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Why Jet Substructure?

CMS Supplementary JHEP 05(2018) 006

PbPb 404 ub™” (5.02 TeV) pp 27.4 pb™ (5.02 TeV)

e Jets are quenched and show significant S 3 . es07Gev 0-10%
reshuffling of energy in and out of cone S p1k>2 oy anti-k; jets R=0.4
. a L ‘ jet
in PbPb events compared to pp £ o plk>4GeV by >120 GeV
4 2r Eh —————
Talk by Xiao Wang (Thursday 10:20) - 1 5' P
( ) : e —
1 1 !
P(Ar) = — X bk :
( ) Sr Njet Z Z Pt ot
jets | tracks€(rq,mp) )
C 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0O 02 04 06 038
e How is parton shower modified? Ar
* What is the exact mechanism of modifying the shower?

e Can we relate shower modifications to medium properties?

Tool : First splitting in parton shower ;

only using hard jet components
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Shared Momentum Fraction (zg)

In vacuum : z4 relates directly to the Altarelli-Parisi QCD splitting function

Momentum fraction carried by the
subleading branch of the first splitting

Zg=

min(PT,ia P, j)

Pt + Pt

* Independent of as

* Weak dependence on jet pr
* Same for quarks/gluons

softer 2nd structure

Larkoski, Marzani, and Thaler
Phys.Rev.D91,111501(2015)
Larkoski et. al.

PhysRevLett.119.132003(2017)

Collimated jet +

Small z4

Groomed Momentum Fraction ]
Herwig++, 13 TeV LHC
Ryp=05,06 =0 -

- == pr > 50 GeV 1

------ pT > 500 GeV
-------- pr > 2000 GeV |

Two hard
structures

02 03 04 05 06

‘g Phys.Rev.D91

111501(2015)

Large z5g~ 0.5
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Color Coherence

e Relative energy loss, measured via shared momentum fraction (zg), helps probe
important properties of medium including the role of color coherence

min(pr ;, P ;)

Pr,i+ Pt

Zg:

* Can the medium resolve the two partons —> Can the medium break the color
coherence among them?

Amed =1/ @L

§gox T’

A

1 coherent emitter:
Anmea”L  color connected
subjets

2 coherent emitters:
color disconnected = N
subjets

Fig. taken from :
Phys.Lett.B 725 (2013) 357-360
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The ability of the medium resolve the partons depends on how the opening angle (0)
compares to the critical angle

Opening angle of the parton splitting is correlated with the jet mass (M)

M ~ 707

“0
.
“

Py 0

Py 0

. .

.
.
.
“
*

* Small mass: collimated jet, small number
of constituents. Low virtuality

 Large mass: broad jet, large number of
constituents. High virtuality

M

e We measure as mass scales with jet prin vacuum and it also leads to better

PT,jet
cancellation in systematics
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Physics Phenomena

Medium response [2]

Medium-induced Evolution of

gluon radiation [1sIs \ v / parton virtuality [3]

Parton shower
evolution in medium

Modified Role of
splitting function [dIl7] (de)coherent emitters [4]
[1] : Y Mehtar-Tani et al. JHEP 04 (2017) 125 [5] : Y-T. Chien et al. Phys. Rev. Lett. 119 (2017) 112301
[2] : G Milhano et al. Phys. Lett. B 779 (2018) 409 [6] : C. A. Salgado et al. Phys. Rev. D 68, 014008
[3] : A Majumder et al. Phys. Rev. C 93, 054909 [7] : T. Renk Int.J.Mod.Phys. E20 (2011) 1594-1599
[4] : Y Mehtar-Tani et al. Phys. Lett. B 744 (2015) 284 [8] : G-Y Qin et al. Phys. Rev. C 86, 064904
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Jet Grooming : Isolating hard structures

» Jets are reclustered to impose angular ordering using the C/A algorithml'l

* [teratively de-clustered into two subjets until the “Soft Drop”[2] condition is met

. min(pT,i, pT,j) ARl-j P
Soft Drop condition : z, = > Zoutl ——
Pr;+ DPrj Ry
Recluster Remove if fails
Measured with C/A soft drop

Continue until @ Groomed jet
branching passes Return jet
(Ta (R
[1] : JHEP 9708 (1997) 001

[2] : JHEP 1405 (2014) 146
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Grooming Settings

 Jet Grooming removes soft divergences and uncorrelated background

Soft Drop condition: z, =

g

min(pr ;, P ;)
> Zcut

AR; P
RO

Prit Pt

5 0.7 e e

o F §

G ol :

L 7 .

] V] =

“Flat grooming” Z ;
0.4'—'_ — (0.1, 0.0) _:

Angle independent : —(05,1.5) . .
0.3_— —

Good theoretical oof E
properties T T T -

0.1F -

0: | IllJIIllllIllllIllllIIllllllllllllilllllllll_
0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5

AR

Zcut = 0.5, ﬁ — 1.5

“Jet Core”

Stronger grooming
at large angle

More resilient to large
angle soft radiation

* Additional cut of AR;j> 0.1 is applied to account for detector (in)efficiency and to avoid the

collinear region
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Results
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Results in pp collisions

pT, jet - 160 -180 GeV

Momentum sharing
Flat grooming:
(Zcut =0.1, p=0.0)

CMS pp\@ 5.02TeV 274pb1
10‘_ SoftDrop[S 0,z =0.1, AR12>O1‘

cut

160 < ijet <180 GeV

8- B e Data B

%_CN;” sl oGP 1 PYTHIA6 7
| B [ o PYTHIA8 ]
4:_ o oh HERWIG++_:

0 ® N

® @

| .43: q} =

________________________ o

Lo |

0.4 0.5

PRL 120
(2018) 142302

MC generally describes pp data well
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Results in pp collisions

pT, jet : 160 -180 GeV

Momentum sharing Groomed jet mass
Flat grooming: Flat grooming: Jet core:
(Zcut=0.1, =0.0) (Zcur=0.1, 8=0.0) (Zcut =0.5, B=1.5)
CMS Pp s =502TeV 27.4 pb” s CMS pp 27.4 pb™! (5.02 TeV)
10 Soft Drop [5 O z =0.1 AR12 >0.1] I : anti-kt R = 0.4
. 160<p. <180 Gtev ] 20:_ - Data 3 160 < p*' < 180 GeV
§ T jet . __ I = PYTHIA6 (22 N | " 1<13
8:— m e Data B Z.*aza.-15:_ 4 HERWIG++ (EESC) [ & et
zZ O — ED] | \m L
Slo e - :Z¥$::22 - °ls” | 2,,=01,$=00 | z,,=05p=15
—|_8 0 - S 10¢ F® AR,>0.1 - ® AR,>01
41— > HERWIG++_ —Z [ R [
; * : o - - “e
ol antik R=04 ® ® - = ! .y
:|T]jet|<:|r3 & g ® ® ] Oﬂnllllm-.-l-lllh
——— 1ttt 1.5F 5
< 1.2 | | | | = © e
S i 25 R
S i H e o L T T E 2‘«5 1 e N =
S | O R o 05t _
20-8_III|IIII|IIII|IIII|IIII| E.|||||||||||||||||||||||||||||||||||||||||||||||||
01 02 03 04 05 % 0 1 02 0 0 1 02
Z \ jet \ jet
PRL 120 ’ My / P’ My / "
2018) e MC generally describes pp data well APV 180505100

* Significant difference in the observed jet mass between the two grooming settings
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Shared Momentum Fraction (centrality bins)

(Zcut = 0.1, B =0.0) : flat grooming 2018) 142302
Peripheral PT, jet - 160 -180 GeV Central
Collisions # Collisions

VS = 5.02 TeV, pp 27.4 pb™, PbPb 404 ub™

........................... e —
10F cMS Centrality: 50-80% Centrality: 30-50% -
8: = Pbe :: ZZZ!ZZZ :
- @ Wippsmeared T % ]
Zl NT
Olo 6_— -+ -
ol
4 [ il T W ]
Fonpg.g. ig.g.g.g
N o o 1 0 oy | I T W W [ TR WO T W (NN TR WO NN T AW NN N A |
1.8:_"'l""l""l""l""l_::_'"I""I""I""I""I_-
1_65_ anti-k; R = 0.4, Injetl <1.3 __ Soft Drop _
1.4F 160<pT’jet<180 GueV+ ¥ p=0,z =0.1,AR;;>0.1 -
o 12'_ i -
o C o
= F ® a 2. 21V _ _F_ __F 4 ® o ___=2]
I SR ST SR
%0.85— +-— * %ot
(a8 C
0.6;— + 3
0.4;— + 3
0.2F + v
O:...I....l....l....l....l PRI BT I B N A B AN AT B B R A A A
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 04 0.5
z, Z,
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Shared Momentum Fraction (centrality bins)

(Zcut = 0.1, B =0.0) : flat grooming PRL 120

Peripheral PT, jet : 160 -180 GeV > Central
Collisions iSi

Collisions

(2018) 142302

VS = 5.02 TeV, pp 27.4 pb™, PbPb 404 ub™

10F cMS Centrality: 50-80% Centrality: 30- 50% + - Centrallty 10- 30% + . . Centrahty 0- 10% ]
o i PbPb I = I I i ]
[ ol T e T R T ]
I ::!:: #:ppsmeared I — = I I ]
2 o i i i :
4 [ il 1 W 1 k2 1 L ]
o S 1 i 1 B2 1 5 _
L = . i s Aot
: B g Bgegrngs | f Wogogeg:] 0 W 2g-.gg:
Ny o o o0 | U R N T WO T TN [T SO TR AT W AT N M | PR T R TR T WA AT WO T N NN TR N SN A N U A NN A | PR T R SO T T N TR T SN T T SR T N U MU U e |
1.8:_"'1'"""""""""'_::_'"l""l'"'l""l""l_-_"'l'"'l""l""l""l___"'l""l""l""l""l_
1_65_ anti-k; R = 0.4, Injetl <1.3 __ Soft Drop 3 k3 ;
14 160<p. <180 GueV+ + $=0,z, =01,AR;,>01 } 3 _
o 1.92F i F . -
o C ° [ ] [
S F @ _@g-a-__ 4L _F___T_4 ® _ oot o_____4 ® __ . _}___8 o _____1
5‘.‘;0;;_ LB XA A 5 % o0, 01 ° oW i _'.. ;
o F h Y ) ©o o o
0.6F I T T .
0.4F £ + + 3
0.2F £ + ¥ ;
0:...l....l....l....l....l...l....l....l....l....l...l....l....l....l....l...l....l....l....l....l
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Zy Z, zZ, Z,

* Modification of zg observed in central PbPb collisions relative to pp
* Branching more imbalanced in central PbPb
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PbPb/pp

PbPb/pp

1.6
1.4
1.2

0.8
0.6
0.4

* No significant dependence of the modification on jet pt observed

Shared Momentum Fraction (prjet bins)

(Zcut = 0.1, B =0.0) : flat grooming

10% most central events

VSyy = 5-02 TeV, pp 27.4 pb1 PbPb 404 ub !

<160 GeV

) / 140 < pT‘iet

® Data

LN

e JEWEL :
Coherent antenna BDMPS 4
—q—1GeV/fm L=5fm
= -Iq 2Ca:|eV/fm IL 5fm

'_antlk R 04 In I<13
16O<pT,jet

<180 GeV

[ Soft Drpp [5 O z
180 < pT,jet

S
t—O.1,AR12>O.1_'

<200 GeV

< 250 GeV

200 < pT,jet

m::I:::I::IIIIII::IIIIIIIIIIII||

%o 1 SCET i 1 ]

P Chien-Vitev HT q =4 GeV/fm T 1

~ + g=1.8 = = Coherent I .

| | | | / | i g=2.2 == [ncoherent | I | | | | | ]

0.1 02 03 04 O 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Zg 2 2

PRL 120

(2018) 142302

Multiple medium-induced gluon
bremsstrahlung (coherent):
Phys. Lett. B 345 (1995) 277
Nucl. Phys. B 483 (1997) 291
Nucl. Phys. B 484 (1997) 265
JHEP 04 (2017) 125

JEWEL.:

JHEP 03 (2013) 080
arXiv:1707.04142
arXiv:1707.01539

Soft collinear effective theory:
modified gluon splitting
function: arXiv:1608.07283

Higher twist calculation:
arXiv:1707.03767
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Shared Momentum Fraction (JEWEL)

(Zeut = 0.1, B =0.0): flat grooming PR 120
10% most central events

(2018) 142302

VSyy = 5:02 TeV, pp 27.4 pb', PbPb 404 ub™

F T l 1 L L BRI AL BLELELELEN I UL IR BRI ELELELELE B I
1.6 Centrality: 0-10% - anti-k, R=0.4, m_1<1.3 —+F SoftDrop $=0,z_ =0.1, AR;;> 0.1 ]
- CM I 3 jet T 2 o ] Medium
1 4F ﬁ; 140<pT‘iet< 160 GeV 4 & 160<pT,jet< 180 GeV T S 180<pT,jet<200 GeV E
: ' eData I+ X I X : Response
o 1.2 —
o [ ]
S~ L -
ﬁl 1_—---‘-- ------------------ R R P e L e R R R R R R S
O - ] -
o 0.8 ° E|aStIC
0.6~ JEWEL £ o 2= Scattering
0.4 . —
: - -
. Medium-induced

gluon radiation

PbPb/pp

JEWEL generator:
JHEP 03 (2013) 080
1 1 ] arXivi1707.04142
T T 1 arXiv:1707.01539

e Subleading subjet promotion by soft large-angle recoil contributions
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PbPb/pp

PbPb/pp

1.6F

1.4
1.2

0.6

0.4F

1.6
1.4
1.2

0.8f

0.6
0.4

Shared Momentum Fraction (BDMPS)

(Zcut = 0.1, B =0.0) : flat grooming
10% most central events

VSyy = 5:02 TeV, pp 27.4 pb', PbPb 404 ub™

0.8F

140 < pTiet <160 GeV

® Data

Centrality: 0-10%

——
__antl-kT R =0.4, Injetl

L Coherent antenna BDMPS
— =1 GeVAm? L=5fm
[ - - q=2 GeV/fn?, L =5 fm

T
<1.3
160<ijet<18O GeV

180 < ijet <200 GeV

VZ = .1, AR,,>0.1

[ 200 < Priot < 250 GeV

 Modification due to hard BDMPS emissions off coherent jets

PRL 120

(2018) 142302

Medium-induced
gluon radiation

Multiple medium-induced
gluon bremsstrahlung
(coherent):

Phys. Lett. B 345 (1995) 277
Nucl. Phys. B 483 (1997) 291
Nucl. Phys. B 484 (1997) 265
JHEP 04 (2017) 125
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PbPb/pp

PbPb/pp

Shared Momentum Fraction (HT)

(Zcut = 0.1, B =0.0) : flat grooming

10% most central events

VSyy = 5:02 TeV, pp 27.4 pb', PbPb 404 ub™

LR e e L L L L
1.6:— CMS Centrality: 0-10% _:_ anti-k, R=0.4, Injetl <1.3 __ Soft Drop p=0,z_ =0.1, AR, >0.1 _
C . 140<p_ <160GeV T 160<p_ <180GeV T 180 <p_ <200 GeV
1 4 — “ T,jet —+ T,jet -+ T,jet —

1 2: % ® Data ] X
C . _1 I _
r ‘e . ° - o ° ]
I S e Footns  SRheE s :
C RETOY ] ° [ )
0.8 RREEL S B B ° T * ¢
_ ) ] ® o ¢ C ¢ ‘ 4
0.6 ey T - E
0.4F T . :
I B B B B B | I I Lol i IS ST T T T T IR |
:l LI} | LN B I | | T | T | T |:: I ] I ] I I LI I:: ] I ] I LI I LI I LI I:
1.6 T T ]
1 ab 200<p. <250 GeV T 250 <p. <300GeV 1 300 <p. <500GeV
=T T,jet . “ T,jet 4 T,jet i
N ] . |
1.2 ° T ¢ T + ]
[ ] . ] |
I------= L R T 7" xﬁ"""""‘""f.‘ """" +' """"" +""_.
I ¢ ] iy LT _} [ :
0.8F ¢ ¢ T t $ + ke 1 + :
5 L ¢ + : '
0.6 T T ]
- . HT § =4 GeV/fm® I ]
0.4F . = = Coherent 1 _
i ] == |ncoherent [ ]
PR ST W [ SN WU T W (NN TN ST N T N T T ST W TN W NN | AR NN N TN N N T TN N N NN NN M A A A A ' ' L1 1 Loy v v
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Zq Zq Zq

PRL 120

(2018) 142302

Medium-induced
gluon radiation

Talk by Guang-You Qin
(Wednesday 10:00)

Higher twist calculation:
arXiv:1707.03767

* Increased modification with coherent setting compared to incoherent setting
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Shared Momentum Fraction (SCETy)

(Zeut = 0.1, B =0.0): flat grooming PR 120
10% most central events

(2018) 142302

VSyy = 5:02 TeV, pp 27.4 pb', PbPb 404 ub™

L L I v LR I L DL DL DL L L S D D e e e
1.6:— CMS Centrality: 0-10% _:_ anti-k, R=0.4, Injetl <1.3 __ Soft Drop p=0,z_ =0.1, AR, >0.1 _
1 4: 140<p  <160GeV I 160<p <180 GeV ] 180<p_ <200 GeV ] Modified
: oData I : splitting function
o 12r B e ° T ° ]
Q- - ""l, ([ ] : [ ] T o ]
O T—--- @ - - m e e - - —4----=-=-=--=-- @ —~—-—-—-—--------- - - o - —
ol . T .
e - TP, . °
ol 0.8 “"d"'b“".-—_— Y . I ¢ ¢ A _
- ] ¢ o
0.6~ I _I ¢ ¢
0.4F + + :
N l l l L] ] ] g ] ] L ] ] ] ] ]
: T | | | | LI B R | | I I T I T I T LI T I : LI I I I I T LI I
16__ -1 ___ .
e 200<p. <250 GeV T 250 <p. <300GeV 1 300<p. <500 GeV ]
=T T,jet T,jet 4 T,jet
o 1.2F T + .
a Tt ¢ ¢ : ¢
3 )
R T ot :
o) [ ¢ I T T } ]
0. 0.8F ¢ ¢ T ¢ + + """""" T + ]
06k ¢ ¢ ¢ 1 + I 1 Soft collinear effective theory:
) C T gﬁig-rl;-Vitev 1 ] arXiv:1608.07283
0.4F J ——g=18 I h
K T rrvee g=22 I ]
PR N T N T T N T WO WO WO NN UNNY SN TN AN NN T TN RN A TN AR BN S A B A A B A A A | AN A AR A B AT AT A BN A A A A B A AT A |
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Zq Zq g

e Increased modification with higher coupling constant
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Groomed Jet Mass (centrality bins)

(Zcut = 0.1, B =0.0) : flat grooming
PT, jet : 160 -180 GeV

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV)
arXiv:1805.05145 i anti-k; R=0.4,m | <1.3 ] i anti-k, R=0.4,m |<1.3 ]
- CMS Soft Drop z =O.1fef3=0.0 - 6—CMS Soft Drop z =O.1fef3=0.0—
B cut | L cut -
o0l AR, >0.1 7 B AR,;,>0.1 7
== PbPb 160 <p_. <180 GeV _ . == Data 160 <p_. <180 GeV _
. NA Smeared pp Tiet ] Al Tjet
10 0-10% — -
Ce.n’gral T . . -
Collisions B Al S - Q
= L m ] Q [
Z|2 o= = o3 o -
ol =10 10-30% ] Tls ol =
= [ e 1 ol 10-30% L
; | § m | (,E) _—Q—- e [ = Feod] F-] '_E_' ............ —
| (0] —iA— 0] —
10— 30-50% . ol B
— m@m&z —
Q= s
Peripheral 10— & ~ 50-80% ]
Collisions - S ‘
i Wﬁﬁﬁ i
&&MIIIIIIIIIIIII IIIIIIIII|IIIIIIIII|IIIIII
% 0.1 0.2 & % 0.1 0.2
o/ Pr e Mo /P e

e Enhancement of My/prjet 0bserved in central PbPb collisions relative to pp collisions
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Groomed Jet Mass (centrality bins)

arXiv:1805.05145 - anti-k; R=0.4,I | <13 -
40:—CIVIS SoftDropzut-OS [3-15—

- AR, >0.1 -

30— === PbPb 160 <p_. <180 GeV -

- NN Smeared pp Tjet :

20— —

Central 105_ b . E
Collisions g e, 0-10% ]
Z|2 o \ e e s

O| o N N T

= L ]

=R :

0 \ A

— N . 1

10 = =

. s, 30-50% -

C— \ . ’ .

Peripheral - \ -
Collisions = e

(Zcut =05, B =

DT jet : 160 -180 GeV

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™" (5.02 TeV)

PbPb
Smeared pp

1.5) : jet core

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™* (5.02 TeV)

B anti-k; R = 04Inl<13
—CMS SoftDropzut-OS [3-15—
AR,,>0.1 7

== Data 160<p <1SOGeV

0.1
My/p

T,jet

* No significant modifications to the core of the jet observed
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Groomed Jet Mass (pr,et bins)

arXiv:1805.05145

10% most central events

(Zcut = 0.1, B =0.0): flat grooming

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb' (5.02 TeV)

anti-k; R=0.4,ln_1<1.3
CMS Soft Drop z =01 Jefi =0.0 -

5 AR, >0.1 7
O~ === Data Centrality: 0-10% _
—— Jewel (Recoil off) _
------- Jewel (Recoil on) .
o QPythia ]

____________
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= . EPJC (2014) 74: 2762
- 200<p,  <300GeV " 4 Q-PYTHIA:
B e e o i E—— EPJC (2009) 63: 679
% 0.1 0.2
9 / pT,jet
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Groomed Jet Mass (pr,et bins)

arXiv:1805.05145

10% most central events

(Zcut = 0.1, B =0.0): flat grooming (Zcut =05, B=1.5): jet core
PbPb 404 ub™" (5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™' (5.02 TeV)
i anti-k; R = 04Inl<13 - anti-k; R = 04Inl<13—
- CMS SoftDropz t_01 |3 0.0 - 150 CMS SoftDropzcut_OS [3_15 -
o0l AR, >0.1 7 B AR,,>0.1 ]
| =& Data _Centrality: 0-10% - == Data _ Centrality: 0-10%
. —— Jewel (Recaoil off) i} 10— —— Jewel (Recoil off) ]
- e Jewel (Recoil on) - - Jewel (Recoil on) -
- QPythia - T QPythia i
10— — B ]
- - S ~
i 14 [ - 140<p_ <160 GeV . .
% - 0 <ET,jet 20 Gev . = % B p —D—:
_Q -O Q=— e E _11:1'_ E o FICK Jfe 'R GRS R SN (o e SSSUR OO _’ j _Q -O
| Q10 —] oo
& | 8 T 2 x| o
c L 160 <p_ <180 GeV A c
'l—' T, ___-'m,
O ) s o O : n
- — 0==_ ------ {5 SR TS el cicks fably e
) .
L - 180 <p
c) ] 5 U e R | ,_|T, o
- — 0,=_ ........... ek R ) i s (Mt s R — O==— = .
T 10— E F 7 JEWEL.:
B i 5 T EPJC (2014) 74: 2762
= — | 2 V ..’l'&_{‘ _______ 7
- 200 < Pl ot < 300 GeV i B 00 <p_ <300 Ge ___________ . ] Q-PYTHIA:
= EPJC (2009) 63: 679

* Of the models compared to data here, none describe the jet mass
measurements for the flat and jet core grooming settings simultaneously
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* Jet mass and shared momentum fraction measurements in pp and PbPb collisions
with the CMS detector at the LHC are presented using 5.02 TeV data

* Flat grooming setting: Subjets less balanced in PbPb + enhancement of large
mass jets in PbPb

Centrality 0-10% ; 140 < prjet < 160 GeV

(Zcut = 0.1, B =0.0) : flat grooming

|sNN_502 TeV, pp 274pb PbPb 404 b’

CMS

¥, 140<p <160GeV

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™' (5.02 TeV)

Centrallty 0 10% — s CMS anti-k; R=0.4, I <13
- Supplementary Soft Drop z, t—01 B 0.0 :

1.4F - E AR;;>0.1 -
E ® Data E B aI’XIV'I 80505145 Centrality: 0-10%
o 1.2 antik; R=04, I <13 ] Q 140<pT’jet<160GeV
8_ = SoftDropB 0,z _OIAH >0: oo 12:— === Data ' —_
f - e - - &S 10— Jewel (Recoil off) i
e - ol i Ol [ e Jewel (Recoil on) .
o 0.8fF it O I = QPythia .

0.6l === JEWEL

" Coherent antenna BDMPS
: %

(&3] N

01 02 03 04 0.
Zq
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Summary

* Jet mass and shared momentum fraction measurements in pp and PbPb collisions
with the CMS detector at the LHC are presented using 5.02 TeV data

* Flat grooming setting: Subjets less balanced in PbPb + enhancement of large
mass jets in PbPb

* Jet core setting: No modification observed in jet mass

Centrality 0-10% ; 140 < prjet < 160 GeV

(Zcut = 0.1, B =0.0) : flat grooming (Zcut =0.1, B=0.0): jet core
1
\SNN =>02TeV,pp27.4 pb PoPb 404ub PbPb 404 ub” (5.02 TeV), pp 27.4 pb”' (5.02 TeV) PbPb 404 b (5.02 TeV), pp 27.4 pb” (5.02 TeV)
- —— ——— : )
- o ¥ anti-k; R=04,I <13 anti-k, R =0.4, | I<13§
1'6'_ CMS Centrahty 0 1% 2 181 CMS Soft Drop z O:] 0.0 1 9—_ CMS Soft Drop z 02 1.5 E
¥ ¥3 140<p <160 GeV . - Supplementary Pz, = ARB 0 o Supplementary pz = ARB 15 ]
1.4 - - - 12=>U.1 7 - 12> 01
C ° Data : C arXIV.1 805051 45 Centrallty 0-10% _: C arX|V1 805051 45 Centrallty 0-10% :
o 1.2F antk, R=04, Iy <13 = o | 140 <p <160 GeV | o f 1m<%wumaw§
Q_ - Soft Drop =0, z_ _01 ARy, > 0.1 . oo 12:_ == Data : __ olo 65_ “F= Data ; _E
f ol gy L L L L - o % 10 —— Jewel (Recaoil off) - o % 55  —— Jewel (Recoil off) R
O N 9 . Qo e Jewel (Recoil on) . Ol [ e Jewel (Recoil on) N
o 0.8 8.5 — UE) 8 QPythia - c% 4k QPythia -
0,65 == JEWEL g -
"I Coherent antenna BDMPS / .
04'_—q=1GeV/fm2,L=5fm 71
C = =(= ZGeV/fm L 5fm l:
5
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Groomed Energy Fraction

Momentum sharing resulit Groomed jet mass result

\/ 5 02 TeV 27.4 pb™, Pbe 404 b’
102 | PP p el ,CMS pp 27.4 pb™ (5. 02 TeV) , CMS PbPD 404 ub™ (5. 02 TeV)
CMS . Pbe010/ : 1OEIIIIIIIIIIIIIII IIIIIIII I IIIIIIII : 1OEIIIIIIIIIIIIIII IIIIIIII I IIIIIIII E
PYTHIA6+HYDJET 0-10% ] - 140<pT <160 GeV ¢ Da‘a ] " Centrality: 0-10% + Data .
o pp - anti-k; R=0.4, Inj tI <13 - PYTHIA | I 140 < p"et <160 GeV - PYTHIA+HYDJET |

° T
10 PYTHIAG 10k Softbrop p=1.5,z_=0.5, AR,,> 0.1 . 10} antik; R=0.4,In | <13 .
- F160<p, <180 GeV = . E SDB=1.5,z_=05, AR,,> 0.1 .
S " anti-k; R=0.4, Injetl <13

P

g,

|_

o

S~

X

= — -
o __Soft Drop g =0, z = 0.1
o - AR,,>0.1

-lq—l_>| -

Z

03 04 05 06 07 08 09 1

e [arger amount of energy gets groomed away in PbPb collisions

e Groomed energy fractions well described by MC
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Analysis Flow (momentum sharing and jet mass)

 We use Particle Flow jets clustered with the anti-kt algorithm and radius Rjet = 0.4,
jet In| < 1.3, jet pr > 140 GeV

* Particle level Constituent Subtractionl!l is performed in PbPb to remove contribution
from underlying event activity

krjet finding  ---------- N EEEGene UE removal only for

density PbPb as pp dataset

PbPb.~ *~_has low pileup (1.4)
o’ s‘

PbPb

\

Resolution PP
) <
Smearing

PbPb ‘

[1] : Berta et al. arXiv:1403.3108
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PbPb vs. smeared pp

* Smearing procedure applied to pp data to account for UE and reconstruction
differences between pp and PbPb collisions

* Different methods used for this purpose in the two analyses.

Shared Momentum Fraction ( zg) Groomed Mass ( My/pTjet )

pp vs. embedded pp

Event mixing:
pp + PbPb background

Smearing matrix

l Subtraction and Grooming

Apply on data

Internal cross check : The two methods
give consistent z4 result
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Groomed Jet Mass (pr,et bins)

(Zcut = 0.1, B =0.0) : flat grooming
10% most central events

PbPb 404 ub' (5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™ (5.02 TeV)
anti-k; R = O4hq|<13— anti-k; R = O4Inl<13

CMS Soft Dropz t=0.1,[5=0.O . CMS Soft Dropz t—01 [3 0.0 4

L AR, >0.17] AR,,>0.1 7

20

=== PbPb Centrality: 0-10% ] == Data _ Centrality: 0 10% |

NN Smeared pp - —— Jewel (Recoil off) _

10 140 <p. <160 GeV N T Jewel (Recoil on) -

Tt s 1 e QPythia .

] 10 il

. -

h

PbPb
Smeared pp

160<p <1SOGeV .

dN
opP

IIII|“||III|IIII|IIII

6]
IIII|II“IIII|IIII|IIII|IIII

IIII|II\\

i B

180<p_ <2oo GeV sk

160 <p, <180 GeV A

o ] 10— ]
S ] i S
- \ - _ 180 < p o< 200 GeV ]
o= - 2(?0 < pT’jet <300 GeV ssfnes | —_ . E—S L _—
s 8 - :
: \ . i 200 < p o <300 Gev L
M N B R R R N A R W a = I 3 o e ol i B —
% 0.1 0.2 & % 0.1 0.2
Mg/ pT,jet My / pT,jet

JEWEL generator:
EPJC (2014) 74: 2762

Q-PYTHIA:
EPJC (2009) 63: 679

e Generators JEWEL (recoil on) and Q-PYTHIA tend to predict large modification

* Modification gets weaker with increasing jet pr
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Groomed Jet Mass (pr,et bins)

(Zcut =0.5, B=1.5):jet core
10% most central events

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™” (5.02 TeV) PbPb 404 ub™" (5.02 TeV), pp 27.4 pb™ (5.02 TeV)
- anti-k; R=0.4,In_| <1.3 - anti-k, R = 04Inl<13-
40:_CMS SoftDropz t—05 B=157 15 CMS SoftDropz t-05 B=15"
- AR, >0.1 7 B AR, >0.1
g0 =B PbPb Centrality: 0-10% _- - == Data _Centrality: 0-10% -
- SA Smeared pp - 10— —— Jewel (Recaoil off) 7
u ] L e Jewel (Recoil on) i
20— \ ] T e QPythia i
- \ N 5l —
10F- Sy - § 140 < <]
5 OF - o p,.  <160GeV .
Q_i% ‘ S 14,_2 < pl;l'v,‘jet <160 Ge 7 0 gy - Tiet . — — I
= 0 . e A— oo o —
= T oe f i
= F S B
o 0P . v e 160<p, <180 GeV -
T = T i 7
10— S = - 180<p <200 GeV .
a aa - e e O i B
(0= \ —= Q- "= JEWEL generator:
- \ 1 5 | EPJC (2014) 74: 2762
10— - 200 <p. <300 GeV 1 - 200 <p_. <300 Ge\(l____.‘., ---------- 1 Q-PYTHIA:
m Wﬁ‘@* T jet . e S 1 o d EPJC (2009) 63: 679
% 0.1 & %

My/p

T,jet

e Generators JEWEL (recoil on) and Q-PYTHIA tend to predict large modification

* No significant modifications to the core of the jet
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Soft Drop flow chart

Start from the root node

l

Are there two sub-jets? |«

l

Check if the sub-jets
match soft drop condition

Yes No

Algorithm terminates Discard smaller sub-jet

l

Redefine larger sub-jet as
the root node
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Constituent Subtraction

Collect jet constituents
(PF candidates)

I I

Sort distances of ghost Construct grid of
and PF candidate pairs ghost particles

.

For each pair, starting from

rho, rho._m

the smallest distance
If PT of ghost particle If mass of ghost particle
> PT of PF candidate > mass of PF candidate
!No !No
ghost PT =0 Yes ghost mass =0 Yes
reduce PF candidate PT reduce PF candidate mass
\ 4 \ 4
PF candidate PT =0 PF candidate mass = 0
decrease PT of ghost decrease mass of ghost
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