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OUTLINE

e Aim of this talk: a brief (and possibly biased) review of last
vear's results in QCD resummation

* [echnical points (SCET vs dQCD), phenomenology and some
CUriosity

e Because of time constraints my and abllity to give a coherent
talk I'll be concentrating on “final-state resummation” (1.e. event
shapes and |ets)



PERTURBATIVE QC

D CALCULAFICOSS

* Precise theoretical predictions needed for the LHC

e NLO calculations in QCD are now standard

long list of public (automated) codes

e NNLO exists for an increasing number of processes

e NNNLO has also appeared for Higgs

e.g. Mitov, Czakon (2013)
Boughezal, Caola, Melnikov, Petriello, Schulze (2013)
Currie, De Ridder, Glover, Pires (2013)

Anastasiou, Duhr, Dulat, Furlan, Gehrmann,
Herzog, Mistlberger (2014)

0-(377 QQ) T O-LO(aja Q2) 2R OKSO'NLQ(CU, Q2) il OéUNNLO(% QQ)

+ ajonnnNro(z, Q%) + ...
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* Many observables at LHC characterised by multiple scales Q;
e Multi-scale problems are affected by perturbative logarithmic

corrections " logm(Qi/Q)

* When & log™(Qi/Q;)~ | fixed order PT Is no longer justified



WHERE DO LOGARITHMS COME FROM ¢

Real emissions diagrams are singular for soft/collinear emissions
'hese singularities are cancelled by virtual counterparts
-inite logarithmic pieces are left over, e.g.

/QO B /Q dE /@ dE :
— Qg — Qg — —3 @ — — o In —
0 E lreal 0 E |virtual . E |virtual Q()




WHERE DO LOGARITHMS COME FROM ¢

e Real emissions diagrams are singular for soft/collinear emissions

* [hese singularities are cancelled by virtual counterparts
* Finite logarithmic pieces are left over, e.g,

/QO B /Q dE
0 E lreal 0 E

* [his corrections are important for observables that insist on only
small deviations from lowest order kinematics (V~0)

e Real radiation Is constrained to a small corner of phase space and
the logarithms are large
* event (jet) shapes, e.g. thrust (jet mass):V=1-T (V= mjet/pT)
 production at threshold: V=1-M?/s
* transverse momentum: V= p1/M

=" / : foca = g ln b
virtual . E lvirtual QO




RESUMMATION: A SKETCH

BN IEGhecr calellations are based on factorisation
e Matrix element factorisation in soft/collinear limit

|§$M B XTW k=0 }M(>“NW))2 9" Cr (p?lgi)og?k)

Born dipole

* this can be generalised to the multi-gluon case
* phase space factorisation usually In a conjugate space, e.g.

i 1 . Ui
2) Lor 2 ZQ-QT ib-kr;
5 <Z ET’L' -+ QT) — (27_‘_)2 / d be — H e
=il 7=l

* factorisation then leads to exponentiation

Oyes = o QXF’[LSl( x sL>"'SZ( 04 sL)"‘“ 04 393( X sL)""‘m ]
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BN IEGhecr calellations are based on factorisation
e Matrix element factorisation in soft/collinear limit
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® this can be s~ B resummation is a - TN
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RESUMMATION IN ACTION

|) It's necessary for describing

data In particular kinematic

lIMIts

0
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500 700 1000
My (GeV)

200 300
My (GeV)

500 700 1000

Catani, de Florian, Grazzini, Nason (2003)

3) It can be used to
approximate higher orders

2) 1t reduces theoretical
uncertainty


http://www.sciencedirect.com/science/article/pii/S0370269311012627
http://www.sciencedirect.com/science/article/pii/S0370269311012627

SOFT COLLINEAR

FF

ECTIVETH

~ORKE

e Our discussion so far based on factorisation of QCD matrix
elements and phase space In the soft/collinear limit (dQCD)

* An alternative framework for resumming large logs i1s SCET

2 SIEETR

* hard modes are integrated out

e effective Lagrangian for soft &
collinear fields

* separation of scales leads to
factorisation

* resummation Is achieved by
RG evolution

collinear




COMPARING RESUMMATION TECHNIQUES

e dOCD and SCET provide frameworks to approximate full QCD in
particular kinematic limrts

To all logarithmic orders the
answer better be the same,

but do they agree to a given
log accuracy !

11



COMPARING RESUMMATION TECHNIQUES

e dOCD and SCET provide frameworks to approximate full QCD in
particular kinematic limrts

To all logarithmic orders the
answer better be the same,
but do they agree to a given
log accuracy !

* Not trivial to establish

* Answers are often given In different forms
(moment vs momentum space)

* | og counting often differs between the two communities
(and between groups of the same community)

* [his resulted into many “lively’” discussions
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RECENT STUDIES

* Most recent example: events shapes in e™e’
Almeida, Ellis, Lee, Sterman, Sung, Walsh (2014)

e \Work also done in the context of threshold resummation

Bonvini, Forte, Ghezzi, Ridolfi (2012)
Sterman, Zeng (2013)

e [hrust measures the distance
from a 2-jet like event

* VWe are going to consider the
cumulative distribution, 1.e.

1 - thrust < 7
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A WORK

D EXAMPLE

cumulative distribution in dQCD  resummed

exponent

= = 1
R(7,) = N(Q) exp(E) T(E s
SO NS IO multiple-emission effects
N@Q)=1+0a,C1 ... (differential operator)

Almeida, Ellis, Lee, Sterman, Sung, Walsh (2014)
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A WORKED EXAMPLE

cumulative distribution in dQCD  resummed

exponent
R(7a) = N(Q) exp(E) T(E)

prefactor: no logs

1

oL — 87

multiple-emission effects

N@Q)=1+0a,C1 ... (differential operator)

cumulative distribution in SCET

hard function

evolution
HH fg  \2I9T ¢ g \WS 2
Rir) =ep(Ku+2K:+Ks) () (Z5) (Gr) Hal@na)
Jir o

= 1 exp(VE<?)

J(0q +1 S| 0q +1 :
3 ( _I_HQJ a’luJ) (Q—I_HQCL ) (1_9)

jet function soft function )

Almeida, Ellis, Lee, Sterman, Sung, Walsh (2014)
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-QUIVAL

SN T

- RESUEES

|. The pre-factor in dQCD contains no logs, while the SCET expression
does. The difference Is beyond the working accuracy, but one can
exponentiate all the logs.

2. Scale choice: dQCD expression depends on one scale h~Q,
while SCET one on HH, M) and Hs.

with the choice

NH:Q7 MJ:ﬂJEQ%c%/jJ7

ps = ps = QT

dOCD and SCET results are

completely equivalent !

Almeida, Ellis, Lee, Sterman, Sung, Walsh (2014)
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BACK TO PHENOM

Advantages In using tracks

* better vertex reconstruction
(for pile-up)

* better angular resolution
(for jet substructure)

-NOLOGY

e bvent shapes are a powerful tool to study
@ @DieaEaneh

* We know how to compute them

* [hey are computed using all particles

e Can we define track-based observables
N a meaningful way !

JLEXPERIMENT




RACK-BASED OBSERVABLES

Chang, Procura, Thaler, Waalewijn (2013)

* What should be worry about ! IRC unsafety !

g1z, Track fraction: 20 B
- — Hadronic
q @ z 1.5F ---- Partonic
Ldo qor T T\
acz) ocde [ A\
g 0.5 __ Pythia, d—quark jet ]
- pr=250 GeV,R=04 ]
q 00k ., 0 v I

* We have to define track functions (similar to PDFs and FFs)

* [i(x,u): distribution of energy fraction x of parton i converted
to tracks

RCsafe G =3 [ann 7N sle - e(ipt})
tracks only j—g = Z/dHN — /H da; T;(x;) 6[& — é({w:p} })]
N



USING TRACK FUNCTIONS

Chang, Procura, Thaler, Waalewijn (2013)

e Similarly to PDFs, track functions can be extracted from data

* |n first study they were obtained from MC using dg/dx (LO
and NLO)

e bvolution equation more complicated than DGLAP
(multiple convolutions of track functions)

e Resummed calculation for track-trust: very similar to normal

thrust (cancellation)
e Good description of DELPHI data

20 7 —

- A NLL'+Q] : : Track Thrust

15 — Tracks ; 15t #= NLL'+Q, -

Lo of ---- Calorimeter ] ldo | *+ DELPHI ]
o dr i ]
5¢ :
O: ) ,__,_-_.,..._..15

0.0 0.1 0.2 03
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JETS AND THEIR PROPERTIES

* |ets occupy a central role in LHC phenomenology
* [he study of their substructure is a rapidly growing field
* |mportant for searches and QCD measurements
e Resummation: we can re-use a lot of the tools developed for
event shapes, with important differences |
Dassupta, Khelifa-Kerfa, SM, Spannowsky (2012)

* Lasiest example is the jet mass Chien, Kelley, Schwartz and Zhu (2012)
- - ttenus, Stewart, Tacl d Waal 2013
® (N)NLL I”eSummatlon N dQCD & SCET Jouttenus, Stewart, Tackmann an aalewijn ( )

indepehdeﬂ’t multiple emissions (;Or:\Tsesli;[?;j
| 0 do' emissions G—VED/(P)
Yi(p) = — d = e~ D) . - S

m2 dependence on the I
0= = 32 jet algorithm &
pi 1t non-global logs:
difficult to resum

20



NEW INSIGHTS INTO OLD PROBLEMS

* Numerical resummation of non-global logs at large N :
* Monte Carlo implementation Dasgupta, Salam (2001)
* non-linear evolution equation (BMS) Banfi, Marchesini, Smye (2002)

1 Yz —b
Orgmp(L) = %/0 d cos Hj/O do; (ﬁgr)L(;b) [eL(Tﬁb_rﬁj_rjb)gﬁj(L)gjb(L) _gﬁb(L)]

-

* [terative solution can be obtained analytically
e internal symmetries of the equation

e use of GPLs and symbols to perform
polar integrals Schwartz, Zhu 014) g

nﬁL
8rnll) g4

(numerical)

resummed

e and finite N, !

numerical solution oo™ [ e

N finite-N,, (mean field approx.)
0.8 Fon NS Sae—

of associate ~07 b N e (uioreny) |
Cli; 06 b ................ e e ]
JlM\/\/l_K cal S 05 Lo N — _

large Nc | € > :?ﬁ:ﬁ::ﬁ:::ﬁ::ﬁ:f?ﬁ:ﬁf::ﬁf:ﬁf:::fff’fﬁif?‘}};ﬁ.iQ,ﬁ;‘fﬁ::13:ﬁ:ﬁff:ﬁf:iﬁfif::ﬁ:ﬁfﬁf::

i We| ert 2004 02 L ........................... \\N ....... .......................... k

| \;\ g ( ) 0.1 _6|n=% AAAAAAAAAAAAAAAAAAAAAAAAAAA ‘\-_
finite Ne | Hatta, Ueda (2013) 0 R




GROOMING AND TAGGING

o LHC energy (10* GeV) > electro-weak scale (102 GeV)
* Hadronic decays of boosted particles reconstructed in fat jets
e Explort jet substructure to distinguish signal form bkgd jets

* Grooming and lagging:
|. clean the jets up by removing soft junk
2. dentify the features of hard decays and cut on them

e Grooming provides a handle on UE and pile-up

(D |||||||||||| | 1T T T | 1T T T | T T T | w |||||||||||| | T T 171 | T T 1T | T T 171 I_
e +—
S ATLAS det=4.7fb,\E=7Tev S 0.14f ATLAS det 47107 \s=7TeV-
- Data 2011 _ ' n — Data 2011 .
P O_‘]—antl k, W|th R=1.0 LCW, No jet grooming applied — > 0.12L anti-k, wnth R=1.0 LCW, Trimmed (f =0.05,R_ =0.3) ]
© ~ 600<p" <800 GeV, Il <0.8 7 © - 600 <P <800 GeV, hl <0.8
E ...... . ..... 1SNPV <4 __"é F ammsas .. ..... 1=Npy <4 -
S —_ """""" | T 5<NPV 7 __ - __ ““““““ W SSNPV 7 _—
<C 008 e PO 8=N,, <11 ] < O 1 - eiaie Avninis 8<Np, <11 -
- ] [ W Npy=12 .
0.08- ¢ .
"
0.06[ 1y % N
i i
n

: 0.04[ ¢ o‘. .
groomlng 9 X i

0.02 N
O;M OFI 11 | I I I I I I I - I 1 1 1 Y
0 50 100 1 50 200 250 300 0 50 100 150 200 250 300

jet

Leading jet mass, m. [GeV] Leading jet mass, m®' [GeV]

ATLAS, JHEP 1309 (2013) 076
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http://prd.aps.org/abstract/PRD/v86/i1/e014022
http://prd.aps.org/abstract/PRD/v86/i1/e014022

ANALY TIC UNDERSTANDING

e Grooming / tagging algorithm are fairly complex

e Studies until recently purely based on MCs

* First analytic understanding of groomed jet masses
(based on resummation)

Pythia 6 MC: quark jets

|> m [GeV], forp; =3 TeV, R =1
10 100 1000
. . 0.3 rrrrre——r—rrrrrr e
|. explanation of features and properties [ eriming |
Reup = 0.2, Zgyy = 0.05 ——
2. development of better tools Joo|  Pecoriacor - |
3. checks on MC parton showers E X
= 0.1
Dasgupta, Fregoso, SM, Salam, (Powling) (201 3)
%0'6 | 1(;'4 | 0.61 of1 1

p = m?/(p? R?)

:3) Different showers :Z) LO v. NLO v. resummation (quark jets) Analytic Calculation: quark jets
m [GeV], for p;=3 TeV, R =1 m [GeV], for p;=3 TeV, R =1 m [GeV], forp; =3 TeV, R =1
10 100 1000 10 100 1000 03 10 100 1000
[ v6.425 (DW) virtuality ordered — — = ] [ Leading Order Trimming
0.1 v6.425 (P11) p;ordered = = = 7 0.1 Next-to-Leading Order R..=0.2 7. .=0.05 '
] sub—"Y-< “eut—"- -
v6.428pre (P11) p, ordered -« -- [ Resummed =]
a v8.165 (4C) p, ordered ==« = 1 ] 0.2 Rsup=0-2, Zoy=0-1 = =~
Q - . (o} (o8
o k Analytics S S
_8 .. -:_\_h-——-\._\\ _8 _8
S [ C P ) 2
S TR E < 01
[ Prjet >3 TeV " Prjet>3 TeV
[ mMMDT (y,,; =0.13) [ MMDT (y,,, = 0.13)
0 L L L M M L M M L M O 1 1 L L L
10 10 001 01 A 10® 1074 001 01 A

p = m?/(p? R®) p = m?/(p? R®)
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FROPERTIES OF ]

* Angularities & energy correlation functions

B

(B) Fo B
RS — Bl

L (F1 + Ez)ﬁ( 12) (E1 + Es

6) _ ECF(2,8) _ Ez(612)”
ECF-(1, 8) Ey

LL: all the same xCA/CF

-------------------

| Quark vs. Gluon (Pythia8)
- pr € [400,500] GeV,Ry =0.6
Pl ---= 7, (Jet Axis, 8=0.1)
I 71 (Jet Axis, B =1.0)
L~ — - 7, (Jet Axis, B = 2.0)
| —— C,(8=02)
LL Approx.

04
Quark Efficienc

 NLL analysis

e ECFs more sensitive to collinear splittings,

hence better q/g discriminants Larkoski, Salam, Thaler (2013)

e Study of jet shapes and angularities with

different axis to minimise sensitivity to recoill

Larkoski, Neil, Thaler (2013)

* Analysis of the factorisation properties of
double differential distributions

Larkoski, Moult, Neil (2013)

e Different sensitivity to recoil for B<| recol sensitive'

‘ recoll free: better'

W p=02

| Angularities Phase Space

[ =20
lmp=15
L W B=10
B=05




RATIO OBSERVABLES:
EINDAFE ...

e N-subjettiness aims to identify the number of subjets In a jet

* [he ratio T23= T3/T2 Is used as a top tagger S ook oo [ ATLAS
* T3 and T; are IRC safe but T»3is not ! From 0 3T
Soyez, Salam, Kim, Dutta, Cacciari (2013) 6000;_ e _

Npy =1, 1yl <2

® Ty3is defined order by order in PT only with a cut
T2~ Teut

MC / Data

OO0 —_

.8
.6
4
2
y
.8
.6
4
2

02 04 06 08 1 2
N-subjettiness <,

'y
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RATIO OBSERVABLES:
BRI e BUT L.

e N-subjettiness aims to identify the number of subjets In a jet

* [he ratio T23= T3/T2 Is used as a top tagger 2 ok o [ AmiAs
* T3 and T, are IRC safe but Ty31s not ! R B T3/T2 :
Soyez, Salam, Kim, Dutta, Cacciari (2013) socol- _

 Cambridge-Aachen R=1.2 jets 7
- 300 <p, <400 GeV B
4000 —_

® Ty3is defined order by order in PT only with a cut
T2 = Taut
* | ets consider two generic jet angularities

g
©
o
O
=

1
1
1
1
0
0
0.
0.

NPODaE DD

02 04 06 08 1 2
N-subjettiness <,

'y

at fixed order

d LO 1 1 d? LO .
A / deB/ de,, 5 (r — e_>
dr 0 0 de, deg es

B /TO‘BB ; dZO.LO

) B b deq deg

singular when

65 o O
IRC unsafe

Larkoski, Thaler (2013)
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RATIO OBSERVABLES:
ERLAFE .. BU T . CALCTE .

e N-subjettiness aims to identify the number of subjets In a jet
* [he ratio T23= T3/T2 Is used as a top tagger

%12000__ —e— 2010 Data, f L = 35pb” ATLAS _f

| 3 - Pythia T2/TH 1

* T3 and T7 are IRC safe but Ty3is not ! /T2 -
8000 -

Soyez, Salam, Kim, Dutta, Cacciari (2013) 5000E- E

 Cambridge-Aachen R=1.2 jets 7
- 300 <p, <400 GeV B
4000~ Ney = 1,1yl <2 ]

® Ty3is defined order by order in PT only with a cut
T2 = Taut
* Let's consider two generic jet angularities

MC / Data

OO0 —_

- sl bbbl

NPODaE DD

02 04 06 08 i
N-subjettiness <,

.2

to all orders

IO LL 1 1 72,00 LL § |
° =/ deﬁ/ deo =2 5 (r—22 finite when
dr 0 0 de, deg es

TocLiB dzo-m 66 o O
:/ degeg T .
0 deq deg |, ., IRC unsafe

but Sudakov safe
e Sudakov suppression acts as a cut-off

* Expansion In fractional powers of (s Larkoski, Thaler (2013)
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SUDAKOV SAFETY: ANOTHER EXAMPLE

Larkoski, SM, Soyez Thaler (2014)

e Soft Drop: recursive de-clustering of a jet that checks

min(pri, pr2) (Ang ) 4
> Zeut
PT1 T+ P12

* What is the amount of energy which has been
sroomed away !

28



SUDAKOV SAFETY: ANOTHER EXAMPLE

Larkoski, SM, Soyez Thaler (2014)

e Soft Drop: recursive de-clustering of a jet that checks

min(pri, pr2) (Ang ) 4
> Zeut
PT1 T+ P12

* What Is the amount of energy which has been
sroomed away !

e Not IRC safe for =0
Eenergy—drop(A ) s _Ql 2 ZCUt _|_ O ((%>2>

i o



SUDAKOV SAF

RGNS

R EXAMPL

Larkoski, SM, Soyez Thaler (2014)

e Soft Drop: recursive de-clustering of a jet that checks

pPT1 + P12

- 5
min\pri, pr2 AR12
( ) > Zeut ( )

* What Is the amount of energy which has been

sroomed away !
e Not IRC safe for =0

Eenergy—drop(AE) e AR

as C; o 2zcut_|_O (%)2
T B ° Ap E

e Compute to all orders and then take B=0

Zenergy—drop(AE)ﬂ:O =i

lOg D — 155

logAE o Bz‘

finite result which does not depend on &

(at fixed coupling)

0.5

04

0.3 -

0.2 |

Ag/o do/dAg

01

.-
- =
e
-
-
0 = 11 11111

T IIIIIIII T IIIIIIII T IIIIIIII T LI
Vs=14 TeV, Pythia 8(parton), anti-k,(R=1)

0.0001 0.001 0.01 0.1
Ag
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THINGS | LEFT OUT
(but covered In this conference)

* Higgs pr and jet pr (jet veto) resummation
see talks by S. Forte and F. Tackmann
e (N)NLO + parton shower
see talk by S. Prestel
e Resummation effects in Drell-Yan pt and related variables

see (exp.) talks by L. Perrozzi and M. Lisovyi
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THINGS | LEFT OUT
(not covered In this conference)

* Threshold resummation for heavy particles
(tops, stops, etc.)

e,g. Ferroglia, (SM), Pecjak, Yang (2013)
Broggio, Ferroglia, Neubert, Vernazza, Yang (2013)

* Progress In understanding transverse momentum parton
density

e.g. Gehrmann, Luebbert, Yang (2014)

* [op-palr pT resummation
e.g. Zhu, Li, Li, Shao, Yang (2013)

* Forward physics, BFKL, Mueller-Navalet jets

e.g. Ducloué, Szymanowski, Wallon (2013, 2014)
Jung, Hautmann et al. (Cascade)
Lipatov, Zotov et al. (2013)

and many other interesting papers !
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http://inspirehep.net/author/profile/Wallon%2C%20S.?recid=1287351&ln=en
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