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Resummation: all-order

¥ In collider process many observables are (often by
construction) sensitive to muli-parton production in the pPnal
State

¥ The production of many particles Is typically suppressed.
However, the rate could be enhanced by large logarithmic
terms In the perturbation series.

¥ Fixed order expansions are not always sufbcient! Need all-
order resuls



A classical example: Drell-Yan Pr
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¥ Fixed order in ! dalls if L! 1

¥ All-order resummation necessary
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All-order structure

¥ All order result generally exponentiate L=In(!)
, , I . small parameter
0~ ogexp(asL” + asL+ oL +...) (depends on observable)

¥ Based on this exponentiation we can dePne a resumed perturbative
order

11 1,1+", L°+L+c NLO
1l #
+"§ L4+ L3+ L%+ L + NNLO

C
+ (P + i+ + :|[+a4ap NnLO
LL NLL NNLL

¥ Only correct for global observables (see later)



Top quark pair production at small 4 T
L1, L1, DYS, Yang & Zhu 13 PRL;
Bonciani, Catani, Grazzini, Sargsyan & Torre ’15
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soft function accounts for the soft gluon emissions from Pnal massive states
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Non-global Observables

¥ Insensttive to radiation inside certain region of phase space




Interjet energy 30w

Observables which are insensitive to emissions into certain regions of phase
space involve additional NGLs not captured by the usual resummation formula

Exponentiating soft anomalous dimensiononly resum part of logs:

| : @ g " s 1 Q
exp —4CprA! o) () 28 = 1+4ﬁCFA. In 0 |
$. % 9 3 , O
+ ﬁ 8CFA| —§CFCAA' —|—§CFTanA! In 6
Qr Non-global logs:
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b \/.\/ a ZT CFCA I T+4L|2 e In 6
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LL resummation for non-global observables

¥ The leading logarithms arise from conbguration in which the emitted
gluons are strongly ordered

E1:>E>>»--->E,

¥ In the large-Nc limit, multi-gluon emission amplitudes become simple:

Pa * Po

Nm 2m
¢ 9 (Pa - PL)(P1 - P2) - (P - Po)

(1,aaam)

¥ Dasgupta-Salam shower

H tH $ P
&2 1+ (at)?” , a= 0.85Cx, b=0.86Cxp
0 11
SCAL #exp " CrCas oo U c=1.33

(Dasgupta & Salam 2001)

¥ Banb-Marchesini-Smye egation

T

OpGi (L) = a9n;)

A7

A AN A

b
Wy O°(1) Gy (L) Gy (L) ! Gu(L)
(Banf1i, Marchesini & Smye 2002)




Some recent progress

Dressed gluon expansionLarkoski, Moult & Neill ’15 ’16

Muli-Wilson-line structure in SCET  Becher, Neubert, Rothen & DYS ’15
’16

Color density matrix Caron-Huot ’15

Collinear logs improved BMS eqQ Hatta, Iancu, Mueller, &
Triantafyllopoulos ’17

Soft (Glauber) gluon evolution at amplitude level, bnite Nc  Martinez,
Angelis, Forshaw, Pldtzer & Seymour ’18

Reduced density matrix Neill & Vaidya ‘18



Effective Peld theory for jet processes

Becher, Neubert, Rothen & DYS ’15 PRL

¥ A new effective beld theory which fully factorizes non-global observables
¥ Analysing Sterman-Weinberg jet processes in EFT, we Pnd that in additionto  soft
and collinear Pelds their description requires degrees of freedom that are

simultaneously soft and collinear to the jets.

¥ These collinear-soft(OcoftO) particles can resolve individual collinear partons, leading

to a complicated mulki-Wilson-line structure
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Multi-Wilson-line Structure

Large-angle soft radiation off a jet of collinear particles does not
resolve individual energetic patrons

0 pi - 1(k)

n-.|I

| Qui

pi - K n

This approximation breaks down for soft radiation collinear to the
jet!!!
EH =1 pnH

Typically this small region of phase space does not give an 0O(1)
contribution.
However it does in Non-global observables.

11



EFT for interjet energy [3ow

(Becher, Neubert, Rothen & DYS ’16; Caron-Huot ’15)

Nnap A | o,! Q(1,1,1)
' ps! Q(1,1,1)

Q
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Factorization

The operator for the emission from an ampltude with m hard
partons

hard scattering amplitude with m particles
(vector in color space)

soft Wilson lines along the directions of the
energetic particles (color matrices)

3
50°
3
50

Si(nj) = P exp (igS / ds nj 8AZ(sn;) Tia)
0
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Factorization

¥ Then the cross section can be written in factorized form as,
!!

" #
! (#1$): Hm({ﬂ}’Q,$)| Sm({ﬂ}1Q#,$)

m=2

¥ Soft function:

Sn({n},QB,0)= 10| S;(n1) ... S, (nm) | X" Xs| S1(n1) ... Sm(nm) |0"0(QB8 # 2E out)
Xs
¥ Hard function: integrating over the energies of the hard particles,

while keeping their direction bxed

|

1 1" #’n H dEI E_d" 3 d ( "m"m ) d" 1 . $%&|
Hm{n},Q,") = 5= M n{p)"M n({pH)I @m0 Q#  Ei 87 V(fier) O p
2Q? (2N 2 - - . “ -

spinsi=1

¥ ® indicates integration over the direction of the energetic partons
7 (ni)

Hm({n},Q,8)! Sm{n},QB,6) = A

H m({ﬂ}aQag)Sm({ﬂ}aQﬂvé)

=2
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Resummation

. ! i H
(", #) = Hi({n},Q,# 1) ! U {n}# s 1n) O Sm({n}, Q" ,# us)

|=2 m" |

InPnite operators are mixed under RG evolution
¥ Analytical method falls
¥ RG evolution = parton shower

e.g. LL evolution

Ho(u= Q)= 1o o ¥, ave
Ho(u=Q)=0for m>2 17 S0 o
Sm(i=#Q) =1 L

Vo Ry O O ...
O V3 R3 0 ...

+ | "+ o
%L(S")= % So({n v}, Q",3un) =% Usn({n}, $ Us, tn) # 1

m=2
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Anomalous dimension

One-loop anomalies dimension

# o | ©odt ()

V2R, 0 0 ... V=2 (Tip 8T, +TindTr) — — W,
0 V3 R3 0 con (27) :
PO=% 0 0 VyRy.... “2ir (Tip&T; . — Tin 4T, ) #4,
5% 0 0 0 Vs ... | (i)
AT Rim=—4  TiL8T;pW7™ $in(Nme).
(25) WI: — N é.nj

¥ We need to regularize collinear divergences i Ay e

Wijl- ! Wi} L(nyani " "2 1 (n an; " " %)

¥ Imaginary part of V. , from cutting two eikonal propagators <
(see latter) ]

¥ Two-loop results were calculated by  Caron-Huot ’15
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LL Resummation

RG equation for hard function: % Hmn(®) =Hm®Vm +Hm 1()Rmi 1

to

¢
Hon(t) = Ho(to) el ©Vm + / dt Ho 1(t) Ry 1 e )Vm o /@<Q> do

w Bla) 4r

In large Nc Iimit: T &1 — ——#;:11
We re-derive Dasqgupta-Salam shower!!!
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SCET: the light-jet mass

Becher, Pacjek & DYS, ( JHEP12(2016)018 )



Hemisphere mass observables

Heavy-jet mass:

1
"h = 2max(M I\/IR)

Q

Light-jet mass:

"= lemln(M ‘M3)

19



Heavy-jet mass V.S. Light-jet mass

¥ Heavy-jet mass: global observable, N 3LL accuracy (Chien &
Schwartz ’13)

¥ Light-jet mass: non-global observable, NLL accuracy

¥ NLL global logs (coherent branching formalism) (Burby &
Glover ’01)

¥ LL non-global logs (Dasgupta & Salam ’02)

¥ Two-loop hemisphere soft function (Hoang & Kluth ’08;

Kelley, Schwartz, Schabinger & Zhu ’11; Horning, Lee,
Stewart, Walsh & Zuberi ’11)

20



Left jet mass

’I

W——

¥ Right rac
¥ Radiatiol it function

¥ Relevant momentum regions
¥ collinear (left hemisphere)
¥ hard (right hemishpere)
¥ soft: resolve hard partons on the right: multi-Wilson-line operator

21



Factorization theorem for left-jet mass

1 -[-[-I "! $ . O
di/l$2 - d'L3(MZ! Q") HR({N),Q)$ Sm({n},")
L — 0 _
1=0.,9,9 m=1
ML << MR~Q

1. Inclusive jet function:
2. Hard function:
m hard partons in the right hemisphere,

- Aﬁb a single parton with RBavour i in the left
one;

} 3. Soft function:

m+1 Wilson lines

22



Light-jet mass

OLeftCand OrightO are arbitrary assignments and experiments prefer
to measure light-jet mass

11 1 -
= @mln(l\/lf, M Z2)

Related to left-jet mass by

s _, 05 ds
T Ta# o dfn .

h="1
Fixed-order expansion has the form

n

1 d' + 1 y BCF + 1 y 2 B + 1 ’ 2 ] B (%) /
—— = &%) 1+ > + > B. + > il
! 0 d% 8( p) 2" 2 2|| 2|| O/p
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Two-loop coefpcient

- . #/
n 2
B:(%=CZ ! 4In% 9In? %:t+ !569+43 +4In22! 5|n3+8Li2 !% In %
1 In3 2 In? 2712
+_5+2"2+80%+88n +8In2|n23+5n 3! 241n°2In3 + "
2 6 3 2 1] # 1 2#
487In3 20 88In2 1 1
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28In2In3 >4 3 In 2 3 43 Li o > 16 Lis > In 3
[1] # [1] # 1 # $
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2 4 2
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| 521321 1221231 23 e in2o1n3 4 312 | =2In2In3
1 # 1
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! 2 1] #:p
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+ CeT ! + + —In?2! ZIn3+ —Li, ! =
FIFNE = g7 g T g e get gt = 5
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NLL resummation

Up to NLL, the factorization theorem simplibes

d" L

! #
5= 0 d#L Jg(M 2! Q#L, 1) Sa({n},#L,un)
dl\/lL 0

with factorisation scale is chosenas M= pn! Q

RG equation for the soft function:

d

dinp >0k = RN W9 Sn(n), W)

m= |

Matrix equation but Sudakov piece is diagonal
T

| ﬁn({ﬂ},' ) =21 CuspIn E (m + Dlm({ﬂ})
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NLL resummation

Sudakov piece: resummed by standard method

# " s

&t Q% " Qus
T AT

& 1
1 (%) =exp 2S(Ms, Un) " 4S(Hj, Hn) + 2 A (1, Un)

| 4(%)Jet function in the coherent branching formalism

(Catani & Trentadue 1989)
Non-global piece:

( .
Sne (Ms, Mp) = $U5({n}, s, Hn) # 19

m=1
In the large Nc limit, the evolution matrix is equivalent to Dasgupta-
Salam shower.

» 12 1+ (au)? 1 #s(Us)
' ) _ 5 _ s(Hs
SnG (Mss Hn) ! exp " CaCr 3 . 1+ (bu)c 4 "0 n #s(HUn)
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Left-jet mass @ NLL

0 J
0! ALEPH | |
40 | NLLO (global)- The Non-Globa
“ 0 NLL : effects are
0 der I ]
20 |

_ sizeable !
10 |
oL
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e ——————eemmssesmsT
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Heavy-jet mass v.s. Light-jet mass

-+
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Ph

'NP: shift peak horizontally
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40 L
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 EPH _
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Pr

B e e

R

¥ pbnite Nc ? N2LL ? Non-perturbative effects ?
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SCET : narrow Jet broadening

Becher, Rahn & DYS, ( JHEP10(2017)030)
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Jet broadening

¥ Jet broadening probes the transverse momentum of partons inside
jet

¥ |In e *e collider, broadening measures the momentum transverse to
the thrust axis

1 1

 —

b (r) = 5 b | = bi ! ht]

i" L(R) i" L(R)

N |

e.g. total broadening: by = b + by,
wide broadening: by =max(b_, bg)

¥ NLL resummation (Dokshitzer, Lucenti, Marchesini, Salam ’98)

¥ Factorization in SCET (Ch1iu, Jain, Neill, Rothstein ’11, ’12; Becher, Bell
’11, ’12)

¥ NNLL resummation (Becher, Bell ’12; Banfi, McAslan, Monni & Zanderighi '15)
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Total(Wide)-broadening

¥ Inthe two-jetlimit b ! k" Q

o |
=H@QWw df dig d”°p d” %pg

"I # B, pl W) Ir(br # B, PR H) S(E, B, #D. L # PR 1)

1 d#
o diy dix

¥ relevant low energy modes: p. ! p; ! br
¥ collinear recolls against soft radiation: rapidity logs resummation
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Narrow broadening

¥ Non-global recoil-sensitive(SCET) ) observables by =min(b_, bg)

L R

Nt

¥ With the rapidity regulator
gl o o
m: diy d® po Je(b! B, p)
f=0q,9,0 m=1
¥ Jet function: same as total broadening
¥ hard function: same as light-jet mass

¥ soft function: New

34

b ! b: " Q

"HT,({n},Q) # Sm({n},B,! p )%



Collinear anomaly

¥ All-order form of rapidity divergences was derived for total broadening
¥ Rapidity divergence cancel out between jet and soft function

¥ Rapidity logs are fully determined by the div. of jet function, the collinear
anomaly must be the same as total broadening

l [ 4] N IIl

' 2+ 2\#FL (1,2, Z| '

- dz (QT)" e e 2 (1+ z2)32
f=qgg ° L

d’ 7o - $
d Hn({n},Q)! W ({n}, ' ,z)

m=1
combination of jet and soft function

Rapidity logs are resummed by collinear

anomaly factor or rapidity-RG (Chiu,
Jain, Neill, Rothstein 11, 12)

Some manipulations:
¥ Laplace transform b ! !

¥ Fourier transform  p. ! X_

¥ dimensionless z
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NLL results

| ¥ Forrecoil-sensttive observables
DELPH]I : dominant non-perturbative are
NLL global | non-perturbative corrections to

&t

&l &

Yot NLL the anomaly coefbcients. (Becher

%!i‘ & Bell “13) o

i By ! By S

1 with | =~ 0.3 GeV extracted from

# thrust which implies shifts of "B N =
: 0.007 near peak

!"!_! - I!"!I#I o I!"$! !"$#_
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Collinear Iimit and NGLs

¥ Interjet energy Row

¥ Soft radiations from two Wilson lines (global)

| LL .
'Ii:exp[! 8Cr! vyt] . Qa1
0 1(Qo) (1) 4#

¥ Leading NGLs at two-loops

| LL b2 " #P

NOL =4 CpCp | Z—+4Lip €Y t°
Lo 3

¥ Largegap limit: ! y!"

¥ NGL: coft mode, jet radius resummation Becher,
Neubert, Rothen & DYS "15; Chien, Hornig, Lee " 15

¥ Narrowgap limit: 'y! O

¥ Collinear enhanced power corrections
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Leading log at two loop

\ imit: | LL Yo o # &
In narrow gap limit: NOL =4 CrCp 8"y 2" y)! 11 4° y2+ .. t2
- 0
¥ Collinear enhancement from
boundary region (Hatta, et.al. Two—loop coefficent
’17) w00 e
| 150"
- Y - CL
100}
= 50;— NGL + GL
- |
= o
O :
1 50¢
¥ Power correction, interesting to | 100!
study in SCET framework 150l
. . | 05 1o 1520
¥ An example: photon isolation (see Ay

latter)
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Automated resummation for Non-global observables
(Balsiger, Becher, DYS, 1803.07045)

Lo _H
d" LL (Q!QO) = H k({ﬂ}iQi I-J'h) " Ukm ({ﬂ}1u81uh) 01

m= Kk

¥ Use Madgraph5 aMC@NLO generator

¥ event Ple with directions and large-N . color connections of
hard partons

¥ provides lowest multplicity hard function for given process

¥ Run our shower on each event to generate additional partons
and write resul back into event ble

¥ Analyze events, according to cuts on hard partons, obtain
resummed cross section with hard cuts and veto scale
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Isolated photon production

¥ Experiments use isolation cone to reduce
photon from hard scattering from photons
due to hadron decays such as # %Ii $$ —~

¥ ATLAS Ol@mposesE. =4.8GeV+0.0042E;] X
on hadronic energy inside cone.

¥ Largelogsof ' = E//E

¥ GLs:(!sR°In",NGLs: R?! 12In"", In" IR
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Effect of isolation cut at lepton collider

d#("y,lo) _ #

MmN} E,0,10)$ Sm{n}," Ei,10)9 |
dE, - ({n} 0) ({n} 0) "W

Sizable NGLs corrections
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Effects on $ isolation at LHC

& &'+,-./01/1 23&%(42&5

IIIIIIIIIIIIIIIIIIII

&I

18)! | ‘]LI_I&‘

18%(-

#ET $%.

18%IF = "1#
iy R=04
g $9%6&. (%

—!l B "!!I B #'I' B $!I! B %I!!

Er1$)* "
¥ NLO ~5% reduction, NNLO~10%, resummed~ 12%!

¥ NGL dominates over global contribution: naive exponentiation
(dashed not appropriate!
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Effective theory of Glauber

The Glauber effects discussed so far are part of the
hard anomalous dimension

Hm

RG-evolution

SCETG

RG evolution must match up with low-energy theory: SCET +
Glauber gluons (Rothstein & Stewart ’16)
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Conclusion and outlook

¥ For non-global observables, we obtained a parton shower from
effective peld theory

¥ Pprst-principles derivation of shower, based on RG evolution
¥ [3exible implementation of shower using MG5 aMC@NLO

¥ Toresum NLLSs, one should include higher-order corrections to the
anomalous dimension matrix and matching coefpcients

¥ when the veto region is small, NGLs are enhanced due to dependence on
the size of the veto region

¥ (Fintte N¢) + Glauber + non-global = super-leading log

¥ Interesting to understand in EFT framework
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Thank you



