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Soft-Collinear EFT (SCET)

SCET is an EFT for hard QCD process which contains collinear and soft particles
Bauer, Pirjol, Stewart, Fleming, Luke
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Panorama view of SCET
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Top down v.s. bottom up EFT

0 QCD
integrated out
“hard modes”
AQ
A Q
Hacn SCET

Lagrangian consists of non-local
operators build out from collinear
and soft fields

Add higher dim.
iIntegrated out composite

“heavy particle” operators

EW the Standard Model

Lagrangian consists of local
composite operator, ordered by
dim, restricted by symmetry




SCET modes

dijet production In e+e-
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jet
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SCET modes

Lightcone decomposition
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n, plT

n-collinear
jet

hard mode:

coll. mode:

anti-coll. mode:

soft mode:

ultra-soft mode:

v

n-collinear
jet

p, = (Q,Q,Q)

Pt =Q(N\,1,\)
Pt = Q(1, A%, \)
P = QAN

relevant for jet broadening

pto = Q(N*, N2, \?) relevant for jet mass



From QCD fields to SCET fields

For illustration, consider decomposing full quark field into collinear and usoft quark field

() = Ye(w) + s ()

4

%(f):PJr%ﬂLP—%:fﬂL??

Projection operator: P, = p 4% , P = p 472
P =Py, P? =P_, P.+P_=1

Note that: nE =0, fin =0



Fermion propagator:

(0T [£(2)£(0)] 0) = 7%%(0|T (he(2)he (0)] 0y P
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This completely determine the scaling of different component

§(x) ~ A

I;I> n(z) ~ \°

() ~ N3/2
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Summary of field power counting

Type (p*,p~,p") Fields Field Scaling
collinear (A%, 1, ) Enp A
(A7 pr An s Anp) (A%, 1, )
soft (A, A, A) Qs 2\3/2
Al A
(A%, A%, A%) Qus A7
Ab A2
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n can be completely integrated out suing EOM

=

Collinear Lagrangian

subleading power or factor out
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Hard-collinear factorization

n P

n-A, is O(AY). Can add any number of collinear gluon

o (RHmMTAm)...(RH1TAL)
= 9 perms [f-q1][7-(q1+g2) ][220 gil

—a)k n-A, .-n- A,
{anz Z ( kg!) ( (q1) (q/c)k ) mom. space
k

perm [ﬁ’ ' ql][ﬁ’ ' (Q1 T q2)] S [ﬁ ) Zz’:l Q'i]
Sum into collinear Wilson line: l

W(0,—o00) = Pexp (z’g /_(lo dsn - An(ﬁ8)> pOSitiOn Space

) [
Collinear building block: y, = W'e, 7 =&w, B! = g[WJzDiWn]
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(U)Soft-collinear factorization

Multi-pole expansion of collinear lagraigian: eikonal Feynman rule:

_ RO R I Tyt - D
£C:€ _-_I_gn.An_I_ZEJ_Z.n‘DCZ@J__ §€ %T/{ n-k-ie g“ —n-k-+ie

(u)soft-collinear interaction remove by BPS field redefinition

§E Y60 A Y, AVYT

0
Y,(x) = Pexp (29/ dsn - Ays(x + ns)) n-DysY, =0, Y,,]JLYn =1

— OO

_ | 1 )
Lo L0 =& |n . iD, 4 iDes——ipe, | Pe©
in - D | 2

complete decoupling between collinear and soft sector
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SCET Feynman rules

) NPy ﬁ~p+pi+i0
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- n(p—q) [7“ t np |V n-p’ My + Apap’ M| g

. 2 mB A 1 s ! o
ig«T>T 1L Vo P #L’Y“ 7., PiPL = = | %
, t ) [% T ™ Tap T Tap W T apapr | 2

In reality, collinear sector of SCET can be considered as boosted version
of QCD. Since amplitudes are Lorentz invariant, it is more convenient to
use QCD Feynman rule for calculation
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Factorized SCET Lagrangian

_ § : (p) § : (p) (0) 1
L= Edyn+ Ehard_I_‘CG
p=0 f p /«
Dynamics of infrared Hard Scattering
modes operators

(often only once)

At leading power In expansion parameter,
only need

0 0 0
£O ZO( O

(O) Z E(O) + ‘Cégzt

dyn

hard operator build out from

Glauber “usually™ cancel out, but not Wilson coefficient obtained from matching to full QCD
always! 15



Schematic matching and evolving in SCET

Consider the jets production in hadronic collision

step 1: match from QCD to SCET hard
operators

hard function: H = |C|?

step 2: compute collinear matrix
element; evolving from hard scale to
collinear scale

Beam and jet function: B, , J;

large logs: log(//tH/ U ])

step 3: compute soft matrix element;
evolving from jet scale to soft scale

Soft function: § = \(Y YbY1Y2Y3> ‘2
large logs: log(,uH///tS) lOg(//tJ///iS)

QCD
E
(N D:]
D . 1B }.

Jy
P

step 4: match onto non-perturbative matrix
element: Parton Distribution Functions and
Fragmentation Functions
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log expansion

Fixed-Order
accuracy

power expansion ¢
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Application to Drell-Yan (Higgs) pT distribution
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Importance of pT distribution

— Total uncertainty
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Large logs
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v Is the Fourier conjugate of gT



Counting of logarithmic accuracy

matching (singular) nonsingular o Icusp B PDF

LO LO LO - - 1-loop LO
NLO NLO NLO - - 2-loop NLO
NNLO NNLO NNLO - - 3-loop NNLO
LL LO - ' 1-loop LO
NLL LO - oop 2-loop LO
NNLL NLO : oop 3-loop NLO
NLL'+NLO NLO NLO oop 2-loop NLO
NNLL+NNLO (N)NLO NNLO oop 3-loop NNLO
NNLL'+NNLO NNLO NNLO oop 3-loop NNLO
NSLL+NNLO NNLO NNLO loop 4-loop NNLO
* Y. Li, HXZ, 2016

M.X. Luo, 1.Z. Yang, Y.J. Zhu, HXZ, 2019

NNNLO

Ebert, Mistlberger, Vita, 2020

4-loop

Moult, Y.J. Zhu, HXZ, 2022

Duhr, Mistlberger, Vita, 2022
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Naive T factorization in SCET

do ~ /d4xeiq'x<N1N2UM(CU)Ju(O)|N1N2> JH =yt

Match on SCET operator J" — (JV(—qQ);—(ﬁngYnxn

1o / dtre T |Ov (=) PO T[T, (1) Ya (2 1) T(Y7 (0) Y, (0))]]0)

N1+ 22) E X O INY Nl 4 2.0) D xa(O)INa)

Ao~ /d2$l€_i(q+x/Q—I_qm+/2+qL.$J—)H(q2)S(xL)B1('/E va_)BQ(x—vajJ_)

dH(QQa M) _ —q2 _ 2
— Fc:us S I -2 ! S H 9
dlog,u _ p(Oé ) OF ,UQ Y (Oé )_ (q lu)
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Degeneracy of soft and (anti) collinear modes
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Lightcone/rapidity divergence

naive soft function , X,

S(x1) = (O Tx[T(Y,} (1) Ya (2 1)) T(Y7 (0)Y,(0))]]0)

0
Y, (x) = Pexp (zg/ dsn - Ays(x + ns))

The configuration is invariant under Lorentz boost in z

Exponential regulated soft function
Y. Li, Neill, HXZ, 2016

S(x1) = (O Tx[T(Y, (xo + 1) Ya (2o + 1)) T(Y5 (0)Y,(0))]|0)

Three-loop TMD soft function Y.L, Hxz, 2016 00/

Three—loop TMD beam function M.X. Luo, T.Z. Yang, Y.J. Zhu, HXZ, 2019
Ebert, Mistlberger, Vita, 2020
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Conformal symmetry of Collins-Soper kernel

dlog S(x |, u, v i dji? B _
dlE)gLVQ ) — /2 ?FCUSP[CVS(,U)] ‘|‘%°[CV8(37¢1)]
- //L -
. OO\ N Y. Li, HXZ, 2016
E 5 0 — /0
o3 ' Y1 =71 — Boci
- Yo =5 — 2P0c; — B1c] +2C,C 4 B0C4a
t

Z

S(xJ_mu? V)

Proved by conformal transformation connection the two configuration Viadimirov, 2017

Proved using EEC in the back-to-back limit Mout, Y.J. Zhu, HxZ, 2022

dovs (1)

d log u?

v, €*) = y(a) » Four-loop rapidity Collines-Soper Kernel

25

—2¢ + 23(avs) » perturbative QCD is conformal in €* = f(a)

Moult, Y.d. Zhu, HXZ, 2022
Ebert, Mistlberger, Vita, 2020



N4LL uncertainties

DYTurbo

13 TeV, pp —» W', Z/y*

m,/4 < Moo K, Q<m;1/2< uR/;.LF, uR/Q, uF/Q <2

NLL+NLO resummed
5 NNLL+NNLO resummed

N°LL+N°LO resummed
B N*LL+N*LOa resummed
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7g(bT9 P’)

rel. variations [%)]

Shanahan, Wagman, Y. Zhao, 2021
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Drell-Yan production at N3LO

LO NLO NNLO N3LO |

C{T subtraction catani, Grazzini, 2002 U N 2L + oL f 1.1,
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tog  + oL’
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3
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7 100 . 0.1001 NNPDF40 nnlo
> S 7-point scale variation
~ ] D
o 0 g 0.075 ‘ UF = MR =My,
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Application to power corrections

log expansion

power expansion



0 50 100 150 200
qr (GeV)

No natural matching scheme in the
transition region, due to mismatch in the
order of coupling constant expansion

Why power corrections?

20
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Higgs production with light-quark loop

'Mh
|
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pl spectrum sensitive to light

particle in the loops
Bishara, Haisch, Monni, Re, 2016



End point singularity

Z.L. Liu, Neubert, 2019

1
: My(h — ~v7) = Hy ) {O1)) +2 / dz H)(2) {051 (2)) + H\H{OS)

O (o) lim Hy(z) lim

z—0 z—0

I
I
C C 1
Hy(2) ® LO 2
2
Co C1
NLO |
I
/ / /
J J NNLO 0 | ! | 2
H3 - ?i o Llde | L1426

Generic feature of end point divergence
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A subtraction scheme based on refactorization condition

C h C C
Ho(z _
/g\ RN 189 (2)] = —HO IO (2M?),

3,77 <y

ey (k1) - e3 (k2)

S0
: [(O5) ()] =
f/z\x A

Mo(h = vy) = (H) + AH) (012)

2

Z.L. Liu, Neubert, 2019

/ d€+ J(O)( Mh€+)S,§,O)(ZMh£+) .
0

at

[y (1 - 2)]

(O3 ()]

r2 [as[ 000 - L)
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Mhd aMhd
—|-€1 52 hm H(O)/ - / €+ (O) th )J§O)(_Mh€ )S§O)(€ !

)

leading power



=~

gg to H with light quark loop

Z.L. Liu, Neubert, Schnubel, X. Wang, 2019

Y LL
% | — NLL

S $ ~
cee O I .

3 > >
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— N

. (X 257 507 1002 200> 4007
) X q° [GeV?]
J 53
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A different angle on power corrections

factorization operator product expansion

&
k)

-
"
YT,
00.’

%

2

Z >—< H{010,0501) =}
q

S
g:
2

-

2

D
%

«93 'ONM“‘:‘la

collinear gluon/quark twist operator expansion
soft gluon large spin limit
leading power: local factorization leading power: leading twist and spin

subleading power: non-local factorization | sybleading power: large spin expansion
end-point singularity higher twist
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Application to factorization violation

Monster here

. log expansion

power expansion



Glauber operator

L(O) _ Z Z O%B P]‘z (/)BC'Pl2 OJC Z Z O:LB P]'z Ojn

n,n 1,)=4q,9 n 1,7=4q,9g
T (3 rapidity sectors) T (2 rapidity sectors)
sum pairwise Su'ﬁ, on al
on all collinears cofinears | |
Glauber Lagrangian spoils

S ogp — §googg, B (papyp: factorization by coupling

9 Xn nly o nl . .

: ; > different sectors in SCET
08 = %172 xa O = Sf7PBLL, o - (P+PHBYY

BC

05° =8ms{7>ﬁ‘_837 SwP i — Py 9Bt 1 Sn — SuSagB | Py — 9B S SngB ., - nig@é‘”sﬁ} Often its effects exponentiate

012 = 8rar, (93 TBg¢g) 098 — 8ra, (;_' FECPBEG, - (P+PhBEY) Into overall phase, or sum to
01" = §ra, (18 TB%) 0375 = 8o, ( 5 fBCDngug (P+P)BL) zero for sufficient inclusive

observables
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Strict collinear factorization

Scattering amplitudes obey factorization in two-particle collinear limit

o illi+1 . o 1
A (.,,,i+1,..) >ZSpllt_A (z; i,i +1) A,_1(..,P%4...)
A

l p
1+ 1
Ai — \/EAPJ

Ai+1 — \/1 _ZAP

l

[+ 1

Strict collinear fact.: splitting amplitude ONLY depends of color and
Kinematics of the collinear pair
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Violation of strict collinear factorization by Glauber

Schwartz, K. Yan, HXZ, 2017

Z Z On P_LOSBCPJ_(/}?C

n,m 1,7=q,9

—T2 . T3 —+ ZTz . T]) Spo

Color entangled with non-collinear color flow
Cancelled after adding conjugate diagram
Also cancel if particle 1 is In final state using color conservation

At least at NNLO in cross section, we don’t need to worry about them!
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Glauber at observable level

CMS 5.4 pb™ (2.76 TeV)

None of the DGLAP-based Monte Carlo

generators using LO or NLO calculations
can provide a complete description of all
measured cross sections and their ratios

Theory / Data
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- do'™°l/dAy
~ anti-k; R=0.5 jets
- p.>35GeV, |y|<4.7

e Data
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---- PYTHIA8 4C
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Super leading logarithms

/ ]
/\ o ~ 7 - \ eading logs: super leading
h ™~ A_}’_ > g - Q
it
------------- [ 6+€_,6p: al In" (—) l
7~ N QO
~ N

Y, ~
// 5 ~ . 3/ ZHS(Q) nHQn(Q>
\Z// Q. \\\/ pp : o (im)* 1 0n X a'l 00

Gap-between-jet observable first proposed by Bjorken in 1993

Normal leading logarithms first analyzed by Oderda, Sterman, 1998

Super leading log first appear at four loops: Forshaw, Kyrieleis, Seymour, 2008

No all-order resummation formula available for a long time
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Non-global evolution

o2M(Qo) = / dr1 / dz2 i

d
dln u

@1\

Becher, Neubert, D.Y. Shao, 2021

<7—tm({@}, S,T1,X2, ,u) X Wm({ﬂ}, Qo, T1, T2, .U)>

Hm({n}, s, 1)

>

Hi({n}, s, ) *Tjp({n}, s, 1)

[=2+M




Origin of super leading logs

Becher, Neubert, D.Y. Shao, Stillger, 2023

_ —a,(Q) —ay(Q)
25:— O‘s(\/QQO)_QS(“) —

(6SLL/ 6) qq'—qq’ /0]

L ~In(Q/Qo) > 1

2
—a L

Sudakov logs: e
log(a,L?)
o, L?

Super leading logs:
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Question: when will we first see factorization
breaking in jet cross section?

Final State Radiation G
(FSR) RREP N
Initial State Radiation
(ISR)
-‘ [
I | Remnants
(uud) i

Beam
o
Remnants %
&

NNNLO? NNNNLO?
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Summary

 SCET is indispensable for precision collider physics
A few examples:
* Transverse momentum distribution of W/Z/H
 Power corrections to Higgs amplitudes
e Super leading logarithms in gap cross section

 Only a small facet of SCET. For a list of active topics:
SCET 2023 workshop https://indico.physics.|bl.gov/event/2384/
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A central theme in physics is to understand the renormalization group flow QFTs

SCET provides a toolbox in exploring the varied nd rh RG flows of QCD

Sudakov problem Balitsky-Fadin-Kuraev

: : Banfi-Marchesini-Syme
-Lipatov equation

equation

Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi equation

Balitsky-Kovchegov
equation

Thank you for your attention!
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