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« Definition:

[Farhi,77]

« Describe how pencil-like an event is.




« Definition:

. 1. [Farhi,77]
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« Resummation is useful to correctly describe observables at colliders

e*e” - dijet (regular thrust) e*e” - dijet (transverse thrust)

0.02 0.03 0.04
T s [Becher, Tormo, Piclum, 16]

« SCET has emerged as an important tool to study IR sector of QCD and
resum large logarithms in a systematic framework

« The backbone relies on the underlying factorisation theorems
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Soft-Collinear Effective Theory (SCET)

- Effective theory: A
- Soft and collinear modes
- Integrating out hard modes

« At leading power soft and collinear
modes decouple

« Typical scaling QA
- Hard Region: k% ~ (1,1,1)Q 5 "
- Collinear Region: k" ~ (1,2%,\)Q @ 02\
B ) . : kM~ )\27)\27)\2 >
Ultra-soft Region: ki, ~ ( )Q Q¥ Ox QN° k.

« = Complete Factorisation




Factorisation

e Generic factorisation theorem in SCET
do ~u [T Butue) = H@ © S(ur)
\ _ -

Hard interaction / N .

| .

Collmear radlatlon(mltlal) PE—
< Collinear radiation(final) _

« Each function can be computed 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

] M { =———— Hard
e Hard function RGE:

( ) L] e %et
dH Q’M HEB = eam
———— = YHard (@, 1) H(Q, :
[Becher,Neubert,10]
LS =t SoOft

-  Hard anomalous dimension

/YHard(Qa ,LL) — FCusp (043) In % + vH (045)

H(Q, p) = H(Q, pm)U (1w 1) U(pr, 1) = exp [/

w

dIn // fYHard(Qa :u/)]

H
Boundary term Evolution kernel

(free of large logs) (resums large logs) n




Ingredients for Resummation

« We need to have all anomalous dimensions and matching coefficients

S B J
y CS, Y ,CB, 7Y ,CJg

e

H
I‘Cuspa Yo, CH, Y
\ - _J
o
Observable-independent

—_——
Observable-dependent

« Observable-independent quantities are known
 Soft, Beam and Jet quantities are computed on a case-by-case basis

* Need two-loop matching coefficients to achieve NNLL accuracy
H, S B,J

Pousp: B | 7 CH,S,B,J
NLL 2-loop 1-loop 1
NLL’ 2-loop 1-loop Qg
NNLL 3-loop 2-loop Qg
2

NNLL’ | 3-loop 2-loop o n
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Automation of Soft/Jet/Beam functions

Set up a general framework to automatically calculate Jet, Beam, and Soft functions for
a general class of observables

Sea
Soft functions ‘ 2-particle final state  (sellrann Tibert 18.20] /;KRO ERVE
vV

- Complicated measurement function

/ 2,
Beam functions ‘ 2-particle final state (Bell.k8 Das,wald (in progress)] 5 @ :%‘5
P \ §

- Non-trivial matching onto PDFs N

Jet functions ‘3-particle final state M

. . ® — ®
- Complicated divergence structures W




Automation of Soft/Jet/Beam functions

Set up a general framework to automatically calculate Jet, Beam, and Soft functions for
a general class of observables
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Jet functions ‘3-particle final state M
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e Definitions:

- Quark jet function J, (7, 1)

8]t = 2 Soems (@ - X, k) 0472 (X0, k) M b 01x 1) (X o

1€ X

- Gluon jet function J,(7, 1)

~01 G gy (rm) = Do (2m) % (@ = 3k )5d2(Zikf)M(n{ki}><0\Ai’A|X><X\A$B\0>

’LGX \ /\

( Phase space constramts ) ( Collinear ME >

- Generic measurement function = M(7, {k; })

ﬂ



NLO

° Automation exists at NLO [KB’s master thesis,18]

[Basdew-Sharma et al,20]

* Matrix element : LO splitting function Pé?qu(zk) Pé?ng(zk) P;S?qu(zk) [Altarelli Parisi, 771

-0 ] IR

« Phase space parametrisation

ke

1 — cos(6
Zk—aa kr = Vkik_, t = 2<k)
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Measurement

 Generic parametrisation of the measurement function
in Laplace space

M (T, 2, kr, ty) = exp (TkT( br ) f(Zk,tk))

2k 2k ~
- Nonzeinthe
- Example : e
- Thrust : n=1 flmt) =1
Lty
- Transverse Thrust: n=1 f(zr,ty) = 16— 7
sSmmop
- Angularities : n=1-A4 [flzt)=00-2""+2"1

« Master Formula
—2€ ! —1-270-¢ —1-2-7¢ _ Tyl e 2
J<1>(w)~r( ) / depdty 7, 2T (e (B k), P (21, PA g (2) ) ) (k) ™3 f (o, 1) T
0

14+n
All singularities are factorised !
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NNLO real-virtual contribution

* Matrix Element: NLO splitting functions p{), (o) P, (z) PO, (z) (enicttisd

 Phase space & measurement function follow NLO ~ 0(20)

« Master formula

—4e ! —1—4 0 —1-4-" ¢ ~ ~ - _1_, 4.
JER (7 ) ~ (f)r< >/o degdty 2, 7z T <Zk5k (Pq(*l)—>qg(zk)apg(i)—>gg(zk) Pgs ) otz k))) (AtTr) 27 f (2, ta) 7

|
o) All singularities are factorised !
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NNLO real-real contribution

« Matrix element: LO triple collinear splitting function [Catani Grazzini,99]
2),RR (0) (0) (0)
Jé PR o LS PCI*—W(?(_]: Fg 994 Jg(Q)’RR x P pY

9*—9q'q" 9*—9499




NNLO real-real contribution: CF TF nf

« Sample divergence structure:

0) 1
P(* i E
¢ 3%233%2(21 + 22)2

« Phase space parametrisation

B k_+1_ ; kT
g ) = ——
12 Q ) lT
k_lT 1-— COS(le)
a=—, tp =
krl_ 2 ® @
gr =V (k- +1-) (ks + 1)
« Generic parametrisation of the s128 = ‘:Q +s +l823’ s12 = (2k-1), 513 = (2k-p), 23 = (2-p)
_ = - _ P=

measurement function 7 =
in Laplace space

MQ(Ta ka l7p> = €Xp (_TQT ( i ) F<Zl27 b7 a’7tkl7 tl; tk))
212Q)

ﬂ
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NNLO real-real contribution

« Master formula:

—4 1 —1—-4n_ .
J(Q)’RR(M, T) ~ F< ‘ >/ dz12dudbdv 2121 b u_1_2€W(z12,u,v,b,tl,tk)F(Zu,U,U,‘b, tl,tk)l‘%”6
0

14
9949 14+n i
=
- < ( ™~ " Non-zerointhe

NLT _I\ - AT - ( singular limits )
U}//,) e \\ Z%qof ME —

All singularities are factorised !
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NNLO real-real contribution

Divergence structures

1 1 1 Parametrisation similar
depending on s;;

, ,
2122813523 <1225135123 21(1 —21)813823

« Complications due to many overlapping singularities in ME
 Additional complications from measurements

- Thrust: F~b+a(l+z2)
Must stay non-zero in the limits

a—0,b-0,z,,-0
14n

- Angularity : F~a = (@"+b)+a = 27

 Strategy:

- Sector decomposition [Heinrich 08]

- Selector functions ~ (Factorised singularities in all regions

- Non-linear transformation . m



SCET renormalization

« Jet function fulfils the RG equation
4
dlnp

1 _
g(n) = +n,L—ln<—( add >,T—767E

n Qr)T
« Two loop jet function RGE solution
Tuo(ron) = 1+ (52) {aloBar? + o2+l + (52) S w220+ gt (o + 220 ) oz
7,9\ Ar A1 2 0 3 Extraction

,7,] {7777}
+ (g(n) (T4 + Toc!) + ¢ <70 + 5())) L? + +cf (v +260)) L +}

 Implementation in pySecDec [Heinrich et.al. 17,18,21]

ﬂ



Thrust

wr = k_|_ + l_|_ + py

fy‘l] I Analytical[1] | This work CQJq Analytical[l] | This work
CrTgng -26.699 -26.699(5) CrTrng 10.787 10.787(9)
C% 21.220 21.221(94) Cs 4.655 4.658(117)
CpCa -6.520 -6.522(89) CrCa 2.165 2.167(132)
’yi] g Analytical[2] | This work 02‘]9 Analytical[2] | This work

(Trng)? 0 04+2-10~% (Trng)? 2.014 2.014(1)
CrTpng -4 -3.999(13) CrTrpng 0.900 0.904(50)
CaTrng -9.243 -9.242(20) CaTrng -13.725 -13.727(69)
C? 9.297 9.297(55) C% 3.197 3.195(168)

[[1]. Becher, Neubert 06,[2]. Becher, Bell 10] ﬂ




Angularities

« Measurement function

1=A/2,A/2 4 1= A/QZA/Q 1— A/2pA/2

wAng—k +l _|_p

« Check jet anomalous dimensions @ NNLO (against SoftSERVE)

40

20

T 54297 =0

[\\u[\ll‘\[ll[\
T

* np W G ® C,

e nBRT BRT BRT
ny Cr Ca

T

IR R R R R R S L
-1.0 -0.5 0 0.5

Angularity [A]

[Bell,Rahn,Talbert, 19] ﬁ
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Angularities

« Matching coefficients at two loops

150 —
| | ]
B ¢« n m Cg o) Ca
100}
—_ N 50_7
Q . @ ° ]
- @ °
0 | *
T . » | 2 & ¢
- ®
-50|

Angularity [A] ﬁ



Transverse Thrust

wrr = 4sinOp | (ko] = 7L E|) 4+ (1] = |iie - 1) + (po] = i)

’Y1J ‘ Numerical[l] | Numerical[2] | This work ng This work
CpTrng 4172 -42.183(5) | -42.172(18) CrTrns | -5.911(34)
C2 21.220 21.220 21.610(338) C% 42.548(592)
CpCa 157 50 167.54(6) | 167.345(312) CrCa | 116.663(607)
fyi] g Numerical|[1] | Numerical[2] | This work CQJQ This work
(Trng)? 0 0 0+10~1 (Trng)? 7.862(1)
CFTan -4 -4 -3997(25) CFTan —47.210(116)
CaTpng | -16.3712 -16.985(2) | -16.953(43) CaTrns | 30.691(192)
C3 91+1; 96.329(30) | 96.329(208) C? 172.918(817)

[[1]. Becher, Tormo, Piclum 16,[2]. Bell, Rahn, Talbert 19] m




Conclusion

- Developed an automated framework to calculate Jet for a wide class of
observables at NNLO.

« Using a suitable phase-space parametrisation we are able to completely
disentangle IR divergences into monomial form.

« We have presented the first results for event shape observables
Thrust, Angularities and Transverse Thrust.

* Future plans:
- Extend framework to SCET Il observables & jet algorithms

- Development of a automated C++ code.

ﬂ
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