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Jets at the LHC

ATLAS detector

* Azimuthal angle ¢

* Pseudorapidity n = —Intan6/2




Introduction

Jets at the LHC

* Pioneering work Sterman,Weinberg *77

. Jet algorithm, e.g. anti-kt Cacciari, Salam, Soyez "08

Define a distance between all particles

11 P02 (b — b:)?
d;j :min( — = ) (7 — ;) ;‘2@ ¢;)
Pr; Pty

and recursively merge the particles
with the smallest distance

Pythia 8, Fast]et
R=04 +/s=13TeV
p‘jﬁt > 20 GeV
Y.He I8




Introduction

Jets at the LHC

Pythia 8, Fast]et
R=04 +/s=13TeV
Pt > 20 GeV
Y.He I8

* Pioneering work Sterman,Weinberg *77

. Jet algorithm, e.g. anti-kt Cacciari, Salam, Soyez "08

Define a distance between all particles

1 1 i — 1)+ (¢ — $;)? —
d;; = min . — (77 779) +2(¢ ¢j) o
Pr; Pty R

and recursively merge the particles
with the smallest distance

—— R is the radius of the jet




Introduction

High precision jet physics at the LHC
* Test of the standard model and in particular QCD

* Constrain non-perturbative quantities

e.g. PDFs and the QCD strong coupling constant o

. . . Experimental + Theory Correlation Matrix (9 pt)
* Tuning of Monte Carlo simulations
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Introduction

High precision jet physics at the LHC

* Test of the standard model and in particular QCD

* Constrain non-perturbative quantities

e.g. PDFs and the QCD strong coupling constant o
* Tuning of Monte Carlo simulations

* Search for physics beyond the standard model
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Introduction

High precision jet physics at the LHC

Test of the standard model and in particular QCD

Constrain non-perturbative quantities

e.g. PDFs and the QCD strong coupling constant o

Tuning of Monte Carlo simulations

Search for physics beyond the standard model

Probe of the QGP in heavy-ion collisions

Run: 169045
Event: 1914004

Date: 2010-11-12
Time: 04:11:44 CET



Introduction

pp — jet + X
Final state radiation

9 adapted from M. Schwartz " 17
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Initial state radiation
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Introduction

pp — jet + X

Final state radiation

@® Hadronization

Initial state radiation

/

A\

Underlying event

Pileup

13 adapted from M. Schwartz " 17



Introduction

@® Hadronization

i
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Additional jets, non-global structure

Final state radiation

pp — jet + X

Initial state radiation

/

Underlying event

Pileup

adapted from M. Schwartz " 17
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Soft Drop

Soft drop grooming

Dasgupta, Fregoso, Marzani, Salam " 13
Larkoski, Marzani, Soyez, Thaler " |4

* Systematically remove soft wide-angle radiation in the jet

* Recluster jet with the C/A algorithm  d;; = (n; — ;)2 + (¢ — ¢;)?

/ —

Angular ordered clustering tree

See also: Krohn, Thaler, Wang " 1 0, Ellis, Vermilion,Walsh " 10 6



Soft Drop

Soft drop grooming

Dasgupta, Fregoso, Marzani, Salam " 13
Larkoski, Marzani, Soyez, Thaler " |4

* Systematically remove soft wide-angle radiation in the jet

* Recluster jet with the C/A algorithm  d;; = (n; — ;)2 + (¢ — ¢;)?

* Recursively decluster jet and check the criterion

/

r

min|pri, pro|

pPr1 + P12

> Zcut (

AR;o
R

y

~

J

See also: Krohn, Thaler, Wang " 1 0, Ellis, Vermilion,Walsh " 10

|
|

Branch |

AR}, = An? + Ar?
Branch 2



Soft Drop

Soft drop grooming

Dasgupta, Fregoso, Marzani, Salam " 13
Larkoski, Marzani, Soyez, Thaler " |4

* Systematically remove soft wide-angle radiation in the jet

* Recluster jet with the C/A algorithm  d;; = (n; — ;)2 + (¢ — ¢;)?

* Recursively decluster jet and check the criterion

min|pr1, pro] S (ARm)ﬁ AR%Q — An? + Ar? @
pr1 + D12 o R

. v,

Particles in the
groomed jet

See also: Krohn, Thaler, Wang " 1 0, Ellis, Vermilion,Walsh " 10 I8



Soft Drop

Jet substructure observables with soft drop

* Can ask different questions about the groomed jet such as

Groomed radius R, = AR5 =0,R

: : min[pr1, pr2]
Momentum sharing fraction 24 = @
pr1 + P12

Displacement of the jet axis 0g or @Q

The jet energy drop due to grooming Ag

* Soft drop jet mass

* Angularities or energy-energy correlation functions

* These observables have interesting properties and turn out to be calculable in pQCD



Soft Drop

The jet mass after soft drop grooming

i 06__A1I'LAISI | . teyData
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* Reduced sensitivity to NP effects 3T SN ‘ i
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ATLAS, PRL 121 (2018) 09200
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Soft Drop

The Lund diagram for the jet mass

27,2
* Leading-logarithmic accuracy To = My /Pr
emissions
dz dé
—— 1
z 0 In —4
z soft
* Jet mass in the small mass limit ° O
2
TO — Z ZZQZ ®
icjet —In7g |
N O
. A O
* One emission N
\x ®
1 1 ! 21 ! >
ntyg=—In——2In - o
\ collimnear
2 0 - N ® -
/ \
. >
No emissions, Sudakov ~(Inm)/2 In el
0
measurement
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Soft Drop

The Lund plane

Andersson, Gustafson, Lonnblad, Pettersson “89
Dreyer, Salam, Soyez " |8

y / ATLAS-CONF-2019-035
——

ATLAS Preliminary Vs =13 TeV, 139 fb™

Recursive declustering
following the harder branch

IlllIIIIIIIIlIIIIIII

O 05 1 156 2 25 3 35 4 45
In(R/AR)
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Soft Drop

Lund diagram for the jet mass

2.2
e Leading-logarithmic accuracy To = My /DT
dz df 1
z 0 In — 4
Z T soft
* Jet mass in the small mass limit o O
TO — Z 21922 ®
1€jet S @
N o
. A o
* One emission N
\
1 1 W °
In TT0O — — In ; — 2In 5 \ ° collinear
\ —
\
@ - >
H C | R
n N
0

SCET modes relevant for the factorization
to resum logarithms of 7y
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Soft Drop

The jet mass - factorization

* Jet production in proton-proton collisions

do.pp—)(jet )X

— a® ®H§ ®gcT
p—— %f fo ® Hoy ® Ge(T)

* Refactorization of the jet function

gi(Z,pTR, T, :u) — ZH’L—U (ZapTRv :u) Cj (7_7 pr, :u) %Y Sj (7_7 pT, R7 :u>

e
Qe
| =

24 In



Soft Drop

Lund diagram for the jet mass

1
In —4
z T soft
° o
o
S e
\ ®
A °
\
Non-global logarithms, A} ®
correlation of the in- A Py collinear
and out-of-jet region S Q
O 2 >
o In"(1/R?) n > 2 H C 1 R
"o
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Soft Drop

Lund diagram for the jet mass

1
In —4 >0
zZ T soft
9\ °
* Soft drop grooming condition 2= zew <_>
p N < R
i \
min|pri, pra S (AR12) N PR
pr1 + P12 R \ NCS
N 7
\/ - S \
5 F g h \ collinear
\ —
\
O > >
H C R
n R
6
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Soft Drop

The soft drop jet mass - factorization

* Same quark/gluon fractions as before

 The groomed jet mass R < 1, 7o/ R? < 2wy < 1

gigr(za pTR, TgI‘7 Zcut s ,LL) — Z Hi—)j (Za pTR, ,LL) Sj‘ggr<zcutpTRa 57 ,LL) Cj (Tgra pPT, ,U) ) Sjgr(TgrapTv R, Zcut s ,LL)
J

15 step 274 gtep A
hard-collinear soft-collinear
| HE | In ln ﬁ >0
ab(pT) — HMH ~PT A Tsoft
— ug ~ prR
9 B
| ()
— /’Lg’gr ~ ZeutPT R N N P g
N CS -
N 7
1 »
— UC ~ PTT? -
S| -~ N .
1 | & > M
148\ 245 h
gr gr ~ ZcutT >
SRR el R i é 7
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Soft Drop

Lund diagram for the jet mass

1
In —4 >0
zZ soft
o\ P
N _ 7 & = Zcut <E>
\ Phd
N -
\ 7
\CS/ _
2
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Non-global logarithms, g| .7 \ ,
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: : \
and out-of-jet region | o >
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al In" zeut n>2 In g
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Other Observables

The soft drop groomed jet mass

. 0.8 — NLL [ _ 3 [pr1/pr2 < 1.5
~E 0.7 ¢ NLL + NP(Q = 1) Eme | :
~ E ATLAS ——e— |
N»:Q 0.6 - Vs =13 TeV, anti-kp, R=0.8 | -
Eos b pp > 600 GeV, |n| < 1.5 F 3
= soft drop, zcut = 0.1, 8 =0 i B=1 [ B =2
0 0.4 | t g g
— : ¢ [ [
2 03¢ ; - ; -
'% - i ® [
g 0.2 N 1 = 3 2 -
£0.1 7 - g
0 L | | | A ol | ! !
4 -3 -2 1 -4 -3 -2
log (mg,gr/ P'21“) logg (mg,gr/ Pgr) 10glo(m§,gr/ P?r)

ATLAS, PRL 121 (2018) 092001

* Extraction of the QCD strong coupling constant
Les Houches " 17

* Theory calculations at NLL/NNLL Frye, Larkoski, Schwartz,Yan * 16, Marzani, Schunk, Soyez *17,"18
Kang, Lee, Liu, FR " 17

* Non-perturbative effects Hoang, Mantry, Pathak, Stewart * 19
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The groomed jet mass at NNLL

Frye, Larkoski, Schwartz,Yan "1 6 Kang, Lee, Liu, FR " 18
04F - I
| Soft Drop Groomed Mass ] i NNLL ]
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. i thia
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Outline

® |ntroduction

® Soft drop grooming

® The jet radius after grooming
® Other observables

® (Conclusions
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The Groomed Jet Radius

The soft drop groomed jet radius

Larkoski, Marzani, Soyez, Thaler " |4
Kang, Lee, Liu, Neill, FR “ 19

* Groomed radius 0, = Al = H ~ ~
R R . 5
min[pr1, pra] > 5 (ARU)
cut

ARyy = Ry = /AR + ArP | prutpr v

* Groomed radius do
dn dpr dfg Branch
passes SD

Branch 2

* Key observable to characterize SD groomed jet

* Related to the active area of the groomed jet ~ waJ

* Used to calculate Sudakov safe observables

32



The Groomed Jet Radius

Lund diagram for the groomed jet radius R,

In 1A 5 >0
Tsoft

Z

CS
7 %= gr Rg g 2
e | Ps ™ ZcutPT E (laRgaRg)
% I
¢gr 2 i |
D ~ ZcutpT(]-a R 7R) S P .
& | collinear
|
O d >
H C | R
n —_
0
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The Groomed Jet Radius

Lund diagram for the groomed jet radius R,

In 1A 5 >0
Tsoft

Z

csS__~ ;
& e B9 (1, R2 R
e Ps ™ ZcutPT R ( y Llgs g)
o< |
pﬁégr ~ ZcutpT(la RzaR) S| -~ < |« NGLs .
& | collinear
I
NGLs —
O . >
H C | R
n —_
v
— (p_7p+>p_L) NpT(17R2aR) chpT(laR.g’Rg)
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The Groomed Jet Radius

The groomed radius - factorization

e Cumulative cross section

do ~d dX(6,) —  po ~prR
dn dpr dé, B df, dndpr

—  MS¢gr ™ ZewtPT IR

— HC ™ ngTR
* Relevant scales

—  MUSggr ™ Zcuteé_i_BpTR

* Refactorization of the jet function

Ge (2,00, PT R 115 Zent, B) = Y, Y HE i (2,00 R, 1) @aSTE (2ewpr R, 15 )

1=¢,q,g M

X Z Ci" (Ogpr R, 1) ®q Sf,,%f (Zcut9;+BpTRa ; B)
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The Groomed Jet Radius

The groomed radius - factorization

e Cumulative cross section

do ~d dX(6,)
dn dpr dé, B df, dndpr

* Refactorization of the jet function

Ge (2,04, pT R, 115 2cut, B) = S‘ YHC_M (z,pr R, 1) ®QS§§T (zewtpr R, p1; B) +——— as before

1=q,q,9g M

— X Z Ci" (04pr R, 1t) ®q S,L-E,Tg,f (Zcth;JFBPTR, 0z 5)

At NLL" (C; (O4p7 R, M)><Sz'€gr (Zcut9;+5pTRv f 5)> X SzCKIéL (t,0,) A%ﬁel (t,6g)

Non-global and Abelian clustering logarithms
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The Groomed Jet Radius

The groomed radius - factorization

Refactorization of the jet function

Ge (2,00, TR, 115 2cut, B) = > Y HIi (2,pr R, ) ®aSLE (zewpr R, 113 B)

1=q,q,g M

X Z CZWL (engR, ,u) X Sf;grf (Zcut6;+ﬁpTR7 22 5)

Based on equivalence to the jet veto case

Emissions outside the groomed jet are vetoed with zcutﬁng
Vetoed region

N
N collinear-soft emissions My = HM1(J7;)

Example of two emissions

J J J

1

Lt L
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The Groomed Jet Radius

Non-global logarithms

* Two types of NGLs
Dasgupta, Salam "01

1
In —4A 8 >0
. z Tsoft
unconstrained ,
= R,
Q < 4 é 2 > I 0 B
I - 2 = Zcut <E>
7”7
csl
“ |
7
s |
7
S./ z : collinear
@ ‘ >
H C R
ln 5
unconstrained
mn mn mn
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The Groomed Jet Radius

Non-global and Abelian clustering logarithms

* NGLs with C/A clustering

— 7
Dasgupta, Salam "01
Appelby, Seymour 02
Delenda, Appelby, Dasgupta, Banfi "06
Delenda, Khelifa-Kerfa " | 2
Kelley,Walsh, Zuberi " 12
Neill * 18
collinear-soft

collinear
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The Groomed Jet Radius

Non-global and Abelian clustering logarithms

* NGLs with C/A clustering
— 5

Dasgupta, Salam "01

Appelby, Seymour 02

Delenda, Appelby, Dasgupta, Banfi "06
Delenda, Khelifa-Kerfa " | 2
Kelley,Walsh, Zuberi " 12

Neill 18 .
collinear-soft

collinear

— rH

* Abelian C/A clustering

collinear-soft

collinear
40



The Groomed Jet Radius

Non-global and Abelian clustering logarithms

* NGLs with C/A clustering
— 5

Dasgupta, Salam "01

Appelby, Seymour 02

Delenda, Appelby, Dasgupta, Banfi "06
Delenda, Khelifa-Kerfa " | 2
Kelley,Walsh, Zuberi " 12

Neill 18 .
collinear-soft

collinear

Kelley,Walsh, Zuberi " | 2

anti—kT
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The Groomed Jet Radius

Non-global logarithms with C/A clustering effects

* Fixed order without clustering

dcg — deo—=
1 T2 Jieg 2T 2T

0s '\ 2 dxr1 dx d d
SincL(L,0y) =1 — C;Cq (5) /_1_2 1 /QW P2

COS @9

O(z1 — z2) O(22 — Zcutly
X (33'1 232) (33'2 Zcut g) (1 — C1C9 — 8189 COS ¢2) 8189

2

~1—CCy (0‘3)2 il

2T 3

1I12 (Zcut 95 )
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The Groomed Jet Radius

Non-global logarithms with C/A clustering effects

* Fixed order without clustering
s\ 2 dx1d d d
SiNaL(L, 0y) =1 — C;Ca (a_) / o a2 dc1ﬂ / dc2ﬂ
’ 2T r1 T2 Jieg 2T 2¢J 2T

COS (9
(1 — c1ca — 8152 COS P2) 5152

X O(x1 —x2) O(x2 — zcutﬂgﬂ)

2

~1—CCy (0‘3)2 il

2T 3

1I12 (Zcut 95 )

« With C/A clustering include ©(di2 — dy) dy

2 72 4
SiNaL(L,0y) ~ 1 — C;Cy (;;) 7; ln2(zcut95) X3 + O(0,)

Reduces the size of the NGL
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The Groomed Jet Radius

Non-global logarithms with C/A clustering effects

* Size of subleading terms * Numerical results at LL and large-Nc
C Qd
t = 2_A —#as(ﬂ)
™) w
20 /A 1
- Si,2/ with subleading terms ———— Two-Loop, Small Ry, Limit — — -
Siat - - - 0.9 | LL MC Ry = 0.25 ————
A.Cz/A with subleading terms ———— N LL MC R, = 0.15 —
~ K ACIA _ 0.8 F \ g
10 i,2 : L MC Ry =0.1 —
: 0.7 ¢ I\
3 <5 a \
Oqf | a30.6 f .
~ 0 q;q 0.5 F \
gm_\ | SU 0.4 \
wy UU? s \
- 0.3 | '
—10 : \
: 0.2 | \
: \
0.1 - \
—20 N R B S B 0||||\||
—2 —1.6 —1.2 —-0.8 —-04 0 0O 02 04 06 08 1 12 14
log(0g) t
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The Groomed Jet Radius

Phenomenological results

Kang, Lee, Liu, Neill, FR " 19

. Ang R
* Groomed radius 0, = =2
9" "R R 0, =1
1
I NLL 1 | Pythia (hadron=off)
0.8 — Vs =13 TeV, anti-kT, R = 0.8 — Groomed inclusive jet -
i pT > 600 GeV, |n| < 1.5 i =1 i B =2
%bo 0.6 _ soft drop, zcut = 0.1, 8 =0 B B
~—
<
04 | : :
0||| == " o o b —r—" .,
—2.1 —1.4 —0.7 0 -2.1 -1.4 -0.7 0 -2.1 -1.4
logy((0g) logy(0g) logy(0g)

P
<«

More aggressive grooming Comparison to Pythia 8
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The Groomed Jet Radius

Pythia simulations

1
i +ISR+MPI+had —
i I +ISR+MPI —
0.8 | V5 =13 TeV, anti-kp, R=0.8 | 4ISR — |
i pT > 600 GeV, |n| < 1.5 I Partonic — |
<0 0.6 [ soft drop, zcut = 0.1 i i
< 0 -
? B=0 Z B=1
l-c s
anl b 0.4 - i
02 f‘ﬁ:;;bﬁ’q—
O R P SR B |
—2.1 —1.4 —0.7
log10(0g)
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Other Observables

The momentum sharing fraction zg

Larkoski, Marzani,Thaler " | 5

* Momentum fraction of the softer branch

_ min[pr1, pro] /
2y =

Pr1 + P12 @

@.

Groomed radius cross section now calculated at NLL~

* Can be calculated using the conditional probability

p(zg) = ii:g = /dﬁgp (0g) P (24]6)
T

and

P; (2¢)
5 dzP;(2)

© (zg — Zeut 95)

p(zg\Hg) — /2 g

Zcut 9
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Other Observables

The momentum sharing fraction zg

Larkoski, Marzani,Thaler " | 5

* Momentum fraction of the softer branch

8
min[ ] [ = Groomed Momentum Fraction
2, = PT1,PT2 | - Herwig++, 13 TeV LHC |
I pPT1 1+ P12 6F 'i Ry=0568=0 -
: = -==pr>50GeV ]
@ Lao | pr > 100 GeV
R I A
------- > e
. I pr |
2k
Or_ﬂ ...................
00 01 02 03 04 05 06
lg
as C; —
B>0: p(zg) = Sﬁ “ Pi(2z9) + O (as) Sudakov safe
Pi(zg)
B=0: p(z,) = 7 9/ O(24 — 2cut) Independent of O
277 dz Pyi(2) QCD splitting function
Zcut
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Other Observables

The momentum sharing fraction zg

Larkoski, Marzani,Thaler " | 5

* Momentum fraction of the softer branch

min|pr1, pra] @

Z p—
g Pr1 + P12 @0

 Conditional probability including running coupling effects 8 = 0

1 do

Pi) = a,
g

— /dﬁgp (0y) P (24104)

as (2904017 R) P; (24)
le/Q dz as(20,pr R) P;(z)

cut

and D (Zg|‘9g) — S) (Zg — Zcut )
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Other Observables

Phenomenological results for RHIC kinematics

8 | | | | |
zg LO cond. prob. + NLL Ry —
7L QCD scale uncertainty i
STAR preliminary X
6t x :

pr = 40-60 GeV, R = 0.4
V5 = 200 GeV, |n| < 0.6 .

&)
|

Zcut — O]., 6 =0

1/0incdo/dz,
e

51 |
ol = :
< 1 —
1 — XL X —X—
O | | |
0 0.1 0.2 0.3 0.4 0.5 0.6

More phenomenological results in the future
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Conclusions

* Jets are important precision probes at the LHC

* Soft drop grooming reduces nonperturbative effects significantly
* Novel observables

* More theoretical results and new data sets coming out soon

* Systematic studies of nonperturbative effects
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