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Observation: SCET is complicated.
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Observation: SCET is complicated.

The Feynman rules are complicated:
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+ higher orders - mixing between different modes

(Bauer, Pirjol, Fleming, Stewart, Phys.Rev. D63 (2001) 114020 )
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Observation: SCET is complicated.

The low-energy degrees of freedom are complicated:

¢ the relevant degrees of freedom (soft/ultrasoft/collinear/soft-collinear/
hard-collinear/etc.) depend on the process being calculated

e definition of the degrees of freedom is frame-dependent:

ps ~ QA% X%, X)) pe ~ Q(1,A%,X) only holds in the COM
frame, which may have no physical relevance to the problem
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Observation: SCET is complicated.
The power counting is complicated:

e the power counting parameter A simultaneously counts powers of
multiple ratios of scales

e )\ scaling doesn’t necessary correspond to the renormalization scale
ex: SCET, analysis of event shapes:
ps ~ QA
e ~ QAT

)\N’r;/2

only matches A scaling for thrust (a=0)

(Hornig, Lee and Ovanesyan, JHEP 0905 (2009) 122)
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thanAnecessary
Observation: SCET is complicated.
more
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thanAnecessary
Observation: SCET is complicated.
more

Collinear gluon emission:

D1
. aE n® ’ij_]bll (]élJ— + qJ—)’YJa_ (]le_ + ﬁL)IblL 7O ﬁ
! ot £n,p1(/€1)< " n-pi " n-(p1+q) +ﬁ'p1ﬁ'(p1+61) )2

) n-(p1+q) o e -
§ (57@ (k1 +k3)n-(p1+q) + (p1L + %)2) [z (R2)éng o hs)

D2

SCET amplitude
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QCD amplitude (with modified Dirac structure)
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thanAnecessary
Observation: SCET is complicated.
more

Results of SCET are independent of the frame

ex: DIS (A.V. Manohar, Phys. Rev. D68 (2003) 114019)
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Individual graphs differ, but final result it the same in both frames.

But this is not manifest in the Lagrangian
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Four-fermi theory wasn’t like this!

L= LQCD+ZC<O> )OS (1 QZC“) ()0 (1) +

EFT mantra: “match and run ... match and match —— ()
run ...”
run

EFT below 1 contains all DOF below that match —— [i1
scale. run |

match T 9%,
Everything else (power counting, summing run :
logs, factorization, power corrections ...) !
then just falls out. match —— HUn

Advantage: You don’t have to think very hard to do this.
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Two questions:

(1) CAN we think about SCET as a

(2)

“traditional” EFT?

s it USEFUL?

match —
run

match —

run l
match .
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match —
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SCET vs. “Traditional” EFT (4-fermi theory, HQET, etc.)

Degrees of Freedom

TrEFT

All DOF below cutoff included,
manifestly same as in QCD, and
Independent of process - just
depend on cutoff

SCET

DOF below cutoff separated into modes,
not manifestly equivalent to QCD (collinear
modes are 2-component spinors, ultrasoft
are 4-component spinor). Degrees of
freedom are process-dependent.
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SCET vs. “Traditional” EFT (4-fermi theory, HQET, etc.)

Power Counting

TrEFT SCET

Dimensional analysis - counts inverse  A-scaling - measures several ratios of
powers of the cutoff. scales simultaneously, required to
define modes
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SCET vs. “Traditional” EFT (4-fermi theory, HQET, etc.)

Factorization

TrEFT SCET

Factorization into Wilson coefficients ~ Wilson coefficients factorize hard

(short distance) and matrix elements ~ Physics from the rest; soft and collinear
(long distance) occurs automatically ~ factorization is a dynamical result and
at each matching scale manifest in the Lagrangian
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SCET vs. “Traditional” EFT (4-fermi theory, HQET, etc.)

Inclusive Rates

TrEFT SCET
Perform an OPE (formally in deep Square matrix element, Fierz into
Euclidean), integrate out DOF above  factorizable form, renormalize each factor
cutoff, keep running down at appropriate scale (N0 expansion or

integrating out degrees of freedom)

(also early SCET papers) 14 SCET 2018



SCET vs. “Traditional” EFT (4-fermi theory, HQET, etc.)

Multiple IR Scales

TrEFT SCET

Additional hierarchies in infrared Hierarchy of infrared scales present in

scales implemented in subsequent definition of the theory (SCET,, SCET;,,
matching - no power counting in the etc.), at matching scale
iINnfrared

“Sufficient unto the day is the
evil thereof.” (Matthew 6:34, as
quoted by H. Georgi)
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Multiple IR scales: HQET for exclusive B — D/v, decay

In the EFT between 1y, and m, both m,./my,
and AQCD / my effects have the same power

counting, even though m. > AqQcp 1 my

This is necessary if you want to get the logs right:

m, pwn  effects both come from 4+ Mg
me and ——  Operators of same dimension and
" mix under renormalization
-+ Aqep

Below (& = m., ¢ quark integrated out, m../m,
operators become fixed corrections to LO results,
D* /my, operators continue to run and give Agcp /mep

corrections o
(Falk and Grinstein, Phys.Lett. B247 (1990) 406-411)
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Multiple IR scales: SCET with a massive gauge boson

SCET) (collinear, mass [soft] modes) e

79

1“Aqep
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Multiple IR scales: SCET with a massive gauge boson

Mg is irrelevant - SCET, (collinear, ultrasoft e
modes)

but why should the EFT at Q know anything
about when QCD gets strong?

(similar issues in NRQCD if mv > Agcp > mv”)
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The main point of this talk ... SCET is complicated because
't separates the IR degrees of freedom into modes at the
matching scale Q - power counting in the IR

Taking a more traditional EFT approach (match and run,

don’t power count IR physics) gives a simpler, and more
general, framework
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Let’s start with something really simple ... Deep Inelastic

Scattering (Manohar; Neubert, Becher and Pecjak, ...)
Q? = —¢° q\ match —— ()
p_}: , , run
X pr ~Q°(1—1x)
match —— 1l —=x
pI/ (OPE) Q\/
2 2
Pr ~ AQCD run
2 2 2
Qe >pr>0p '
F 1 vl A QCD
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Q>p>QV1i—u
The physical picture is the same as in standard SCET:

e particles in final state interact with one another as usual
(QCD) - no 1/Q expansion for interactions within final state

e particles in initial state are highly boosted w.r.t. final state
particles - lie above cutoff - integrated out of EFT for final
state, replaced by light-like Wilson line - the 1/Q expansion
exists here

e the same story applies to Iinitial state, so the theory consists

of two decoupled sectors, each interacting via usual QCD
Interactions, coupled via Wilson lines in the external current
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Q> u> Q\/ 1 — o : The effective Lagrangian is very simple

Leg = Locpn+ Locpan + T

X—UR X >
" L11]
“n sector”: final state “n sector”: initial state
described by QCD described by QCD
separate gauge groups - sectors don’t directly interact
X > sectors couple via Wilson lines in
(RN the external current
T =70 4 ij(l) 4+ ... the1/Q expansion
@, lives here
U T = Cs(1)Oa ()
S

OS(M) — Wan] Pry" Py [W}i%}

(ML and S. Freedman, Phys.Rev. D85 (2012) 014003) (with soft2B8odes) SCET 2018



Matching and Power Counting:

it’s convenient to define the boost-invariant expansion
parameters

pz’Q,L pién <<1 for initial state particle
PfL  Pf- 1 for final stat ticl
or Tinal state particles
0 0 <<
.n _ q-n
where 1" = ! nt = 1
q-n q-n

23
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Matching and Power Counting:

then we can expand the tree-level QCD matrix element in powers of 1/Q:

(p2 £ [JH|p1%) = (feiwpﬁi \g iwpffiluoz (7" +n") + .. ) X > b2 =
This is reproduced in the EFT by pl/
1
_ T L o~(1L) (1L1)
J = Co(1)O3 (1) + QC ()O3 () + - (using spinor-helicity formalism

| | for convenience)
subleading currents have the same Wilson

line structure as leading order current, with
additional fields/derivatives either at the
origin or along one of the Wilson lines

O§) = —p° (Xn%fﬁv Xn> + 05 (Xw“?vém)

Xir () = Wi (2) Pr Py ()
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Matching and Power Counting:
We can similarly expand the QCD 1-gluon amplitude:

P2 —
i‘ffm
pl/' /' 600600t 0 kL —

(pat; k £ |J#|py£) = —v/2Tag VP2 (v2etior Y ey
\/pl 77 VP2 "7

()éla)
QI LN

05" (@) = X (z) B2 v

> % Vo 57 X ()
(RGE: Goerke and Inglis-Whalen, arxiv:1711.09147)
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http://arxiv.org/abs/arXiv:1711.09147

This isn’t (usual) SCET .. (3CET?)

e Sectors defined by cutoff in invariant mass, NOT scaling.
“sector’ “mode” (each sector contains all modes below cutoff,
sectors lie above each other’s cutoff)

* no expansion in the individual sectors, just in J
e No \'s: Expansion parameter is manifestly 1/Q.

e No explicit soft or ultrasoft degrees of freedom - no multipole
expansion/label momenta/soft expansion

e Manifestly boost invariant: n — an, n — a 1in

e No distinction at this stage between SCET,, SCET), etc. - as long
as your external states satisty

p; < Q% p; < Q°, pi-pr~Q°
this is the right EFT 26 SCET 2018



But it’s not obvious It makes sense:

In SCET, ultrasoft and collinear modes were originally introduced to
allow the theory to be consistently renormalized

2 2. pip]
ultrasoft: 3—86’17 — ——1In P2 ]291 ] ,
T € € _
2 92 2 2 b = 2|2 222 p;plﬁl
n-collinear: —2C rl———-+—-In —P : 4m | €@ € ¢ Pips
4 e € € : 9
, Qs 2 3 21 L ]
. 2 2 2 - = . Orlmm oo n——x|,
n-collinear: a—C’F R A : am e € € pypj
4 e € € U’ 2
s 2 3 21 [ ]
s 1 o F T2 e ¢ 2|
wavefunction: Z—C’F —] : 4m e € €
T €

iINdividual modes have IR

. . counterterm is not IR sensitive
sensitive UV divergences

but this theory behaves at one loop just like standard SCET with
only collinear modes - how to sensibly renormalize?
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Double counting:

There are too many low energy degrees of freedom!

66606 L

There is nothing to stop partons from going into the “wrong sector” - Oz
can emit n-sector gluons into final state - double counting!

This is permitted in the EFT as long as the partons’ momenta are

below the cutoff of BOTH theories (ultrasoft gluons fall into this
category)

These effects must be subtracted, both from tree level probabilities (not
amplitudes) and loops - “overlap subtraction”

28 SCET 2018



Overlap subtraction - tree level:

T D N gluon

expand in n-sector limit:

}2 ’ ;3 ; “overlap” gluon

need to subtract overlap contribution from phase space integrals
(matching probabilities, not just amplitudes)
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Overlap subtraction - loop level

n loop n loop overlap loop
266’7E€ d € dZ
e (47)2- 2l (/ m_Qel—Z) 6— —/ _26 Q2z+m) )?

— ) (+ wave function)

Cra, | 2 S—QIOgQ mz 2 m2 m2 - 9-
_ + i — log” ——|—2logQ—log——310g——i+—
41 € € (> (2 (2 (2 6 2

gluon mass regulator
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Overlap subtraction - loop level

n loop n loop overlap loop

Overlap subtraction is required to make loop integrals well-defined

(This works exactly the same way as n+n-soft in standard SCET)

(Chiu et. al., Phys.Rev. D79 (2009) 053007, Idilbi and Mehen, Phys. Rev. D76 (2007) 094015, Lee and
Sterman, Phys. Rev. D75 (2007) 014022) )
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This is reminiscent of O-bin subtraction. Like O-bin subtraction, it is
formally equivalent to dividing matrix elements by the VEV of Wilson
ines:
_ p2(n)|O2|p1(n
(2 ()] Oslp1 (1) yseactea = LN O21P1R)

i Tr(0|Y,, Y 7|0)

This includes T products (phase space integrals):

(pn|TO(2)02(0)|p,

LT (0|TY | () Yo (2) Vil (0)Y2,(0)|0)

<pn ‘TO; (CC)OQ (O) ‘pn>subtra0ted —

Like O-bin, this is a “prescription”, but uniquely determined by
matching conditions
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This defines the EFT at Q - similar for any 2-jet/sector process (DIS,
event shapes, massive Sudakov form factor, etc.)

Run down to the next matching scale, which depends on the process:

match onto
ps ——0eo————— PDF

match onto
thrust —————9p  SsOft function

match onto
Massive Sudakov FF ——»  free theory

which can then be used to sum logs over lower scales (if any)

This is where the process dependence/SCET, vs SCET) etc.
distinctions come In.
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1~ Qv'1—z : OPE and match onto PDF

The process dependence arises here - match onto PDF for DIS,
measurement function for event shapes, etc. in the usual way

q\
p 0\0“0666 0\0\6666
(a) (b) (c)

expand in
O © powers of
e 6@ ;i/ 6@ _ A
o566 T56s " Pil QCD

(9) ~Y
prl QV1—x
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1~ Qv1—x : OPE and match onto PDF

The process dependence arises here - match onto PDF for DIS,
measurement function for event shapes, etc. in the usual way

e “anti-collinear” DOF’s don’t have to be subtracted by hand - spurious
DOF’s cancelled by overlap

® “jet function” is not something directly calculated, but a matching
condition. PDF = matrix element in low energy theory (as usual)

e recover the usual factorization formula

T =HP"Cs®o+ ...
/ VN

matching matching NP matrix
onto SCET onto PDF element
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So it works for DIS. What next?

e Rapidity logs - related to scheme dependence in overlap subtraction
(in progress - massive Sudakov form factor)

e Other simple processes (in progress):
e B — X,v-heavyand n sectors
e subleading corrections to event shapes
e multijet sectors - simple extension

e gpplications to processes with more complex factorization/more
iInfrared scales
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Conclusions

e SCET is less complicated than it appears

e it's useful to write SCET as a theory of decoupled QCD
sectors coupled via Wilson lines - no mode decomposition,
Mmultipole expansion, label vs residual momenta: interactions
within a sector are manifestly QCD, interactions between
sectors are mediated by Wilson lines, power corrections are
much simpler to write down, theory is manifestly boost
Invariant

e need an overlap subtraction prescription to remove double
counting - also fixes problem with IR dependent UV
counterterms

e works for DIS - whether this makes more complex, multiscale
problems more tractable remains to be seen
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