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An LHC Collision

e Very complicated structure!

. Q ~ TeV 1
2
R N @ my ~100 Gev

W m?%/pry ~ 20 GeV

7 : NN . -
i : N
: : °
HEE .

aleoq ABI1our]

AQCD ~ 100 MeV

e Involves interactions at many hierarchical energy scales.

e It is very complicated to obtain precise theoretical predictions



Limits of QCD

e Significant progress in understanding QCD made by considering
limits where we have a power expansion in some small kinematic
quantity.

Collinear Soft Regge
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Power expansion for generic O observable

e A large class of observables O (g7, event shapes, angularities, etc.) exhibit singularities
in perturbation theory as © — 0.

e Standard factorization theorems describe only leading power term.

o To be concrete let's take O = p2T.
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Power expansion for generic O observable

e A large class of observables O (g7, event shapes, angularities, etc.) exhibit singularities
in perturbation theory as © — 0.

e Standard factorization theorems describe only leading power term
o To be concrete let's take O = p2T.
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Leading Power

Leading power well understood for a wide variety of observables.

e We can prove factorization theorems

0
dg(;) =HOJO g O 50 4

e We can resum logs to very high logarithmic accuracy

e.g. we now have reached
N“LL accuracy at LP for event

ol

§ ’ shapes!

< Also plenty of results at N3LL and
E“‘ N3LL’ accuracy...
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—

— I'll talk about this N*LL result and

ete™ — ~* — hadrons )
recent developements on LP resummation

next Tuesday!
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So, why bother going beyond leading power?



NLP field theoretical motivations

NNLP |

e Power counting is a different direction in G WL
which amplitudes and cross sections & e
can be expanded o g

7 \\Qi\

e Various interesting field theoretical questions wk

Lo —
to answer at subleading power:

NLO

a_s order
NNLO

o What is the structure of factorization theorems at each power?

do(" (nwy) (ny) (nsy)
G0~ MTe e
J

<

What is the degree of universality?

<

Appearance of universal structures, e.g. Icusp(cs)?

<

Appearance of new RGE structures, functions, objects, etc

© Appearance of new processes forbidden at leading power



Application: Fixed Order Computations via Slicing

e IR divergences in fixed order calculations can be regulated using slicing parameter
(e.g. g7 [Catani,Grazzini], N-jettiness [Gaunt et. al], [Boughezal et al.] )

cut

o(X) = /dQTLT(X) = / quidZé)T() + / dqr do(X)
0 0

dqr cut dar

aT

e g7 subtraction has been applied to many processes in pp at NNLO:
pp—Z, pp— W, pp— H, pp— v, pp = Zv, pp > W,
pp — ZZ, pp - WW, pp - WZ

[Matrix collaboration]
e N-jettiness subtraction also applied to W/Z/H + 1 jet @NNLO

e Error, A(T(qCT”t), (or computing time) can be exponentially improved by analytically computing
power corrections.
cut

ar
AU(q%‘t) _ / qu (dU(X) o dO’(X)LP) = g"on sing.(qc#t)
J dqr dqr

e Understanding of power corrections crucial for applications to more complicated processes
(fully differential N3LO calculations, H + jets, Z/W + jets)



Applications

Matching resummation with FO
If I - Peak Tail
observable 7 needs resummation: Resummation  Transition | Fixed Order

e Use Leading Power EFT for resummed XS at small 7

3
k 2k __ ~
do plog™r  EFT e e 2
—_— ~ H -
dr =0 s T resummation T

e For large 7 use Fixed Order calculation to get full
O(al) contribution

e Need matching procedure in transition region between the two.

e Computing Power Corrections analytically improves convergence of the EFT at larger
values of 7
—> smaller transition regions
— smaller uncertainties from matching procedure

L L B B
Taming log divergence of NLP Ty e

e Fixed order power correction (NLP) exhibits an inte-
grable divergence for 7 — 0

NLP Fixed Order (x4) é

—— NLP LL a(p) (x4)

o If Leading Power (singular) is resummed and NLP is .
not, the NLP (integrable) divergence dominates.
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[Moult, Stewart, Vita, Zhu]



Other applications: Bootstrap

Bootstrap for observables
e Bootstrap approaches aim to completely reconstruct amplitudes or cross
sections from limits.
Remaining Parameters in Symbol

e Intensively applied for amplitudes in A/ = 4.  of 6-Point MHV Remainder Function

Constraint L=2|L=3|L=4
. 1. Integrability 75 643 5897
° )
Recenty' SOrn.e success In QCD 2. Total S3 symmetry 20 151 1224
for soft matrix elements [zhu et al] 3. Parity invariance 15 | 120 | s74
1. Collinear vanishing (7°) 4 59 622
> 5. OPE leading discontinuity 0 26 482
6. Final entry 0 2 113
7. Multi-Regge limit 0 2 80
T ) 8. Near-collinear OPE (T) 0 0 4
NLP, NNLP —» collinear OPE (T
9. Near-collinear OPE (77?) 0 0 0
e Can the bootstrap be extended from [Dixon et al.], [Basso, Sever, Vieira]

amplitudes to cross section?
For example, can we bootstrap an event shape observable using the infor-
mation from limits at leading and subleading power?



SCET Beyond Leading Power



SOft and CO”Inear Effectlve Theory [Bauer, Fleming, Pirjol, Stewart]

Soft and Collinear Effective Theory (SCET) is limit of QCD

Chiral Pert. Theory

jets, pions p/A, <1 Heavy Quark
SCET energetic ] Effective Theory
hadrons \ / B physics
my/Ey <1 Aqep/my < 1

Results derived with SCET must be equivalent to results derived directly from
QCD.

SCET systematizes the power expansion from the start

— explicit power counting at any step

Simplifies field theoretic derivation of factorization formulae
— Scales separated in building the EFT once and for all, recycled among different processes

e Resummation of large logs from deriving anomalous dimensions of hard, collinear
or soft operators — logs coming from IR poles in pQCD get related to UV divergences in
SCET, hence we can define MS-like counterterms, anomalous dimensions, RGEs, etc..



Mode setup in SCET

e Light cone coordinates: k* = Z°k* + 2k~ + k' = (k*, k=, k1)

EFT expansion: A <« 1

(k+7 k_7 kJ_) k+
n-collinear: k% ~ Q(A\2, 1, \)
Q-
fi-collinear: k& ~ Q(1, A2, \)
SCETy = soft: ki ~ Q(A, A, A) ol
N Q|-

SCET; — usoft: ki ~ Q(A\2, A2, )\2)

hard scale: k., ~ Q(1,1,1) (integrated out)

e Allows for a factorized description: Hard, Jet, Beam, Soft radiation



From Standard Model to SCET

Lsy — LsceT = Luard + Lagn = Z Céia)l-d + Z Efgn + E(QO)

Lhara describes the
hard scattering/the

partonic interaction.

e.g. how to go from gg
to H + 2 partons.

Note: it can come from

non-QCD interactions

Layn describes the
evolution of the
strongly interacting
final /initial states

e.g. how to go from
2 partons to 2 jets/

how the jets evolve

EFT of pure QCD

S~ oH(Q ) ® (Q,7,5.1) ® S(s. 1)+



Hard scattering vs dynamical evolution

e Fields have a definite power counting in the power counting parameter A < 1

Operator Bﬁ,i Xnj ’Pi wus Bﬁs 85} YH/P/ W,
Power Counting | A AL A A AN A0

e Expansion for Lagrangians naturally derived from power counting of fields
and derivatives

Lscetr = Lhard + Layn = Z ﬁgrd + Z L0+ £(90)

i>0 i>0

Subleading Hard Scattering Operators Subleading Lagrangians

S -
N
<)
rg”s -
eT e
_____)____ _.___} _____
//
f\
v X




Hard scattering vs dynamical evolution

e Fields have a definite power counting in the power counting parameter A < 1
Operator Bl | xn | P | Yus | Bl | 0l | Ya/P/W,
Power Counting A A A AN 0
e Expansion for Lagrangians naturally derived from power counting of fields
and derivatives

L:SCET = Achard + Edyn = Z ‘Cflia)xrd + Z [’(’) + E(QO)
i>0 i>0

Example: ultrasoft gluon emission in eTe™ — 2 jets

- 2 - o pt 2 - _
LO 5 YA oxa L D XnB X £ 5 YT - Bue Yaxa
S Se o~
E :\/\‘ E ’\/\] 5 \/\\
7N = ., N N
LAG” s
et e et o ot e -
————«»—"; R unue R —— <>”7; B et T «»———; R S
(x Sl X7
N NG N
eikonal soft emission from non-eikonal soft emission Subleading hard scattering

Wilson line from collinear quark operator with Bys



Soft-Collinear Factorization at Subleading Power

e Factorization is defined order by order in the EFT parameter X (at all orders in )
e BPS field redefinition decouples leading power soft and collinear interactions.

. . (but not in L(Go))
e Subleading power Lagrangians enter as T-products:

©f T{é“’(o exp[ffd“x Laynl}X)

= (0|T{0} K Oyexpli fd*x (£©@ + £ 1 223Xy

O‘T{ k)(O exp[/fd Xl: )]<1+l’(/'7\/[,‘1‘ z\/{c/ﬂvﬁ“l\)(/{c/‘z/,',‘l") /Idwz[,\" .- )}‘X)
1 4 5\

O\T{ “(0) (1+,;¢/ 5(,;(/4\&» )(ifd*zcM) +ifd*zc ’)}\X)do) +

e Decoupling of leading power dynamics = states still factorize 0
(assuming Glaubers from L‘,( ) cancel.. )

1X) = |Xn)|Xs)

e Only a finite number of subleading power insertions contribute at a given order in .

e Even if subleading Lagrangians couple soft and collinear fields, each insertion contributes
to a different order in A

e The only interaction that can break factorization is soft and collinear coupling at
leading power, i.e. E((?)



Subleading Power SCET for collider observables

SCET, SCET)

ultra-soft modes k'~ Q(AZ, A?, A%) soft modes kK~ Q(A, X, A)
(thrust, N-jettiness, jet mass, . ) (qy, broadening, EEC, Glaubers, ...}
Subleading Lagrangians v Quark Regge, ¢
Fixed Order (fuly differential) LL, NLL NLL
Hard Scattering Operators gegH, Vqg, Hqg, N-jet v
Resummat|0n H — gg, Soft Quark Sudakov, H — gq EEC
Lagrangians Fixed Order Hard Scattering Resummation
[Stewart et al.] [Beneke et al.] [Moult et al] LL at O (x?) [Moule, Stewart, GV] 1703.03408 [Moult, Stewart, GV, Zhu]
(2002-2004) 1612.00450 (g§V/), 1710.03227 (ggH) [Moult et al.] g5V 1703.03411 H — gg, Soft Quark Sudakow
[Moult, Salon, Stewart, GV] [Ebert, Moult, Stewart, Tackmann, GV, Zhu] [Chang, Stewart, GV] qgH [Moult, GV, Yan]
Fermionic Glauber Operators 1807.10764, T (beam thrust) at NLL NLP 1712.04343 EECin N =4
g, Stewart, G [Ebert, Moult, Stewart, Tackmann, GV, Zhu] [Beneke et al] (N-jet operators) [Beneke et al.]
ubleading Lagrangians in SCET 1812.08189, q, at NLL NLP 1712.04416, 1808.04742 gq in Higgs Thrust

18, Stewart, GV

Other works on at subleading powers in different contexts:
e B-physics: [Lee, Stewart],[Neubert, Becher, Paz, Hill] [Beneke, Feldmann] [Tackmann, Mannel] (and many others)

e Threshold (only soft radiation): [Bonocore, Laenen, Magnea, Vernazza, White] (next-to-eikonal),
[Beneke, Broggio, Garny, Jaskiewicz, Szafron, Vernazza | (resummation), [Anastasiou, Duhr, Dulat Furlan, Gehrmann,
Herzog, Mistlberger|

e Inclusive fixed order: [Boughezal, Liu, Petriello], [Boughezal, Isgrd, Petriello], [Cieri, Oleari, Rocco|

e Subleading power in light quark mass expansion: [Liu, Penin], [Liu, Neubert], [Liu, Mecaj, Neubert, Wang, Fleming]



Power corrections at Fixed Order

(1/010) |Ac (Teut)|

-
2
L

_.
2
L

A\

107°

107°

pp — H (13 TeV)
gg NLO

oo aq L
——-aL+ao

—— full nons.
—— full—a, L
— full—a;L—ay

1073 102

Teut = Teut/Q

104

107!

(Ebert, Moult, Stewart, Tackmann, GV, Zhu) [1807.10764]



Power corrections at FO: General Setup

e Take as example the fully differential cross Beam Thrust (0-jettiness)
. do H H . —
section =S for color singlet production To = Z m'n(pljvpk )
k€E€event

0-jettiness) including O(as) and O(T/Q
( ) (o) (T/Q) e Used as a slicing parameter for FO

corrections . calculations

e Represents the ‘crossed” version of

e Power corrections in O(7/Q): thrust

o Perturbative

e NOT higher twist PDFs/non-perturbative power corrections.

e O(T/Q) corrections contained in:
e Phase space: & = ¢(0) 4 %cb(?) + (')('(%2)

e Matrix element squared: |[M|? = A0 %AQ) + O(g—j)

: . do dz D0 1+ L A6 1 T 22)g(0 T 5
Schematically: m”/?[*‘( 190+ Za00) 4 Lae0] 1+ o( T a2



Power corrections at FO: Cross section results

e Combining soft and collinear kernels, 1 poles cancel (consistency check)
and the differential cross section takes the form:

o(2:n) ~ 1 dz, dz 2,n ,n X, 2.n
ngdeT LO( ) fxaf dzza dz: ffjcéﬂ )(ZaazbaT) flf;Cé,fJ )(Zavzb»T) bﬁﬂ/c}ﬂ )(Za-,zbﬁT)

e At Leading Log the kernel must have trivial z,, z, dependence (by consis-
tency with soft kinematic).
e However, at NLL: non-trivial z,, z, dependence.

e Example for gg channel in H production at NLL:

T
Qp

(1+2,)1 — 2z + 23)°
2
2Zb

Cg};)(za,zb,T) :4cAéd(1 —za)|:<— In —1)5(1 —z)+ Lo(l — z)

Y 22
1—z,+
+4CA—MJ(1 —z)
Qp 2z,



Power corrections at FO: full NLO results for pp — H

[Ebert, Moult, Stewart, Tackmann, GV, Zhu] 1807.10764

10_1§ T T fff”w T T fff”w T T T TTTTT T I‘}-
F pp — H (13 TeV) >
e [ gg NLO

-2 _
e 0T a L E
T --alta :
qq _g|_— full nons. |
— 107 fun—a,L
Q F — full—a;L—ay 3
£ L ]
2 1071 E
10—5 1 L1 \H‘ 1 1 \\\\H‘ 1 NN

107 1074 1073 1072 1071
Teut — 77:ut/Q

Fxvo(r) = ﬁ{f[al InT + a0 + O()] }

NLO ‘7'018p gg — Hg a1 ag
N ical fit at ¢ level match earlier fit +0.6090 £ 0.0060 +0.1824 + 0.0043
umerical fit at percent level matches analytic 10.6040 10.1863

analytic calculation within 1 o




New features of
Regularization and Renormalization

at Subleading Power

Regularization of subleading power Rapidity divergences Renormalization with 6 functions
(Ebert, Moult, Stewart, Tackmann, GV, Zhu) (Moult, Stewart, GV, Zhu)

[1812.08189] [1804.04665]



Rapidity Divergences

veto

o Large class of observables e.g. ¢, broadening, EEC, p'™@ .
belong to the class of SCET), observables

e SCET) calculations are affected by Rapidity Divergences
e Measurement fixes | component of momentum, i.e. ktk~ ~ k” hyperbola

kt
Light cone coordinates: k* = (k*, k—, k)

n-collinear: p, ~ Q(A\2, 1, \)

fi-collinear: p; ~ Q(1, A%, \) 2Q

soft: ps ~ Q(A, A, A) A2Q  AQ Q
o Example of massless soft real emission with SCET|; measurement:

oy . e [ dkT .,
/ddk6+(k2)z\(’ (G, — ko O)F(kt, k ,kJ_):qTZ/O k—_f(k 1)

e Divergence when modes overlap
Kkt >0, y =1/2log(k™/k™) = +oo,

not regulated by dimensional regularization = need a rapidity regulator



Rapidity Divergences beyond leading power

. Leading Power (in q?,- < Q?) representative rapidity divergent integral:

do'P 1 /Q dk~
P -
2 242 —
qu qr “Jo k
¢ Log divergent, from eikonal propagators from Wilson Lines. (typically...)
¢ It can be regulated in many ways: [Collins| , [Beneke, Feldmann, Chiu, Manohar, ...],
[Becher, Bell] [Bell, Rahn, Talbert], [Chiu, Jain, Neill, Rothstein] [Rothstein,Stewart], [Chiu, Fuhrer,
Hoang, Kelley, Manohar], [Echevarria, Idilbi, Scimemi], [Li, Neill, Zhu], ...



Rapidity Divergences beyond leading power

. Leading Power (in qg,— < Q?) representative rapidity divergent integral:

dotP 1 /Q dk—
dq%_ q%ere 0o k-

o Log divergent, from eikonal propagators from Wilson Lines. (typically...)

¢ It can be regulated in many ways: [Collins| , [Beneke, Feldmann, Chiu, Manohar, ...],
[Becher, Bell] [Bell, Rahn, Talbert], [Chiu, Jain, Neill, Rothstein] [Rothstein,Stewart], [Chiu, Fuhrer,
Hoang, Kelley, Manohar], [Echevarria, Idilbi, Scimemi], [Li, Neill, Zhu], ...

° Subleading Power: much broader class of rapidity divergent integrals appearing
doNtP 1 /Q dk~
0

¢ Prototypical integrals take the form: o~ =
dgt  a Jo (k7)"

© « can be negative, hence not only log divergences

dk— dk—
/W , W —>  Power Law Rapidity Divergences

o Regulating only Wilson lines is not sufficient.
Note that this is also true at LP for Glaubers, see [Rothstein, Stewart]

o Divergences also from soft-quark emissions,
hard-collinear propagators, phase space expansion.




pidity Regularization at Subleading Power

Hence, at Subleading Power:
e Regulating only Wilson lines is not sufficient.
e Regularization should conveniently treat power law rapidity divergent integrals
e Common simplifications always used at Leading Power no longer true

Example: non-homogeneous regulators (as k" or n regulator with |k,|) generate power
corrections!

Ky + ki~ K2\ — ky\~n K?
n collinear regulator: <u> (k + —) = (L) [1 —n— O(XA)]
[ cotinear reguiator B Ky v (kn )?
,gn<k /Q) 2w (O ek Q) .
v / dk 1+?7 — kv /0 dk nm + O(X\Y)
LP collinear integral NLP integral induced by non homogeneous reg.

The NLP integral induced by the regulator is i divergent ==> the 7) prefactor cancels out and the term does NOT vanish for 7 — 0

Introduce the pure rapidity regulator
k ‘77]/2

/ddk—>/ddkw2u’7 nx
n

e It doesn't introduce power corrections

= /ddk wiue VKN

e |t breaks boost symmetry in the most minimal way.

e Includes dimensionless (pure) rapidity scale v (upsilon)



Leading-Logarthmic power corrections

e Compute power corrections in g>/Q? in the n-collinear, A-collinear and
soft limits (soft is scaless for homogeneous regulators)

e Sum together results

o Rapidity divergences cancel between sectors, finite terms add up.
(In rapidity regularization this is trivial since gn(n) = ga(—n))
At Leading Log the result is quite simple. Here a couple of examples:

e Drell Yan production (gg — Vg)

dgg?ik/g LO asCr 2 Q2
@ avaqr = Farv(@) X n oz [ 0e)]
T

n—
2 2
4r Q2 4%

e Gluon fusion Higgs production (gg — Hg)

FCONTS

gg—Hg _ ~LO asCy 2 Qz 2g
dQPavdqr = e on(Q)x T gein G [Bh(a)fe) + ()]

e Common factor

£ (%2, xp) = —Xaf! (xa)fi(x6) — i(xa) X/ (x5) + 25/ (xa) X/ (x5)



Next Leading-Logarthmic power corrections

e We computed also the NLL kernels at O(as) for all channels both in
DY and ggH.

® z,,z, kernels pretty complicated. They involve £, (1 — z,), etc.
e Remainder is g%/ Q? suppressed

e Describes g7 distribution up to 10 GeV

o

SF ] 1073 = T
r 7\ ] o E e
03 i pp — H (13 TeV) / \\ B % E
. — — -4 =
% [ 99NLOo, Y =2 ! ] S 107 il nonsing.
< 3 —— full nonsing. | 3 -8 Fooal
g oL 1 ] ~ 10 ——-cL+c
S F oaL+e v > F—fll—clL
T 21 e T > o —fll-eL-c¢
a& L \ ] T 105 E
o C | B E
2 E - < F 3
z VT T 107 pp = H (13 TeV)
2 - s | 99 NLOo, Y =2 2
Zo o N — e BRI L T
10-1 100 10! 102 10 10 10 10
qr [GeV] qr [GeV]

d d LP 2 2
dY:quz - d\quQ =a(¥)ln qu2 +C°(Y)+O(qT)
T T



Renormalization at subleading powers

(Moult, Stewart, GV, Zhu) [1804.04665)



Fixed Order Calculation of Thrust

e
: > Zk :

e Compute power corrections for Higgs thrust at lowest order

1 do®@ Qs 1 uz 1
= =8Ca () (= r1og L) = (=41
oo dr A <47T) |:<e +log Q27'> (e +log

=8Cy4 (%i) log 7 0(7) + O(a?)

e No virtual corrections at lowest order (6(7) ~ 1/7).
e Divergences cancel between soft and collinear.
e Log appears at first non-vanishing order:

e At LP, log(7)/7 arises from RG evolution of §(7)
o At NLP log(7) arises from RG evolution of “nothing”?



Elements of Subleading Power Factorization

[Moult, Stewart, GV

Note: Fields/Lagrangians have a definite power counting in A1

e Analogously to what we have seen at FO

opeer | B [ [P [BF Ty [oF
power corrections at the operator level arise e | X [ AL A [ A2 [ AN
from two distinct sources: Lowr - Loy s Lan
e Power corrections to scattering amplitudes. S S
e Power corrections to kinematics. 20 2o

e Power corrections to scattering amplitudes can
be computed from subleading SCET operators [Moult, Stewart, GV]

e They give rise to new jet and soft functions, whose renormalization was not previously
known




Renormalization of Subleading Soft Functions

e The subleading soft function satisfies a 2 x 2 mixing RG
4 52 (vom) mly,p) o S (v
22% (v, 1) 0 Y22(y; 1) ~é%2} (v, )

e It mixes with “#-soft” functions

1

= (g 1y O OYn(0)6(r — 1)V (0)Ya(0)[0)

2
S (r )
e It is power suppressed due to 6(7) ~ 1 instead of §(7) ~ 1/7.
e In collinear sector, analogous subleading Jet functions and 6-jet functions appear

e We find this type of mixing is a generic behavior at subleading power.



Resummed Soft Function

e Solve RGE mixing equation to renormalize the operators, and
resum subleading power logarithms.

e We find the final result for the renormalized subleading power
soft function:

1 og2 (A
SS)BUS(QT,;L) = 0(7)712 log (&) o271t log (oT)
e Expanded perturbatively, we see a simple series:

1
Sé(’z,)Bus(QT7 n) = 6(r) {712 log (é) + 57271 log® (%) + - ]

e In particular, we find:

e First log generated by mixing with the 6 function operators.
e The single log is then dressed by Sudakov double logs
from the diagonal anomalous dimensions.

e Example also useful for understanding power suppressed RG
consistency.



LL Resummation for Thrust at NLP

[Moult, Stewart, Vita, Zhu]

e Complete result given by sum of two contributions.

(2) 2
1 dof) _ 1dogu S Aoy ard,LL

oo d‘r oo dr oo dr
e Both have same Sudakov = can be directly added.
e Obtain the LL resummed result for pure glue H — gg thrust

1 da():(zgs

| — 258 log?(7)
og dr >8CA og(r)e s

e Provides the first all orders resummation £ 7T T

--- LP Fixed Order

for an event shape at subleading power. e 1
; NLP Fixed Order (x4) E

1do
oopdr
T
L

— NLP LL a,(p) (x4)

e Very simple result. Subleading
power LL driven by cusp anomalous d
dimension! T T




Regge Limit Beyond Leading Power:

Glauber Quarks

Th——>—— 90000000 = =>—— i
: Y
Y 0000000,
: v >
= . _ Dk Cop
1 22000089 —>——— N SRR —>———
N ———>— —STEFEEH 7= ——>— —STEFHFEE> T AT — > ———
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"Fermionic Glauber Operators and Quark Reggeization”
lan Moult, Mikhail P. Solon, lain W. Stewart, GV
[1709.09174]



EFT for forward scattering

SCET can be used to treat forward limit:
e Take 2 — 2 scattering with forward condition:
n-py=n-p;3 and n-pl=n-pj
e Exchanged gluon in the t channel has Glauber scaling:
P~ QNN = t=¢"=¢1 + ...

higher orders in A

e Integrate out Glauber modes, get Glauber potentials/operators

n
S > S pb L L
Po—> 3 P> :
(A2,1,2) (A%,1,0)8 rq — b Glanber _
L S S
Pi—> Py~ = 7
~n n .
\\A\ Glauber ,y’/
(1,2,2) (1,22,) e oS
A A
-5 7

“An Effective Field Theory for Forward Scattering and Factorization Violation”
|.Rothstein and |.W.Stewart [hep-ph/1601.04695]



Leading power Glauber Lagrangians

The complete set of Glauber operators at LP gives Glauber Lagrangian

”(0 Z Onns + Z Ons

e 3-rapidity sector operators: Opss = 5. OB T LOBC L O
L

ij=q.8
S s
w ‘@@Q 7 7 ‘6@@5 S e wC
o i l”% [ i (”% LA *’TS FL\* 7'/71
S -~ .
& . - - S Y 3¢ (Lipatov vertex)
. ! a . n_« S~
5 " &

e 2-rapidity sector operators: Ops = Y. OB PQ OiB
ij=a.8

e.g.




Glauber quark Lagrangians

e If we consider process with fermion number flip in a collinear sector, the exchanged particle
carries fermion number.

e In this situation one can study the Reggeization of a quark

e We derived the complete set of Glauber operators responsible for LL quark Reggeization:

e 3-rapidity sector operators: Ell(l) D) E Onfpl Ogﬁfpl O,—, = On,—,
< 1 1
n,n

Th——>— — 92900000 T > =~
H Y
; Q_QMQJ (call it Fadin-Sherman vertex)
e.g. B Y k, C u
N RRRRAGGS-—>——— 7 RERARAS—— > ———

e 2-rapidity sector operators: ,C”(l/z D Z O On + h.c. O

N———>— ST 1=~ 5T N —>———
S T ——>— |, 8 —<——40000000, S — > &TTTOOTT



Glauber quark Lagrangian operators

On oo On + O +h.c.
;V'PL\/’PL\/ Zv¢lv
) )\2 )\2 )\3/2

Forward scattering collinear operators with fermion number:

On = B1nxn Or = B1sxa
On = XnB1, Or = XaB1s

Single index soft operators (2-rapidity sector Lagrangian):
O = —47ra5$15wg O = —47ra51/_1g$15.
Two index soft operator (3-rapidity sector Lagrangian):
O = ~2ra, [SISP L+ P1SISh — SiSreheL — e85, S)SH|
— _4ra, [52557/1 — gB? S!S via 182, definition



BFKL for gg — v

e RGE determined by 1-loop calculation of quark regge Soft Function S9
("squared” soft glauber operator)

y

i
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. | H | H . :
v : Y [ : [ : ¥ ! A
Sy, = . ? e + 2%%%% ! A4+ 2 } L4 0000000 1 TTTTTUTS
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' ' Y ! : | : = ’ :

: L : L :

Y L

e Subtract rapidity divergences via counterterm Zsa(q1, k).

e Bare Soft function is independent of v = derive RGE

d d -
0= Vasgare(qLa qi) = V@ dzkl ZSql(qLa kL) Sq(kla qia V)

e RGE for S9 is BFKL equation with Cr instead of Cy

d 2C Sk, ,q G259 !
V*Sq(qj_7ql’l/) _ Fa25(l’t) /d2kJ_ E J_aqlal/) _ ql_' EqL7qL’V)
dv & (kL —qL)? 2k3 (ki —q1L)?




Future Directions

e Fixed order calculation of power corrections for jet observables and
diboson production

e Resummation for gt distributions beyond leading power
e Resummation beyond NLP LL: NLP NLL? NNLP LL?

e Systematic application of fixed order techniques (IBPs, DE, etc.) to
calculate EFT objects at high loop order beyond leading power

e Regge/Small-x/Forward /high-energy limit beyond leading power

e Factorization beyond leading power and Factorization breaking effects

e Subleading power observables



Conclusions

e Described developements for collider Subleding Lograngns

Fixed Order (s amereni LL NLL NLL
observables at subleading power Resmmain

Lagrangians  Fixed Order Hard Scattering  Resummation

e Studied how to implement rapidity

. . . -n/2
regularization at subleading powers and proposed /ddk—>/ddku v
new regulator purely based on rapidity
o ppal‘!‘(ll!TeV)‘ 5
:‘:‘lo-i—ggNLO dl
. . . £ ~ b
o Computed full O(as) power correction of differential 5 ==t
3 g — il none ]
distribution for color singlet production T —miaiow
=107 = =
107% Il L
. . . . 107% 1074 107 1072 107"
e Cross section level renormalization at subleading power o = Ten/Q

involves a new class of universal jet and soft functions involving 6-functions.

e Showed EFT treatment for quark e o]
reggeization and derived fermionic BFKL g e
s R

- ‘ g £ " ‘—\LK' LL o (1) (x4)
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e Described developements for collider Subleding Lograngns
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observables at subleading power Resmmain

Lagrangians  Fixed Order Hard Scattering  Resummation

e Studied how to implement rapidity

. . . -n/2
regularization at subleading powers and proposed /ddk—>/ddku v
new regulator purely based on rapidity
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:‘:‘lo-i—ggNLO dl
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o Computed full O(as) power correction of differential 5 ==t
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distribution for color singlet production T —miaiow
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involves a new class of universal jet and soft functions involving 6-functions.
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Factorization with subleading Hard operators
(

")NZH®B®B®5

universal!
Operators Factorization Beam n Beam 7 Soft
o) | o0 | HPBPBOS® | B,sB, B8 Bs VT VMO YTy,
o) | 05708 | HYBYBGLSP | xadxn | XaBad Baxa YIV,M©O viv;
0©0F) | HYBLLBL S |X.Boxsd By Bl B VI VMO VI v,
00 | HY B BGLSP | B.3B, | RalPuixald Bs|  VIVaM©O VIV,
00%) | HYBOYBL,SE | B,8B, |BalPLBS B VI VaM©@ VI,
0002, | HYPBOBR S | B.dB, | BaBaBabBs | VI VaM@O VIV,
OO 0| HEBEBL'S | B.S B, BadBa | Busno YaYsM©® V3,
00 | HYBYBPSE), | B,5B, BibBs | Qus(nyo YaVaM©® V5,
0 0@ | HYBOBO'SC) | B,8B, BibBs | Qusmp YaVaM© V5,




Operator basis at

subleading powers for gg — H (Moult, Stewart, GV) [1703.03408]

Order | Category | Operators # helicity | # of ag(Azj#O
configs color
O(N) | Heg | ORI, = B, B H 2 1 v
O()\) | Hagg Oz(sln):?’iﬁu,) =B JSﬁS/\I H 4 1 v
O(?) | HagQQ | OGIETE,) = S, Haymn, M 4 2
0Lzt = Jayon, Homn H 2 2
053 = Jigman, Hyon-r, H 2 2
HaGad | Ol = Jipmn, S H 3 2
Oéi)a?fix) - J((ﬁnm J(?)nﬁ—m H ! 2
Hqdgg Oézl);fxifxg) = B2\ Bh, in H 4 3 v
entne) = Ban, Bos, o, H 2 3
Hgggg Og?fxb,cjzxm = SBiA]B:AQB;AaBg)mH 3 9
Og?zaicixm = SBﬁA] BgAZB;MBg)\,,H 2 9 v
Py O e = Bin, (0 (PI7) Y H 4 1
ng)iib,cxzxz[xp] = SBi)\] Bfﬁ’)q [Pip B%AJ H 4 2 v
Ultrasoft | OX208 | = B2y Jon, H 2 1
Oﬁii—g)o;(x,) = BZS(H)O Jfﬁﬁx. H 2 1
OV ustacon = Dustin Jyn,} H 4 1
Oz(sz()uas‘z:))xl.h& = Bl B B H 2 2 v
Oéz():sb(f’v))/\]:)\zx\g = By, B Bia, H 2 2 v
Oi(izlf)ffs(i))/\p)\z/\g = [‘%S(f)h BMJ Bax, H 4 1 v




Operator basis at subleading powers for e"e~ — dijet

Order | Category | Operators #hey | o520 [1703.03411 Stewart, Moult et al ]
configs
O(\°) | edqq 00 = Jih Jes 4 v
O |etads | OLN R sy = Bron Jus», dex 8 v
Oéi\)jff“ =5 J’?;’ et 8 v Category | Operators # helicity ug“z’;éo
ctggg | OGN, sy = S Biy, Biy, Boy dex 8 v configs
O(N) | e2q7QQ Ogla(’;?iz +) = J(&;)im\; J(;oﬁ)m2 Jezt 8 eéggeg 05?&",‘1’:&;,(“ SBy Bi Biy B, Jes 6
Oty = oy Haaymn, Je 4 O i) = B Bos, Bin, Bia, Jex 4
04(12;‘(?\?—), 4) = J([:]?nfv\; Jfé)nafx, e 4 Py ng’iji el = Bins LR (PY) 1} dex 8
Oigﬁifiz,ﬂ = Jﬁ;{m Ji(g)nﬁ)\; Jezx 8 v O‘()’zl)i.(;;f,(A2.+)[/\w] = [PTPB: an] Jfajh Jet 24 v
0.520);&?0)\:4) - J(‘Z’;m, J(:g)m, Jet 8 v O'izz)zﬁcxz)\,(;m,,] = SB:A, B?AZ [PiTB;)\J Jet 8
8qGaq | ODNNT oy = Jei, T, det 8 Ultrasoft | OS2 = Bl JE Jes 8
Oif%?fffh‘t) = J(:;m'v)\y J&)nf-—x, Jex 2 Og().i?f)o (nx) = BSS(,)D Jfﬁjx, Jezt 8 v
Ofiiaesty = Jiaymns Hiynr, e 8 v Oty = (Dustin S, ) des 8
Osi;?fji;.+) - ((:;fﬁ/\, J(:qu)fmx\g Jex: 8 v OJ;Q(E?))M (i) — {9us(iros JSSA,}J& 8 v
29388 | OGirn ey = SBin, Bhs, S, Jee 8 v O, sty = Bispn, Bia, B, Jet 2%
Oy = SBn B, Jah, Jes 8 v O iprnon(a) = [OustonBare] Basde 24
O ey = Bin, B, o, dee 12 v
OFRI ey = Bin B, I3, Jex 8
O(ﬁzs);f’;fxz +) = B3\, B2, J;;f; Jex 4




Power corrections at FO: PDF expansion

hemisphere b / hemisph
o Need to keep track of O(7) component of mo- Cnsp er\e Y, ennspherea

menta: both for phase space expansion and N\ kb (Y) )

mandelstams entering |M|?. AN

e Solving Q and Y measurements uniquely fixes

how factors of 7 enter the PDFs. -
Example n-collinear emission, kT ~ T, k— ~Q:
k—e~Y Tk~ 7—2 nt n* :(1,0,0,1)
pi=Qe |1+ +o—=+0(= )|+ o
Q Q2Q Q 2 n _(170707_1)

b oe-Y1o T (oL KO ﬁ)}ﬂ
p, = Qe [l-i-o(e +2Q)+O(Q2 >

e At subleading power both PDF momenta contain power corrections regardless of the
direction of the emission — derivative of both PDFs

. Pa xa T Xa T , [ Xa
T power corrections from fa ~h—4+ <A =fHL(— )+ D, | —
Ecm z, Q z; Q z3

residual momenta in PDFs a
for an n-collinear emission: Pb T T ’
fo ~fy (xp + EAb = fo (xp) + EAbfb (xb)

cm




Power corrections at FO: Master formulae

e Expansion of phase space and matrix element squared in soft and

collinear limits has a general (universal) structure

n-Collinear Master Formula for 0-Jettiness power corrections

da'E,Z) 1 % z5 (QTeY
dQ2dydT x, Za (1—za)¢

a

)_ {fafb AD(Q, Y, z,)

1+

Y G 2

e T (1—2z3)*—2 1-—2z, Z,

—AO 1 r £l fof,!
+ P Q alp 22 + X3 27 2Tb + Xp 2z, alp

Soft Master Formula for 0-Jettiness power corrections
d0‘§2) 172 7(0) P e¥ P, e¥ _
szdeTN; Q {A (Q,Y)|:fafb<*efy*7 JrXaefyfafb*Xbeafb

+ 66 [poﬂ‘f’(o, Y) + %A@(O, Y)H




How to treat power law divergences

Consider rapidity divergent integral /ld £(2)

e Consider ra erge egra z ———

nsider rapidity divergent integr g = z)n

e When g(z) is not known analytically (eg. when it involves PDFs), need to extract pole
as n — 0 without computing the integral.

e For a =1, use standard distributional identity

1 5(1—z2)
TR — +Lo(l—2)+O(m),  Loly)=I[0y)/v]+,

e For a > 1, these distributions need to be generalized to higher-order plus distributions
subtracting higher derivatives as well. For example, for a = 2 one obtains

1 12
(]_ _ Z)2+77 - n

6(1—2)+ L, (1-2)+0m)|,

where the second-order plus function £, (1 — z) acts on a test function g(z) as a double
subtraction.

e Power law divergences generate new PDF derivatives

/ dz, F0a/Z2)(0/2) _ F0a)FO0/20) | 0y

(1 —z5)%tn n



Radiative Functions (in momentum space SCET)

e Subleading Power Lagrangian insertions give rise to Radiative Function

B’LLS

1) _ ol fi (1)u 1
D Exn = 8XnBus(ny - PrLpxn = Kg," By
@___»_E”_.__,__ non-eikonal single soft emission from a colllnear quark
(1)BPS __ s(l)a,
" anwus = Xn g$nLUus =Ky, Y us(ﬂ)
K)((,,) ultrasoft quark emission from a collinear field
& —>——

EXBB - Xn |:Ta’yJ. 7) Tb ] 2X"g,7;/5l (n) g,ﬁlz/ (n)

—————— —— A2 non-eikonal double soft emission from a collinear quark

B’LLS

nws
A2 non-eikonal single soft emission from a collinear gluon

) > ig [V 8L [Ba. Ba

) 5 g?Tr (Bl B 1187, B

A2 non-eikonal double soft emission from a collinear gluon




Radiative Jet Function contribution to Power

Corrections in Thrust

Leading Power O(A) typically vanishes

do ~ (0900 4 (oW OOy 1+ (0 1O
+ (0@ 0@ 1 (oM oMy 4+ (00 £2) o)

S -
N\
)
et e

Example: <, @™ _ > °
~ 7
(\/\/
)
- Bus P
e LP hard scattering operator: 00 = )Z,—,'yixn s
L£2g”
e
e Subleading Lagrangian insertion on X, dynamics: é}”

e Cross section:




RJF contribution to Power Corrections in Thrust

L(z)(y) insertion

O (x)

o O RV Voo %0 T*eBuss. s o+

[%#(0) Vi vnx,,(O)] 0)

0
ol (0)

After fierzing, color algebra, reducing the allowed form of the
convolutions, using simmetry to reduce the number of allowed object
that appear we get a factorized expression in terms of matrix elements of
soft and collinear fields.

Define Radiative Jet Function: J$). In picture, combine it with the LP
jet function on 7 to give

(9<0> i 1
S I () = 7.,

PEN
|
|
|

\

< |
Bl\T



Factorization in Pictures

e Allows all orders factorization for Lagrangian insertions.

e Integral over soft and collinear matrix elements:

e Can separately compute radiative corrections to each matrix element

e Valid to all orders in ag, but you need to address convergence and
closure issues.



