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Introduction

Motivation

@ Resummation is required for collider
observables

e For some observables very precise
— NPLL and above
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@ Our goal is to push this to N2LL’
e Systematic framework of SCET

[Billis et al.;21]
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Introduction

Soft-Collinear Effective Theory (SCET)

o Effective theory

e Hard modes are integrated out
e Soft and collinear modes

e Leading power —
Soft and collinear modes decouple
o Typical scaling: k* ~ (k_, k4, k1)
o Hard region: ki ~ (1,1,1)Q
o Collinear region: k¥ ~ (1,\*,\)Q
o Ultrasoft region: kirg ~ (A%, A%, 2%)Q

%
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Introduction

SCET-II

o Different scaling compared to SCET-I

e Hard region: k%, ~ (1,1,1)Q

o Collinear region: k¥ ~ (1,A\%,\)Q k_
o Soft region: ki ~ (A, A\, \)Q
Q)\U Q2
@ Soft and collinear modes have same
virtuality
= Additional rapidity divergences QA
@ Introduce additional regulator o Q2\?
[Becher,Bell;12]
QN QA QN k+

ddki v @
(2m)d (k + k*) 5 (k)0 (kZ(O))
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Factorisation

@ Typical factorisation formula for LHC observables in SCET

do =~ H (ur) - B(ur) @ B (ur) © S (ur)

@ Some observables require input from final state radiation — Jet functions
e Example: Boson-jet azimuthal decorrelation [Chien et al.;20,22]

@ Resummation requires knowledge of anomalous dimensions and matching
corrections

FCLISFH’YH,CH B, V), 7S, CB, CJ, CS
Observable independent Observable dependent
@ SoftSERVE: [Bell,Rahn, Talbert;19,20]

e Automated framework to calculate NNLO soft functions
@ We developed a similar framework for the beam and jet functions at NNLO
e First application: pr-veto for quark beam function [Bell,KB,Das,Wald;22]
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Automation of Beam function calculations

Automation of Beam function calculations
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Beam function definitions

@ Quark beam function

;[ZLL;O[ a/h (2,7, 10) ZS(l—x)P—Zki>
(h(P)| Xa | X) (X[ xp [R(P)) M(7; {k:})

@ Gluon beam function
—Bg/p (x,7,1) = P_Zé(l—x ij)
(h(P)| AL 1X) (X AL L, IR(P)M(r; {ki})

@ Matching on parton distribution functions

1
dz T
Bi/h (l‘,T, /’L) = § 7I7A—] (;77-7 /’L) fj/h(z7/’(‘) + O(TAQCD)
i€{a.g.a} "
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Approach at NLO

o Parametrisation:

k
k- =(1-2)P_,
|];:J_‘ = kT7 P
cos (0r) =1 — 2t
o Measurement function:
k n
MY (73 k) = exp {—T’fT (ﬁ) f(tk)}
o Master formula:
B (2, 7) AT ff,i) (1—o) - TF o wB
YiNT T 14 i/J k
1 €
x [t 0™
0
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Approach at NNLO

@ At NNLO we need to consider two different
contributions

1) Real-Virtual contribution
@ Matrix element: NLO collinear splitting functions
@ Same parametrisation as NLO

2) Real-Real contribution P
o Matrix element: LO triple collinear splitting functions
@ Parametrisation:

k
ar = (k= +1-) (ks +14), b= ll
T
k_lp 1 — cos Oy
a= » e =
krl_ 2
k— +1-
xr =
P_

Kevin Brune (University of Siegen) QCD@LHC 2023 September 6, 2023



Approach at NNLO

@ Measurement function at NNLO

MQB(T; k‘,l) = exp [quT ((1:1#) F‘((L7 b, tklv tk,tl):|

@ Many overlapping singularities remain
e Sector decomposition
e Selector functions
o Non-linear transformations

— All singularities factorised
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How to treat distributions

@ In general the beam functions are distribution valued in (1 — x)~!

1) o Direct calculation in z-space
e Expand in terms of distributions

—_
[
8

(1=a) 7" @) = = L [ (@61~ ) + |

= )61~ 7) + {

—
I
8]

2) o Resolve all distributions in Mellin space

1
Bi/j(N,T):/ dmeﬁlBi/j(z,T)
0
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SCET-I renormalisation

@ The matching kernels follow the RGE

4
dlnp

1+n
Ii<—j (.73, 7, ,LL) - |:2n CuspL + ’YB:| I’i<—j (337 7, U)

- 22"[1'%76(55777 M) ® Pkej(l',ﬂ)
k

@ One-loop solution

Qs 1+n_, i
Ticj(z, 7, 1) =0(1 —x)d;; + (47r) {( p ¥y —|—'yBL> (1 —x)dy5
—2P0 ()L + I, ()] + O(a?)

]

— Extraction of v and Z;;(z) at NNLO
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SCET-II renormalisation

o Additional scale v — Additional large logarithms

e Resum them via collinear anomaly approach [Becher, Neubert; 13]
[Zicr (1, 7, )Ty (w2, 7, 1y 1) S (T, 1, V)] o
(q27—_2)_Fij<7'nU') I;

k@1, T ) L (22, T, 1)

@ Anomaly exponent Fj; fulfills RGE

sz](T7M) _
W = 211(:usp
o Slightly different RGE for the matching kernel I, (x, 7, 1)
d

mhek(%’ﬂ B) =2

J

[CcuspLl — Vo] Ticei(, 7, p) — 2 Zlﬂ—j(wﬂ':#) ® Pji(x, )
— Extraction of vz, anomaly exponent F;; and I;;(x) at NNLO
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Observable status

SCET-I Observables SCET-Il Observables
@ Beam Thrust @ pp-resummation
@ DIS Angularities @ Transverse Thrust
@ pr-veto

@ Matching kernel can be written as

i i 1 i [log(l —x)
() — i _ ij ij
Lij(z) =c?16(1 — x) + ¢ {1—x}++cl { 1w |,

. [log?(1 — . [log3(1 — v).Gri
+ ¢l |:og ( x):| + |:0g ( x):| +I_(27y)7G d($)
+ +

1—x 1—x g
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Observable status

SCET-I Observables SCET-II Observables
@ Beam Thrust @ pr-resummation
@ DIS Angularities @ Transverse Thrust
@ ppr-veto

@ Matching kernel can be written as

iy iy 1 i [log(1 — )
Zij(x) =c2,0(1 — 2) + cf {m} . +cf {ﬁ N
i [log”(1 — ; [log®(1 — i
b { og™( m)} b { og”( :E)} +Ii(<2_,?),c ()
1—2x 4 1—=x +
@ All contributions implemented into pySecDec [Heinrich, et.al ;18,19,22]
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pr-veto [Preliminary]

o Measurement: wy(k, 1) = O(A — R) max(|k|, [I*]) + 0(R — A)[k+ + |
with A = /% In? % + 62,
@ Independent calculation by Dingyu Shao
e Based on computing the difference wrt to a known reference observable

e Asymmetric phase-space regulator

— Method is similar to the one from
Abreu, Gaunt, Monni, Rottoli, Szafron [2207.07037] [See talk by Gaunt]
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pr-veto

o Measurement: wy(k,!) = 0(A — R) max(

with A =

11,2
7In

k=1t
kti—

+ 07

Automation of Beam function calculations

[Preliminary]

EL),)I%]) + 0(R — A) |k + 1]

e Focus on the gluon-to-gluon and quark-to-gluon channels

AGMRS: [Abreu et al.;22]

Kevin Brune (University of Siegen)
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R=02 [ This work [ AGMRS R=0.5 [ Thiswork [ AGMRS
T oarp | 031(1) 0.32 < oarpe | 1:38(1) 1.38
7 e —23.32(9) | —23.32 7 e —16.98(9) | —16.98
A A
o Ty 16.44(1) 16.44 O ATy 11.40(1) 11.40
cgfci 79.02(6) 79.02 cgffci 43.20(6) 43.20
R=0.8 This work | AGMRS
P ey 1.94(1) 1.94
A —12.29(9) | —12.29
-1,C%
AT 9.01(1) 9.01
97, 20.19(6) 20.19
0,C%
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Automation of Beam function calculations
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Automation of Beam function calculations
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DIS Angularities [Preliminary]
@ Measurement: [Zhu, Kang, Maji; 21]
A
2

wois({ki}) = (k?)l_% (k’_)

7

o Here we consider the cases A = {—1,0,0.5}
@ Focus on the quark-to-quark and gluon-to-quark channels

P A=—-1 A=05 7 A=—-1 | A=05
CrTr 6.32(1) —17.49(6) CrTr | —0.15(1) | 8.16(1)
Cc% —2.91(4) 6.41(41) CZ 34.19(3) | 8.55(13)
CrCa | —4.09(12) | —2.69(68) CrCy4 | 17.58(65) | 8.64(19)
cf? A=-1 A=05 c3? A=-1 A=05
CrTr | —11.85(1) | —5.93(1) CrTr 4.74(1) 1.18(1)
C% —54.10(3) | —1.46(3) CZ 0 0
CrCa | 22.16(3) | 11.08(4) CrCas | —13.04(1) | —3.26(1)
ci? =-1]A=05
CZ [ 14.22(1) | 3.56(1)
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Automation of Beam function calculations
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Automation of Beam function calculations
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Automation of Jet function calculations

Automation of Jet function calculations
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Jet function definitions

@ Quark jet function

L@ = - Y 0m) (Q > k;) 512 (Z /#)

X
(O x |X) (XX 0)M (75 {k:})
@ Gluon jet function

g5 g0y Q) = £ Y (2w <Q -> k) 512 (Z k#)

X

(O] A 1X) (XTAY, 0)M (73 {ki})
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Approach at NLO

o Parametrisation:

ko =2Q, po =2Q,
[kl =[] = kr, g
cos (0x) =1 — 2ty éé@ %)%
® 5 &
o Measurement function:
m [k " L _m4n,,
/\/li](T;k,p) = exp [—7’ (k) (5) (22) e f(zz‘k)}
o Master formula:
g,

00000

r(=%) n
IN(Q, 7, ) ZM /0 de(z3) TR oW (2)

m-—+n

! — 2e
X/ dtk(4tktk)_l/2_€f(z7tk)m+n
0
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Approach at NNLO

@ Similar approach to the beam functions
o Parametrisation:

k
ar = /(- + 1) (ke +15), b= -
T
k_lpr 1 — cos By, k_ +1-
a = ) tkl = , 2=
kpl_ 2 Q

@ Measurement function at NNLO
n

ar
F(Z.a,b, t’klat}ﬁt’l)

m4n

(22) 1% Q
@ Renormalisation follows as in the beam function case
@ Slightly simpler RGE

M (75k,1,p) = exp | —7(qr)""

d 14+n
Ji(Q7T7/'[’) =2
dlnp n

TeuspL + 77| Ji(Q, T, 1)
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Observable status

SCET-I Observables SCET-II Observables
@ Thrust o WTA-axis Broadening
@ Angularities o WTA-axis pp-resummation
o Transverse Thrust o ete™ jet rates
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Observable status

SCET-I Observables SCET-II Observables
@ Thrust o WTA-axis Broadening
@ Angularities o WTA-axis pp-resummation
@ Transverse Thrust o cte™ jet rates
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Transverse Thrust [Preliminary]
@ Measurement: [Becher, Garcia i Tormo; 15]

wrr({ki}) :4592( - (rﬁ ETD

BT

o k' transverse to beam axis
@ Quark and gluon jet anomalous dimension agree with literature [Bell,Rahn, Talbert;19,20]

- .
~7 This work | SoftSERVE ;}2 Th'sowork S°ft§ERVE
CrTr | —21.09(1) —21.09 CFI%F —10003) 7
> }

C% 10.80(17) 10.61 T T—16.95(1) 1699
CrCy4 | 83.67(16) | 83.77(3) = 56.3302) | 96.3303)
@ NNLO matching correction
- .

3 This work ;j% T;;GV(\If)rk

ngp ;255%1(%)) CrTr | —47.21(12)

E : CaTr | 30.69(19)

CrC4 | 116.66(61) & 175 92(81)

September 6, 2023
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Winner-take-all recombination scheme
@ Select the two closest particles and merge [Bertolini, Chan, Thaler; 13]

7
|5 |

7j

Eujy = Ei+ Ej, Puj) = Euj [ 0(E; — E5) + B 0(E; — Ei)]
J

— Massless pseudoparticle that points in the direction of the most energetic
particle
— This direction is the "winner-take-all" axis

@ At leading power the soft function is the same as for the standard jet axis

min(dig, dip, dis)

Cluster
=1 +p-

Cluster
=k 4L

Cluster
g =k +p
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Automation of Jet function calculations

WTA-axis pr-resummation [Preliminary]

@ Distance measure: kp-algorithm, anti-kp-algorithm and Cambridge-Aachen-algorithm
@ Measurement: Vector sum of the transverse momentum projected onto the WTA axis

— Needed for Boson-jet azimuthal decorrelation

Quark and gluon anomaly exponent agree with literature [Bell,Rahn, Talbert;19,20]

Quark remainder function comparison with Event2 GSW?Z:[Gutierrez-Reyes et al.;20]

@ Predictions differ by a sign, which has been confirmed in the meantime.

Kevin Brune (University of Siegen)

co This work GSWZ co This work GSWZzZ
CrTr | 12772(5) | —13.0(3) CrTr | 1227(31) | —12.5(3)
CZ [ —1384(37) | 12.2(11) CZ [ —25.90(59) | 25.3(6)
CpCa | 14.40(80) | —9.3(2) CrCa | 372(131) | —63(2)
Quark:kp-algorithm Quark:anti-kp-algorithm
c2 This work | GSWZ = thgsg‘évffg‘
CrTr 12.29(31) —12.5(3) E :
> CrpTp | 170.48(6)
CZ | —25.76(60) | 24.5(6)
CaTr | 9.19(5)
CrCa | 741(132) =6.7(2) >
Quark:Cambridge-Aachen-algorithm Ca 25.13(49)
: Gluon:kp-algorithm

QCD@LHC 2023
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Conclusion and Outlook

@ We have reported on our automated approach for the calculation of beam
and jet functions at NNLO

o Complete setup for SCET-I and SCET-II observables

Beam functions Jet functions
o DIS Angularities @ Transverse Thrust
@ pr-veto o WTA-axis pp-resummation
Outlook

@ Automatic approach for polarised gluon jet and beam functions

@ Development of a stand-alone C++ code
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