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[Collins, Soper, Sterman]

I Ci = e+e� ! i(x) + · · · = perturbative short-distance physics (Q)
I Dh

i = i(x) ! h(z) + · · · = non-perturbative (⇤QCD) but universal
[Collins, Soper (1982)]

I Ci ⇠ �(1 � x) + ↵s lnQ/µ Pqq(x) + . . .
! Constrains fragmentation functions at µ = Q

I Gluon not well constrained from e+e�

I Cg only starts at NLO
I Most data at Q = mZ so cannot use RG mixing
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Introduction: What is fragmentation?

• Parton i=q, g radiates and hadronizes → produces hadron h 

• Described by fragmentation function 

• E.g. 
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Case study: Fragmentation with a cut on thrust

• Motivation: study light-quark 
fragmentation at Belle 

• Dominant b-quark contribution 
in on-resonance data removed 
by cut on thrust T>0.8
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Fragmentation Function Sets

AKK [Albino, Kniehl, Kramer (2005,2006,2008)]

DSS [de Florian, Sassot, Stratmann (2007)]

I Includes pp and pp̄ data from
RHIC and Tevatron

I Includes ep data from HERMES

Belle
I Good statistical precision
I Data on ⌥(4S) resonance dominated

by b-quark contribution
I Use cut on thrust T > 0.8 (⌧ =1�T )

to study light-quark fragmentation

I Less inclusive study of fragmentation
! affects z dependence
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Light quark fragmentation from B-factory data: restrict to dijet configurations 
Belle collaboration, Seidl et al. (2008)
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III. ANALYSIS

We report results obtained with an integrated lumi-
nosity of 547 fb�1. A 55 fb�1 sample was taken at CM
energy of 10.52 GeV while 492 fb�1 was accumulated on
the �(4S) resonance at 10.58 GeV. At the lower CMS en-
ergy, which is below the threshold for BB̄ meson pair
production, only light and charm quark pair creation
contribute to the hadronic final states. In the higher en-
ergy data in addition to continuum events there are res-
onant �(4S) decays into neutral and charged B meson
pairs.

A. Event and track selection

The Collins effect is expected to be dominant in the
fragmentation of light quarks as helicity is only con-
served for nearly massless quarks while for heavier
quarks the correlation between the quark and the anti-
quark side may be lost. We also focus on the measure-
ment of the Collins effect in light quark fragmentation, as
it is the light quark Collins fragmentation function that
is needed as input for studies of transverse proton spin
structure in semi-inclusive deep inelastic scattering or
polarized proton-proton collisions. Most of the B meson
events can be removed from the data sample, using the
difference in event shapes between events with underly-
ing B mesons and light quarks. Since the B mesons decay
nearly at rest in the CMS, the final state particles exhibit
a more spherical spatial distribution, which corresponds
to low thrust values. Most of the light quark-antiquark
pairs appear in a two-jet topology, which corresponds to
high thrust values. Consequently, for pion pairs a thrust
cut of T > 0.8 removes 98% of B data as can be seen in
Fig. 5, where the simulated thrust distributions for light
and charmed quark pairs and �(4S) decays are shown.

For the calculation of the thrust variable all charged
tracks and all neutral particles with a minimum energy
of 0.1 GeV are considered. For the purpose of obtain-
ing an unbiased data sample one assigns the sign of the
thrust axis at random. The contribution from B mesons
to the observed asymmetries can be estimated by com-
paring the data taken on the �(4S) resonance with the
data taken 60 MeV below the resonance. This test will
be discussed in Section IV N. Events with charm quarks
do not exhibit a very different event shape from light
quark events, see Fig. 5. However, the contributions from
events with charm quarks can be corrected by measuring
azimuthal asymmetries in a charm-enhanced data sam-
ple. This will be described in Section IV J.

In order to ensure a two-jet geometry in the selected
event sample with the majority of final state particles re-
constructed in one of the two jets a minimum visible en-
ergy of Evisible > 7 GeV is required. Charged tracks
used in the analysis are required to originate from the
interaction point and to lie in a fiducial region �0.6 <
cos(�lab) < 0.9, where �lab is the polar angle in the lab-
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FIG. 5: Simulated thrust distributions for selected 2-pion pairs
at

�
s = 10.58 GeV, for e+e� � B+B� events (open dia-

monds), e+e� � B0B̄0 events (open circles), e+e� � cc̄
events (full triangles) and for light quark production e+e� �
qq̄, q � uds (full squares) normalized to the total number of
events in all channels. The vertical line represents the minimal
thrust value selected for the analysis.

oratory frame relative to the direction opposite the the
incoming positron (definition of the z-axis). This cor-
responds to a nearly symmetric fiducial interval in the
CMS frame �0.79 < cos �CMS < 0.74 and covers the ac-
ceptance of the barrel part of the Belle detector. For the
identification of pions a likelihood ratio is used, which
is based on energy loss in the drift chamber (CDC), the
number of Cherekov photons (ACC) and time of flight
information (TOF). Kaons are separated from pions by
requiring L(�)/[L(K) + L(�)] > 0.7. L(�/K) is the like-
lihood for a track be a pion or kaon. The percentage of
misidentified pion pairs is below 10% in all z1 and z2

bins. In addition, the likelihood ratios for being either a
muon or an electron have to be below 0.9 and 0.8, re-
spectively. A cut on the fractional hadron energy of the
two hadrons z1,2 = 2E1,2/Q > 0.2, avoids contributions
from decays with the decay products incorrectly recon-
structed in opposite hemispheres.

The two pion tracks are required to lie in opposite
hemispheres with the selection Whemi := (Ph1 · n̂)(Ph2 ·
n̂) < 0, where the hemispheres are separated by the
plane normal to the thrust axis n̂. A comparison of
the quark-antiquark axis with the thrust axis calcula-
tions from reconstructed particles shows an average an-
gular deviation between the two of 128 ± 82 mrad (the
RMS value is quoted for the uncertainty) in simulated
events for light quark production, while it appears to
be slightly larger for charm production (see Fig. 6) due
to semileptonic decays. Since the thrust axis calculated
from generated particles also deviates from the original
quark-antiquark axis by a similar magnitude, we con-

Simulated thrust distribution on the ϒ(4S) resonance

e+e� � B+B�
e+e� � B0B̄0

e+e� � cc̄

e+e� � qq̄ (uds)

T

Cut on thrust                              removes the b-quark contribution� cut = 1 � T cut = 0.2 5 / 24



Case study: Fragmentation with a cut on thrust

• Motivation: study light-quark 
fragmentation at Belle 

• Dominant b-quark contribution 
in on-resonance data removed 
by cut on thrust T>0.8 

• Thrust cut modifies shape of 
fragmentation spectrum
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The Collins effect is expected to be dominant in the
fragmentation of light quarks as helicity is only con-
served for nearly massless quarks while for heavier
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quark side may be lost. We also focus on the measure-
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cut of T > 0.8 removes 98% of B data as can be seen in
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ing an unbiased data sample one assigns the sign of the
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to the observed asymmetries can be estimated by com-
paring the data taken on the �(4S) resonance with the
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do not exhibit a very different event shape from light
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oratory frame relative to the direction opposite the the
incoming positron (definition of the z-axis). This cor-
responds to a nearly symmetric fiducial interval in the
CMS frame �0.79 < cos �CMS < 0.74 and covers the ac-
ceptance of the barrel part of the Belle detector. For the
identification of pions a likelihood ratio is used, which
is based on energy loss in the drift chamber (CDC), the
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hemispheres with the selection Whemi := (Ph1 · n̂)(Ph2 ·
n̂) < 0, where the hemispheres are separated by the
plane normal to the thrust axis n̂. A comparison of
the quark-antiquark axis with the thrust axis calcula-
tions from reconstructed particles shows an average an-
gular deviation between the two of 128 ± 82 mrad (the
RMS value is quoted for the uncertainty) in simulated
events for light quark production, while it appears to
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Effect of Thrust Cut on Fragmentation

Q = 10.6 GeV, ⌧  ⌧ cut
= 0.2
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I Good convergence in resummed results
I Large z is relatively enhanced

I Corrections from thrust cut and threshold resummation
important when extracting fragmentation functions
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[Jain, Procura, WW]



Key ingredient: Fragmenting jet function

• Collinear radiation contributes s to thrust and produces hadron
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Fragmenting Jet Function
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[Procura, Stewart (2010); Jain, Procura, WW (2011)]

I OPE in jet scale s which can be s, 4E2
tan

2
(R/2), . . .

I Jij perturbatively calculable

I At tree-level
Jij(s, x, µ) ⇠ �ij�(1 � x)

I Sum over all intermediate partons j (number density)
I Changing µ moves contribution between J and D
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Key ingredient: Fragmenting jet function

• Collinear radiation contributes s to thrust and produces hadron 

• OPE in                with perturbatively calculable coefficients  

• Fragmentation function probed at 
8
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Fragmenting Jet Function
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[Procura, Stewart; Jain, Procura, WW]
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Developments

• Hemisphere jets [Procura, Stewart; Liu; Jain, 
Procura, WW; Bauer, Mereghetti; Ritzmann, WW] 

• Exclusive jet production [Procura, WW; Chien, 
Kang, Ringer, Vitev, Xing; Baumgart, Leibovich, Mehen, 
Rothstein; Bain, Dai, Hornig, Leibovich, Makris, Mehen] 

• Inclusive jet production [Kaufmann, Mukherjee, 
Vogelsang; Dai, Kim, Leibovich; Kang, Ringer, Vitev]  

• Jet charge [Krohn, Schwartz, Lin, WW; WW]
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Figure 3. Comparison of our numerical calculations (solid blue) with the ATLAS experimental
data [50] (red circles) in proton-proton collisions at

p
s = 7 TeV. Jets are reconstructed using the

anti-kT algorithm with R = 0.6 with |⌘| < 1.2. The numbers in the square brackets correspond to
di↵erent jet transverse momentum bins in the range of 25� 500 GeV.

(blue). In addition, we show the result for R = 0.99 (black) illustrating that the resummed

result does indeed converge to the fixed order result in the limit R ! 1, which is the limit

of no evolution. As it turns out, the lnR resummation e↵ects are particularly relevant

for large-z
h

(enhancement) and small-z
h

(suppression). Keeping in mind that the JFF

is calculated as a ratio of lnR resummed quantities, the resummation e↵ects are in fact

surprisingly large and can lead to an enhancement (or suppression) of roughly 50% for

R = 0.3. As shown in Fig. 4 above, this leads to a better agreement with the data than

the fixed NLO calculation.

Finally, we present results of NLO+NLL
R

for the QCD scale uncertainty in Fig. 6.

As an example, we choose the kinematics of the ATLAS data set [49] as show in Fig. 4,

where we have
p
s = 2.76 TeV, |⌘| < 1.6 and R = 0.4. We vary all three scales µ, µG , µJ

independently by a factor of two around their central values µ = p
T

and µG,J = p
TR

.

We then take the envelope of these variations which is shown by the hatched red band in

Fig. 6 for two exemplary bins of the jet transverse momentum 60 < p
T

< 80 GeV (lower

band) and 160 < p
T

< 210 GeV (upper band). All data points lie within the displayed

– 19 –

[Kang, Ringer, Vitev]

-1.0 -0.5 0.0 0.5 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Qk @eD

H1ês
Lds
êdQ
k
@e-1
D Pythia at pTR=40

Evolve to pTR=400
Pythia at pTR=400

flavor=g

(1
/�

)d
�
/d

Q
1
[e

�
1
]

Q1 [e]

gluon, = 1

[WW]



Challenges

x Event shapes: susceptible to spectator-spectator interactions 
(Glaubers) in pp collisions [Gaunt; Zeng; Rothstein, Stewart] 

x Exclusive jet production: non-global logarithms from different 
restrictions in regions of phase-space [Dasgupta, Salam, …] 

✓Inclusive jet production: insensitive to soft radiation
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“Factorization Violation”

• Measurement doesn’t factor:  no simple factorization with universal 
functions.  (eg. Jade algorithm)

Phrase is used in different ways.  

In General:     The anticipated form for a factorization formula 
                     is invalid. 

Reasons Factorization could fail:

• Divergent convolutions, not controlled by ones regulation procedures.  
(Requires more careful definition of functions.) � 1

0

dx

x2
��(x, µ)

Interactions that couple other modes and  spoil factorization. •

cancel in proof for Drell-Yan

122
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FIG. 29. Spectator-specator interactions for the hard scattering correlator in Eq. (312). The Glauber

interaction labeled G indicates the sum of all ladder diagrams including the graph with 0 Glaubers as

indicated.

As we will see below once the hard scattering is taken into account the Glaubers no longer

eikonalize. However, despite this fact, an overall phase will still be generated if we sum over

Glauber exchange rungs (ignoring soft and collinear radiation).

We will also show under what circumstances the phase cancels. Of course this cancellation

is a necessary TODO:

Check

(TODO) but not su�cient condition for a proof of factorization. Since there are

quantum corrections which break factorization that are not pure phases. A demonstration of how

complete proofs of factorization can be carried out using our Glauber theory will be given elsewhere.

TODO:

FIX THIS

OUTLINE

(TODO) In Sec. VIIB we consider the same all order resummation of Glauber exchanges for

a hard scattering vertex, demonstrating that they again give a phase. In Sec. VIIA we consider

Glauber gluons in diagrams involving spectators that do not directly participate in the hard scat-

tering.

A. Spectator-Spectator

We begin by considering the diagrams in Fig. 29 which we refer to as Spectator-Spectator (SS)

interactions. These occur between spectator particles which do not participate in the hard annihi-

lation. Since the hard scattering case with MDIS
� has only a single hadron, these SS contributions

only exist for the hard annihilation case with MDY
� , where the two participating spectators are

created by �n and �n̄ respectively. In these graphs the hard interaction is indicated by the ⌦, and

our routing for incoming and outgoing external momentum is shown in Fig. 29b. For simplicity

we take the limit where the mass of the incoming hadrons is ignored, so that P 2 = P̄ 2 = 0. This

is accomplished by taking Pµ = n̄ · P nµ/2 and P̄ = n · P̄ n̄µ/2 respectively. The tree level result

for Fig. 29b is then given by

Fig. 29b = S� i n̄ · (p1�P )

(P � p1)2
i n · (P̄ � p2)

(P̄ � p2)2
(313)

= S�



1

~p 2
1?

1

~p 2
2?

� 

n̄ · p1 n̄ · (P�p1)

n̄ · P
n · p2 n · (P̄�p2)

n · P̄
�

⌘ S� E(p1?, p2?),

spectator-spectator 
Glauber exchange

Glauber exchange

4

In-Out Configuration, fOR In-Out Configuration, fOL In-In Configuration, fLR

(a) (b) (c)

FIG. 2: The three basic soft gluon configurations that we use to calculate the leading NGLs. At O(↵2
s), the coe�cient fOR

(fOL) receives contributions from one gluon in the right (left) jet and one gluon out of both jets, and the coe�cient fLR receives
contributions from one gluon in each jet.

II. SOFT FUNCTION FOR TWO JET MASSES
AND A VETO

Factorization and resummation of (global) logarithms
for exclusive jet cross sections defined with cone or re-
combination algorithms with an energy veto outside the
jets was first performed in [33, 34]. They imply that
�(m1, m2, ⇤) factorizes in the form

�(m1, m2, ⇤) = �0H(Q; µ)

Z
dkLdkRJn̄(m2

1 � QkL; µ)

⇥ Jn(m2
2 � QkR; µ)S(kL, kR, ⇤; R; µ) . (3)

�0 is the Born cross section for e+e� ! qq̄, Jn,n̄ are jet
functions, and S is the soft function. The scales that ap-
pear in this factorization theorem are depicted in Fig. 1.
We will also consider the cumulant distribution, defined
by

⌃(⇢1, ⇢2, ⇤) ⌘
Z Q⇢

1

�1
dm1

Z Q⇢
2

�1
dm2

Z ⇤

�1
d⇤0�(m1, m2, ⇤

0)

(4)
which also factorizes in the form [21]

⌃(⇢1, ⇢2, ⇤) = �0H(Q, µ)

Z
dkLdkRJn̄(Q⇢1�kL, µ)

⇥Jn(Q⇢2�kR, µ)Sc(kL, kR, ⇤; R; µ) ,
(5)

where Sc is the cumulant soft function. The jet func-
tions also depend on the jet size R and on the algorithm
[33, 34, 43, 44] but, as shown in these references, in the
limit m1,2 ⌧ Q tan(R/2), the dependence on R is power
suppressed, and Jn,n̄ are the usual inclusive jet functions
[45–47]. We will work in this limit in what follows.

The soft function S(kL, kR, ⇤; R) arising in Eq. (3) was
first defined and calculated to O(↵s) in [33, 34] and is
given by

S(kL, kR, ⇤; R) =
1

NC

X

XS

���hXS |T [YnY †
n̄ ] |0i

���
2

⇥ �
⇣
⇤�

X

i2X

⇥outk
0
i

⌘
(6)

⇥ �
⇣
kL�

X

i2X

⇥n
inn̄·ki

⌘
�
⇣
kR�

X

i2X

⇥n̄
inn·ki

⌘
.

The theta functions ⇥in,out choose those soft particles i
that end up inside one of the jets or outside both jets.
Their precise form depends on the algorithm. In this
definition, the energy outside the jets is fixed to be ⇤,
but we can integrate to obtain the cumulant which allows
all energies up to ⇤.

Much of the structure of the soft function is determined
by consistency of the factorization theorem in Eq. (3) and
the RG evolution of the hard, jet, and soft functions. We
will argue its perturbative structure must take the form,

S(kL, kR, ⇤; µ) = [Sin(kL; µ)Sin(kR; µ)]Sout(⇤; µ)

⌦ SNG(kL, kR, ⇤) ,
(7)

where ⌦ denotes a convolution of SNG with Sin’s in the
variables kL,R and with Sout in the variable ⇤. The cu-
mulant soft function Sc behaves similarly. The pieces
Sin,out are determined by RG evolution and SNG is not.
Sin,out depend individually on the scales kL, kR, and ⇤,
while the SNG has non-separable dependence on the ra-
tios kL/kR and kL,R/⇤.

We can derive the form Eq. (7) of S from RG invariance
of the cross section �, which is µ-independent. Since
the hard and jet functions (strictly speaking, its Laplace
transform) have anomalous dimensions of the form

µ
d

dµ
ln F = �F ln

µ2

µ2
F

+ �F , (8)

where µF = Q for F = H and µF = Q(⇢1,2)1/2 for F =
J1,2, the soft function must have an anomalous dimension

µ
d

dµ
lnSc = �S ln

µ2

k2
L

+ �S ln
µ2

k2
R

+ �S , (9)

where �S = ��H/2��J and �S = ��H � 2�J . Notably,
�S , �S are independent of R, and the scale ⇤ cannot ap-
pear in Eq. (9) since the hard and jet functions know
nothing about ⇤. The pieces �H,J,S are proportional to
the cusp anomalous dimension �cusp to all orders in ↵s.

In [33, 34], we calculated contributions to the soft
anomalous dimension at O(↵s) into pieces coming
from a gluon inside a jet or outside the jets, finding
d(lnSc)/d(ln µ) = �L + �R + �out, where

�L,R = �S ln
⇣µ tan R

2

kL,R

⌘2

+ �in , (10)

Soft emission giving rise 
to non-global logarithm



2. TMD fragmentation in jets



Removing soft recoil

• Fragmentation in inclusive jet production is purely collinear 

• TMD measurement introduces soft sensitivity through axis 

✓Choose a recoil free axis, e.g. winner-takes-all [Larkoski, Neill, Thaler]
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standard jet axis

winner-takes-all axis

~p coll

? + ~p soft

? = 0
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? + ~p soft

? = 0

~p coll

? + ~p soft

? = 0



standard jet axis

winner-takes-all axis

~p coll

? + ~p soft

? = 0

~p coll

? + ~p soft

? = 0

~p coll

? + ~p soft

? = 0

Winner-takes-all axis

• Run jet algorithm with following recombination scheme 

• Axis tracks energetic radiation, along direction of a particle
13

Er = E1 + E2

n̂r =

⇢
n̂1 if E1 > E2

n̂2 if E2 > E1



• Factor hard scattering from jet production for jet radius 

• ddddd 

• Transverse momentum      and rapidity    of jet 

✓   is universal because measurement is purely collinear, 
i.e. same for ee, ep and pp and independent of other jets

Factorization of the jet

14

R ⌧ 1
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⌘
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2
h?, zh, µ)

G



• For                                 factor jet from TMD fragmentation 

• B and D describe emissions at angular scales R and r 

Factorization of TMD fragmentation

15

r ⌘ |~ph?|/pT ⌧ R
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2
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Z
dz

z
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2
,

zh
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⌘



jet boundary

winner-takes-all axis

• For                                 factor jet from TMD fragmentation 

• B and D describe emissions at angular scales R and r 

Factorization of the measurement:


• B identifies pixel of size r 
containing axis 

• D determines axis in pixel 

✓Ok for Cambridge/Aachen 
with winner-takes-all axis

Factorization of TMD fragmentation

16

r ⌘ |~ph?|/pT ⌧ R

r
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2
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Z
dz
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⇣
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2
h?
z

2
,

zh

z

, µ

⌘



• For                                 factor jet from TMD fragmentation 

• B and D describe emissions at angular scales R and r 

Factorization of the amplitude:


✓Winner-takes-all axis guarantees that B produces one 
energetic parton near axis (not true for standard axis) 

• Hadron must fragment from this to be            enhanced

Factorization of TMD fragmentation

17
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• For perturbative

Factorization of fragmentation
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Evolution and resummation

19

d�h

dpT d⌘ d~p 2
h? dzh

= �̂(pT , ⌘) ⌦B(pTR)⌦ C(~p 2
h?)⌦D(⇤QCD)

D(~p 2
h?)

J (pTR, ~p 2
h?)

G(pTR, ~p 2
h?)

• Factorization separates physics at disparate scales 

TMD fragmentation
Jet boundary



Evolution and resummation
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d�h

dpT d⌘ d~p 2
h? dzh

= �̂(pT , ⌘) ⌦B(pTR)⌦ C(~p 2
h?)⌦D(⇤QCD)

D(~p 2
h?)

J (pTR, ~p 2
h?)

G(pTR, ~p 2
h?)

• Factorization separates physics at disparate scales 

• Logarithms are resummed by renormalization group evolution

DGLAP 
evolution in x

DGLAP 
evolution in zh

modified 
evolution in zh

µ

pT pTR |~ph?| ⇤QCD

TMD fragmentation
Jet boundary



3. First results



• We calculated all matching coefficients at next-to-leading order 

• At this order only two partons and winner-takes-all axis along 
most energetic one, so               for 

• No rapidity divergences

Matching coefficients for 

22
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~ph? = 0 z > 1/2

pTR ⇠ ~p 2
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• We calculated all matching coefficients at next-to-leading order 

• At this order only two partons and winner-takes-all axis along 
most energetic one, so               for 

• No rapidity divergences 

• Interplay between jet boundary and TMD measurement  
(more complicated at higher orders)

Matching coefficients for 
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• Jet boundary restriction and TMD measurement factorize 

• B describes parton along axis and thus vanishes for

Matching coefficients for 
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Bqq(x, pTR, z, µ) = �(x� 1) �(z � 1) +
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• Jet boundary restriction and TMD measurement factorize 

• B describes parton along axis and thus vanishes for 

• Between B and C the DGLAP evolution in z is modified

Matching coefficients for 

25

pTR � ~p 2
h?

z < 1/2



• TMD fragmentation matching coefficients C give  

• Difference between RG evolution above and below C modify 
 
 
where     follows from anomalous dimensions

Transverse momentum dependence

26
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• TMD fragmentation matching coefficients C give  

• Difference between RG evolution above and below C modify 
 
 
where     follows from anomalous dimensions 

• For N-th moment and                this gives

Transverse momentum dependence
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4. Conclusions and outlook



• TMD fragmentation in a jet with winner-takes-all axis:  

• Purely collinear observable, so universal 

• Jet and TMD fragmentation factorize for Cambridge/Aachen 

• No rapidity divergences 

• Applications (work in progress) 

• Extend to spin-dependent fragmentation 

• Medium modification of TMD fragmentation 

• Jet substructure for boosted analyses 

• …

Conclusions and outlook

29



• Medium modification of fragmentation function is studied 

• Can now be extended to TMD fragmentation 

✓Observable must be insensitive to overload of soft “crap”

Application: medium modifications

30

8 8 Results
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Figure 1: (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing
from left to right) overlaid with pp reference data. Jets have 100 < pT < 300 GeV/c, and tracks
have pT > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp reference.
Error bars are statistical, and boxes show the systematic uncertainty.
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Figure 2: (Color online) (Top) The PbPb fragmentation function in bins of centrality (increasing
from left to right) overlaid with pp reference data. Jets have 100 < pT < 120 GeV/c, and tracks
have pT > 1 GeV/c. (Bottom) The ratio of each PbPb fragmentation function to its pp reference.
Error bars are statistical, and boxes show the systematic uncertainty.
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• Jet substructure is key to tag heavy particles at high energies 

• Exploits that subjet splittings differ between e.g. top and gluon 

• TMD fragmentation can be extended from hadrons to subjets 

✓Provides direct measure of subjet energies and angle

Application: jet substructure

31

3 subjets3 jets

(a) e+jets event

(b) µ+jets event

Figure 13: Event display for (a) mreco
tt̄ = 2.6 TeV e+jets (b) mreco

tt̄ = 2.5 TeV µ+jets tt̄ candidate events.
The upper left panel displays a transverse (X−Y) view of detector and objects, while the lower left panel
shows the longitudinal (R − z) view. In these two views, jets are represented by circular sectors with
their lengths proportional to the transverse energies. Green jets are reconstructed with R = 0.4, while
red jets are reconstructed with R = 1. The b-tagged R = 0.4 jets are labelled with blue bars. An η − φ
view of the same event is shown in the upper right panel, with the lego-plot of calorimeter energy in the
lower right panel. In this plane, jets are represented by solid circles of the same color scheme, while
the b-tagged ones are labelled by concentric blue circles. The red dashed circle represents the missing
transverse momentum. The area of the circles are proportional to the transverse energy or momentum of
the physics objects.
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• Jet substructure is key to tag heavy particles at high energies 

• Exploits that subjet splittings differ between e.g. top and gluon 

• TMD fragmentation can be extended from hadrons to subjets 

✓Provides direct measure of subjet energies and angle

Application: jet substructure
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Figure 13: Event display for (a) mreco
tt̄ = 2.6 TeV e+jets (b) mreco

tt̄ = 2.5 TeV µ+jets tt̄ candidate events.
The upper left panel displays a transverse (X−Y) view of detector and objects, while the lower left panel
shows the longitudinal (R − z) view. In these two views, jets are represented by circular sectors with
their lengths proportional to the transverse energies. Green jets are reconstructed with R = 0.4, while
red jets are reconstructed with R = 1. The b-tagged R = 0.4 jets are labelled with blue bars. An η − φ
view of the same event is shown in the upper right panel, with the lego-plot of calorimeter energy in the
lower right panel. In this plane, jets are represented by solid circles of the same color scheme, while
the b-tagged ones are labelled by concentric blue circles. The red dashed circle represents the missing
transverse momentum. The area of the circles are proportional to the transverse energy or momentum of
the physics objects.
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