



































































































































Soft Collinear Effective Theory Iain Stewart MIT r

QCD Masterclass 2023

EFT treatment of soft collinear IR physics for hard

collisions in QCD or decays with large E released
jets energetic hadrons soft pardons hadrons

eg ete 2 jets e p e X DIS
pp Mtp x DY

e x is IDI
E

Hx3 jets
Mt 1 jet

C
e Jet Xhaha x

n jets

2 8 TO B IT IT ete 514 x t jet substructure

y pt It Tld Mr X2 Regge HighEnergy
Xs 8 8 Heavy Ion

SIET HQET SCET AROID electro weak logs
DM cross sections

see SCET in QCD 50 2212.11107 pg 223 y

Discuss Refs Posted

Intr to Collider Physics pp 34 2 jets gg Ht 99
7 aring

t to
f

1045m

É É

Mr
11015m

Softer
radiation all scales

10 18 1075mcollimated

jet jet Gev ter
are
probed






































































































































z
i t

Egild p Why Collinear Soft dominate
p 9 Ishort distance

process e sun alldiagrams
complicated Incoherent
physics of proto jets Higgs
production mostly decouple

Running Coupling
In QCD resolution scale pe of a process is very important

Ls If dslr parameters in Qft defined by
Ms renormalization scheme here

scheme parameter M
share Za pittas y Keef

Eyepoles

LsIM Is so strong

ih
size laid

w
I free quarksatshortdist
I Q

changes had

P function mat ds in peas posts t

Isla
EpÉ y p.FIagaraco zsomeV

dimensional
transmutation

CA 3

Po CA 3 Mf Mf light quo ks at m

processes with physical scale s will involve Ls y Inf
terms so we pick pets to avoid large logs

more than one scale Si more than one relevant as Mi




















































































































Collide Scales
3

It hard Mrt Mm Ejet

angiomasago
W set mi mi Eep

g

h
soft my my µ

PDF MEZAID

Note ask distinguishing 2 jets also requires angry information

factorization
key tool to calculate cross sections is the ability to

independently consider different parts of theprocess

do a
Prob for

tonrotons if
3

f E Ii
o

gluons taken gg 749 jets

another key idea is to exploit i

g w asoe theete X any hadrons

e p e X DIS simpler the physics

eg Higgs Production via gluon fusion

pp H Xx any hadrons or 0 1 2 t jets

do n Sdeadly folia m fgcib.MIIEIIIIIIII.IM i

werst part'dist function PDF
f Prob of finding g in proton Probability Density

with momentum fraction a proton snapshot




















































































































4
1 E Prob i sum over everything that can

happen to final state quarks gluons so

we are not sensitive to this dynamics jets etc

Practical limits on E restrict final state

cuts on jets to control background
or enhance signals z n jets Susy

need more exclusive events

to determine expt efficiencies etc

Still sun over dynamics inside the jet characterize

it by a few variables jet momentum PI Egypt
angular size

tf R

Tets why does QCD produce Jets
plog enhancement from collinear singularities

1 7 po

isI II.gg a4 dE dzPqacz
PO

m
a tf thy dz Pag

z

and
I Z

Z
Pg z É t ZC Z

InezGPg z at z t Pag z

PITIZI
E 1 z

collinear limit kao enhanced prefer to split in collimated manne

soft limit 2 o I enhanced too In shower producing jet the soft gluon
are preferentially emitted within cone at collinear emissions




















































































































angular o daring 5

a ton shower Jet

Leading contribution is strongly ordered
kit 77 Rat 77 231 7 Rns Raed

If Ls k E I no perturbative suppression

If we measure jet mass but don't probe physics inside the jet
then we are only sensitive to emissions abo e this IR iutoft

Also acts as energy cut off f a luffa 2 L
Mio

m

jj
double logarithmic enhancement

Imi
dg n exp L E dsl t al t 2 al t

LL
next to L

NNC

leading to
NLL

It 2s L t 2s L t

a a o

Concepts to Explore with SCET wolf
Factorization wilson Lines

More complicated processes
multiscale observables

PowerExpansions Katcat YI KI MY at

Study Power Corrections

interface with other Efts HQ ET NRA ID

sun Double logs with RGE n

It.ttftfnjeI.fajget
Madronization parameters functions if Field theory

beyond parton distr function fragmentation functions




















































































































First Review key EFT Concepts 6

ecoupling Effects from heavy or offshell particles are

suppressed decouple Pook Ant
Ant

es
g X mats p

Ro EFT

og

Pa Epp
ten

4 4 4 4 4

say Pi o on shell q Pa P na Ea n E

Ma I É Ta I E

n lin it i my
82 2Eae naan

ZEAE I E R

large if energies big
deflection angles large

g2iQ hard
d

ÉgÉft freedom low energy nearly onshell modes
what fields

symmetries constrain interactions operators

Lorentz Gaugetheory Global ooo

expansions leading order description
power counting

LEFT L L L 2
ooo

often expand in mass dimension of operators but not in SCET




















































































































7
D operators but only specific subset needed

at given order

Matching
LUI LEFT have same IR

LEI Cacao m
differ in UV

T t
long distshort dist
non say

Ci m does not depend on

IR scales masses in EFT
off shell

rain ER regulators ooo

p splits HI from 20

Pco

if we know Lat Ant Pco we

f EFT
top d

can perturbative construct LEFT

Calculate C construct o
Heweak MOET
NR QCD SCET

Ast Do this by demanding equality of S matrix elts

in Lue LEFT

Ep
form E Ci Oi complete basis

g

bottom up

exploit symmetries

eg SM as EFT Chiral Lagrangiansea

R
T.nl jI g c in aft must be defined by a

renormalization scheme 00 mis Wilson'on Cutoff

schemes depend on cutoff renormalization scale

M 9cal CCM




















































































































8

5 11 55 remain Itai's't
my

416

pff 11 3 Mf
415 sums logs between mass scale

25kt MntMb

2 Ls
toMe

2,137 unfamiliar
Iiewith this

Ash Is slope of 2s lml continuous

Is 2s In continuous

es 2s red Erm it yen 4714 genius Emmi too

eg my file E M I o later

Power counting handles powers 4 4 I typically

Renormalization group handles logs In It
which may be large Ls luc n I

f
hard collision

SCET

hair Pink pear

degreesoffreedo_ consider ete 2 jets

I III a




















































































































Jets collinear due s.tt enhancements
in QCD

ImgÉ D collimated radiation in a

et na l n encode dire tie pre
Igpof type II

Pit
of jet radiation

AM I d auxiliary vector

n 52 0 n 5 2
de most p n p t.ptIg

i particle pm a p I
2 massless Pim a pint t Pii

t n ping
i 1,2

A Pina pit se a collimated dimensionless
large

say pit a a Pfeiffer
on shell n pi ftp n pi n ya nearly on shell

n particles same ignore logs for now mention no
simplymass

tear prnoci.tn dimension

SCET n collinear Fields quark En

gluon Art

energetic hadron

4 Pt nach a tag
energetic quarks
gluons confinea IME IT into single hadro

fadjet of hadrons I a 1 1 atty Jet




















































































































lo
2jets yh

m

Ani

Fai Enz And

Often simplify using back to back frame 8

Nz Tell M ni n tin
NT T

Az n

Tn An

q

Ifill not possible for 23 jets

I A A

Soft Paw all components small

homogeneous

soft soft soft

soft t hard hard

collinear hard hard

ni collinear thz collinear hard hard interaction produces jets

collinear soft

pn
PortPs 2pm ps a p n p

Pressed

I at
N Q 22

Value of L depends on what we measure

I mass in large enough region a Ma Eapen
mass of R jet hemisphere mass I

demand Mak n da ca collimated jet has Es my

Collinear collinear Pn Pn 2 Pn Pn n Q2 d

I




















































































































I
collinear t soft Pn Ps dad

2 2 to contribute ultra soft

ex Transverse momenta broadening B Ea Ifill K Q
a

E collinear

soft Pst At 2 1 soft

PDOFPicture ete 2 jets
can frame tf virtual too

S CETI
2 2 prep a power counting require

a intiplefields for
Q same particle

relative scaling ofÉ

Ides is important

absolute scaling

modes not classified
SCETI by pa alone

t
Ipidityn polar angle

e
27 f tankQ2

modes cover

regions of
momentum

space extend

study SCETI come back to SETI into IR




















































































































12Field Power Counting use free kinetic term

In propagator p n p t.pt PI
X do a same size

pits Ifi t

n.pt
p

igncamt

must have

Saux e P Lol T Enix Elo 107 if Fifo
In I of

d4p 24
thus Enif differs from 3 Tigerso

Note implies a En o since X n o

take In XII 4 for spin
Trojection op I MY If

spinors Un X UCP

E un ai 41 uses my Is top

I 311
see

Op DiracRep ME I 13
of Dixon hep ph 9601359

similar for 6 p antiquarks Ut p G p

Ant some propagator as OCD I gauge fixing

pre X I d cant i Dnt i dnt g And
true in an

want ian Ann so Anhrctii.JP gauge




















































































































13or derive from free propagator

Soft
Similar
analysis

Ps d Asr Ps n ad

4swy32eg.S d4x I its 7

a 42 yd

2 2 for S SETI ultra soft 2 2 us soft 2 1

structure of SCET L

interactions with 22 collinear sectors

f for
soft collinear ha d scattering

f
interactions with 1 collinear sector

t
t Lay

trosoft collinear dynamics

Ink E In Lagi t L'o E La's'd

in
in

Tubleading leading Y Tbleading
potential fact
violating terms

I more later on

start by studying L hard

Collinear Wilson Lines

F An do no suppression for building operators

I nearly
on shell

1
s n

g if
no t of

Ldfnot n

n o

massive etc




















































































































14

pP Émfy
p h fifty zpik a kn p t

Yo Yosince
not n collineari

Iight it out

I
ifeng.tn ocigtaEna ucr

t
I a Ena t

expand Howheworktt since A
If

t

I tf
t UCP universal

independent of p M e

Af
n

keep going
s

perms
7 At Tian

Gives Wilson line

Wn Em C s E

rem.ITij iit.aSi im

positie space

Wn Cy o P exp ig Ids a An sat y

wig




















































































































SCET operator Eun rt

generic oferatorbuilding block

won
xnzwntequark.ee i

i
9 fieldstrengtht

adjoint Wilson line
Ankh EIyt.A.lk t

Gauge Symmetry symmetry tryst must
leave us with

ayy eidAGITA IJM Un x r Pnm Un x collinear

i 2M Aus x n Put Clark ultras oft

Ens Un En for An

Gus qus

Dn s Union cent

else not ultra soft Wn Un Wn

Gus Uns Gus i Dus o

En Uns En Ant bus AT Uts Wn Uuswn huts

Xn water Wnt linen protected by g inv

eg stays together when
we add loop correction

build operators out of mollinear gaugeinvariant
building blocks Xn Obrist

Wilson lines needed to ensure gauge invariance in presence
of operators where gluons only couple in on shell

manner to single colored field 1h
weirder Length t us.rs




















































































































R S CETI 1515

2 2 prep

Q

i

Cn

Pt Pi p

at i a
fields

collinear quark En nd

collinear gluon Anna 231,2

ultra soft at a d

Integrate out hard pangs nodes

t d Aust A

III jpg
a En Wh

pattifield ÉÉÉH
X EWith

Wilson line Wn ly o P exp is Ids 5 A fasty

Hard Collinear Factorization

CC ix 2n Xn Saw CCW SCW in 2n Xn SdwCiw Xn

mentienMonef Mentioned




















































































































trades a An Wn 16

fallinggauge
in Dn Wn 0 in Dn Wn I Wn in 2n I

1 w

g on wait

Wnt ix on Wn it 2n as operator

Hard Collinear Factorization Lha d c o o

what do Wilson coefficients depend on

in 2n n 20

Allows coition Xn Saw an s

ÉÉ YFein
Hard collinear modes communicate through naomonent

Q

qg.de
constrained by gauge inv

momentum conservation

a

DIS e p e X Inclusive Factorization

full analysis requires more knowledge eg L cover few key parts

Eisai II

take q o o o Q a n q Q spacelike

Bjorken X ggg
Breit frame where

eaten Inollinear




















































































































17
proton Pp ME F Pp TI Mptp big a pp E r a

Thall
IttPx PptG

Px a's i mp

resins PI
na n inclusive

an ta endpoint x l

N Ma resistance
le pse p

at 771 small x

Ex Rtchard A 1844 I

am iffy n.si y.n

a a

Add arbitrary pert On a

twists
FI

Ls corrections

Lhard Sdu Cla Q In Wins w in 2 Xn

forward pl Ip matrix element fixes w w

o n Sdw Im Ccw a p In S W it an Xn I p
momentum of quark in proton

I

d

PDF

n Sdf H E E as'm force Faa
f

a

E E

t collinear
E Ep

Iac
























































































































all orders in 2s Ino use of pert theory 0 Éuniversal fqlp
H dimensionless as Imma dependence on Q Bjorgging
e peg

In position space

fairly gaff e
i bt p1tn btw bio Elo p

same in

Fda It
gymtjge.at mwitt meavantunnunbersmix under ren

Loops can change 9 to le mixes with fog 12 Also

mix parton types i 8 9

fibre e 5 Say Zi 9,9 file m

Tye indep Tzu e reno malized

my
Mdap file m E Sar ri 19,9 file m

with Vij E Sde Zille E MI Zi e 9

More Hard Operators

power counting symmetry matching cale imply 0

are built from Xn Discuss it yMont
other collinear ops pie
Note true d an e der

qgyq.gg 3
often suppressedeliminated by operatoridentities

eqtns of motion






































































































































19
Example

e 2 jets

gym
Amplitude

Amplgg H Bni Bata H

quark PDF XTEz SCO in 2 Xn Ampl

gluon PDF tr open sew it 2 Unam Ampl

pp Ht 1 jet remove top nineteen Amp
Nz

no dalaras bycharge conj
I spin

Horii Mii OB if a
a as

Trimm

TmiHOBIE FIT In
how many operators

Helicity basis natural in scat since we have direction to use A

OBI EI nin Monty EI Ico l Ii o

Janet EE Chin In't
MAIL.zzjx.jp

Allowed H OB B B H OB J

t t t t t

t t t

t wi's

jeff I
fixed by

fixed by chargeConj

4 non trivial coefficients note no evanescent
operators in leading
power SCET
due to helicity
conservation

Easy to exploit modern spinor helicity results

see 1508.02397 for more on helicity operators in SCET






































































































































20
SCET LY SETI 2 2

For interactions that are isolated and purely n collinear

or purely ultrasoft we just have full QCD L for each

sector

u soft nothing to n coli

anything
Iii Aidid

some

13LI isaisesis
iii suetweensea

niff tug
u soft leave collinear non shell

hard interactions produce collinear quarks with X En o

hard int breaks boost argument
Good Bad

4 77 54 4 In ten components

Lac FiD4 En in Dent In in DY Einen tenia En

smaller
e am Sgt Yn Idiot En than en

a f for hard
production

Loco In in D ride it ik En still act

Expand
couple only to In in path integral Jen

multipolein D in 2 t g n An g n As expansion
label22 22 at

Ats can
comme

c Dt i Dnt t 9 Ant t o

a a 523s Kid's
in D in 2n t got An tooo FAVS STAN

in 20s Cc in 2n






































































































































21
Ln In in D i ont Ig isnt En old

sax L'd I e gives n.FIIptiosignti
E bit more work

Lng Lng n D Dna I Dn too
gluons

see EFTX
for particle vs antipar

t gauge fixing ghosts

If we drop n Aus these are QCD Lagrangian s

Higherorders eg y Eun iris I go in En the
A 22 a a 75

eg L Ewa goat Gus th c

A a 73 25

GaugeIny

ReparometerizationI C RPI freedom to choose n t

satisfying N a o n t 2

port

or psi
s

non sauxiliary physical
n k n

MO a my
Numerator n's n's

Denominator n's ten's

Each collinear sector has its own RPI symmetry
protects L coeff from loop corrections relates operator coeffs

Lo's Li Lng yLscÉI G

p T only factorizationjust sum over distinct
fo RPI equivalence classes violating term
ace more later

Gus At Menz s atL3






































































































































22
RG Evolution Matching

Frenormalization tempore renormalized Qcd

to 11 SCET
in SCET

now extract C's later

ete dijets In 25 Xa Eun TI Wit Er

Freyr Gouge off shell IR regulator p3p2 0

finite terms

Is
i L E E FIE t

F es an

t.IEBfn E E Eh t

Kk

ta Ifip Etan.tn
naive collinear o bin subtraction
integrand

O bin collinear modes in SCET have O bin subtractions

from region kin Qa to avoid double counting
IR region described by u soft mode

part of proper multipole expansion

from

wiggle
E E Eet to

AE E It






































































































































in sum buff KY cancel mixed Uv IR
23

crossed out above

sum It E ELIE I t

bare Zc C

Ms counter term

za a E ELIE E

o my chore my zeca e m

m da Ze c t Ze a dam C

ME cool Zi mkay Za C m

Lga E piedsMZth Zi I Mdg Is z e g

recall

implies this
O pods

r f Zo 4 Ls 24 4 ELI Ze

GIs Ye from p did left 2

To 4,41 4 Cr lung 6 Cr finite
in

cusp anomalous dimension

when we square the amplitude we get
hand function H I C app

pad H are Tatra H 441 scr lung Ger Hearn
in






































































































































24
leading d eIs part of NLL

also need
dslr N I 2 loop cusp 45kg

term

Hia Mi H Q Mo Ua Q No Mi bougdngition

f frozen
HCQ.no exp Ishi f too at coupling

result

runningHCQ.ro exp Emf Eff o
coupling
result

afford DentangittsudakovEm Fact
T pika no emission until per

Inf Xa SCET operator restricts radiation
collinear soft emissions below per

To discuss the order we're working look at series in

In Ccw m r ask htt t 2s In t 25kt t

LC NLL NULL

What do we need to compute

y

tree level 1 Loop 2 loop 3 loop

matching Yet

NLL matching ye YE I
NNLL matching Ye YE

Iz cusp
Anon

dim






































































































































25Back to LIETI
Feyn Rules

a Et
particle antiparticle

cette o e e

I s th to all

I igt nm

jiffy g fab n a p g

Feyn Gauge for
collinear

If a nm too

usotts have ekuplingdnd.to collinear

n.fiIn pIo ntf.kIpIioFn.ktio
of É

u soft do not change Pat 5 Pn neither soft nor

collinear con change direction n

Feig Ipfgff for collinears






































































































































26
Ultra soft Collinear Factorization

put n Aus into ysoftwilsalines
Yn x Pexp ig Ids n Aus x tns

n Dus Yn 0 Ynty I Yn Tnt

Field Redefinition 9 x Yn x Ent x
AT x 4nA Aire Tate Eyton

Wn Erm exp Isna An Ie
multipole

th wi went

exph
Also X Yn Xn oBns YnoBniYnt

Ln 97 fit in Dustin Tnt YagaAn'Ynt Yn to En

In Is in 2 gn.tn t i Dnt Ion in Ei

Ln En An n Aus Ln En An o

game for Ln so decoupled in
e appear in currents

egl Inxs In int Ya P Xi
n collin u soft T collin

factorized up to global color spin indicies

ego Enron In intent rx

cancel here






































































































































Sums up to class of diagrams 27

É

EE
EÉ

a

1 loop Matching Example
at

Taco J I pay

ete dijets d
LsÉI LEI CI TIX

9Feyn Gouge again find Cat Olds

l loop ren Qed l loop ren Scet d loop off
Must use some IR regulator in QCD SET

Result for C will be independent of IR reg choice

pep O

24 1 29 1 A 4 I ftp i

QI

É a stiff Lai if
Iw Er t cancel since cons current






































































































































n r e 28

jig th fi talus É 1 É

R

441 zen ftp t3enIp hilly 7 5

TearJaphs Isoftgraph Toth

441 hi Eat Zen Ead 3l f 391 7 55

Rdigences agree

QCD Sert 441 1 e Iz o 3K8g 8 I
matching
claim I stiff k 1

Dim.Reg.trick useful for many EFT matching calculations

use Yeen for IR divergences Yew for UV

the 2 Eun ter Efrain a a ten ten
Eur Year

zit 1 EFF Ee Eretz Eur as before

It it he i EEEz Irene In

Lf TEI In EInkIa In et 31 8 I
set c In Euv assume Yer match Don't need EFT calc

Result for claim is IR finite part of puredimireg
result agrees with earlier pyo result as expected






































































































































ete dijets

n collinear T collinear

Igi Itf

u soft
G soft

Cte for 2 Xn Xp Xus
ete em frame

I

manfi simplicityqr exp and a k I

good up to 0 as
scale

Px Px Px Hemisphere invariant mass

jet massesME Px Ea Pim a Q2
let ME Ma ME

5 Espin c ya

Jets

Ma Mb MJ

n collinear

Q C 1 22 a
7 MJ w My

T collinear

Q Milia

jets communicatesoft radiation uniform eikon al

Push a Q at a Mf
taco soft perturbative

Mh Ms Ms race tail region

perturbative t 01 177 gasketMS MF
mya who non perturbative soft for

Mh Ms Ms n loco peak region

Perturbative 100m n I any K

heed function

current Jr I try Sdudo two Eun wPM
TntYa Wnt a a

shy after field

kinematics qr Pin Px Ms th

convolutions in w to

n g Q T Pin t

y a

momentumconservation
strongenough that no

Ismael
n g Q n Pxn t o e o






































































































































30
Factorize the cross section

y
ere y't

QCD O E 2K S q Px Lpo o Jotco X X JM o o

to restrict to dijet X States SCET allows us to move

restrictions into operators

1 7 I Xn Xa IXus L Lnt La Los
so Hilbert Space factorizes

O No E 24
ya y y

7 8 8 Pxn Pxe Pxus Col TntYalxus Xus YntY o

Icca l Sol XXnalxn Xn Into

Col Ina la Xa la Xa o

insert
measurement Sdma'dmi S ma Pat Px S mi Pxe Px A 1we want

Factorizemeasurement simplify

Ifan 00 Clay fdktdltdkdtscma ackt.net s Mi alk te

E E Sd x eiktxtrsolfncxn.am Xn7LXnlXn1o 1o7

E Say elk Y't tr Sol Ina y Xa xaltnexaco 107

E f 8 et Px Sle Px trolintya Xs Xs Yatyn o

Oo Hca M S det de J ma alt m J Mb Qt M s et e m

dijetfactoritationtheeremfonhemispheremassed

soft function encodes both l r Mila and l n race

dat Sama dmb s Mst ma my fogging
1 variable simpler
T molar I Thrust

for TCC I
To H Q m Sdl Jr Mst Ql M SpellM






































































































































31
Baresrenormalized H a Zn Hla m

JCM Z Ox JCM M

Sle Zs Osce m
T integrals like for PDFexample

Hca e Sde Ifm ai e stele bare

H Q m S de Icma al m Sfl m are normalized

The functions H J S
have 2s expansionsJ

pear pen d
only if each is
evaluated at different

Iqs
scale M

S
J

Phm's Ms MJ

pin Milan Ms Mila

coefficient rep consistency conditionsI

relates Ju s s
anomalous dimensions

Mh a

It m

d

can pick any M

mom integralSudakou Form Factor

to Em H Qian Ua Q MnM Jr mi si Ms Us stal desm

of St e e Ms a Us e'sMs m

pick p Ms Us l MsMa see't only need Us Um






































































































































J bare s Sds Zj s s JCS M invariant mass
32

evolution
µ did JCS m Sds 2J s s m JCS m

Alsip 2 r Plas I my yay sis
all orders
in2s

Solve by Fourier transform y y do

Jly Sds e is JCS MI Jly m 8 Cy a Jey

s d

hipped but

review for 4 Calculate JCS m at l loop

Soft Fn OPE Ste m S de 5 e e m F e

T
power low terms

Iggy

eh

tail

FIypegronential
tail medal expansion

power corr

W

I Idk k FCKIdkFCK I
hadvanization parameter

jIj
É

11 901 FITnt E Y T lo a hof universal arross do jetevent shapes
414
NL5

Rep Fact ete diet how modes communicate

9 Pn Ps Q I IISCETI
g Q'a 02 a Pat

then offshell

q Q all Ja on shell scaling
hard collinear mode






































































































































Constructing SCETI operators using SCE TI

1 Match QCD SC ETI hen hen soft

2 Factorize field redefinition

3 Match S CETI SCE T Cn Ci soft

eg ete di jet Pt Jscet 25ha YnetYa r Xi
I

JSCET In Satsu P X

g

can also be obtainedby notchy QCD SCET but more

with 22 SCETI Operators having us oft collinear fiel

can get Sdp dht JCP ht Cn p s kt J h.cn match

LscÉ Ls Lii Lg Li same

already decoupled SETI SET

modes distinguished by rapidity
i

e Pf
a no a
Cn S Cr

And can have rapidity divergence not regulated by
E

E co regulates
K2offshellness

STIRChin O
l É

sale like
along t reg peK Eft hyperbola






































































































































Lo see arXiv 8 1601.04695 34Glauber Exchange

modes with Ptp c PI A offshell

history Css 88 cancel in DT also ete diets

needed not seen in standard matching coles
add it
see

mediates forward scattering s t

iiiI
like

plz potentials instantaneous in Z t Coulomb

Forward E T Pz A P n p n Py

Match from QCD integrating Glaeser out

Li g g
go

0 En E agon
of one

2 rapidities 3 rapidities

of In TB Xn 09 I feedoBnI I Lian in
oBnÉ

similar Ori's

05 8172s 45 TB 45 OÉB 852s If Bsi I its its B's

05 8 25 PI 555 2 Im 9555555 SIS 95552m

SEE SIT MII MEI Sntigats
Be

Here
Determined by top down

45 Stas OBIE t St ist Sn matching bottom up best

tildes opts AB if Abc obit Ifn a fare
In adjoint wilson line 2 gluons enoughtfix

cell terms
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suppressed rapidity regulator Rt multipole expansion
O bin subtractions

Note construction involves using scat p c theorem

universal for i J q g

no hard coefficient loop corrections for LE
I ar 2 collinear directions in Ld
others are T products
breaks factorization L Eni Ani Es As

couples n it is modes at 66807

encodes known examples of fact violation

Wilson line directions it's ooo

SCE T us CSS Glauber

SCET expand first defined as contribution that

con be independently calculated

CSS deform contour see where we are trapped

make soft exp once out of trapped region

one gluon Feyn Rule of of is Lipatou Vertex teen
rapidity RGE for L Amplitude level o f if

gives amplitude level

yay

Vno 850 825

gluon reggeization
É E

FIRE for Oforward Itf gives BFKL

equation

v3 S 9485,0 Sdk 27ha ha S ka81,0

useful for small x resumation






































































































































Glauber Loops give it rapidityregulator
scale

stairs
Effigies
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É GEESE it Oca

It o with regulator
t Pure unitarity rest

78 0 can't cease to titter
collapse a Shockwave picture

for highenergy scatteringdime

f 0

cities
IT vs

to

Wilson Line Directions

n Wn to sign matters for S a k
not
collinear

in Salta

É
i i c sink not

softn.tk io

actually Glauber
I't ive

an

naive 5 STELII ntn.ioeg2
s É s C a it Ittf
as true 5 5 Sco aa only o bin suit

G SCG here pure it
G a L 5 6 5

G carries info about soft wilson line directions

can absorb 6 into soft if we take proper

directions for Sn lines






































































































































og 2
spectators
ii

direction dependence in G not Cn Cri G

Can absorb 6 into Cn but then Wn direction is fixed

Physical Manifestation in TMD PDFs

Sivers ft sets ft DT T palproton unpot quar

Boer molders hit sides hit DT T pot quark unpol prot

IIE
spectate state
no soft or collinear analogs

at leading power

cancel for A1 with Sdapispectators

Also cancelindep of SdApd for final states gen to arb graphs

LE cancels in inclusive DIS j st n collinear

ete dijets M due to collapse role Effi o

final state active active cancellation

Ld cancels in Prell Yan due to combination

of unitarity 1 72 1 1 find state cancellation

simplicity of measurement

Lit important for small x re summation to't
forward scattering diffractive scattering

Lol can be used to study fact violation






































































































































Higgs Pi distribution from GluonFusion SCETI
physicalmg
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in SCETI also D RGE
p p Had X Qu MM PIC MY

PI PI PI PI FIEF I0 BY PI
pi mud

Primm 741 I n 4
Prima a

soft radiation
TO H PI Mu A SETI

Parma tibia aww

defy No H Mmm Sdaba eibi I99 wants pi bi
V Ma wtf

Bjj mfg 5s mi mate y a BgipnSPnloBnTCbt.bIWtBntcolPn7

haso bins btracl.o

Bgiprulmfe 5 Ming Bop III
t Xb

S bas m g
o wants Onna bi

Lol finYat bi Yt Yah
o 107 Soft Function

Note xaI.pt ftp mg
Here Bgrip x I m to is beam function

For Pt Naco it contains Parton distribution tip E M

perturbative collinear radiation at scale Mn Pt

By x 5am SI C C 5 int filp e.g

of notes bi bait
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For Pt had the Bgp S become non perturbative

Often define Single Transverse MomentumDistribution TMD

fine x I m Q Bjp Mt Mt Setting

dy
No H maim Sd's e't.tt ftp.jlxa imMme ftp.n xb bt r mue

Rapidity Divergences
Sometimes but not always we may have rapidity divergence

from our separation of modes

Simple Example MassiveSudakooformfactor
th try Q's M T E at d

ya

alt IJM GCP F a MY term U
p É t massless

theory
A

E
be

Cy
Q 73117 p p t Q

es.SEaFijian ptQ I a a

Q a dit

nAasJEET Q E Wa Sits 2m unten

expect Flaim CT Tn s

Add regulator to Wilson lines

Sn ferns exp Ig wifi n As
12 24 In.it
up to power
corr for Wnwa ferns er II Tigana

An
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M RGE O RGE to sum logs

palms Jps s

0 5 25 sn
If

p g
etc

Mem path independence

Jennifer 0

Uh Q

Tis Zs Mda Zs 44 2 hey

Ji 25 add Zn 2s4 h 3,3 27

Jus 25 odd Zs 4I 2ham
Jj Zi o dido Zn LEE but 25

2ps 2 Ft Tre 25 25 25 0

since Z's Ear few 250 to add Jos u Me etc

which we can check

solutions are evolution kernels Us Un Us Un

eg Us m Ms us exp 8f In In Icu.tnIsfVskCuusim exp ten ggg h

see arXiv 1202 0814 for further details
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Ér p rourdes powerful framework for analyzing
hard scattering o

Factorization universal non pert functions

universal perturbative function

Resummation large
dotted

logs via RGEsingle
both M inv mass 0 rapidity

Manifest Power Counting L no

2101 Lt n 22

can also handle multi scale problems
77 MT 73 MIA 7 hard

can study power corrections with same

methods

Provides universal description of factorization

violation in hard scattering o Lol

Interestingly the same LG mediates phenomena

in Forward scattering kinematics ss t small x

Fun mathematical structure Wn Yn

Multi IR Mode EFT prototype for other

Efts with more complicated kinematics


