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Motivation

® Resummation is useful to correctly describe observables at colliders
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[Billis et al “21] [Re et al “21] [Camarda et al “21]

® Often experimental analyses involve cut on extra radiations

. . . | ,
to enhance signal-background ratio — jet vetoes See talk by K. Ellis

[ Becher, Neubert, +Rothen "12,"13
veto Banfi, Monni, Salam, Zanderighi “12

. jet
» Reject events based on transverse momenta P < Diyv o o i e
T
[Gangal et al 14,20,

» Veto is also pOSSible on Rapldlty Hornig et al “17,

Michel et. al, 18]
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® Jet-vetoes introduce large logarithms which needs to be resummed

In (p7*°/Q)

® Measurement at NNLO

wa({k,1}) = (A — R) max{|kr|, [lz|} + 0(R — A)|kr + I7|

® State-of-the-art N3LO+N2LL+LLR Banfi et 16

20-jet(Pt,veto) [Pb]

NNLO+NNLL

Small jet-radius resummation at LL o Pigailisi, B’

. 20 30 50 70 100 150
[DasGupta et.al. “14] 12

® Recent explicit computation at NNLO

ratio to NSLO+NNLL+LLg

with transverse momentum as a reference

[Abreu et.al. “22]
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Factorization

® Factorization in SCET for color-singlet processes

do ~ H ®S(’uf)

Hard interaction Soft radiation
ISR

® FEach function can be calculated perturbatively
® Resummation is performed by calculating them at their

characteristic scales and evolving them to a common scale.
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Resummation

® Resummation through RGE. N
M H ==t Hard

® Hard function RGE :

dlnH(Q?M) ,U,J Jet
dln — VH(QMU) UB =— Beeam
» Hard anomalous dimension 1 — RGE
1S Soft
E’YH(Q7 ,U') — Fcusp (OZS) In % + ’yH (as)j S 0

H(Q,p) = H(Q, pr)U(pim, 1)

Boundary term
(free from large logs)

U(pm,p) = exp [/M dlﬂMI’YH(Qaﬂ,)}

Evolution kernel HH

(resums large logs)

i =0 in" (Q/ )

Goutam Das
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Ingredients for Resummation

® Need all the anomalous dimensions & matching coefficients

H B S
Fcuspa Y s, CH, Y 5, €B, 7Y , CS§

H_/

Observable-independent Observable-dependent e Newbent 10

GD, Moch, Vogt "19, 20,
Manteuffel, Panzer, Schabinger
+Huber, +Yang "20, “22

» Hard anomalous dims are known to 3-loops (some cases 4-loops) oo w20 22 o o

Steinhauser,+Huber,+Chakraborty “221]

® Beam, Soft quantities are computed on a case-by-case basis

® Need two-loop matching coefficients to achieve NNLL’ accuracy

Fcuspa)B 7H’B’J’S | Boundary term (CH,B,J,S)
NLL 2-loop | 1-loop 1

/

NLL 2-loop 1-loop ag
NNLL | 3-loop 2-loop Qg

NNLL' | 3-loop |C2-loop)
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® Set up a general framework to automatically calculate general class

of observables R
do ~ H ®\S(W

R [
® Hard function msmm) underlying form factor LireRep, FIRg, REDUZE, AR, KIRA ...

[Lee, “13,

Smirnov, Chukharev, "19,

von Manteuffel, Studerus, “12, o
Anastasiou, Lazopoulos, "10

Maierhofer, Usovitsch, Uwer, ~17]

® Soft functions mess) 2-particle final state
» NNLO di-jet soft functions: SoftSERVE (e, Rahn, Talbert “18, 201

Thrust, C-parameter, Angularities, Hemisphere masses, Threshold, P., Jet-veto resummation ...

® Beam functions =) 2-particle final state i
L6 &gd

d de ! [Bell, Brune, GD, Wald 21, (in progress) ]

» Non-trivial matching onto
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® Proton matrix element of renormalized operator composed of
partonic fields (with additional dependence on measurement)
» Contains non-perturbative contribution — match onto PDF!
Matching also holds wrt partonic states!
Quark-Quark
[qu(wmu) = E}; 5((ﬁ-P)(1 — ) —ﬁ%xc) (Plx|X) g <Xc|xP>M(T,{ki}ﬂ
ieX.

® In the limit 771 > Agep
d
Byg(x, 7, 1) Z/ Zﬂ@ x’ fzq(z,u)

IR—ﬁmte N IR-divergent
IR-divergent Watchmg coefﬁc1ent;s/ Partonic PDF
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Rapidity divergence

k_

QX°

® SCET-II observables

» Suffers from additional rapidity divergences al W

QN?

» Rapidity logs can be resummed to all orders

» Follow the collinear-anomaly approach. ... xewer 10

» Introduce analytic symmetric regulators at the phase space level

[Becher, Bell, “11]

Modified PSP

[ om0 ()

Goutam Das

Collinear = Anti-collinear
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NLO

® An automated framework exists at NLO P
K. Brune’s master thesis 18 |
[ 1 ) ® :
® Matrix element - LO splitting kernel L
(0) _ 1 5
Pq_>gq ( 1) o CF ZE_]_ |:1 _I_ aj]‘ o 6x1:| [Altarelli & Parisi “77]

® Phase space

k_ 1 — cos(6
T =5 kr = kik—, 1p= Q(k)

{k_,kT,Hk} o {xl,kT,tk}
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Measurement-P

veto

® Cumulant Beam function

M@ {ki}) = 05" — w({k:})) r({k}) = [bal o o
w2 ({k,1}) = 0(A — R) max{|kr|, |Ir|} + O(R — A)|kr + I7|

® Measurement function for single emission (in Laplace Space)

k n _
Miaririb) = exp | = v (Z2)" o) o
Non-zero in ﬂ
® P - Veto singular limits ®!

n=0, f(ty) =1 of ME

kT — dependence is trivial! ‘ Perform the integration analytically!

® Master Formula
_26 —1— 2ne 1 _ 1 . 2¢
& 0 All singularities are factorised !
Goutam Das 12
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Real-Virtual

® Matrix Element

[Bern, Chalmers, +Del Duca, +Kilgore,
+Schmidt *95, "99,

(x) Kosower, Uwer, ~99
Sborlini, de Florian, Rodrigo "13]

-
k | |
M IW
P , P |
— @®| > ®I®

| |
[ L _

related to NLO collinear splitting kernel - Pq(1—)>gq*

® Phase space & measurement function follow NLO type

® Master formula

_4 e — 1 — 1 4e

BEEY (g1 7 1) ~ V(e r( - ) zy W) / dty, (4t,tk) "2 7€ f(tg) 7
0

~e "+ 0(e All Phase space singularities are factorised !
P 8
Goutam Das 13
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Real-Real

® Matrix element - L.O triple collinear splitting kernels

. 2
P(O) ’CF TF P(O) ’Zfi P(O) 7CF P(O) ’CA CF [Catani, Grazzini "98, "99
g—q' d g’ T 9—9dq*> * q—9g9q9*) T q—ggq* Campbell, Glover “9]

® Complicated divergence structures from ME

1 1 1 1

2 9 29 ) ) — 9
§798793(T1 + T2)?" S13523T1%T2  S135123%1%2  S135123T2T3

- o o
k+l/ k/ | k+I//
Lm : W 2 £ gl B
5 @— : = R | R - ®'®

L _ L L_
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Real-Real

® 2-particle phase space ’

/
ko 41 a5
a:ﬁ, b:k—T, L12 = ; qu\/(k_+l_)(k+—|—l+) + ® @
l_kr n P_ ]

{k—a kTa l—a lT7 91{17 ela Hkl} — {CL, b7w127 QT7tk7tl7tkl}

® Measurement function — two real emissions

MZ(Ta {ka l}) — €XP [ — TQT( I ) F(3312, a, b7 tkla tka tl)]
£E12P_

» Exact form depends on parametrization & ME divergences

f’ T a b t ti . t ‘ ensure it does NOT vanish in
( 12,5 5 Mkly TR l) the singular limits of ME !

University of Siegen Goutam Das




Real-Real : C T n,

{k—a kT) l—7 lT? 91@'7 Hla ekzl} — {CL, b7 L12, QTvtIC?tl?tkl}

® gr-dependence is trivial ™= Perform the integration analytically

® Remap {a,b} to unit hypercube mm=) 4 sectors K+ M
® @

P

Exploit k — | symmetry: 2 sectors

I
L —

® Avoid distributions in x19

work in Laplace-Mellin space!

Also possible to keep the distributions in X129
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Real-Real : C.T.n,

® Collinear divergence k| |1 still overlaps: __
a = uv k+ m
tkr = UZU/(l — u@) \(CL + 4atkl) — U —5—Q ' @— ,

® Master formula:

20 51 _1_9q_ Anc - - Ane
Béz)’nf(Nl,T)NC(n,e)(é> / dzis db du dv dty dts @y o m uTim2e TR TR
0

4e

g($12’ b’ u,v, tl? t5)F(£U12, b7 u,v, tla t5) ttn
non-zero in the
singular limit of ME

Goutam Das

All singularities factorize !
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Real-Real : C.?

® Divergence structures g@%
1 1 1 1 e
, 4 @ﬁ@%
§12513L1X3  5125123X1L3 $13523L1L2  5135123L1L2 L

® Complications due to many overlapping divergences in ME

® Additional complications from measurements

Wpr—veto = \/(a e [0 — Rmax(L.b) + O(R - A)V/(T =57 + 4b(1 — 1)

Must stay non-zero in the physical limits a — 0,6 — 0

® General strategy:

» Use of non-linear transformations

» Sector decomposition [Heinrich 08] ~28 sectors
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Real-Real : C,C,

® Divergence structures (in addition to all color structures)
1 1

—, e
512813X2X3 51285123L1X2

k+I// |
P |
—R'® .

|
L —

® Calculation follows similar to C% structures.  ~ new 14 sectors

® Implementation:

» Automated Mathematica code

[Heinrich et.al. “17

» Laurent expansion & integration in pySecDec (Cuba) i, 05, ‘14
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Cumulant Measurement

® Revisit measurement M(p¥ete: {k;}) = 0(py* — w({k;}))

w1 ({k}) = [kr| wa({k,1}) = 6(A = R) max{|kr|, |ir|} + 0(R — A)|kr + 7|

® Our framework calculates in Laplace space

/OOO dpi*e TP Y(p3e — w({ki})) = —eXp( Tw({ki}))

® Revert back to Momentum space

eVE (2e+a) eVE (de+a) eVE (de+2a)
Sbare Sbare Sbare — Sbare Sbare — Sbare
I'(l—2—a) ©* BV (A —de—a) BV BETT D1 — 4e — 20) HE
o1 (2€) o1 (4¢) o1 (4¢) |
Bbare Bbare Bbare — Bbare Bbare — Bbare
(1 —2¢) % 7 BV D1 —4e) Y BET (1 — 4e)THE
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SCET-II renormalization

Soft function from SoftSERVE

® Collinear anomaly approach

. _FQQ(TalL”) R .
[8(7_7 M, V)ICJQ(vaTv 122 V)ICYQ(N%Tv M V)] 0450 <72q2> IQQ(Nth M)I(W(N%Ta M)
! [Becher, Neubert, *10]
® RGE : Anomaly coefficients dli Foq(T, 1) = 2T cusp(ats)
n i

Finite non-logarithmic coefficient =

® RGE: Matching coefficients

d
dln p

L =In(Tp)

TC]CI(NlaTa :u) — [2FCUSP(O‘S)L + ZVB(O‘S>] E]Q<N1777 :U’) o 222\(]’5(]\7177_7 M)ﬁ’LCI(NhM)

® Solution msss=)»  renormalized matching coefficients
Finite remainder coefficient T,,(N;) Non-logarithmic piece

University of Siegen Goutam Das




Results : Anomalies

® Anomaly coefficients ® Non-cusp anomalous dimensions

- depends on the jet radius at 2-loop

fle Analytical[1] This Work
v ! —11.395 —11.395(2)
v F 10.610 10.611(19)
A 4.637 4.640(17)
| | ol | |
0 0.2 0.4 0.6 0.8 1.0
R

[1. Becher, Neubert, +Rothen 12, 13]
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Results : Matching Kernels

® Matching coefficients at two loops also depend on the Jet radius R

» Seven independent kernels for the quark case

1) (N) = C% T2CP)(N) + CrCa TZSA(N) + CpTenys Ijerq” (N) + CpTp TET(N),
I ,(N) = CrTr IZG(N) + CaTr IRGA(DN),

I} #(N) = Cp(Ca — 2CF) IEGAP (N) + CpTr TETO(N),

"(giq (N) _ <—q’( ) — T ﬂ;?—?)( ) [G. Bell, GD, K. Brune, M. Wald 22]

» Six kernels for the gluon case
;G G LCprpTEn
D (V) = C% T2 (V) + CaTeny TR (N) + CpTny Toegr ™ (1),
1D, ,LCrTprn
T@ (N) = C3 T2 9P (N) + CrC TEGFON(N) + CrTrny TG (V).

[G. Bell, GD, K. Brune, D-Y Shao, M. Wald (to appear soon!)]
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Results : Matching Kernels

® Quark matching kernels

N
=)

gF)(J\r)

@,
«—

N
=)

I,

2ny)
g (IN)

I,
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Results : Matching Kernels

® Quark matching kernels

T T T T T T T T T T T T T T T T _I ' ' ' ' ! ! ! | ! ! ! ! | ! i i i |_ —I I I I | I I ' ' | ' ' ' ' | ' ' ' ' |—
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® An automated framework to calculate Beam functions for a wide class of

obervables at NNLO.

® New results for P_-veto

® Future plans:
» Implementation in a C++ code - BeamSERVE to be integrated with

resummed framework e.g. SCETlib - GENEVA
» Application to phenomenology!

Thank you for your attention!
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