarelli—Parisi
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Factorization and Resummation for LHC Jet Processes

STRUCTURE OF THE FACTORIZATION THEOREM ?

A
hardscale Q ~v/§ —+ Hm
double-logarithmic evolution
(super-leading logs) & non-
v DGLAP " collinear evolution
jet-veto scale Q, T WP
single-logarithmic PDF evolution
OR: double-logarithmic evolution below
v Qo and breaking of PDF factorization?
t
| o~ 3 M @ W @ Tt
hadronic scale Agep 1+ fa/p (&1) fo/p (&2) —
OR: something more complicated, e.g.

a combined two-proton distribution?

") Dokshitzer—Gribov—Lipatov—Altarelli—Parisi
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Factorization and Resummation for LHC Jet Processes

STRUCTURE OF THE FACTORIZATION THEOREM ?

To settle the question, we calculate the perturbative 4 dependence of WP

(> 1/€" poles in dim. reg.) associated with the veto scale Qg , and check
whether the remaining scale dependence is that of the PDFs

» Assuming PDF factorization, we predict:

Wbare—l | X g I | (Oés>2 (VGF | >

AT 26 \dm 2¢?
a\3 [T°VET /11 us 9 A 1 O G = VEVET _
— FIn =5 4 5 In =5 ) <, [ve 1] A - .
i (47r) S (65 ) Q> 2 ) Q(z)> 12¢3 T | ] 3e3 ] +Ola)
where: T :soft emission operator I'“ : soft-collinear emission operator

VC: Glauber operator T'“: collinear emission operator
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STRUCTURE OF THE FACTORIZATION THEOREM ?

To settle the question, we calculate the perturbative 4 dependence of WP

(> 1/€" poles in dim. reg.) associated with the veto scale Qg , and check
whether the remaining scale dependence is that of the PDFs

» Assuming PDF factorization, we predict:
=V /

Wba’re:]_ I g F I (%)2 VGF I
m 4w 2 \dr 22
a\3 [T°VET /11 us 9 A 1 O G = VeveT Y -
— FIn =5 4 5 In =5 ) <, [ve 1] A - .
i (47r) S (65 ) Q> 2 ) Q(z)> 12¢3 T | ] 3e3 ] +Ola)
where: T :soft emission operator I'“ : soft-collinear emission operator

VC: Glauber operator T'“: collinear emission operator
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REGION ANALYSIS OF 3-LOOP DIAGRAMS

Phys. Rev. Lett. 134 (2025) 6, 061901]

» Relevant graphs feature a soft gluon emission into the gap, a space-like
collinear splitting, and a virtual gluon exchange:

Pc

space-like collinear splitting

Matthias Neubert — 25
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collinear emission dc

..00000000‘.““’ \

\000 l 0“"
— 0
%
= \‘“““"t Q 0070
N — P» 0
>N soft emission %
6.
()
o g |
\

CFNS-INT Joint Program: Precision QCD with the Electron lon Collider — May 14, 2025

M

[Becher, Hager, Jaskiewicz, MN, Schwienbacher (2024)

tp



Factorization and Resummation for LHC Jet Processes

REGION ANALYSIS OF 3-LOOP DIAGRAMS O e Rew Lo 134 202516, 061901)

» Relevant graphs feature a soft gluon emission into the gap, a space-like
collinear splitting, and a virtual gluon exchange:

5 collinear emission dc
QIR T
o KEE O uu.“.‘”
0
PNk
0 0
K 0
: : - PTQN .. 90> Q()
space-like collinear splitting [\ soft emission "I

/,

c
3 2
(/ p
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Factorization and Resummation for LHC Jet Processes

REGION ANALYSIS OF 3-LOOP DIAGRAMS T e Rew Lo 134 (2025) 6, 061901)

» Region analysis of the pentagon integral (exact expression known):

[Bern, Dixon, Kosower (1993)]

—Pe+ls 5

P+ Qe ¥ 4+ Euclidean kinematics: only a single region

(soft-collinear) contributes

4+ Physical kinematics: appearance of non-trivial
ohase factors ¢*™¢ introduces a new Glauber
region, which we were unable to find using

existing region-finder codes such as Asy2.1
[Pak, Smirnov (2011); Jantzen, Smirnov, Smirnov (2012)]
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REGION ANALYSIS OF 3-LOOP DIAGRAMS

» Relevant graphs in SCET with Glauber gluons:

collinear emission dc

56000000000y —

‘Q..

Pc ilk -

N0 O0(
15 000

Glauber exchange | .00 @,
9 N oft emission I 0 0

N\
C

/

00
[ “"o
S l“
‘.
0 0

[Becher, Hager, Jaskiewicz, MN, Schwienbacher (2024)

Phys. Rev. Lett. 134 (2025) 6, 061901]

[Rothstein, Stewart (2016)]
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Factorization and Resummation for LHC Jet Processes

STRUCTURE OF THE FACTORIZATION THEOREM ?

» Assuming PDF factorization, we predict:

Wba’re—l er I | (%)2 VeT |
m - I 47_‘_ 26 | 47_‘_ 252 |~ o o o

v e _ i

a\3 [T°VET 1A 9 L4 1 C rG = VEVET

— Fln =2 - ) - ', Ve T A - |+ O
i (477) 3e3 ( Q° Q()) 12¢3 T | ] 3e3 _ +Ol)

double-logarithmic evolution above Qg non-DGLAP collinear evolution above Qg
(to appear)
where:
" : soft emission operator I'“ : soft-collinear emission operator
VE: Glauber operator I'“: collinear emission operator
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STRUCTURE OF THE FACTORIZATION THEOREM ?

€ 1287 Pyyg(£1) 0(1 — £2) fape Tr(t2 ¢4 t75)

m b e
» Assuming PDF factorization, we predict: X2 =3 Ji To T5 + (1 2)

Wba’re—l er I | (%)2 VeT |
m - I 47_‘_ 26 | 47_‘_ 252 |~ o o o

v e _ i

a\3 [T°VET 1A 9 L4 1 C rG = VEVET

— Fln =2 - ) - ', Ve T A - |+ O
i (477) 3e3 ( Q° Q()) 12¢3 T | ] 3e3 _ +Ol)

double-logarithmic evolution above Qg non-DGLAP collinear evolution above Qg
(to appear)
where:
" : soft emission operator I'“ : soft-collinear emission operator
VE: Glauber operator I'“: collinear emission operator
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“FACTORIZATION RESTORATION™ THROUGH GLAUBER GLUONS

» We have proved this to 3-loop order and conjecture that it holds in general !

B
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SUMMARY

» Based on a SCET factorization theorem, we have performed the first all-
order resummation of super-leading logarithms

» The main open challenge is to combine this with the resummation of non-
global single logarithms

» We have uncovered a new mechanism reconciling the breaking of collinear
factorization with unbroken PDF factorization: in an interplay of space-like
collinear splittings and soft emissions, perturbative Glauber gluons restore
the factorization of the cross section

» Understanding the all-order structure of these effects would pave the way to
a proof of PDF factorization for a much wider class of observables!

B
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