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Outline

e Review of the development of the Effective Field Theory
description of NGLs, CLs, SLLs, and CVLs

e Resummation of subleading NGLs
e Simple, general considerations

e Different formalisms

&2

e (Color density matrix, Marzili, CVolver, GNOL]
PanScales, ...

e Numerical comparison: Marzili vs. GNOLE vs.
Panscales

e Maprzili results for pp — H with a central jet veto



Effective Field Theory for Jets:
NGLs, CLs, SLLs, CVLs



Jet mass event shapes

do 00 S
TYERIYE — aoH(Q2)/O de/O dwg J,(M}; — Quwr) J, (M3 — Quwg) S(wr,wR)

For M, /My < 1 hemisphere soft function S(wy, wp)

exhibits non-global logs of w; /wy Kelley, Schwartz,

Schabinger and Zhu ’11; Hornig, Lee, Stewart,
Walsh and Zuberi ’11; Schwartz and Zhu 14

e nNon-separable dependence on hemispheres

e logs not resummed by RG of S(w;, @p)!
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‘SCET Is for jets”

Mark Wise ~ 2002



Jet cross sections in SCET

2Eout<:8Q: )
. 9 _
l/ c~H-JQJ®S

o=tan(a/2)

Cheung, Luke, Zuberi 09 compute Sterman-\Weinberg,
JADE, and k jet cross sections at NLO using SCET

Expand real emission phase space in soft and collinear
regions

e Need zero-bin subtractions in collinear part

e Soft part contains both In(Qpf/u) and In o6 terms
not resummed by RG
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Region analysis reveals additional modes
1B, Neubert, Rothen, Shao,1508.06645; Chien, Hornig and Lee 1509.04287

(n-p,i-p,py)
collinear: p. ~ Q (6%,1,6)
p:~ Q(1,5%,96)
SOft: p,~0p,1,1) wide-angle soft
coftt  p,~ QB(5*,1,0)
p;i ~ 0p(1,5%,6)

Region calculation reproduces SW cross section

collinear + soft
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Factorization theorem?

Laplace space

ref Jet functions
l ) % :
6(7) = opH(Q) - S(Q7) - |J(Q6) - U(Q79)]
/ y N\
Hard function Coft functions

Soft function

Inconsistent at two-loop level! Multiplicative
renormalization of the individual functions fails!

Breakdown intimately related to NGLs!
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The Solution?”

5(1) = 0,H(Q) - S(Q) - [J(Q8) - U(Qr5)]” X Sye(7)

/

non-global part
not captured by the incorrect
factorization theorem
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Multl-Wilson-line factorization

1B, Neubert, Rothen, Shao,1508.06645

For cone-jet processes with narrow cones, small angle soft radiation
becomes relevant

e Resolves individual collinear partons: operators with multiple
Wilson lines

- Breakdown of coherence!

* Typical in-out non-global contribution
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Factorization for two-jet cross section

TB, Neubert, Rothen, Shao, 1508.06645

Laplace space color trace |
T f l integration over angles

| e
5(r) = 00 H(Q) 5(Q) | Y ( Fin(Q0) © Unn(Q0T) )

=1

| Ve
Coft functions with
Soft function m Wilson lines

Hard function Jet functions with m partons
at fixed direction

First all-order factorization theorem for non-global
observable, explicit consistency check at 2 loops

13



(7:(Q0) © Us(Qor) ) =

"“s\\\
A I
iIntegration over angles I
~ splitting functions coft Wilson lines along direction
integrated over energy, of energetic particles
partons at fixed angles (a third Wilson line, along the

direction of the second jet, is not shown)
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Factorization for wide-angle jets 0 ~ 1

1B, Neubert, Rothen, Shao '15 ’16, see also Garon-Huot ‘15

Simpler factorization for & ~ 1: Only two modes, hard p¥ ~ QO
and soft p, ~ @ = 1,40,

Hard function Soft function
m hard partons along squared amplitude
fixed directions {n1, ..., Nm) with m Wilson lines

Hp < | M) (M, ]

N /

O-(Qa QO) — Z <%m({ﬂ}7 Qa :u) ? Sm({ﬂ}v Q07 :u)>
m=2 T

color trace integration over directions
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m A /)
™ 7N TS

1.) light-jet mass 1.) hemisphere 3.) isolation cones,
2.) narrow broadening soft function y isolation

X

., €.9., 4.) azimuthal decorrelation of jets

Effective field theory for (hon-global) jet observables!

1.) TB, Pecjak, Shao ’16, 2.) TB, Rahn, Shao 17, 3.) Balsiger, TB, Shao, '18, TB, Favrod, Xu
'22, 4.) Chien and Shao ‘19
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Resummation by RG evolution

Wilson coefficients fulfill renormalization
group (RG) equations, e.g.

T A Q) =1, 7Z,(0,n)
n u

1. Compute #,, at characteristic high
scale u, ~ Q

2. Evolve to the scale of low energy
physics y; ~ Q, , evaluate &,

Avoids large logarithms which can spoill
convergence of perturbation theory

17
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| L resummation needs

e LO hard function #Z ;O)(Q, Hp) = OBom
e One-loop anomalous dimension T')

o Tree-level soft functions S™V(Qp, p1,) = 1
NLL needs
e One-loop matching #5(Q, u;,), # gl)(Q, i),
St (Qos 1)

e Two-loop anomalous dimension F;(jz)

Note: NLL ingredients depend on renormalization scheme!
Wil later compare numerical results in two different schemes.
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Extensions of EFT formalism

e Massive particles Balsiger, 1B, Ferroglia ‘20

e Timelike Wilson lines, soft monopole contributions, dead-
cone effect

e NGL-resum public code

e (lustering logarithms (CLs) TB, Haag ‘23

o Keep momentum fractions of hard partons, veto region
depends on momentum fractions

e Hadronic collisions TB, Neubert, Shao '21 + Stillger ‘23
e |nitial-state collinear dynamics, Glauber phases, SLLs (CVLs)

e (Genuine Glauber contributions TB, Hager, Jaskiewicz,
Neubert, Schwienbacher '24, ’25

talks by Andrea Banfi, Patrick Hager, Saad Nabeebaccus,
Josua Scholze, Dominik Schwienbacher
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Resummation of subleading NGLs

Comparison of different frameworks



NLL NGLs

Three groups have presented resummations of the first
tower of subleading NGLs

e GNOLE Banfi, Dreyer, Monni 2111.02413

e ~ NLO generalization of BMS equation

e Marzili Becher, Schalch, Xu 2307.02283

e MC framework based on RG of SCET
factorization theorem

e PanScales Ferrario Ravasio, Hamilton, Karlberg,
Salam, Scyboz, Soyez 2307.11142

e Parton shower with higher accuracy for soft

SMISSIONS X~ NNLL accuracy in double logs process!
21


https://arxiv.org/abs/2111.02413
https://arxiv.org/abs/2307.02283
https://arxiv.org/abs/2307.11142

NGLs are soft logarithms. All resummation
frameworks generate cascade of soft emissions.

Leading NGLs arise from strongly ordered gluon
emissions. Can use soft currents to generate extra
gluons

| M (P, q})) = T (@e; | A ,({p}))

With

m

J"(q) =g, ) T @) =g, ) T; -

i=1 i=1 i "4

22



emission into veto region
N shower stops

hard partons

e Dasgupta Salam, BMS, GNOLE use physical ordering
variable (E, k, ), Marzili renormalization scale u

o fully equivalent at LL

e Parton showers (PanScales, ...) use s + ¢ dipoles, impose
momentum conservation

e correct LL (as long as shower respects soft factorization!)

+ higher-log and power suppressed terms
23



NLL: Unordered Emissions

Nto accoun
of gluon em

| M iP5 g, 7)) =

' the emission O

‘0 capture subleading NGLs one needs to take

- an unordered pair

ISSIONS. Two-em

With

1

11 11

J*(qg,r) =
(@0 2n; - (g

ISSION C

Jrrent

Emt1 yEmzw | A pn({PD))

%{J”"“(q), TP} + glifehe Z T¢I (q.1)

nt'ny  g"n; - (r—q) +2nt'q” — 2n/r¥ ]

+r) |n-qg n-r

q-r

as well as the emission of a soft gg pair
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dipole color structure i pliesias

S BN

e Double real d, real-virtual r and purely virtual terms v
e |ndividual terms have collinear divergences

e regularizedind =4 - 2¢, but need d = 4 for
parton shower Monte Carlo

e Unordered emission is a, suppressed. Single
insertion of full current enough for NLL

25



Double Soft Emission

Both GNOLE and PanScales use the two-
emission current, but implement correction in a

rather different way

e GNOLE pertorms single insertion of ful
current, subtracts ordered contributior

e PanScales reweights unordered
emissions to the full current

MDS)

P . exact
accept (DS)
Z h M h,PS

see talks by Nicolas and Silvia

20



In the Color-Density-Matrix formalism of Caron-Huot "15
(see also Weigert 03, Nagy and Soper '07) and in Marzili
the soft emissions describe infrared behavior of the hard
functions. Anomalous dimension of hard functions extractead

from products of currents

tripole color structures T

d r y
I (Tf;/f o 21}?2& + T?:jk) +h.c.

_9oKA pAebal _ ZnFK-F- Dokab - Z(CAK’Z?;(JT + nFTFK’iZ;;QT)D%;&

17;,9T 19 17,919
= Q;Q

+ Kiiq (ZD%;& — D;; — Dij) =S (Tgka — T ) — irl;j (D;j — Dyj)

dipole color structures Dij

Kinematic functions K and I depend on reference vectors

Ny, Wiy Ny, gy 1, Energies Eq and k., are integrated out
21



XS scheme

e Derivation of I'® in XS (maximal subtraction)

Caron-Huot '15:* T

5,

—Rauh, Xu ‘21

* Asymmetric treatment of energy and angles
leads to frame-dependent result for T'*)

e [ntroduce vector v¥ = (1,0,0,0) in lab

frame to get covariant result, e.g.

Kijkar = 8 (WEW], = WEW, = WAWS, + WiWT,) 1n<”’“ S RAR ”)

nk’nrrnq'v

not a problem, but inelegant

* planar parts of T'® are also known, see 1604.07417 and 2508.03794!

28



| orentz scheme LS

1B, Haag, Schalch, in preparation

Basic idea: Expand in angles which arise in
matrix element but keep rest d dimensional

Implemented by keeping full @ but using
modified dipole Caron-Huot '15 In subtraction

| (1 ) L *g
waopt wd wd o wd sin?”
. ] I ]
/ ™~ angle in dipole CMS

1 .
SLS(l) = lim S(l) | —r Q) P
“ 0 - 2% ( 1

Lorentz invariant T'® without (d — 4)-dim. angles!

29



B b %
tg b
t! Lo - dm
o,
‘.. O .‘
S 3 g
E — ..‘ : : :
te 4+ 4O SR B G R 0
\{

analogous for I' ;m and Vi,

Correction from two-loop running is suppressed by
as. Marzili expands

Hm(t) = Hi(to)! Ukm(t, to)
" 3

t t %
= Hy(to) dtfUS-(t*1 to) & g) ] 59T 0/9| AUkt (t1 th
to

-:

e Same structure in GNOL]

30



Numerical Comparison

n the following, | will show comparison plots of
numerical NLL results TB, Monni, Schalch, in
oreparation

o NMarziliin XS vs. Marzili in LS

e |ndividual parts: GNOLE (Banfi, Dreyer, Monn
'21) vs. Marzili

e G NOLE vs. PanScales vs. Marzili

O Isolate the NLL part, PanScales takes the limit
a, — 0 while keeping a,L fixed

e Numerically very challenging!

31



Gap fraction R(Q,) ine*e™

veto on transverse energy Qo

Fraction of events which passes the veto at Qo
I
1~ ° d"

R " dE+ ——
(Qo) o T 4E-

Consider dijets in ete with cone around thrust
axis.

32



Marzili XS vs. LS

3 Marzili s | |+ ~1- Marzili s ~t- Marzili s
6 4 Marzili = | 1 ~4— Marzili = ~4- Marzili S
— "soft | contribution
~~~~~~~~~~~~~~~~~~~ ‘- l'Y=2 ng=5 Y
44 T e, \\
_____________ Ca=2Cg =3 F(z)
\\\\ \‘\
2 R D S S \\‘\\‘“o \\‘\‘
, hard || SY% || Tl
"harg ! contribution T "y @ ! contribution
I 21
'y =2 Ng =5 | 'Yy =2 Ng =5
CAZZCF:3 C/_\ZZCF:3
I I I I I I T I I I I I T T I I I I
105 104 103 1 0.2 101 0.0 105 104 103 102 0.1 0.0 105 104 103 102 101 0.0
E ,max E ,max E ,max
s In TMZ lsIn TMZ IsIn TMZ

 Plots show NLL correction, normalized to a, o7 1 as
in PanScales "23. Limit ny ~ N, — o0

* |ndividual parts strongly differ between schemes!
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I NLL

\

\

— \

- \
\
\

9.5

5.0 -

s

= 454

4.0

3.5

Ratio [%0]
- o =

(BN
]

Marzili XS vs. LS

! 4 Marzili s
4 Marzili XS

ANLL

ete | #/Z | X had
'Y =2 ng=5
CAZZCFZS

| | | | | |
" 0.5 " 04 " 0.3 " 0.2 " 0.1 0.0
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¢ |ndividual terms strongly
differ...

e .. butthe sumis
scheme independent
and agrees!

e Strong check on
implementation and
numerics!

e PanScales checks
consistency of different
recoll schemes



= 1.02

2
= 0.98

1.00 A

Marzili LS vs. GNOLE

"hara ! contribution
'y =2 Ng = 5
Ca=2Cg =3

hard

—+-- Marzili

~t-- Gnole
I ot ! contribution I 1un. ! contribution
l'Y=2  ng=5 'Y=2 ng=5
CAZZCF:3 CAZZCFZS

_____________
—————
—————
,,,,,

~~~~~
‘‘‘‘‘‘

-----------

»»»»»»»»»»»

_— e 3
pamm—s & i ¥ SN S St S S

T T T T T T
105 104 103 102 101 0.0
n E T max
s In TMZ

T T T T T T
105 104 103 102 101 0.0
" E T.max
s In TMZ

T T T T T T
105 104 103 102 101 0.0
n E T.max
s In TMZ

T T T T T T
105 104 103 102 101 0.0
n E T max
s In TMZ

e Fach of the individual pieces of the resummation
agree well. Frameworks agree in limit a, — 0!

e \ery low collinear cutoffs!
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Marzili vs. Gnole vs. PanScales

P

Ratio [! ]

" 0.1+

1.0 1

4 Marzili s
4 Gnole
{ PanScalesPG_d:fo

0.1

-7 N
= ~
~
<
. o
~
~
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1_
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NLL Gap Fractions at
the LHC



Gap fractions at the LHC

Fraction of events which passes the veto at Qo

1 - Qo dll
R ! dEt —
(Qo) " ; o T 4E-
Consider Z- and H- production at LHC.

Y relativ to Z-boson

38

Rapidity



NLL NGLs in Drell-Yan

—— LL Ng=37%
— NLL +NLO
—— ($1)& R
NNPDF23 nlo_as_0119_ged
Vs =13.6 TeV
pr=un=Q =Mz Qo/2< ps <2Qo
'Yy =1.1

Marzﬂi

2 10 20 30 40

Qo [GGV]

39

N¢ = 3 leading logs again from Hatta,
Ueda '13

I Glauber phases neglected, but
superleading logs small for gg — Z

Hard functions related to partonic
Cross sections for gg — Z +g, qg — Z

Tq
It would be great if this would be
measured at LHC!

e gap between dijet observables
Involve also collinear and forward
logs



NLL NGLs

R(Qo)

Ratio to NLL

pp! H! Xhpad

s=13.6TeV, my =125GeV, ! Y =2

M = Hp # H=my, Qo/2$ Us $ 2Qq

_/

2 20

40

60
Qo [GeV]

80

100

125

40

N HIggs production

1B, Qin, Schalch, von Kuk, in preparation

e Soft function and evolution
are directly obtained from DY

case ') 3
® ©
) [ 4
e Hard corrections are the

same that arise in fixed-order
NLO Higgs cross section

e have uncompensated p
dependence

e /i Variation becomes very

small, If the hard
corrections are switched off



1.0
- — NLOp=my
o84 7 = NLO p = Qo
—— LL Nc=%
—— NLL+NLO
0. pp! H! Xjag — (&haRr
& s=13.6TeV, my =125GeV, ! Y =2
@
0.4 Me = Mh # L= my, Qo/ 2% ps $ 2Qo

0.0

tio to NLL

1.0 /

@ 4
o 08

0.6

60
Qo [GeV]

1.0
0.8
—— NLOp=m
osd /S <7 NLOpu=Q
= : — LL Ne= %
E:/ —— NLL+NLO
,, —— (&1)4& R
0.4 / pp! H! Xhag
s=13.6TeV, my =125GeV, ! Y =2
0.2 1 y Hi = Hh# H= My, Qo 28 ps $ 2Qo
0.0
—
—
2
i)
il
T g
o 0.8
0.6

60
Qo [GeV]

Schemes for expansion in A

o Left: expand 6(Q),) and o, take ratio

e Right: directly expand gap fraction R(Q,)

Sizable scheme dependence due to large corrections!
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Summary

e Complicated patterns of logarithms (NGLs, CLs,
SLLs, CVLs) in jet processes can be derived from RG
methods in SCET

e nfinitely many operators, MC methods to solve RG

e cnabled resummation of leading SLLs — session on
Friday morning

* [ndependent resummation of subleading NGLs with
three different approaches

e GNOLE, Marzili, Panscales

e [Xxcellent numerical agreement!
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Real and virtual contributions involve collinear cutoft #.
Result is cutoff independent for 7 — o0
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