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1I
MotivationMultiscale problems are abundant in physics but difficult
to deal
withEFT

modern tool to achieve scale separation in QFT

reduce multi scale problems to a sequence of
single scale problems

RGES allow for systematic resummation of large
logarithms of scale ratios particularly important
in QCD where running of alphasleftmuright is significant
and alphaslnnleftQ1Q2right can be large if Q1ggQ2leftn12right

Scale separation is the basis of factorization theoreves

crucial for separation of short distance from long
distance physics in QCD sigmaLHCsigma partous otimesPDFS

in strongly interacting theories long distance dots
can be different from short distance dots so scale

separation becomes a necessity quarks gluous us

hadrous electrons vs Cooper pairs etc



2Whyshould you learn about SCET

SCET is the EFT for high energy processes involving

light particles

very powerful but one of the most complicated
EFTS ever developed

originally developed to understand factorization
theorems in B physics c g

BXsgammaBXxloverlinev inclusive decays to light part

BDpiBpipi exclusive nonleptonicdecays

later SCET found many applications outside flavor
physics in particular collider physics dense QCD

matter hadron physics scattering amplitudes
forward scattering small physics generalizedPDFs

collinear factorization breaking DM phenomenology

SYM theory BSM physics

series of annual workshops since 2003



3Importantcomment

The construction of an EFT becomes significantly
more complicated in cases where the large scaleM
remains as a parameter in the EFT characterizing

the large energies of light particles This is precisely
what happens in

SCET.Inthis case as we will see the operators in the

effective Lagrangian are non local on large scales
These non localities are along light like directions

They are a characteristic feature of SCET

conventional EFTs based on Euclidean operator

productexpansion OPE

Deltaxsimnicefrac1Mintegrating out heavy particles

SCET Minkowskian generalizationof the OPE
based on the method of regions Δx lightlike

integrating out large energies



4IConstruction of Soft Collinear Effective

TheoryAlong standing problem in QCD was how to systematically

account for long distance effects including power correc

tions in processes which do not admit a local OPE

OPE provides rigorous framework for an expansion
in powers and logarithms of the largescale for
euclidean processes

processes involving energetic light particles pose new
challenges pmu has some large components but p2approx0

Consider ete 2 jets
gammasqrts highly collimatedjets of

particles largeenergy along

jetaxis small invariantmass
1m2
44ldots4

4m leftharpoondown

m

langlepJ2mu pJ1mu

rhoJ1muleftE1001E12mJ12right

rhoJ2muleftE2001E22mJ22right

intrinsically Minkowskian process

what is there to integrate out

EisimeqsqrtsmJi2lls



5Introducesmall expansion parameter

lambdasimmy_Qll1 QsqrtS

Define two light like reference vectors along jet directions

nmuleft1001right overlinenmuleft1001right
n20 J

overlinen20 ncdotoverlinen2

Decompose 4 vectors in a light come basis spanned by
nmuoverlinenmu and two perpendicular directions

pmuleftncdotprightfracoverlinenmu2leftoverlinencdotprightnmu2pbotmuRightarrowbegincasesncdotpJ1E11E12mJ12simeqmJ12simeqmJ12simlambda2QoverlinencdotpJ1E11E12mJ12simeq2E1simeqsqrts1cdotQpJ1bot0endcases

similarly ncdotpJ2sim1cdotQoverlinencdotpJ2simlambda2QpJ2bot0
Individual partous inside the jets can carry momenta

with the same scaling rules but these can also have

transverse components as long as pbot2mJi2

We6



6thusfind

partons inside jet 1 leftncdotpioverlinencdotpipibotrightsimleftlambda21lambdarightQ
collinear h collinear particles

partons inside jet 2 leftncdotpioverlinencdotpipibotrightsimleft1lambda2lambdarightQ
anti collinear overlinen collinear particles

note pi2leftncdotpirightleftoverlinencdotpirightp1i2simlambda2Q2 both cases

These collinear particles have virtualities much less
than the hard scale Q25 But in virtual diagrams

we can also exchange hard particles with

leftncdotpioverlinencdotpipibotrightsimleft111rightQ
hard particles

PimusimQj i

e.Wecould try to integrate out these hard quantum
fluctuations and construct an EFT built out of
collinear and anti collinear particles However

one finds that this is not the whole

story.Itis instructive at this point to consider a concrete

example the off shell Sudakov formfactor

ctq

leftq2rightggpi2leftmi0rightbeginmatrixp11endmatrix p2



FOneloop calculation

Dropping numerator factors for simplicity one finds

q 2p1cdotp2
beginmatrixp11endmatrix p2 simmu2inintdDkleftk2i0rightleftleftkp1right2i0rightleftleftkp2right2i0right

lnbeginmatrixQ2P12lnP22pi23thetaleftfracPi2Q2rightendmatrix
Sudakov double logfinite for varepsilonrightarrow0

with
Q2q2i0si00 non zero imag part

Pi2Pi2i00 off shell IR regulators

note that Q2leftp2p1right2simeq2p1cdotp2 up to thetaleftlambda2right

termsInthe CMS leftncdotqoverlinencdotqqbotrightleft110rightsqrts
leftncdotp1overlinencdotp1p1botrightsimleftlambda210rightsqrts
leftnp2overlinencdotp2pfrac12rightsimleft1lambda20rightsqrts

hardcollinearanti

collinearWewill now decompose this result into a sum of contri
butions each depending on only a single scale The hard

contribution depending on Q2J arises from hardquantum
fluctuations Contributions from lower scales will later

be associated with modes in the EFT



8Methodof regions Smirnov 1990s

Systematic method for performing Taylor expansions of
Feynman graphs FGamma by decomposing them into regions

sum over setsgammaofsubgraphsFGammasimsum_gammaMgammagammaFGamma
Taylorexpansioninvariables

that are small in gammaPractical procedure

1 determine largeand small scales in the

graph2introduce factorization scalesmui and divide the loop
integrals into regions in which each loop momentum is

related to one of these

scales3perform a Taylor expansion in parameters that are
small in a given

region4after the expansion ignore the factorization scales

and integrate over the entire loop integrationdomain
in each region

For step 4 to be valid it is essential that FGamma is

defined in dimensional regularization

follows fromvanishing of scaleless integrals

intdDk1leftk2righta



gComment
A more rigorous treatment uses the notion of singular
surfaces

loop integrals in dim reg are contour integrals in the

complex momentumplane

non zero contributions result from pinch singularities
where contours cannot be deformed so as to avoid

the poles 15

this happens when some propagators go on shell

happens only when some loop momenta match

external scales

other off shell propagators can be expanded about
the singular surfaces no need for hard cutoffs

graph Ip is then equal to the sum of all singular
subgraphs

see e g Beneke Smirnov 1997


