



































































































































Soft Collinear Effective Theory SCET Iain Stewart 1

Y ITP ESI winter school EFT online course

google EFT mitx online
mail.is tn e.n

at captures essential physics IR d of

eg Hydrogen Atom in NRAM not QED
UV 12

separate scales
EFT ftp.yme

I a Inw detailed dynamics at Uv scales

factorization in SCET QCD

utilleg Me Mb Mc C MW

bAC Fermi EFT

eg large momentum hard scatter

q s P ft SCET

4

8 Pi Pz n E _ne Ez p 10 1,2
na 1 ñ

q ZE Ez ni na ni 0

ZELE 1 EE E big
deflection angle large

q nQhadl
keyprinciples to describe physics at small scale m we

do not need to know dynamics at scales 12 m

Wilson nobel prize 82

Systematically improvable ax L 2 L L t

20 7 72






































































































































2
precision
uncertainty estimates know what we dropped

D operators but only specific subset needed at a given order

exploit symmetry approximate or even emergent

eg chiral symmetry ChPT low energy operator st ritu.ve highenergy

eg heavy quark spin flavor symmetry Heavy Quark Effective Thy

model independent include all operators

1
mar

eg characterize new physics in SMEFT

y 25 L L SM
1,5w z

sum large logs are laser
ᵗʰ

be 145dm o

In 1T using Renormalization Group Equations IRGE
with anomalous dimensions

Ask for EFT what else

include non perturbative effects Qs laed

Ls Q 2s Mp 1

rigorous by considering quantum fields for p Notes

universality in QCD SCET PPF FF 5 of

coffee.co fi d ti
aronsMprotonNacp size laid

t

h
ie

asymptotical am

I
free quarks at short dist

Q M 251M T.tnE250mevAacD






































































































































have to think construction of EFT not always
3

obvious

Examples ChPT

Non Rel QCD SIET I multiple gluon fields

Expt measurements can introduce new scales

need different EFT

T.FIgtrees of freedom what fields

low energy nearly an shell modes

symmetries what interactions operators
Lorentz Gauge Global

power counting what expansions

often expand i mass dimension of operators as in SMEFT or

Fermi EFT but not always not i SIET

Output power counting handles powers 1 Low AMI K 1

renormalization handles logs h w
11Mtpr

Matching Left 2 2 t 2121
Now

LEFT Cilm 0 m
I long dist operators

short disty Wifi coeff non shell

LHI LEFT have same IR physics differ in UV

ilp does not depend on IR scales masses need Eulet

bottom up EFT

don't know o can't directly compute with LHI

LEFTO form Ci Gi complete basis exploit symmetry






































































































































eg SMEFT ChPT e 4

top down EFT

can use LMI to construct LEFT perturbatively

LEFT E.ci a 0

constructable

Calculable Wilson Coeffs

eg SCET Hweak HQET NRQCD

hard Q

t laid PERK Q

ITT EFT for soft collinear IR physics in
hard collisions in QCD short review 2212 11107 ps 223

jets energetic hadrons soft partons hadrons

collider physics EFT also needed for heavy particle decays

eg ere 2 jets e p e DIS PP3 tIjettx
e p t e x SIDIS

B TT a many many more

pp 5 4 1 00

jet substructure NGLS Regge HighEnergy limit HeavyIon

electroweaklogs DM cross sections gravity

Concepts Factorization Wilson Lines Sudakov double logs

d of An As divergences Yes
Power Corrections Non Pert Effects

Reproduce collinear soft IR singularities






































































































































deaf e e zjets mktg 02 82
5

Jet
collimated radiation

EIEE.fr in direction a

Eset w Q

Let no i n direction pr If age
Pa

ñ 11 ñ aux

n ñ o n 5 2 p t.pr.pt

fgG
ss pm rip P oF p Q

2 massless L p t.pe 11 Pit n pin

i 1,2

T.pe Q Pit CC Q
say Pid IQ

large collimated
ACC1powercounting

on shelln.Pi 7 Q dimensionless

k massless same

i n collinear PM a 1 2 i j
n

fields quark In

gluon An

It 1k oct 1 Etihad 7 load

amnesty 22g
Pt race






































































































































6
2s

ni ni Tri And

IKE
WAI naire ene Ant

a b hemisphere
CM from back to back b a

nun oniffont E
ñz n

2 5
en An Pn at T I I e's p
Er An Pa 1 72 7

SOFT ps Q X 7 homogeneous

soft soft soft

soft hard hard

collinear hard hard

n collinear nz collinear hard hard interaction produces jets

1 suppressedcollinear soft

spin Patps 2pm ps w̅ Pn nips t o co Q yd
7 72

Value of depends on what we measure

eg1 Mass in large enough region a Ma Eap
mass of R jet hemisphere mass

demand Ma Q a Q collimated jet has Es MJ

n Collinear n collinear Pn Pn 2 Pn Pn Q 7






































































































































7
collinear soft Pn Ps Q 2

α 2 to contribute ultrasoft

eg2 Thrust 1 T KI T 1 15 cc 1
2 2 2

eg3 Transverse Momenta broadening Be With K Q
7

Σ collinear

soft α soft

2 SCET simpler and can derive SCETI fromSCETI

2 1 SCETI

3 Je hemisphere Maj K Q 2 jets not 2 jets

or T C 1

YEN
1 503 p P 2p P3 Q forbidden

PIFicture etc 2jets a ftp.nCM frame virtual too

SCETI P modes not classified
2 2 by p alone

Cn
Q rapidity e 27_If

oi modes cover

regions of
Q7 momentum

Ég pT space extend
into IR






































































































































8
SCET 2 1

IP power counting requires
multiple fields for

a of Lr same particle
a map say of

Q7 Q 7 modes is important
boost invariant unlike

If nap absolute scaling

modes communicate through momenta with common scaling

Study SCETI come back to SCET

Field Power Counting use free kinetic term

In propagator p n p r p PI
72 20 175 same size

II Ifi n.ptTsigncnst
so ten Eto lo

ffg.eea 7
not the same as

32 mass dimension so

Implies A En 0 since x m 0 p.c operator dim

In 7,1 4 for spin Un IT Ulp

Trotop Uns In 12 Top

good fermion components enhanced for high energy quark productio






































































































































9
iii dipUt P IEP 7 15

Drac Rep of

Dixon hepph 9601359

1

etc similar for U Ipl Nt Cpl V_ p

An same propagator as QCD incl gauge fixing

PM 72,1 7 i2n Art idk idn 9An

makes sense for each comp

i.CI Ft a1,7 any gauge

could derive from prop

soft Ps 72 2 2 SCET

Structure of SCET L

dynamics of
SEAtering IR fields

LSET Lhard Layn
Lui's E Iii Lay L'd E Lagi

in
Tbleading

yearling Tbleading leading Glauber has

one n s
potential fact

22 collinear or violating terms

n s interacting I us
more later on






































































































































Collinear Wilson Lines 10

5 An v70 no suppression for building operators

6 P
72

1
n interaction

4 march
from

La
not n

i'assive etc

p

kf
tf cp ht.fm zp.k igfigsIi

Putin 11 1
trainer

ist E up

I a End

expand lct since A
f 17

I Ta up Ptm nip e mÉ
K 0.17

pyÉ
le ki m 2p.k k

universal n.pt kton

independent of p M o

n

keep going

Fitt fte kind




















































































































Gives Wilson line 11

Wn 9 Σ

m.ci iiii i51 1m

positie space

Wn y _o Pexp ig ds ñ An saty Yy
ii Dn Wn 0 Wntwn 1 to

Wn SCET operator En Wn TX

xn̅ generic

Building Blocks for SCET operators

quark Xnewtgopn.ie
untidiwn gitanwtE.EEhthfisonline9100

aW ñ Ann
vanishes if AN KM g inv

Xn Bnt Pa suffice to build any higher power
collinear operator

e a.m trade is.tn Wn

Iically the color source 4 looks like a Wilson line to

the fast moving n collinear particles

n collinear gauge inv Xn WrtUt Unfen
opens

nonshell 4 can't transform since doing so puts it for offshell

encoded in Wn




















































































































more generally SCET has indep.ge try for each 12

sector n T s
singlet

ñ.AnWn_
fin.sn

W E W in 2n I

Wnt in An Wn in 2n
in building

in Dn Wn in_an Wnt blocks

Hard Collinear Factorization

Ln d E C 0 Xn

cliff
x Saw It

definite largefunctions
momentum w

form constrained by gauge inv

momenton conservation

DIS e p e Inclusive Factorization

full analysis requires more knowledge eg L cover few key parts

see hep ph 0262088

e

4
apr

Float
Ip

Take q 0,0 0 Q n n q Q spacelike

Breit frame where
Bjorken 29 9 cotong is linear




















































































































Proton Pp ME F Pp It 1Ip big ñ Pp 2 13

Tall
61TPx Pp 8 regions ftp It

M
px a 1 mi

man my

1 14
resistance
e p e p

Q2 7 1 small

zhard 7 11 a 1

hard SCET
to

n.ge
Esa.nan

Ifn Q In Xn
7 7

Add arbitrary part O 7 twist
as corrections

p
iÉ.tt alsogloonOg

OBnIoBnipLhardSdwdfC w w a In swtis.in s w in 2n Xn

forward GPI p matrix element fixes w w

o Sdw In Ccw a p In IS w cis an Xn p

momentum of quark in protondimensionless
y

ᵗ H 41m fe p Facs

faHe Each r

PDF

Fair Taco






















































































































all orders in 2s no use of part theory 0 EE 14

correctionsuniversal fq p
H dimensionless as Inka dependence on Q Bjorgeding

Fg p h M encodes a set of twist 2 operators

In position space

faiple 5 1 e
P1bᵗ plEn bt Walbio E 101 p

s.to Igt 1,1
x ̅

fd.ie Iht neauantunnumersmeunderren

Loops can change fgle mixes with fq Also

mix parton types i 8 9

fibre e Sae Zi 9,9 file m

Tpe indep In
I renormalized

m dam file m Sde ri e file m

Tjx splitting functions

with Tis E Sde Ziti e e mL Zigle 9

More Hard Operators Xn Bnsf Pt soft fields

If hard region is purely virtual then match at Amplitude
level Else match for o eg DIS

eg etc dijets TKI

Effie
us only nin.us radiation in

final state since 5s a
10 had radiation Armed






































































































































15

ie Iiit
gg H O jets OBI BINH Yea Ampl

DIS DY ind H xn̅Is w in 2 Xn o Ampl
etc

pp H 1 jet remove top
n
uneaten Ampl

u how many
operators

no daimas bychargeconj spintheticity
7

H OB OB if maras

Tammy
4 2 inter coeft

due to parity

4H BII x ̅ To Xi Tait 2 inter ff

Helicity basis natural in SCET since we have direction to use

MBI Ef min Bonta EI 0,1 o

Jrin EI Mina In Fte 1 a

fan man um

Wilson Coeff
fixed by iIge conjParity

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




















































































































eg Diet Yan Higgs factorization pp pity X 16

Q2 mm nais in pictures Jeff
y Fip Ea a filp 46 a His E Q M

e of I
Fact Scale
Ren Scale for PDF adig portenic

a 1 1 Xb 0 dadt removing IR

a Xa at tree level

Ya Xa due to gluon radiation two scales Q had

hard collinear
NQCD Ya Ya n i

T.EE fake the
ñ

finalstate
p m p m

fi f f f

j
CEuitding

4k i.IS kkn.a
fields

mom t
for

is filral f 2b

more subtle 26 cancels

softscaniel.mn






































































































































Lagrangiand Ls Lay Lhold 1

Lay Ln Lp 25 26

Ifrizbletultrasaft denote with s

Ls Lap 8s As Ts IDs 4s GsfGsm gauge fixing
73 72 73 74 74 d4x 7 8

an 2 e an.in ai

Ln 7 dyx 7 4

apr they
abu

In I in D ibna ions En Egat
i Dm D

gaugefixing

L In with n ñ

comments
nip II resist pitta

multipole expanded a kus a ñ kn kust a kt

14 77 7114 Taa

Loan xi̅D4 In in.DE In in den E idea Tibet

e am Stgyn Yn it ie ten

plug in to get Ln quark term above

int out exactly Useful because hard e produce In




















































































































RPI

t.FIi immn E
ñA

ñ ñtfy no sustged

fora
Dan

m 1auxiliary physical
n k n

ñ IT
Numerator n's ñ's

Denominator n's ñ's

Each collinear sector has its own RPI symmetry

In only couples to n As eikonal more soon

RG Evolution Matching

Tcomparerenormalized CDS

matrixuTrenormalization.inSCET now
to 11 SCET S matri

extract C's later

a.IT EI caee thwoer
EnWn 21 WitEr

use Feyn Gauge offshell IR regulator p p 0

apt
In ffinite

terms

us E e E Tiara
ñ

F STIFE.IECF Iztn.p n p Q
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19

fortieth E E Zeff cara

in tfttkff.net e FEEnTi
naive collinear o bin subtraction
integrand stateless

O bin collinear modes in SCET have 0 bin subtractions

from region RM QM to avoid double counting
IR region described by u soft mode

part of proper multipole expansion

from

winners
E E Eff

e car

II of Effect carn

in sum InfPI left cancel mixed uv IR

crossed out above

sum 4 E Em turn

bare Zc C MS counter term

za F E E 1
i

Earn

refchore ME Zc Mie m

m4amZc C Zc m pC






































































































































Mfm Ctrl ZE peda Zc C p
20

r

E p ᵗ2s1MZ0121 ZE 1 pedants ZE 2s
implies thisO poss

r mZc Eta 24 Zener

Ets from a dammit 2

To Fff 4 of enfg 6 CF finite
in

cusp anomalous dimension
form at

cusp as In ftp 8M 2s
all orders
in αs

when we square the amplitude we get
hard function H Ic Q p

made H a p Jette H scruff 66 H QM
w

leadingdhelogst part
of NLL

ÉiñÉsp 25ktʰ
term

HIQ Mil H QMo Un Q No Mi boundiftion

HCQ.NO exp ask E too a Etting
result

H Q Mo exp Eg f a running
coupling
result






































































































































21

Fire retention
TIEnot

missa

Inr Xa SCET operator restricts radiation
collinear soft emissions only below pet

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

In C wipe 2s en 2s en 25h t e

LC NLL NNLL

What do we need to compute
tree level 1 loop 2 loop 3 loop

LL matching Yes

NLL matching Ye Ye cusp
anomNNLL matching YE YE

of dim

1 loop Matching Example
Last Jr 52 4

etc dijets LIE Lng's CX8IX
Feyn Gauge again find C at 012

1 loop ren QCD 1 loop ren SCET loop OÉÉt

ME In some IR regulator in QCD SCET p p 0

QCD

me zen 3en 25 if
Eun In cancel

sincecons.co I






































































































































QCD SCET F h 1 o
342 12 1 8

matching
Claim 1 25 1

k

no dependence on IR regulator

indep of IR choices regulator states

Ultrasoft Collinear Factorization

put n Aus into us

wilsonlinesYnCxPexp igf dsn Aus x ns

n Dus Yn 0 yntyn 1 YnYnt

Field Redefinition E x Yn x x

An Yn x Annex Yate Este
Wn Erm exp Int A

Egan
in went

Also Xn Yn Xn oBnd YnBnsYnt

Ln É ytin.dusyntyntlyngn.an.int Ynto En

In Is in 2 gn.tn i Dnt Epini
Ln'É En An n Aus Ln en an o

same for

Lng
so decoupled Lc






































































































































23
Reappear in currents

eg x ̅ rx In inter P XE
n collin usoft T collin

factorized up to global color spin indicies

Sums up a class of diagrams
n

a
n

FEET m.EEee
Eden Neo wEE her it

twee
ete dijets
SCETI n collinear ñ collinear

IIiiff
Ith t

soft
Go soft etc CM frame

etc 8 orZ XnXñ Xs
q tosimplicity all orders in 2s

expand 74 1

measure thrust good up to 0 72

ma 5 a 1 Ma b w QT

2 Jets ML Px Ea Pim K Q Hemisphere
invariant masses

m Eg Pi SC Q2
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STThard scale pen Q 55

jet ms QT

n collinear Q 22,112 au Mgt JT
ñ collinear Q 1,72 7

soft radiation uniform eikonal jets communicate

Put a Qa M b on QT

QT Aacd soft perturbative

Mh MJ Ms Nacd tail region

µs QT Perturbative 0 fN constant

QT whacs non perturbative softff
Mh MJ 77 Ms Aacd peak region

Perturbative QCD 1 any K

nf Aacdfunction

current JM IT MY Sawdo two EW wP YntYñ Wnt a w̅

ME after field
redefinitio

Yilliatics
are Px Px PIs a EE
ñ q Q ñ Pyn w a

momentumconservation
strongenough that no

n q Q n Pn t

gym
w̅ a convolutions in w w̅

Factorize the Cross Section

Lete
8

QCD o Σ 2H s q Px Lpo o Jutco x 5 10 107

EE restrict to dijet states SCET allows us to mou

restrictions into operators






































































































































25

1 7 Xn Xn Xus L Lnt La Lus
so Hilbert space factorizes

0 No Ey yg 84 8 Px Px Pxus ColYntYa Xus us Yatyn o

Cla 401 Xna Xn Xn x ̅ 07
Col Ina 1 aXX Xñ o

insert 1
measurement gdtgdmad.ms s t Ma s S Ma Pxn Pxs
we want

S Mb Pxñ Px's

Jan 8 T Lex E Pxs

Factorizemeasurement Simplify

dog to clay fdktdetdk de.SK ktet F

Sd x e to Go In Xnia x Xn Xn Into lo

fdtye.tt 2tr5olXaaly lXa74xal ncXaco 07

8 eᵗ Pxs ᵗ S e Px trolyntyalxskxslyatyn.to

0oQHCQ m SdkdlS t k J Qk p St I m

where Jt s Sds J s s J s

St e She s e e e

00 Q Hla µ Sde Jr Qt Ql m Stle m

soft function encodes both I QT and In Aacd

iiEatiotheoemforhemispheemasses






































































































































BaresRenormalized H Q 2h Hlaim
26

J m Z J M m

she Zs leg S like for PDFexample

H a e de J mF aé e Sfe e bare

H Q M de J ma Qe m Sfl m renormalized

The functions H J S
have 2s expansions
without large logs

attedft different
scale µ

p M MJ MJKeeney
panMike Ms Mila

RGE Coefficient consistency conditions

relates 74 s s
anomalous dimensions

Mh a
large logs all in evolution factors
Um Us Us

it my can pick any pe

Ms 1 integralSudakou Form Factor

Em H QMu Un Q mum Jn mF s ms É.us s Ql MsM

sale 1 ms Us aims m

pick p pls Us l MsMs steel only need Us Um






































































































































Soft Fn OPE Sfe m S de s e e m F e
27

I
whacs effects

power law terms
experiential

I fitter
AQID C l expansion

stce 5 e 1 511 21 to

wrisonTF.to
power correction

dkFCK 1 FRRF K

uh Col Y Yn É Yn Yf o need

hadronization parameter universal alross dijet event shapes

once properly accounting for hadron mass equivalence

classes

I
a Pn

Jyq g

g a qq.gg yiggggg
match he on

her Ca






































































































































Constructing SCETI operators using SCETI
28

1 Match QCD SCETI hen hot soft

2 Factorize field redefinition

3 Match SCETI SCET Cn Ca soft

foam ee nn

JYcet In Sts r Xa

Soft Wilson lines

can also be obtainedby matching QCD SCET but more

with 22 SCETI operators having us off collinear fiel

can get ftp.dktJCPjht Cn p s kt J h.cn match

Lsci Isoft LÉ L n 25 some

already decoupled SCETI SCET

SIETI also has 0 bi subt
hard

no modes distinguished by rapidity

e If
7
2
7 72

on s ca

And can have rapidity divergence not regulated by
CD regulates
R2 offshellness

SEE RCk 3,0
p _qq.aygpg.gg ftp.fsalgelike






































































































































29

Glauber Exchange L see arxiv 1601.04695

offshell nodes with Ptp Cc PI 72

mediates forward scattering 5 7 t

small phenomena Regge BFRL o

violates factorization in Hard Scattering unless it cancel

out

Match from QCD integrating Glauber out

26 E.gg
05m

E E ggn
of 0nF

2 rapidities 3 rapidities

n j 73747asana a

ates
no

s

Les lipator etc
ñ

2 potentials instantaneous in Z t like
Coulomb

0
B x ̅ TB Xn 0 I fB opsin I ian it oBn

similar 0
B EB

058 8 nB
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OF 812s P1 515 a Pam 71m 9551555 5189551 Pam

9581559 Bs need Stig 655
BC

ops AB if ABC OBSI

Note universal for i j q g

no hard coefficient loop corrections for LG

1 or 2 collinear directions in 260
others are T products
breaks factorication L Eni Ani 8s As

couples ninis modes at 0 70

encodes known examples of fact violation

Wilson line directions it's 00

collapse fff Effie it

needs rapidity regulator
Pure unitarity cut result

0

0 can't collapse to equal t z

collapse Shockwave picture
for highenergy scattering






































































































































31

Σ f e Σ e.io bt 1

6 cancels in ete dijets Drell Yan ooo

due to ei collapse inclusive unitarity

Lo determines Wilson line directions w a y

reabsorbed into collinear soft W x 00

which matter in some processes

eg SIDIS us Dell You for fxo̅

Epples 20 gives dominant contributions

L'd important for small resummation

eft
IS It who_ at'k 5m18 ka Rs

In

02 Sm
JBFRL 5ᵗʰ 02g C

rapidity RGE IS BFKL equation

small resummation

LÉ describes diffractive scattering my Friday talk






































































































































Lo can be used to study fact violation
32

Ésmprouides powerful framework for analyzing
hard scattering o

Factorization
universal non pert functions

universal perturbative function

Resummation large logs via RGE

both µ inv mass 0 rapidity

Manifest Power Counting 4 7

2101 L 72

can also handle multi scale problems
QD QF QT AAD

can study power corrections same method

Provides universal description of factoritatio

violation in hard scattering Ld

Interestingly the same LG mediates phenomena

in Forward scattering kinematics SSS t small

Fun mathematical structure Wn Yn

Multi IR Mode EFT prototype for
other

EFTS with more complicated kinematics
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