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Jet shape

Ellis, Kunzt, Soper '92
Seymour '98
Li, Li, Yuan '11

® Why the jet shape?

® Classic jet substructure observable Chien, Vitev '14
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® ixisting data sets include pp, pp, ep, e e and heavy-ion

® Constrain parton shower event generators (had. models,

underlying event contributions)

e e
o | N |
= . el

® Quark/Gluon jet discrimination S Lo
o e la-

® Probe the QGP in AA collisions o

0.5 |

® Measured for heavy-flavour jets o
9 CMS, PLB 730 (201}) 243



Small R factorization

®RK1 Factorize jet from remaining
Cross section
dO- C jet 2
— fCL ® fb ® Ha,b @ gc [1 _I_ O(R )] Kaufmann, Mukherjee, Vogelsang 15
de dndz’r‘ Kang, Ringer, Vitev ‘16

Dai, Kim, Leibovich ‘16
a .

® Resum ol In" R through DGLAP
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N@gget(zazmpTR :u Zsz ®gJet Z Z’mpTR :u)
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Retactorization

®r<R — G contains large logs of " which need

to be resummed

® Perform factorization for r < R

G (2. 2 pr Rt/ R 1) — Ed: He|Cy e Sd][l + 0(%)}
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Jet shape at NLL

Fixed-order 15 Vi Yy NGLs

In R LL tree 1-loop 1-loop - -
e NLL 1-loop 2-loop 2-loop - -
NNLL 2-loop 3-loop 3-loop - -

In(r/R) LL tree 1-loop 1-loop - -
NLL tree 2-loop 2-loop 1-loop LL
—>| NLL 1-loop 2-loop  2-loop 1-loop  LL
NNLL 1-loop 3-loop 3-loop 2-loop NLL

. NLL’
gJCt(Z,ZmpTRa T/Ra ,u) — E :Hcd(zapTRa M)/koJ_Cd(Z’mpTTa kJ_,,M, V)
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@® Appearance of the v (rapidity)

scale
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Jet shape at NLL

0 Separate jet production from jet shape

@ Compute collinear function with recoil

@ Sott function and NGLs

@ Resummation and matching

@ Implementation

@ Nonperturbative effects

0 Results for the LHC



<> Separate jet production and the jet shape

@ This simplifies numerical implementation

hard

do =Ja® [ QHS, (%, )@ g‘let (Z, )

z appears in hard scattering and jet function

@ Preferable to organize the calculation to separate jet
production from jet shape .



<> Separate jet production and the jet shape

@ Jet shape for r < R

asCr 1 5 3 9 6r 3r?

¢q,r§R(T) =1+

Kang, Ringer, Waalewijn ‘17

® Refactorization for r < R

Va.r<r(T) e Hy(prR, 1) /d2/ﬂ /dzr 2r Ca(2r, pr7 K1, 1, V)
l G NG (T I
stk mom () of)

No <2 dependence

|

Hg(prR,pn) = /dzz {Hde(Z,PTRa ) — Jc(li)(zapTR, ,UJ)}

z dependence cancels out
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<> Collinear function with recoil

e -

1-4---p Jet axis

¢d,r<<R(r) NgL ﬁd(pTR, ,LL) /d2kJ_ /dzr Rr Cd(Zr,pTT, k'J_nuv V) X Sccl}(kJ_vlua VR) SdNG<_)

@ 1.0 Collinear function with recoil:

O (o b ) = 601 — 2) (ks < pr)



<> Collinear function with recoil

€ NLO Collinear function accounting for recoil is more
involved

@ One needs to consider all possible cases

Side view Front view




<> Collinear function with recoil

€ First: separate cases with splitting inside and outside
the subjet

C (2, prr ks, p,v) = O(ky < prr) CO" £ Ok, > prr)C77

€ Splitting inside the subjet:

X
Jet axis

(A)Both partons inside the subjet

(B) Parton (1) inside the subjet

(C) Parton (2) inside the subjet

11



<> Collinear function with recoil

@® Appropriate collinear phase space restrictions
(Aocr =81~ ) [d®205,0(8) < 41)0 (52 < B™)
(Blocs = [ d0205,3(x — 2) O3 < B0 > ™)

(Cyey = / 40,05, 5(1— 2 — ) O(B1 > BI")O(By < A7)
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<> Collinear function with recoil

@ Splitting occurring outside the subjet
B P

Bmax
2

Jet axis Jet axis

(B)9>f,« — /dq)g O-g,q 5(CC — Zr) @(7'(' — ¢maX < ¢ < T+ ¢max) @( iﬂin < 51 < 6{1&&){)

(C)9>’P — /dq)Q O-g,q 5(1 — & ZT) @(_Qbmax <o < Qbmax) @( gnin < P2 < Bgnax)
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<> Collinear function with recoil

& Add it all up

27
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@ Cannot preform ¢ integral analytically

@ Can extract divergences analytically
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<> Collinear function with recoil

/dzr Zr Oq(zrapT'rv k_l_a 122 V)
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< Soft function and Non Global Logs

@ Global Soft function at one loop

a;Cr 1 /In(k? /u? 1 1 V2R? -
" [_ 5 /(<2L/2 )) tE e e k)
T 1/t S+ pr (R pR) . Au

® NGLs arise from soft emissions probing inside and outside

of jet simultaneously
Dasgupta, Salam 01’




< Soft function and Non Global Logs

@ For S%\I . solution to BMS equation up to five-loop order

R 4 2 17<—5
SNG 1 — 7T_L2 <3 L4 ( CB >L5 O L6
o (F ) 24 12 12 T 34560 i 360 480 +OW)
~ asN.. R NG [ aNG Banfi, Marchesini, Smye ‘02
L=""1In~ Sy (S )
T r Schwartz, Zhu ‘14
1. —_I | | | | | | | | | | | | | | | | | | | | | | | | | |
0.8 |- —
0.6 O s Quark: 2-loop :
© L - -
= R 3-loop 1
) : | -
0.4 |- - d-loop -
Sy Gluon: 2-loop -
0.2 —.: ------ 3-loop
(% R=0.6, pr = 60GeV — H-loop 1
O. B I".I ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] i
0. 0.05 0.1 0.15 0.2 0.25 0.3
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& Resummation and Matching

@® We have all the ingredients for resummation

® Hard functions
® Global Soft function

@® Non Global Soft function

... and now also:

® Collinear function with recoil
® Scales for the r < R regime

Hard scale Jet scale
UH = DT pwg = prR

18



& Resummation and Matching

NLL' ~

77b0l,7°<<R(’r) — Hd(pTRa ,u) /d2kJ_ /dzr Zy Cd(zrapTra kJ_a My V)

r

x S (k1 ,u,vR) SdNG(%) [1 T O(}_%)}

® Recall refactorization led to v scale

@ Including r < R regime, we take as central scales

U = pr, ug = pri, we = prr, us = prr,
1
£ 4 ve = Pr, Vs = bR
e — L
A
u-RGE
(5)—(©)
PTT+ >

r
E 19



& Resummation and Matching

@ Use simple interpolation to go from resummation to
FO region

r

Y(r) = [1 — 9(%)]?%«1%(7“) + Q(E) Vr<r(T)

~ /

Smooth function going from 0 to 1

(0 2 r <
(x—x1)
1 — (x—x3)° o < <
(r3—x1)(x3—72) 2 >4 =43
- r3 < T

0. 01 02 03 04 05 06 07 08 09 1.

X
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& Resummation and Matching

107
101
10V

S 1070

@ Checking refactorization and choosing transition points

:ll | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |:
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0. 0.1 0.2 0.3 0.4 0.5 0.0
r
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& Implementation

0.8

—— LL = 1L
N — 0 7 S N - - — NLL
: / /
Quark jet, pr = 60GeV, R = 0.6 - NLL - NLL
0. 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.4 0.5 0.6
r Tr
T T T T T T T T : 1. :_ T T T T T T T T T T T T :
1 osf -
1 —06f -
i & B i
§ = §
— 0.4 —
— LL ] == L
""" NLL _: O 2 = s NLL _:
I ) 1
Quark jet, pr = 500GeV, R = 0.6 - NLL i Gluon jet, pr = 500GeV, R = 0.6 - NLL i
O. 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] O. 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 04 0.5 0.6
r T

@ Good convergence
@ All matched to NLO
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<& Nonperturbative effects

@ Study nonperturbative (ISR, MPI and hadronization)
effects on the jet shape using Pythia,

L. =Eey = 7TeV, anti-ky R = 0.6, || <28.__I: f_._':';'._;'..;' —— 1. —ECM' 7ITeV o k'TR 06 |7_7|_§_2.8 BASRSRuAS.
- pr = 30 — 40 GeV e : :
08— .-:/' /// — 08— —]
L L _ - _ L
- 0.0/ / - -
1\ 06 — ",/// ] /;\ 06 — ]
: Ay . - : .
= - ';,'// Pythia 8.2 - = - Pythia 8.2 -
0.4 - ,'/}/ ----- Partonic — 04 5°/ Partonic ~
L --- IR ; - -- ISR :
021/ .- ISR+MPI - 0.2 |- CISR+MPI ]
- —— ISR+MPI+had - 5 — ISR+MPI+had
0. 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | | | | ] O. 7 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I | | |
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 0 4 0.5 0.6
r r

Significant nonperturbative effects!

@ Need model to describe nonperturbative effects
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<& Nonperturbative effects

Model 1:
Uniform contamination

———
| 2f r 1
pr) = T + T
soft
with f = p};t
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<& Nonperturbative effects

Model 2:
1 particle contamination

A alNew axis

> 2f T - axis displacement term
1+ f R?

=)
~

=
~—

-

25



<& Nonperturbative effects

L Fray 7't e Ao <2 T L] 1 P =00, st R 08 Tl 2 28 T e
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08_— "-'- //’-’."’ —_ 08_— “"’//”."’ —_
’ ~ - ‘
. . P ] - R~ ]
- 0.6 - .‘ /x' — - 0.6 - R —
B 0. °, . ] B ’ / . ]
= - RN Pythia 8.2 - = - .',‘// Pythia 8.2
- .7 . B ‘. ) .
0.4 - S Partonic - 0.4 R A Partonic n
0.2 __/ // —-—=- Model 1 ] 0.2 _—.'I ! —--- Model 1 ]
L /) — —- Model 2 . /! — —- Model 2
0. l/l 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ] O. 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 0.4 0.5 0.6
r r

€ Both models reasonably capture nonperturbative effects

® Model 2 better than model 1, used for LHC data
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<> Results for the LHC

1 ATLAS |

O ) 1 AL LAD T T :
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0. e v v e e e b e gy 0. Coovov v v oo v b o v b v e b by ]
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T 1 r
@ Tit parameter f for central curves: f oc —
pr
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<> Results for the LHC

ATLAS

T 171 I T 171 I | I T 171 I T 171 I | T T I L I T T I L I T T I L

10t pr = 30-40GeV, R = 0.6 10t b pr = 60-80 GeV, R = 0.6

llllI
llllI

L

T ~— = :
Q Q - i
== NLL' +nonp 1 B NLL' 4+ nonp 0 T :
10_2 P T T N O N M TN TN T N N A SO TN MO T NN TN NN M A NN AN AN 10_2 P S N N K T N T N AT S T M T N S RN N AT N R N RN RN B
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 0.4 0.5 0.6
r r
1 T T T T l T T T T l T T T T l T T T T l T T T T l T T T T 1 T T T T l T T T T l T T T T l T T T T l T T T T l T T T T
107 pr = 110-160 GeV, R = 0.6 - 10" & pr = 500-600 GeV, R = 0.6 —
- 10° | -
S ] = : ]
ST . Y _ i
- 0
1
: E R .
== NLL'4+nonp = - = == NLL'+nonp )
10_2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 10_2 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0. 0.1 0.2 0.3 0.4 0.5 0.6 0. 0.1 0.2 0.3 0.4 0.5 0.6

r 28 "



<> Results for the LHC
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<> Results for the LHC

CMS: Heavy Ion
Vs =2.76 TeV

0. 0.1 0.2 0.3

® Jet radius R=0.3

€ Data closer to purely perturbative results

® Lower Vs — smaller non-perturbative parameter f
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Conclusions

@ Tirst beyond leading log calculation of the jet shape

@ Higher order corrections reduce uncertainty bands

@ Non perturbative effects are significant for LHC,
one parameter models lead to good agreement

@ Tuture directions: ® Compare to LEP or HERA data

® Jet shape with grooming for the

LHC to reduce contamination
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& Implementation
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