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Soft Collinear Effective Theory

EFT treatment of soft Collinear IR physics for hard

collisions in a CD or decays with large E released
jets energetic hadrons soft partons Chadron

eg ete 2 jets e p e DIS e p e hX pp Htt Jet
B IT IT jet substructure a o many many more

Concepts Factorization Wilson Lines Sun Sudakou DoubleLogs
Power Corrections o o

irst Review key EFT concepts

ecoupling Effects from heavy or offshelly particles are

suppressed decouple Ross AMI
AMI

no Eft
9 1 X i miss p

b c

eg P pica 1 21

Pa w p roof I 4 Feat

P

say pi O on shell q Pa P ha Ea n E

ha 1 I Ta 1 I of 2EaE Naomi

n 1,5 it 1 rt 2EaE I E ri

large if energies big

Equinunk
deflection angles large






































































































































Construct Z

degrees of freedom low energy nearly on shell modes
what fields

symmetries constrain interactions operators

Lorentz GaugeTheory Global ooo

expansions leading order description
power countdng

LEFT L t L t L 2

operators but only specific subset needed
at given order

often in mass dimension of operators but not in SCET

atching
K

Leet Cc ml 0 pi
o LUI LEFT have some IR

differ in UV
P e

sheet dist long dist
to Cicon does not depend on

offshell non shell IR scales masses in EFT

QcD ER regulators ooo

AMI

Xp splits HI from 20

PLO

top down if we know LHI Ant Pco we

EFT can perturbatively construct LEFT
LE Heweak H ET

calculate C construct 0 NR CD SCET

bottom up form Ci Oi complete basis
EFT

t exploit symmetries

eg 5M as EFT chiral Lagrangian ooo






































































































































3
Renormalization
parameters g c in QFT must be defined by a

renormalization scheme 0 Frs Wilson'on Cutoff

schemes depend on cutoff renormalization scale

M 9 r C m see QEDlecturesby J Qiu

eg Ls't in Qed play 24 1 2541cm t

s Renormalization GroupMk plant 11 2
3 nf

5 sums logs between mass scaleLs µ
Mb dshr Mart

4
Hmwk fo

Tm in
f

l l l pre
Mc Mb ME

Typically

Power counting handles powers PIK 1
AMI

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

few100MW hard collision
SCET f

t QI Peri K

degrees of freedom consider ete 2 jets
et gr q

e 3mF g
0,2 5






































































































































4
Jets collinear due to

EE q
Eb stsottlenhaacemat

f collimated radiation in

37mbar direction of
view

F Jet N Q

Let n tin
pre op n nap 5 Pin

n'r 1 A n m

p pt
n n 2 0 n 5 2 p n pri p PI

Pe
collinear

pm A p NI F p QI massless particle z

2 massless Pir F ping t Pie t n Ping
is 1,2

rt Pink pit Q collimated dimensionless
large

soy pie daP0pwa9anEfnertQonshelln.pi Pie
p

7 n Pi IQ nearly on shell

or particles same
n p n.pt

n.coUear8
collinear Fields quark

gluon An
energetic quarks

energetic hadron PerracD 2 101 gluons confineQ onto single hadron

jet of hadrons I a 10 10 o d
Q I

n nn ni ni h ni Anizejets at
2 no nI Eric Anno






































































































































as
back to back jets n 5 4 21 men tin

rizen µ ni F

t it
All

n An 12211,2
dL2

Er Ari 1 22,2

soft PSM n Q 2 all components small

homogeneous

soft soft soft

soft t hard hard

collinear hard hard

1 collinear thz collinear hard hard interaction produces jets

collinear soft suppressed

p
PntPs

2
2pmups rt Pn nips t o a o 0,22

I at

Value of 2 depends on what we measure

eg1 Mass in large enough region a ME Ea pi
mass of R l jet hemisphere mass I

demand ME 22 QQ collimated jet has Es Ms

Collinear collinear Pnt Pi
2 2 pm Pri QZ d

contributes
t
t

collinear t soft p Ps 2 0,21

o 2 2 to contribute ultra soft

eg2 Transverse Momenta broadening Bt Eti't Q
T

E collinear

soft 2 1 soft






































































































































DOF Picture ete 2 jets of n
G

rCcm frame virtual too
I

S CE TI step
2 2 modes coverCn

Q ooo har PEPI regions of

Q momentum

aif a
s.IEEteadQ2f4

7 hep
Q22 Q

SCETI A power counting requires
2 1 a

C µ multiple fields for
same particle

a fok re I
QI DOO

5 boost invariant unlike

Qd Qd Q absolute scaling
modes not classified

by p2 alone

study SCEte come back to SCET

Field Power Counting use free kinetic term

propagator p n p 5 p t PI
I do d same size

if

FIT too it t
Z

n p PI io sign rip
r p






































































































































7must have

d4 e IP Lol T Enix 5 co lo if the op tio
um

2 4 Do f 2
4p 24 thus 97 differs from MOES

dimersd

ate implies rx En 0 since X n o

take 7 M 4 for spin good components
in
projection op

spiners Un oxyntucp
Unsure x uses nT Xp Top

Http p
Uco kills smallte rus

Op DiracRep 51 III
Jptei

similar for 6 p antiquarks Vt Cp V Cp

AT some propagator as a CD

pre I l d i 2in i Dnr i 2in 9 An

Want i2n Anoe so Anm fz jyµ
true in an

gauge

or derive from free propagator

soft similar analysis

Ps a A P

gd4 Isis's
2 42 I






































































































































8Collinear Wilson Lines

F An do no suppression for building operators
nearly on shell

g
n

FEE
not n
n o

massive etc

p
P N 2pct n kn too

I 20 since

p then o 0ff not a collinear

k integrate it out

I iCf

htmICigtacfnaJUCp7cp.hY_niti0qn.Enatooexpand

LmewooinceA1en.A tooo

ur0
XI g 5 Ana Ta Ucp universal

T k tio independent of P M o

resign keep L
III 19ft

Gives Wilson line

Wn Cy oo P exp ig ds ri A soity Tfffich






































































































































9

SCET operator I Wr rt

generic operator building block
parton fields

Xn Writes a jet fields
quark

won
93nF wntidniwn g wntfi.EE wn

field strength t
adjoint Wilson lineArts KEI F An t o

a k vanishes if AM km g inv

Gauge Symmetry symmetry trnsfm must leave us within
the EFT

id Un x Pnm Unlx collinear
U x

CLACHTA

it Aus x Put Clascx ultras off

Ln Un En ibn Un ibn Unt for An

Gus Gus else not ultra soft w Unwn
I

Gus Uus Gus i Dus

Ln Uushn AT Uus AT UIs wn Uuswn nuts

X wait lent UhLn protected by g inv

eg stays together when
we add loop corrections

build operators out of n collinear gauge invariant

building blocks Xn 93ns

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

manner to single colored field






































































































































10tradesn.tt Wn
Collinear gaugesingletWntwn 11 Wr WI f

ii On Un 0 e in On W I Wn in 2h I

want in On Wr in 2 as operator

in On w in 2NWrit

Hard Collinear Factorization Lhand c 0

What do Wilson Coefficients depend on

in 2 20

Allows CC ii 2N X Saw Ccw S W in 2n Xm

operator Xmw
gauge in

Hard collinear nodes communicate through redomonenter
hard constrained by gauge inv

Qµµ momentum conservation

I 922
Q bL3

DIS e p e X Inclusive Factorization

full analysis requires more knowledge eg L cover few key parts

e

of oh
and 1 35 1 I

pl 17

of 0,0 O Q F n 62 02 space like

Bjorken X QI Breit frame where

2Rp G proton ineer
Ex Rt hard






































































































































proton Ppr ME F Ppt II MI big F pp I 20 M

T pp X

small A 10 l
Q

hard
QCD SCET

x
n n n n X n

In Xn
A

6 I twist
Add arbitrary pert also gluon 0g oBnI Bntr
Is corrections

Lhard Sdwdw ccw Q In Az i2 8 w in 2n Xn

forward pl I p matrix element fixes w w

0 Sdw In ecw a p Inescw in 2n Xn I p
7

both dimensionless
momentum of quark in proto

or Sdf H Eg Lsu fop L Faas 3 1
T p

Hardt collinear
parton dist'm1 Ew ftp.p
Factorization

AQCD

More Hard Operators
power counting 1 symmetry matching cale imply 0

are built from Xn

Note true d any order
93nF

her collinear ops pie
Himinated by operator identities
eqtrs of motion soft pie

Often suppressed






































































































































12
Example Operators

utan Amplitude
ete 2 jets In Jin Xin

num Aapl9g M 93nF Ba H we
quark PDF In nz sew in 2 X Ampl

gluon PDF tr oBnE 81W ii 2 abner Aapl

p Ht 1 jet remove top weenie Ampln 3

nz

op gz 93131 H Trimm if 1 da.ua by
oBnait IF XP H TµfF change conjugation

how many operators Helicity Methods skip this

Helicity basis natural in SCET since we have direction to use
n

oBna E EI nin oBntp g EI o l Ii o

Jina EEcnn.no EE 8rX

oB J
II X

Allowed OB 9393
t tt t t

t t t

t Wilson Geff t fixed by
fixed by chargeConj
parity

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






































































































































13
SCET L SCETI 2 2

For interactions that are isolated and purely re collinear

or purely ultrasoft we just have full QCD L for each

sector

us off nothing to n collinear boat 22 1 f 712,2
expand everything same

Leythingseetdescribesisintactionsbetweenectors
For L 67

1 I 1241,2

µ
Usoft leave collinear non shell

Wii
us
22,24

hard interactions produce collcheo quarks with Into

hard int breaks boost arguement

4 1 K 14 En t en

Lac TIDY In in.DE Inf in.DK Tiahrt In IDLE

smaller
e am qn 0

i En thou En
2 2 for hard

production

Loco In in D t IDE irk 7n still 0

Expand
couple only to in path integral 53

multiplein D in 2 t g n An t 9 n'As expansion
22 22 I label

comme

c Dt i 2ns t 9 Ant t a Ats Ant

similarly a 2 EE K ist
5 Aus K E An

in D in On in In t 95 An t o
in us in 2h






































































































































Lnp In in D t I Dnt
5
ions In

4

Nz
gives e

gluons n p t
p

io sign rip
bit more work

Ling Ln n D Dna vi Dm too for particle us antipar
see EFTx

t gauge fixing ghosts

If we drop n Aus these are OCD Lagrangian s

Higherorderse Eg L Eun i BI I 0 E EnI 32 a 2 25

Eg L Iwa 9931 Gus t h c

7 2 73 25

Inu

Reparometeritonnu RPI freedom to choose n r

g p
satisfying n rt 2 0 n T 2

in Ft EL
TO non just as

good
Fr µ nm

auxiliary n 2 n t s
physical nd

RPI n tin Numerator n's ten's
rt I

V Denominator n's He 55

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

o
o

Yscete Lo's t Li Lig t Looser
for a

extra term forstwo
Just sum over distinct collinear directions
full
c API equivalence classes only factorization violator
MGus Aus Nc Nz 3722 fern more later






































































































































15
RG Evolution Matching

in

UV renormalization compare renormalized CD

to 11 SCET
in SCET

now extract C's later

ete dijets In 85 Xt Eun TI wifi

use Feyn Gouge offshell IR regulator p3f2 O

n finite terms
y P f

o f t.EE EDt
rt
L t Idk not 4Lr

n.ktP1fn.k FAI k2 fly

from.joIf
q

I lEtE EenfF4teo
I
ffdkfot.ch n.pn.kktpYtFn.k n.pn.ktpTk2

naive collinear 0 bin subtraction
integrand

O bin collinear modes in scEt have O bin subtractions
from region km QA to avoid double counting
IR region described by oso ft mode

part of proper multiple expansion

ii arining c ee too

the oaf It






































































































































in sun k 1 k 51 cancel mixed UV IR 16

crossed out above

soon 1 E Eh E too

bare Z C

MJ counter term
2

za 0 1 E E EE io E
o ready Cboe peg za Cou e Ccr

ou 4 Ze C t Za on 4dm C

MI CCM Zi Nda Za C m

anomalous dimension

062 ZI I pedyd Ls Z E Ls follows from

G pots LsbareePEELNZ

r f Za Cfp Ls C 24 I broke
t 4 4

from a brat 2

To 2
11 4 c tufa 6 Cp finite

in

cusp anomalous dimension

when we square the amplitude we get
hard function H I C Q a T

pad H are Tatra H 211 8cglung 6C Hlair
w






































































































































we

tµ
leading table logs PagotonfeeI 17

Ls hr I 2 loop cusp 25k
term

Hla Mi H Q Mo Un Q Mo Mi boundary
condition

frozen
H Q Mo exp Ls hi E too coupling

result

H Q no exp Iz f 2 11 to running
coupling
result

Fiona Sudakov Form Factor no emission until pel
UHYo

f µ Q In rki ScET operator restricts radiation
collinear soft emissions below Mi

Fixedorder

dye
Sudakoupeak

KBacktoLIIetteFeyn Rules

e s Ip i oe in nI
n p PI io p2tio

Top
particle antiparticle

clear o a e

IK and 4
a m

us

I ig Tanzi nm w g fab n r p g
n n b u 42

FeignGauge forPn collinear

1 L n too

soft s have eikonal coupling 2 AM to callin a s






































































































































k 18
Ox

sky s In I.ph pIi
t

I rip n ptt tPEtio T nktiona
p on shell

pre o
eiko

propagate
gifts do not change Pnt 5 Pa neither soft nor

collinear con chorize direction n

n n XO

6µg
2 F Pt for collinears

pig io

nip

Ultrasoft Collinear Factorization

put n Aus into soft Wilson lines

x Pexp ig Ids n Aus xtns

n Dus Yn 0 Ynty I Y Ynt
Field Redefinition 9 x YnCx 316

Aka YnCx Aine Tate
some for
ghost Cn

Wn Ems exp 5 An If Yn Wr int
multipole

Xn Yn Xu oBn ynoB ynt P

In In E fit in busy Tnt YngnAn'Ynt Yn to In

In Ez in 2 tgn.tn t i Oni ibn's Ei

Ln En Ah n Aus Ln An o

game for Lingo so decoupled is yo






































































































































19Reappear in currents

Egd Int Xi In Yntyr P XI
n collin usoft T callin

factorized up to global color spin indocies

egz Enron In Ynt Y l r X cancel here

sums up a class of diagrams
n nt i

n l Ya y

with fitis few n in
woe

qye_it 45w i
n

to buythat a

Matching Not Discussed but see notes at the end

if interested






































































































































Factorization for ete di jets
20

hemisphere jet mosses ma Mb
QCD o E za 8 q Px Lpn o Jotco 1 75 1 Jaco 107

jet

Jn 4 2 4 C In 2 4 477 toca 1 7 1xnxx.is

XuMa2nMb2csQ2ensures X dijet

o No E zit 8 oo Pxn Pxi

PxosJGolYntYnlXusJGXosIYntYnloXniXniXusx1cca7l2soln7XmalXnKXn1Xnlo7xColXnialXnKXnlrxXnlo7xgdMadMb2SCma2_CpxntPxsaYJsCmb2_fpxntPxsTJt0CIeha2

Px2ntQltsMb2Px2ntQlJooooFactoritation
ddqdpug

ooHCQiMSdltdtJCmE
Qet.r

JAE deja Sletten
w w

hard
jet functions soft forfunction

µ Ida MY S

J s Im aSd4x 01 T In o 4 46 lo

stet e Islet Pxsa Slo Px trloltntyn lxskxsltntY.to
k

Non penturbative leading corrections 0
m

from F

soft
scet et on fdktdk see't et let t ti re FCkt K 2811 to

dominate
hadronieat






































































































































21

Hawkin calculate J s r at 1 loop

Sun Logs Is he Maiya with RGE for H J S

to I t L L t 25L t Ls3c6 t LL

t Lk t 2543 t 2,3 5 t NLL

Ls t 2523 t 5344 t t

Narc
t 25L t 2,3 3 t t

t 25L t 2530 t t N3LL
Is t 253L t

know to
2 3 t this order

µ3LL

pined
no I

HCQ.am
Uh

large
pigeon1 6 54

f µ mayorscale
sat e Ms

large logs in Un UT

do HCQ.ru Un pinions sdetde scetie.ms
dma'dm5

Sds JCs Mt 1 Ma alt s pet Ms

4 Sds JCs ort UIC ME Qe s Mt Ms

Url Sudabou Form Factor

Us see Hawk solution has Sudakou table logs too

N'LL t 0 3 predictions 1 level

precision fits for Nz






































































































































see arxiv 8 1601.04695 22
Glauber Exchange

z z

Glowber modes with Pt Pt cc Pt A offshore

potentials instantaneous in Z t

22,112 22,1
n T

a 3 I2 I 1 2 22,2
2322,2 Cain

5 64 s S

1,242 2,2

mediates Forward scattering s t

Forward E rt Pz 5 P n P n Py

match from a CD integrating Glaeser out

Lol fi fI0s t g.fi of 0

2 rapidities 3 rapidities

of In T Xn O iz f 93 I i2n in oBn

similar Ori's

OTB 8M 45 TB 45 0
5 854 if OBIE I i2s its oBs

OF 8t2s PESTS Per Per 951 555 55 9955172

9952155 95 1 nose Efi Jos
BC

Here 45 Santos OBIE b st ios Sn

tildes offsIAB if ABC OBIE
5 adjoint Wilson line

Note has rapidity regulator1k21 multipole expansion
O bin subtractions






































































































































23
Note construction involves using SCET p c theorem

universal for i j q g

no hard coefficient o loop corrections to 2

only pairs of collinear directions in L o

rest are T products
breaks factorisation L Eni Ani Gs As

coupling at 0 7 btwn ni nj ads

encodes known examples of fact violation

Wilson line directions it s ooo

one gluon Feyn Rule of OTB is Lipatov Vertex

7 Amplitude levelgluon regge ization

Ej 5
BFKL equation cross section level

2 56481,0 Sd Kt 84k he SCke 81,0
small resummation

Glauber Loops give it

9 gd
dhlzktl.no U

q RI Chi Kt sickeltio ki Sache tio

effectively
eikonal Ii f I z

it toca

Wilson Line Directions Glauber region

I sign I it Slnah not soft or collinear
n ktio
I sign I it 815 h

i ktio






































































































































Sometimes Glorber contribution must be abso rbed into 24
some

Wilson line directions to establish factorization tombs

some Glauber's must cancel to establish factorization

C Spectator Spectatoreg n
1 no soft or collinear analogs

rt at leading power

dF e Precision Pt spectrum of the Higgs Boson

H
Pt PanMn 241,71

pp 0 1 P fairt Eg then I Parma liked
Jet Piscina pj Mu 2consider

ppl mu f K Q Mrl balancePT sce

divergence in fixed order

µ rpt g
c nu etc belew

Ptdd it Lsi 1 Ci hisPmt singularterms Pramm
all orders in Lsdo IIpt sun large to4N

1095 f p daff
it truncated

transition

g gjq.gg qg
w m

qgg
g

f es es f f countin
Itn Pt fhad 306N

full result Pt II Adair t Pt f Pt






































































































































esurrmation Factorization 26

independentof scales
or gdzbeiftibwfxxs.mn 5 to order Null

too gdx.libSxaXb
M
1 a one isworkingpi

W H MnMn Un MhµB st b MsUs Us b FBMs JB0s Bg Xo J MHMB Us

hard soft Bg Xb T MaNB VB

Bg E d Ig 15MmMrs.ve fi Z Mrs beam
i fns

PDFs
p a

µ U are inv mass
pups b pre MH rapidity scalesMn Bg ups my c H

f

µ Discuss
2 transition

µ µ
Bg

I 1 ptb my

ri p a EY PTpt
Cn y

x

x
distinguish modes by rapidity Y

t X 27 52 fo I
Cr

rip en s CE

can have rapidity divergences

LogR
mtion0rdersolnW

LE4sLYt.E Lsl t Ls al t 25 Lsl

NG NN N3
O

L he Mu needed for all singular L terms at NNCO






































































































































27
Definitions field thy defns on side board

wilsonlines with

f G's on ends

Bgcx.limmmo
P operatory

if T T
coloperatorio t 1151

it'sa

iff Ifonly i 1
Wilson l
Lines

compare to PDF fgttiMgp19

Iglp7Forstodyingnon
perturbatiuePtdefdrffTMDCx.b

n Mn Bg Js 55
dependence from two go bin

rapidity scales

The Ent






































































































































Additional Notes on Matching

1 loop Matching Example Loco t Jr 52 4
t dete dijets

ys LEI CITI Xi
FFeyn Gouge again find cat OKs

I loop rear OCD 1 loop renascET P of y
Must use some IR regulator in Q CD El SCET

Result for C will be independent of IR reg choice

pep

Zx I za I IF 1 I hiya if

off a
s FEEL 34 if

I cancel since cons current
Ewu

i is fi EustczE naiiii
rt

441 zeni ftp t3lnEp biff t 7 5

w w

collinear graphs usoft graph both

441 bicker zei Ias 34 3k t 5

arp Ir divergences agree






































































































































29

acid set fFf li o 34 1 1 8

Clair l t 2slr f k 1

Dick useful for many EFT matching calcolations

use been for I R divergences Yew for UV

tix I 2 Eu a oQtofiztqi.gg a 5
Fur YEIR

ziti 4,11 Iw lean Few as before

4
2 Eau Zoe tiff 31

2 8 1
set C In Eau assume Year match Don't need F FT calc

Result for C Qin is IR finite part of pure din reg QCD
result agrees with earlier p 0 result as expected


