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The study of jets has been used to test perturbative QCD, to probe proton
structure and to search for New Physics



The study of jets has been used to test perturbative QCD, to probe proton
structure and to search for New Physics

Where do jets come from, quark, gluon or decaying product
of other particles ?



Jet substructures

Jet substructures at the LHC

Jet Substructures provide new ways to search for new physics and to probe the
Standard Model in extreme regions of phase space.
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Jet in Heavy ion collisions

For example recent measurements
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Measurements of fragmentation

functions for jets

The observable we are interested is Jet splitting function
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Jet Splitting Function

Defined as a two-prong substructure
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2 An early hard splitting will result in two partons
with high transverse momentum. o
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components can be obtained by removing the

softer wide-angle radiation contributions

1 — 2 splitting process
2 This is done through the use of jet grooming
algorithms that attempt to split a single jet into two
subjets, a process referred to as “declustering”



Jet Splitting Function

Defined as a two-prong substructure

2 An early hard splitting will result in two partons
with high transverse momentum.

}

2 Information about these leading partonic %
components can be obtained by removing the
softer wide-angle radiation contributions o

1 — 2 splitting process

2 This is done through the use of jet grooming
algorithms that attempt to split a single jet into two
subjets, a process referred to as “declustering”

One way to do this is to use Soft-Drop decluttering



Soft drop decluttering

% Subjet 1

Original jet with radius /%o

Undo last stage of C/A clustering _
& Drop soft divergences

systematically

min(pTl ; pTQ)
pr1 + P12

2 All remaining particles in the jet
must be collinear

AR5\

If == Zt( R ) redefine | to be the harder
one, else we have the two-prong subjects

See Varun, Felix and Kyles talks

Larkoski et al 2014
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Jet Splitting Function

The QCD splitting function

4p Fundamental property of pQCD
/) Heart to the collinear universality, DGLAP evolutions
4 Most of Parton shower Models are generated by LO splitting functions
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The jet splitting function or momentum sharing distribution
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4 Closely related to the Altarelli-Parisi QCD splitting function, asymptotes to the
QCD splitting function in the high-energy limit



Jet Splitting Function

The QCD splitting function

4p Fundamental property of pQCD
4p Heart to the collinear universality, DGLAP evolutions
4p Most of Parton shower Models are generated by LO splitting functions

The jet splitting function or momentum sharing distribution

4p Defined as 2-prong jet substructure

4 Closely related to the Altarelli-Parisi QCD splitting function, asymptotes to the
QCD splitting function in the high-energy limit

Splitting functions in QCD medium

4 Test the in-medium splitting functions.
4p Study early stage of the in-medium parton shower evolution.



Splitting functions in medium

The interactions of the outgoing partons with the hot and dense QCD medium, may
change the jet splitting functions relative to the simpler proton-proton case

The modification of zg distribution in heavy ion collisions has been measured at the
LHC and RHIC
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the predictions for the jet substructure of heavy-flavor tagged jet in the vacuum




Resummation

Why resummation

2 Jet splitting function is not IR safe. We have to
resum the logs or place a cut on the distance of
two subjets

2> Resummation will change the distribution,
especially for gluon splitting into massive quarks

Why heavy flavor

2 Predominantly produced in the initial hard
scatterings of partons in the incoming nuclei

2> Hard probes to study the full evolution of the
medium created by relativistic heavy ion collisions

2 Interaction between the heavy quarks and the
medium is sensitive to the medium dynamics
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Vacuum splitting functions

The soft-drop groomed joint distribution is dominant by the first splitting

dNV&C AR12
PV& ) —
<dzgd09) Z 0<by=—F=<1

At the lowest non-trivial order the splitting functions are

M
Pty (s) = ot W"hf

1 —
ngigg( ):20A< . . +Z(1_Z)) ;

2z 1
P ea(2) =Tr (Z2+(1_Z)2) ;

These splitting functions have been widely used in many applications
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Vacuum splitting functions

The soft-drop groomed joint distribution is dominant by the first splitting

d N V&€ ARlZ %
PV&C ) —
<dzgd99) Z i 0<by="F =1

At the lowest non-trivial order the splitting functions are A
L+ (1—2)° mmm

PV&C ( ) — CF :

9—4q9

z
1 —2z z

Pre (2) = 2C, ( - +2(1— z)) ,

1
Pya(z) = Tr (2* + (1 - 2)%) M

These splitting functions have been widely used in many applications

d N Vvac Qg
(ddekL)Q_)Qg " on 2 K2+ 22m2 ) The dependence on z and

ANVe a., Ty 2y gy 20— 2)m? kT does not factorize.
(dzd2kL)g_>QQ TPkt ( LRSI )

(1 +(1-2)2 2z(1—2)m?
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Medium corrections to splitting functions

The Glauber modes are included using background filed method

Ovanesyan and Vitev 2011
LSCETG (é.’n,) Ana AG) — LSCET (€n7 ) + »CG (gna Ana AG)

G (6ny A, A) = Ze—@@ ¥z (gnpr’;q‘xazfnp iThoae® (A5.), (AZ,p),,) Ag a(2)
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Medium corrections to splitting functions

The Glauber modes are included using background filed method

Ovanesyan and Vitev 2011
['SCETG (‘gna Ana AG) — ESCET (fna ) + »CG (&na Ana AG)

G (6nr s Ac) = D77 (ﬁnp Ity Fnn — U (45, (A%,p),,) AG pal@)
This framework was extended by including the finite quark mass

Kang, Ringer and Vitev 2016

. — . 1
Lo = Z e @PE, [zn D+ (P, + QArlz,q)WnEW;{ (P + gAiq,)] %fn,p + L,

X
fi

Ly = Z € —wp [mgnp [(fp_l_'{'gAnq) Wh IW] ﬁgnp_m gnPW : 71557?»,10]

"D
P\
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Medium corrections to splitting functions

The Glauber modes are included using background filed method

Ovanesyan and Vitev 2011
['SCETG (‘gna Ana AG) — ESCET (fna ) + »CG (&na Ana AG)

gn: Ana AG Z e_Z(p b ):B (gn p FZQGAG zgﬂ D I‘:U'gigbc (AC ) (A’?L,p) V) AG ,u,a(a:)

This framework was extended by including the finite quark mass
Kang, Ringer and Vitev 2016

. — . 1
Lo = Z e @PE, [zn D+ (P, + QArlz,q)WnEW;{ (P + gAiq,)] %fn,p + L,

pp',q

Ly = Z € —wp [mgnp [(fp_l_'{'gAnq) Wh IW] ﬁgnp_m gnPW : 71%571,?]

"D
P\

Feynman Rules are derived directly from the Lagrangian

p p . it
— > — ZU(QlL)(bl)R(bl)Tiﬁ

t @

v(gi1) % (e1)r, g1 mep
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Medium corrections to splitting functions

Calculated in the framework of soft-collinear effective theory with Glauber gluon

interactions
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Massless partons: Ovanesyan and Vitev 2011
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Medium corrections to splitting functions

Calculated in the framework of soft-collinear effective theory with Glauber gluon
interactions
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Massive partons: Kang et al 2016
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Medium corrections to splitting functions

Calculated in the framework of soft-collinear effective theory with Glauber gluon
interactions
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} Massive partons: Kang et al 2016

See Matt Sieverts talk on Sunday for the all opacity results
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Applications
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Resummation formalism

esummed splitting kernels in the vacuum  Larkoski et al 2015
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Resummation formalism

Resummed splitting kernels in the vacuum  Larkoski et al 2015

dNFO . . o o o g o
o, Isdivergent when 0y — 0 Collinear singularities
g-rg

dNjis not well-defined at any fixed perturbative order
dz,
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Resummation formalism

Resummed splitting kernels in the vacuum  Larkoski et al 2015

dNJFO . . . . g o
i-.qo. s divergentwhen 05 — 0 Collinear singularities
g=rg

dNJ"is not well-defined at any fixed perturbative order
42 but is well defined if we resum logs to all order
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Resummation formalism

Resummed splitting kernels in the vacuum  Larkoski et al 2015

dNJFO . . . . o o
i-.qo. s divergentwhen 05 — 0 Collinear singularities
g=rg

dNjis not well-defined at any fixed perturbative order
o but is well defined if we resum logs to all order

The MLL resummation for light jet to modified leading-logarithmic (MLL) accuracy,

deac MLL

X ’ NV& 1/2 Nvac
J = do / d
dz,df, Z (dzgdeg)ﬁ - [ / - ( d=do ) ]

\ . /

Sudakov Factor
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Resummation formalism

Resummed splitting kernels in the vacuum  Larkoski et al 2015

dNJFO . . . . o o
i-.qo. s divergentwhen 05 — 0 Collinear singularities
g=rg

dNjis not well-defined at any fixed perturbative order
o but is well defined if we resum logs to all order

The MLL resummation for light jet to modified leading-logarithmic (MLL) accuracy,

deac MLL

X ’ NV& 1/2 NVaC
J = do / d
dz,df, Z (dzgdeg)ﬁ - [ / - ( d=do ) ]

\ . /

Sudakov Factor

MLL includes running coupling effects and subleading terms in the splitting functions
compared to LL resummation.
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Theoretical formalism

Resummed splitting kernels for heavy flavors

Suppose that we can distinguish the splitting process involving heavy flavor

b — bg : . :
¢ cg Tormulais the similar with massless quark

dNyaqMLL AN Vac 1 1/2 AN Vvac
J = — d9/ d
dzgdf ; (dzgd@g) j—sii o /09 Zeut ’ Z ( dzdf ) j—>ii

)

For

A\ >4

-~

- Sudakov Factor
g — bb

For ~ the resumed distribution is
g — CcC

deac) z 9
(dzgdeg 100 g(0g)

1 1/2 vac
fO do fzcit dz (dgde )g—>QQ Z9(9)

p(eg, Zg) ‘g—>QQ —

Y

15



Theoretical formalism

Resummed splitting kernels for heavy flavors

Suppose that we can distinguish the splitting process involving heavy flavor

b — bg : . :
¢ cg Tormulais the similar with massless quark

dNyac,MLL 1/2
J = do / d
dz,df, Z(d,zgdeg)ﬁ eXp[ / © (dzde) ]

Sudakov Ft

For

For § : ié the resumed distribution is

deac
(#5,) 10 SO

fo d9f1/2 dz (“Gag )g_>QQ 2/ _‘

p(0g, 24) ‘g_@Q

Exponentiate all the possiblé contributions for gluon evolution

Resummation changes the distribution a lot
compared to LO results
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Results for light jet

In pp collisions uncertainties are generated by varying scales

In heavy-ion collisions uncertainties are generated by varying scales and coupling
(between medium and jet) independently.
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Tripatheezj et al 2017
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Results for light jet

In pp collisions uncertainties are generated by varying scales

In heavy-ion collisions uncertainties are generated by varying scales and coupling
(between medium and jet) independently.
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Results for light jet

In pp collisions uncertainties are generated by varying scales

In heavy-ion collisions uncertainties are generated by varying scales and coupling
(between medium and jet) independently.
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Results for light jet

In pp collisions uncertainties are generated by varying scales

In heavy-ion collisions uncertainties are generated by varying scales and coupling
(between medium and jet) independently.
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increase jet Pr

PbPb/pp

PbPb/pp
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Results for light jet

- o

increase jet Pr

E_ﬂsNN =5.02 TeV Centrality: 0-10%

140 < P < 160 GeV [

F antik, R=0.4 I, <13 -
160 <p. . <180 GeV
T jet

Soft Drop p=0,z =0.1, AR,;>0.1
180 <p = <200 GeV
T jet

— g=2.0:01 200< P, <250 GeV
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2 The splitting function in the medium becomes steeper
2z MLL changes the modification by a few percent
2 The modification is larger for small jet PT

2 The theoretical predictions are consistent with the measurements
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Results for light jet

HIC

Modification at the F

Recoill je

In general the path for recoil jet in the
medium is longer than the one for trigger jet.

| Trigger jet

To compare with data this effect is included

In our splitting functions.
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Results for heavy flavor tagged jet

In order to compare with the predictions from PYTHIA

& Label two subjets (n$,nS) (n,n3)

% Subjet

A recent study for charm and beauty
quarks at colliders using Monte Carlo
event generators

see the work for details: llten et al 2017
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Results for heavy flavor tagged jet

In order to compare with the predictions from PYTHIA

& Label two subjets (n$,nS) (n,n3)

% Sublet
If there is no b-quark or b-hadron

e e (1,0) or (0,1) ¢ —c
(’”17”2):{(1’1) g—>cgé

2 If there is no c-quark or c-hadron

~ [(1,0) or (0,1) b—1D
(ni,n3) = {(1,1) g—)b%

A recent study for charm and beauty
quarks at colliders using Monte Carlo
event generators

see the work for details: llten et al 2017

19



Results for heavy flavor tagged jet

In order to compare with the predictions from PYTHIA

b Label two subjets (n¢,nS) (nf,n5)

% Sublet
2 If there is no b-quark or b-hadron

e e (1,0) or (0,1) ¢ —c
("7/17”7/2):{(1’1) g—>cgé

2 If there is no c-quark or c-hadron

~ [(1,0) or (0,1) b—1D
(nY,n3) {(1,1) g—)b%

A recent study for charm and beauty
quarks at colliders using Monte Carlo

event generators The other cases are ignored in the

see the work for details: liten et al 2017  21'2YSIS during comparing with Pythia
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Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged jet
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Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged jet

Non-perturbative

Gl . - ]
- \/ S\v=2:02 TeV pp ] - V S\v=>:02 TeV pp b—bg 7
5 ant-k; R=041n <13 . - C ant-k; R=041n <13 Emie -
B 140 < p o< 160 o ) 7 B 140 < p . < 160 GeV .
- _ : ‘:’ Pythia-Parton _| - Pythia-Parton |
4 Soft-Dro u, > = =0.1 — — Soft-Drop B=0 z —0 1 —
- B g cut ‘:’ Pythia-Hadron | - Pythia-Hadron _
z - § = k ]
Z 3 — Z 30 —
= N ] = - ]
Z r ] Z .
= 2 ] - 2 ]
1t = 1F =
0 0
1.4 1.4
. 1.2 . 1.2
S S
g | g |
7 0.8 2 0.8F
0.6 re Pl v v v b b b b by 1| 0-6 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
0 0
g g

- as 1 . . .
The splitting kernel ©rp> 5. IS Z€ro after integration when kr is zero

20



Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged jet

Non-perturbative
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Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged subjets
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6 —
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» Huge Sudakov suppression in the small angle region

» Wide-angle gluon splittings
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Results for heavy flavor tagged jet
LO and MLL predictions for b-tagged subjets

Non-perturbative corrections
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Future Measurement

CMS is preparing to measure the double-b-taged gluon splittings
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Future Measurement

CMS is preparing to measure the double-b-taged gluon splittings
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Results for heavy flavor tagged jet
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Results for heavy flavor tagged jet

1.4 ¢ —>cg MLL — 1.4 g —cc MLL B

s. =5.02 TeV B 140<P.. <160 GeV i S\n=5.02 TeV L 1] 140<P <160 GeV -

NS T - 10 o E 250<P, <300 GeV ]

- 1.2 anti-kT R=0.4 m<1.3I e 250<PTJ<300 GeV —] a lltl-kT R=0.4 n<1.3I |

2 B i £ - -

S N ] 2 —

& 1 =5 L |

= r SR -

0.8~ 5 0.8_— ]

0'6_::::::::::::::::::::I::::I::::I::::_ 0'6_:::}::::_}_::::}::::}::::}::::}::::}:::_

1.4 b — bg SD:z=0.1 f=0 ] 1.4— g —>bb SD:z,=01 p=0 .

AR ,>0.1 g=1.9+0.1 i B AR ,>0.1 g=1.910.1 i

\& - N \& N ]

2 T S~ T — -

A~ - = B i

0.8~ "~ 0.8 -
01 015 02 025 03 035 04 045 05 01 015 02 025 03 035 04 045 05

Zg Z

When the jet energy is high the mass effect is small. The heavy flavor tagged jet
behaves similar to the light jet in the medium.
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Results for heavy flavor tagged jet
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Results for heavy flavor tagged jet

Inverting the mass hierarchy in

150 josm200 Gev =1 ] et quenching effects
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Results for heavy flavor tagged jet

Inverting the mass hierarchy in

150 josm200 Gev =1 ] et quenching effects
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Results for heavy flavor tagged jet

Inverting the mass hierarchy in
jet quenching effects
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Conclusions

2> Presented the resummation formula for jet splitting function in vacuum

and QCD medium

2> Compared the MLL predictions with Pythia8 at pp collider

2> Compared the MLL modifications with measurements from CMS and

STAR and found a good agreement within all the uncertainties

2 Presented the modifications of the momentum sharing distributions for

heavy flavor tagged jet

Heavy flavor tagged-jet may be better probes of the
QGP properties than light jet.
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Conclusions

2> Presented the resummation formula for jet splitting function in vacuum
and QCD medium

2> Compared the MLL predictions with Pythia8 at pp collider

2> Compared the MLL modifications with measurements from CMS and
STAR and found a good agreement within all the uncertainties

2 Presented the modifications of the momentum sharing distributions for
heavy flavor tagged jet

Heavy flavor tagged-jet may be better probes of the
QGP properties than light jet.

Thank you
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Results for heavy flavor tagged jet

LO and MLL predictions for b-tagged jet
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Results for heavy flavor tagged jet

LO and MLL predictions for b-tagged jet
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