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PDF factorization
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e Factorization of long- and short—range physics

e Only proof for inclusive Drell-Yan
CSS, '85/'88

e Crucially, Glauber interactions cancel in this specitic case
Dominik Schwienbacher, REF 2025



Collinear tactorization

time-like splitting
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factorization worksl factorization violated!
Catani, de Florian, Rodrigo, 12
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Observaple

e ook at gap-in-between-jets cross section with veto scale Q,

e Jetscale Qand gap AY
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SLL evolution

DGLAP 7

Double-logarithmic evolution

7777

single-log evolution?

iRequires highly non-trivial |

\interplay for consistency |
twith DGLAP! |
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Upshot of the talk
S

“factorization restoration”
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Outline

Factorization theorem and appearance of SLLs
RG-evolution & implications

RG-consistency for the low-energy matrix element
e Explicit 3-loop check

Outlook
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Resummation

e For 0, < O we can derive
m=M

® Factorization between hard and soft-collinear physics
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Resummation

e For 0, < O we can derive

62—>M(QO) — del J'dXZ Z <%m({ﬁ}9 8y X5 X9, /’t) ® %m({ﬁ}a Q()a X1s X2, //t)>

m=2+M
Becher, Neubert, Shao, '21+Stillger’'23

® Factorization between hard and soft-collinear physics
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RG- evolution

e Renormalized hard functions fulfill RG equation

d
dInu

* One-loop hard anomalous dimension:
CUSp-plece

soft+collinear purely soft

X ITT
Glauber

generates SLLs

m
Y o, T«

l:mo matrix in multiplicity
and color space

s9enerates DGLAP

pourely
collinear

generates NGlLs
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Cusp terms

‘SLLS are directly connected |

ito factorization violation! |

space-like splitting from
before fime-like splitting from
| ' before

e These are only present for initial statesi = 1,2, for final states they cancel

IMZ

o [hey are multiplied by InE and give rise to double-logarithmic running!
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SLLs from RG evolution }

* Evolve hard function from p;, ~ Qto u, ~ QJy dlng " — &
(0.00 = Y, |deides (7,0 ), (o) ® H1(Qou 1)
m,l=m,

My d
Uy, ug) = Pexp U —'MFH(,M)]
u M

Hh d//t My d//t Hh d//t
_ 1+J —1rH(M1)+J —1[ 2 ) T )
M //tl M //tl 1231 /42

U(u,, 1) achieves resummation of logarithms e
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oL.1.S

e Forfinite N. Glauber phases spoil collinear cancellations

e Appearance of super-leading logarithms

e Only very few structures possible

Glauber phase ~ ir

o5, ~ (7 (BT WE (19) Ve B

n insertions of cusp term

single emission into the gap
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Outline

® Factorization theorem and appearance of SLL & formalism v
e RG-consistency check for the low-energy matrix element
e Know that(#,,({n}, s, x;, %, 0) @ W, ({n}, Qy, x;, Xy, //t)> must be finite!

o UUse

< %"tq)/larewl’;lare> — <( %‘,tq)/lare Z—l) ( Zwl’;iare> Wbare _ jbare % fbare fbare — jbare % ZI:I%F 3k f f

— —

finite finite
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RG-consistency

e Renormalization factor Z given by derivative wirt.

a . T a \’> [T, T2 a \° [ TI?2 713
Z =1+ 0 _ )4 (= 00 O )+ (= V0 "+ )+ Ot
A7 4e?2 Qe A7 323 Be? A7 2884  48¢3

Becher, Neubert’'09

e Soft-collinear matrix element has to be rendered finite %, (u) = Z - #'°*® such that

bare __

+@(af)
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RG-consistency

* | ook at tree-level, one-loop & two-loop level

eikonal factor

m
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~ Jﬂ,a(O)Jﬁ(O)T with Jﬂ,d( ) — Z Tici l
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e Does not match all terms
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RG-consistency

e Now, go one loop further
Duhr, Gehrmann ‘13 / Dixon, Herrmann, Yan, Zhu '20

N\

iColor-aware |
DGLAP

dipole terms

e Does not match all terms

—_— 2 —_—
T VT

SFhare = 1 4 R (i) S
A 2e A g2

v v
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Three options toget In QO

1. Perturbative on-shell modes with virtuality below Q,,

e e.g. Ultra-soft modes or soft-collinear modes

2. A collinear anomaly inducing rapidity logarithms

- Glauberis needed

e |[n our case, the collinear alone is scaleless

3. Non-Perturbative low-energy interactions among incoming hadrons

e Complete breaking of PDF factorization! Non perturbative two-nucleon matrix
elements

18
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Glauber from method of regions

e | ook atterms we do not match
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ective Glauber vertex

L

e Soft-collinear mode decouples

e Only contribution due to Glauber exchange

e Either use expanded QCD or eftective vertex using Glauber SCET

Rothstein, Stewart ‘16

Dominik Schwienbacher, REF 2025
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Calculate the diagram & matching

emeenes (. INtegral not well-
defined in dim. reg. alone

o
%
Introduce rapidity regulator ( )
e

3¢ o
. 3 > . _ 17
bar e Hs abc rade d e b e 1 LP¢ 11 q—q d re b e
T s 2 <—3> fabe j§>2: J TzLTZRTlLI}R<a =St — )+ T T

e a-poles cancel in between collinear and anti-collinear sector
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Under color trace we arrive at
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j‘ltq)/lare 9
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Perturbative Glauber contribution yields

e Correctln QO term

o Correct — pole
o4

e Correct DGLAP

F ],fre CO

SLL and

nsistent with both

DGLAP evolution!

N fabcz J{FETITITE)

Jj>2

=
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What happens below Q) ?

e Soft-collinear mode cancelled

e No modes probing physics below Q,

e Match onto collinear fields k% ~ AéCD , along with their Wilson lines
Bauer, Fleming, Pirjol, Rothstein and Stewart ‘02
e Below Q, the process becomes inclusive

e Soft Wilson lines cancel
e Collinear tields match onto PDFs
e Operators & effective theory same as tfor Drell-Yan

e Glauber modes cancel from CSS arguments
CS5,'85/°88 Dominik Schwienbacher, REF 2025
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conc.

SLL evolution

phase factors soft+collinear contributions
double-log evolution

soft-collinear interaction Glauber contribution

“factorization restoration”

single-log evolution

Dominik Schwienbacher, REF 2025
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Out.

e Showed consistency of PDF factorization at least up to 3 loops

100

K

o All elements of factorization breaking are present but cancel in exactly the right way

e Look at higher loops e.g. F¥ 2

e All-order structure of Glauber terms

e Proof of factorization?

e Implications for other observables e.g. global event shapes & factorization theorems?

Dominik Schwienbacher, REF 2025
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One loop soft current
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Vo.

R analysis

e Make certain we are not missing any regions

e Map to well-known scalar pentagon result

e Expand pentagon resultin A

e Ascertain that full result is recovered using all possible regions

—Pc + ls
_]35 =+ 4c ¢

Bern,Dixon,Kosower ‘94

D

—{c
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Glauber contripution

e In Euclidean region s;; = (p; +pj)2 < O,p52 < 0 only soft-collinear region with k ~ (1%, 1, 1°'%)

e Cancels after g. integration!

e Leadsto a ,hidden” region with k ~ (17, 1, 1) for physical scattering region

e Couples soft and collinear sectors =# collinear factorization breaking

e Perform k, and k_ integral via residues

o \\ell-defined without additional regulators
Euclidean of-shell triangle
~*" ind—2¢

Dominik Schwienbacher, REF 2025

29



Glauber reglion in parameter space

Can perform region analysis in Schwinger or Lee-Pomeransky parameter
space (like Asy and PySecDec)

(w1, T2, T3, 24, 75) ~ (A2 A2 A2 A7 A72)

The Glauber region corresponds to a pinch due to cancellations in the &

polynomial
F=(—q; a1+ (p; —a)ws) (I w5 — p )
ﬁ—;—/—/—)\—l
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Fuclidean region

e |Introduce kinematics

e In Euclidean region s;; = (p, +pj)2 < 0,ps < 0 only soft-collinear region with k ~ (1%, 1, 1°'%)

e Also found by Asy2.1 & pySecDec

e Compatible with option 1)

e But decouples completely after g. integration

Dominik Schwienbacher, REF 2025
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Physical region

* For physical region extra terms due to cancellation

e Terms (proportional to a prefactor) arise

p_ S45 8512 _1_€fms@ (1 | p% S23 — 845851
S45S551 — P5S23 | S45 S51
A—1 A
1 for® =0
P ~ 4
A for © #= 0

| soft-collinear |

k ~ (A2, 2, 2372

)

Power enhancement in physical region, due to complex phase!
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Off-dlagonal splitting

16 ;s 3 C | agdgea CT op
F > — (—) mf e N Tr (t tt )TgTj 1. P (2)

3¢3 \4rx .
j>2

e Reproduces color-aware DGLAP

@ |eading pole simple Lorentz structure o« gh#

e @ sub-leading poles new structures njf’ n]”

e (Generalized factorization theorem
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