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Motivation
• Heavy	ion	collision	 large	
background narrow	jets
• Increasing	interest	into	narrow	jets	
and	jet	grooming
• Is	it	possible	to	calculate	soft	drop	and	
narrow	jets	in	one	single	formalism,	
that	also	includes	leading	hadron	
evolution?
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Figure 3: The zg distributions in PbPb collisions for 160 < pT,jet < 180 GeV, in several centrality
ranges, compared to pp data smeared to account for the differences in resolution. The error
bars (shaded area) represent the statistical (systematic) uncertainty.

ment of the medium response), which incorporates medium-induced interactions while the
partons propagate through the QGP [39, 60, 61]. The measurement is also compared with
a soft-collinear effective theory (SCET) with Glauber gluon interactions [38] for two differ-
ent quenching strengths, with a calculation incorporating multiple medium-induced gluon
bremsstrahlung (BDMPS) [2, 62, 63] assuming that the two hard partons radiate gluons as a co-
herent emitter [37], and with a higher twist (HT) approach employing both coherent and inco-
herent energy loss [59]. Each of the three models is presented for two settings of the parameters
reflecting their medium properties, as indicated in the legends, where L is the medium length, q̂

and q̂0 denote medium transport coefficients, and g is the coupling strength between the jet and
the medium. The BDMPS medium effect is too weak to describe the observed pT,jet dependence,
while the other models reproduce the data at low and high pT,jet, using medium properties pre-
viously tuned to match measurements of the nuclear modification factors of charged hadrons
and jets. For the HT calculation, the presence or absence of color coherence makes a signifi-
cant difference. Since the detector resolution effects have a negligible impact on the theoretical
calculations, given that they largely cancel in the PbPb to (smeared) pp ratio, the theoretical
curves are shown without detector smearing.

In summary, the first measurement of the splitting function in pp and PbPb collisions at a
center-of-mass energy of 5.02 TeV per nucleon pair has been presented. This represents the first
application of a grooming technique to PbPb data, removing soft wide-angle radiation from
the jet and thereby isolating the two leading subjets. The momentum sharing between these
subjets is used to obtain information about hard parton splitting processes during the shower
evolution. The PYTHIA and HERWIG++ event generators reproduce the measured splitting
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FIG. 19. (Color online) Fully corrected distributions of Y
�
pchT,jet

�
(upper panels) and its ratio ICP (lower panels) for central

and peripheral Au+Au collisions at
p
sNN = 200 GeV, for anti-kT jets with R = 0.2, 0.3, 0.4 and 0.5. The upper panels also

show Y
�
pchT,jet

�
for p+p collisions at

p
s = 200 GeV, calculated using PYTHIA at the charged-particle level and NLO pQCD

transformed to the charged-particle level (Sect. X). The uncertainty of the NLO calculation is not shown.

yield in central collisions is strongly suppressed in the re-
gion pchT,jet > 10 GeV/c for R between 0.2 and 0.5, with
less suppression for R = 0.5 than for R=0.2.

The upper panels also show Y
�
pchT,jet

�
distributions

for p+p collisions at
p
s = 200 GeV, calculated by

PYTHIA and by pQCD at NLO transformed to charged
jets (Sect. X). The uncertainty of the NLO calculation
(Fig. 18) is not shown, for visual clarity. The central
value of the PYTHIA-generated distribution lies about
20% above the peripheral Au+Au distribution for all val-
ues of R. The NLO-generated distribution lies yet higher
for R = 0.2, but agrees better with PYTHIA for R = 0.5.
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Single	Hadron	Fragmentation	Function
• The	distribution	of	hadrons	with	momentum	fraction	z	produced	in	the	hadronization	of	the	outgoing	
hard	parton

• Non-perturbative
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Single	Hadron	Fragmentation	Function
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• Medium	modified	evolution	equation,	using	Higher	twist	formalism.
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Single	Jet	Function
• Two	lines	of	thought:

• Kang,	Ringer	and	Vitev,	JHEP	1610	(2016)	155	(KRV)
• Dasgupta,	Dreyer,	Salam	and	Soyez,	JHEP	1504	(2015)	039	(DDSS)

• Definition	of	the	Jet	function	by	KRV
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• Jet	function	at	small	angle	is	calculated	perturbatively

610/04/18 Chathuranga Sirimanna - Hard Probes 2018



Single	Jet	Function

7

Our evolution code is a modified version of the evolution code for fragmentation func-

tions presented in [58], which in turn is based on the Pegasus evolution package for

PDFs [57]. The evolution codes of [57, 58] can be used to perform an evolution at NNLO.

Here we only need a LO evolution instead. However, for the purpose of this work, we

had to increase the numerical precision in the region of z ! 1. PDFs and FFs fall o↵ as

⇠ (1� z)↵ for z ! 1, where ↵ is typically in the range of ↵ = 3� 8. Instead, here we have

to handle distributions at the initial scale µJ which are divergent for z ! 1. We deal with

this divergence by adopting a prescription developed in [59], as discussed below.
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Figure 4. The semi-inclusive jet function with evolution (red) and without evolution (blue) for
several values of the jet radius parameter R = 0.99, 0.7, 0.5, 0.3, 0.1, 0.05. Using the DGLAP
evolution equations, the semi-inclusive jet function is evolved to a final scale of µ = 250 GeV. In
order to perform the correct matching to NLO, we need to perform the evolution of the LO and
NLO jet functions separately for both quarks J (0),(1)

q and for gluons J (0),(1)
g as shown in the four

panels. Note that the initial condition for the evolution of the LO jet function is given by a delta
function which is illustrated in the left two panels by a blue straight line.

Fig. 4 shows the evolved (red) and unevolved (blue) jet functions Jq,g(z,!J , µ). As

an example, we choose several di↵erent values of the jet parameter in the range of R =

0.05 � 0.99 and a final scale for the evolution of µ = 250 GeV, while we set the initial

evolution scale µJ = µR to eliminate the logarithm L in the fixed-order expressions for

Jq,g(z,!J , µ). Since the DGLAP equations are linear evolution equations, the evolution of

the sum
⇣
J (0)

i + J (1)

i

⌘
will be equal to the sum of the individually evolved J (0)

i and J (1)

i .

Here we present the evolved J (0)

i and J (1)

i separately for later convenience. In the left
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Evolution	from	lower	
scale	to	a	higher	scale

Kang,	Ringer	and	Vitev,	JHEP	1610	
(2016)	155



Single	Jet	Function
• Alternative	method	by	DDSS
• Evolution	variable,	
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• Initial	jet	function,
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Single	Jet	Function

9Figure 2. The solid lines show the inclusive microjet spectrum for initial quarks (blue) and initial
gluons (green) using LL resummation of lnR2 enhanced terms. The dashed lines show the spectrum
of the hardest microjet. They differ from the solid lines only for z < 1

2 . The four panes correspond
to t = 0.04, 0.1, 0.2 and 0.3.

gluons is larger than that for quarks, as is to be expected given the larger colour factor.

Finally at small z, there is a second peak, associated with production of multiple soft gluon

microjets. The peak regions do not include resummation of logarithms of 1− z for z near

1, nor those of z for small z. The resummation of double logarithms αs lnR2 ln z (and the

first tower of subleading terms) was discussed in Ref. [23].

To examine the impact on a physical observable such as the inclusive jet spectrum in

hadron collisions, it is necessary to convolute the inclusive microjet fragmentation function

with the inclusive partonic spectrum from hard 2 → 2 scattering. Let us suppose the

partonic spectrum for parton type i is given by dσi/dpt. Then the jet spectrum will be

given by

dσjet
dpt

=
∑

i

∫

dp′tdz
dσi
dp′t

f incl
jet/i(z, t)δ(pt − zp′t) =

∑

i

∫

pt

dz

z

dσi
dp′t

∣

∣

∣

∣

p′t=pt/z

f incl
jet/i(z, t) , (4.4)

where fjet/i ≡
∑

j fj/i. If we assume that the partonic spectrum is dominated by a single

– 10 –
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Evolution	
from	higher	
jet	radius	to	
a	lower	jet	
radius

Dasgupta,	Dreyer,	Salam	and	Soyez,	
JHEP	1504	(2015)	039



Our	approach
• Modified	definition	of	the	Jet	function
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The	distribution	of	jets	with	
radius	R,	energy	EJ and	
momentum	fraction	zS



Our	approach
• We	measure	Jet	function	!" #, %&, ', ( at	low	energy	
and	large	radius
• Boost	it	up	to	a	higher	energy
• Virtuality Q and	z are	boost	invariant	
• Q~%&' %& +%& makes	R R/+
• i.e jets	become	narrower

• Evolve	it	up	to	a	higher	scale	by	using	DGLAP	evolution

• ,&- .,/0,1,2,345 26 = 89
:; ∫.

= ,.>
.> ?@→B #

C !B .
.> , %&, ', (
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Boost



Summarize	all	approaches
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KRV

DDSS

Narrow	jets More	hadronic	corrections



Summarize	all	approaches

1310/04/18 Chathuranga Sirimanna - Hard Probes 2018

KRV

DDSS

Boost

Fat	jet	at	low	energy	reduces	the	
hadronic	corrections

E=10GeV
R=1
Q=10GeV

E=100GeV
R=1
Q=100GeV

E=100GeV
R=0.1
Q=10GeV

E=100GeV
R=0.1
Q=100GeV



Compare	with	PYTHIA	in	lieu	of	data
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• E=10	GeV,	R	=	1	 Q=10	GeV
• Boosted	jet	function	is	the	same
• E=100	GeV,	R=0.1	 Q=10	GeV
• Measured	using	Pythia	8

• E=100	GeV,	R	=	0.1 Q=100	GeV
• Evolved	function	is	similar	to	the	
measured	function	using	Pythia8



Compare	with	PYTHIA	in	lieu	of	data
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• E=10	GeV,	R	=	1	 Q=10	GeV
• Boosted	jet	function	is	the	same
• E=100	GeV,	R=0.1	 Q=10	GeV
• Measured	using	Pythia	8

• E=100	GeV,	R	=	0.1 Q=100	GeV
• Evolved	function	is	similar	to	the	
measured	function	using	Pythia8



Medium	Modified	Single	Jet	Function
• Medium	modified	evolution	equation
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This	is	an	expected	result

At	some	small	angle	the	Jet	RAA should	match	the	single	hadron	RAA

This	quite	non-trivial:	The	jet	function	is	not	the	same	as	the	
fragmentation	function



Di-hadron	Fragmentation	Function
• The	distribution	of	two	hadrons	combinations	with	momentum	fractions	z1and	z2 produced	in	the	hadronization	of	the	outgoing	hard	parton

• Motivation	to	calculate	the	Soft-Drop	function

• Definition:
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Di-hadron	Fragmentation	Function
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5

FIG. 1: Diagrams to be resummed iteratively to obtain the evolution of the fragmentation functions.

If we consider higher order processes in which an ad-
ditional gluon radiation takes place after the split but
before independent fragmentation, as shown in Fig. 1,
another collinear divergence will arise. This is exactly
the same as in the NLO correction to the single inclusive
fragmentation functions. One has to introduce renormal-
ized single hadron fragmentation functions at a factoriza-
tion scale µ1

Dh1

NS =D̄h1

NS(µ1)⊗

(
1+

αs

2π
Pq→qg log(m

2
g/µ

2
1) + ...

)
,(12)

where, the ⊗ indicates the regular convolution notation,
i.e. A ⊗ B =

∫ dy
y A(z/y)B(y). In addition, the renor-

malized gluon fragmentation function is defined as,

Dh1

g = D̄h1

g (µ2
1)⊗

(
1 +

αs

2π
Pg→gg log(m

2
g/µ

2
1) + ...

)

+
∑
q

D̄h1

q/q̄(µ
2
1)⊗

αs

2π

(
Pq→qg log(m

2
g/µ

2
1) + ...

)
,(13)

where D̄h1

q/q̄ represents the quark or antiquark fragmen-
tation function and the sum includes all flavours. The
factorization scale µ1 for the single fragmentation func-
tions needs not be the same as the factorization scale for
double fragmentation functions.
With both the renormalized single and double hadron

fragmentation functions, we obtain the leading log and
NLO expressions of the double hadron fragmentation

3

new contribution where each of the detected hadrons em-
anates from the independent fragmentation of the quark
and the radiated gluon. In the experiment, the measured
ν and Q2 vary with z1 and z2; this has been incorporated
in the calculation
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FIG. 1: (Color online) Results on the medium modi-
fication of the associated hadron distribution [R2h(z2) =
NA

2h(z2)/N
1
2h(z2), see Eq. (7)] in nuclei versus its momentum

fraction as compared with HERMES data [2] in DIS with Ni-
trogen (N) and Krypton (Kr) targets.

In high-energy heavy-ion (or p+p and p+A) collisions,
jets are always produced in back-to-back pairs. Correla-
tions of two high-pT hadrons in azimuthal angle generally
have two Gaussian peaks [3, 4]. Relative to the triggered
hadron, away-side hadrons come from the fragmentation
of the away-side jet and are related to SFFs. On the
other hand, near-side hadrons come from the fragmenta-
tion of the same jet as the triggered hadron and therefore
are related to DFFs.
The near-side correlation, background subtracted and

integrated over the azimuthal angle [15, 16], can be re-
lated to the associated hadron distribution or the ratio of
the DFF to the SFF, both averaged over the initial jet en-
ergy weighted with the corresponding parton production
cross sections. We report on the first such calculation
in this Letter. Assuming a factorization of initial and
final state effects (as done in the case of single inclusive
observables [11, 17]), the differential cross-section for the
production of two high pT hadrons at midrapidity from
the collision of two nuclei A and B at an impact param-
eter b between bmin, bmax is given as,

dσAB

dydptrigT dpassocT

=

∫
bmax

bmin

d2b

∫

d2rtA(r⃗ + b⃗/2)tB(r⃗ − b⃗/2)

×2K

∫

dxadxbG
A
a (xa, Q

2)GB
b (xb, Q

2)

×
dσ̂ab→cd

dt̂
D̃h

c (z1, z2, Q
2), (8)

where, GA
a (xa, Q2)[GB

b (xb, Q2)] represents the nuclear
parton distribution function for a parton a(b) with mo-
mentum fractions xa(xb) in a nucleus A(B), tA (tB) rep-
resents the nuclear thickness function and dσ̂ab→cd/dt̂
represents the hard parton cross section with Mandel-
stam variable t̂. The final state momentum fractions
z1, z2 represent the the momentum fractions of the two
detected hadrons with respect to the initial jet energy.
The factor K ≃ 2 accounts for higher order corrections
(identical to that used in the case of the single inclusive
spectra). The medium modified DFF may be expressed
as in Eq. (4), with the modified splitting functions gen-
eralized from Eq. (5) as,

∆Pq→i = Pq→i(y)2παsCAT
M (⃗b, r⃗, xa, xb, y, l⊥)

×
[

l2⊥NctA(r⃗ + b⃗/2)tB(r⃗ − b⃗/2)

× GA
a (xa)G

B
b (xb)

dσ̂

dt̂

]−1

+ v.c. (9)

As in the case of DIS, l⊥ represents the transverse mo-
mentum of the radiated gluon and TM replaces the factor
TA
qg (in Eq. (5))and represents the parton-gluon correla-

tion function in a quark-gluon plasma. The primary dif-
ference between the denominators of Eqs. (5) and (9),
lies in the weighting of a particular jet like parton by the
initial production process (see Ref. [18] for the evaluation
of TM in single inclusive observables).
At present, there exists no measurement of high mo-

mentum hadrons associated with a high ptrig.T (> 8GeV)
hadron in the case of p+p collisions. Therefore, we will
compare the associated yields in d+Au and Au+Au col-
lisions as a function of centrality as well as the associ-
ated pT . These yields are very sensitive to the num-
ber of flavors detected. In Fig. 2, the yield of charged
hadrons with associate transverse momentum in two
ranges (6GeV<passoc.T <ptrig.T and 4GeV<passoc.T < 6GeV),

associated with a hadron with ptrigT > 8GeV, as measured
in Ref. [19], are presented along with three different cal-
culations using Eqs. (8) and (9). The dashed lines cor-
respond to the case of all charged hadrons where as the
dot-dashed lines corresponds to the case of charged pions
only. In both cases, the vacuum DFFs are estimated from
JETSET Monte Carlo simulations (see Ref. [7]). Unlike
in the case of the experimental measurements, no decay
corrections have been introduced in these calculations:
the number of pairs measured, includes not only those
produced directly from the fragmentation of a jet but also
decay products of particles from fragmentation. As a re-
sult, such fragmentation functions tend to be somewhat
larger at lower momentum fractions than fragmentation
functions with such corrections. The integrated (over
transverse momentum) associated yield being dominated
by lower momentum fractions shows a larger effect as
lower momentum ranges in passoc.T are chosen.

Majumder	and	X.	N.	Wang,Phys.Rev.	D70	
(2004)	014007

Majumder,	E.	Wang	and	X.	N.	
Wang,	Phys.Rev.Lett.	99	
(2007)	152301
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Un-normalized	Soft-Drop	function	

19

• Distribution	of	jets	with	Energy	EJ,	radius	R	and	momentum	fraction	z,	which	contains	two	prongs	with	momentum	fractions	z1 and	z2,	in	a	parton with	Energy	E.

• Definition:	This	is	the	un-normalized	soft-drop		function
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• Soft-Drop	function	evolution	does	not	depend	on	the	product	of	two	single	jet	
functions
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Unnormalized	Soft-Drop	Function
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• Quark	and	Gluon	input	at	
E=10	GeV
• Soft-Drop	function	at	R=1	and	
Q=10	GeV

• Boost	them	up	to	E=100	GeV
• Soft-Drop	function	at	R=0.1	
and	Q=10	GeV

• Same	as	the	previous	Soft-
Drop	functions	at	E=10	GeV

• Evolve	them	up	to	E=100	
GeV	in	scale
• Soft-Drop	function	at	R=0.1	
and	Q=100GeV

E=10GeV
R=1
Q=10GeV

Boost

E=100GeV
R=0.1
Q=10GeV

KRV

E=100GeV
R=0.1
Q=100GeV



Unnormalized	Soft-Drop	Function
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• Quark	and	Gluon	input	at	
E=10	GeV
• Soft-Drop	function	at	R=1	and	
Q=10	GeV

• Boost	them	up	to	E=100	GeV
• Soft-Drop	function	at	R=0.1	
and	Q=10	GeV

• Same	as	the	previous	Soft-
Drop	functions	at	E=10	GeV

• Evolve	them	up	to	E=100	
GeV	in	scale
• Soft-Drop	function	at	R=0.1	
and	Q=100GeV



• In	this	talk,	I	discussed;
• Single	hadron	Fragmentation	Function	and	Di-hadron	
Fragmentation	Function
• Jet	Function	and	Soft-Drop	Function	and	their	Evolution

• They	can	be	evolved	by	using	similar	evolution	equations	used	for	
fragmentation	functions

• RAA for	extremely	narrow	jets	is	equivalent	to	single	hadron	RAA
• Scale	evolution	of	Soft-Drop	function	does	not	depend	on	the	single	
jet	function

• Our	Goals;
• Extend	this	calculation	using	medium	modification
• Estimate	LHC	results	by	boosting	and	evolving	RHIC	results
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