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Jet at hadron colliders

QCD strong interaction

Parton Shower / Radiation

Long distance correlation / Soft 
effect

QCD confinement / 
Hadronization

Collinear leptons

!"#$%&'()*+(,--. /01(234(0&5678' 9

!"#$%&'()*#+',!"#$%&'()*#+',

!"#$%&'()*+*",-'#&(+*",'&+.-'/&+,')01&'+*'
2&'3&4$"&3'25'0"'0#6*7$+)8 4*7'
9:0"+$+0+$1&',+:3$&,

;&&3'0'<&##=3&4$"&3'0#6*7$+)8 +)0+'6$1&,'
.#*,&'7&#0+$*",)$('2&+<&&"'.0#*7$8&+&7=
#&1&#'/&+,-')037*"=#&1&#'/&+,-'0"3'(07+*"=
#&1&#'/&+,'

>&+,'07&'.*##$80+&3',(705'*4')037*",'
*7$6$"0+$"6'47*8'9:07%,?6#:*",'.*8$"6'
47*8'+)&')073',.0++&7$"6
@>&+,'07&'&A(&7$8&"+0#',$6"0+:7&,'*4'9:07%,'
0"3'6#:*",B

C0#*7$8&+&7C0#*7$8&+&7==#&1&#'/&+,#&1&#'/&+,

D037*"D037*"==#&1&#'/&+,#&1&#'/&+,

E07+*"E07+*"==#&1&#'/&+,#&1&#'/&+,

D037*"$F0+$*"D037*"$F0+$*"

!"3&7#5$"6'&1&"+!"3&7#5$"6'&1&"+

2



Impact at the LHC

top

top

g′, Z ′, H

LHC will produce more than 10^5 top with pT>1TeV
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Impact at the LHC

H, t̃, etc.

W, Z, Jet
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What we found 

For the jet mass region around top quark or Higgs, NLO jet 
function underestimates the rate of QCD jet background.

Resummation effect changes shapes of QCD jet background.

Resummation gives correct behavior in small jet mass region.
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Drawback of Monte Carlo
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Jet shapes 

•! PYTHIA Tune A describes the data 
   (enhanced ISR + MPI tuning) 
•! PYTHIA default too narrow 
•! MPI are important at low Pt  
•! HERWIG too narrow at low Pt 

We know how to model the UE at  
2 TeV  for QCD jet processes 
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Jet function
dσ

dPT
=

�
dM2

J
dσ(PT , M2

J)
dPT

J(M2
J)

(Legacy) cone algorithms 

!! The cone algorithm is most often 

used in hadron-hadron colliders 

!! perhaps most intuitive 

!! draw a cone of radius R in !-" 

space 

!! But where to start the cone? 

!! use ‘seeds’ (towers, particles, 

partons…) of energy ~1 GeV to 

save computing time 

!! combine seed towers with other 

towers within a radius R of the 

seed tower 

!! re-calculate jet centroid using 

new list of towers… inside cone 

!! lather, rinse, iterate until a stable 

solution is found 

!! But you may end up with 

overlapping jet cones (starting 
from different jet seeds) 

!! So need to come up with a 

provision for splitting/merging 

!! merge 2 jets if overlap energy is 

> f*pT (smaller jet) 

!! f=0.50-0.75 

!! Note: partons (at NLO) don’t 

know nothing about splitting/
merging 

!! experience says f=0.75 is best 

streetlight 

approach 

typically use  

R~0.7 for  

inclusive  

measurements; 

R~0.4 for complex 

measurements,  

such as t-tbar 

 

R
cone

= !"( )
2

+ !#( )
2

• Monte Carlo: leading log radiation, hadronization, 
underlying events, etc.
• NLO jet function: one soft / collinear radiation
•Resumed jet function: multiple soft / collinear  
(double log) radiations

Jet function is based on first principle calculation of QCD.Jet algorithms at LO 

!! At (fixed) LO, 1 parton = 1 jet 

!! why not more than 1? I have 
to put a !R cut on the 
separation between two 
partons; otherwise, there’s a 
collinear divergence. LO 
parton shower programs 
effectively put in such a cutoff 

!! But at NLO, I have to deal with 
more than 1 parton in a jet, and 
so now I have to talk about how 
to cluster those partons 

!! i.e. jet algorithms 

 

log
1

!R34

" 

# 
$ 

% 

& 
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Jet function

C.F. Berger, T. Kucs, and G. Sterman, Phys. Rev. D 68, 014012(2003)
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MC with NLO jet function

equivalent to a no recoil approximation, thus resulting
overall in a harder process than the result in Eq. (A16) at
fixed scales.
For the purpose of comparing the mass distributions

obtained from jet functions and the MC simulations,
Eq. (3.5) can be matched to ðd!cðRÞ=dpTÞMC obtained
from MC, leading to the following relation:

d!c
predðRÞ

dpTdmJ

¼ JcðmJ; pT; RÞ
!
d!cðRÞ
dpT

"

MC
(3.7)

for the prediction of quark and gluon-jet mass distribution
based on perturbative calculated jet functions, Eqs. (A14)
and (A16). Note, however, that this would require us to
split the MC output in terms of the parton flavors c, which
for realistic simulation leads to ambiguities, especially
when matching is used. Therefore, for our analysis, in-
stead, we use the analytic result to suggest bounds for the
‘‘data’’ distribution from the MC. There is, however, no
a posteriori way to determine the flavor that initiated the
jet (as with real data). Thus, we write

100 150 200 250 300
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0.008

mJ GeV

J g

J g 1 d

d mJ
Gluon Jet Functions, PT 1 TeV, R 0.4

1 mJ

Eikonal no recoil, fixed coupling

Fixed coupling

Running coupling

FIG. 2 (color online). Various theoretical gluon-jet mass dis-
tributions, along with a 1=mJ curve, are plotted for pT ¼ 1 TeV
and R ¼ 0:4. Plotted are the jet mass distribution from (A16)
with running (red, dashed), and fixed (blue, dotted) coupling,
along with the eikonal jet function (green, dashed-dotted) with
fixed coupling. For the jet functions with no running the scales
were chosen be pT .
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FIG. 3 (color online). The jet mass distributions for SHERPA, PYTHIA, and MG/ME are plotted for different pT and jet cone sizes. The
quark and gluon mass distributions from the jet functions are overlaid, using Eqs. (3.8) and (3.9). The upper left plot corresponds to
950 GeV $ pT $ 1050 GeV and R ¼ 0:4. The upper right plot corresponds to 950 GeV $ pT $ 1050 GeV and R ¼ 0:7. The lower
left plot corresponds to 1450 GeV $ pT $ 1550 GeV and R ¼ 0:4. The lower right plot corresponds to 1450 GeV $ pT $
1550 GeV and R ¼ 0:7.
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d!predðRÞ
dpTdmJ upper bound

¼ JgðmJ; pT; RÞ
X

c

!
d!cðRÞ
dpT

"

MC
; (3.8)

d!predðRÞ
dpTdmJ lowerbound

¼JqðmJ;pT;RÞ
X

c

!
d!cðRÞ
dpT

"

MC
; (3.9)

exploiting the fact that Jg > Jq in the region of high jet
mass, as can be seen in Eq. (3.6).

B. Jet function, theory vs MC data

In this section, we compare a set of theory-based bounds
for the jet mass distribution to the mass distribution ob-
tained via MC event generators. This part contains one of
our main results, where we demonstrate that our theoretical
predictions are in agreement with the MC data. In Fig. 3,
we compare the quark and gluon-jet mass distributions
from Eqs. (3.8) and (3.9) to the distributions from different
MC generators (MG/ME, SHERPA and PYTHIA). We perform
this comparison at fixed pT , since we are interested in the
relative shapes of these distributions around the top mass
window. Note that abovemJ $Oð100 GeVÞ, the shapes of
three MC distributions are very similar. SHERPA and MG/ME

distributions interpolate between the quark jet function
(lower bound) and the gluon-jet function (upper bound)
as expected. For the purposes of comparing shapes, PYTHIA
and MG/ME are rescaled so that their total cross sections
agree with SHERPA. This cross-section scaling does not
affect the predictive quality of the theory curves, since it
affects both sides of Eqs. (3.8) and (3.9). The scaling allows
us to present the results from the different event generators
on a single plot. Note, as mentioned before, that for mJ %
pTR, higher order corrections will contribute, pushing the
distribution down, with a Sudakov-like suppression, which
can be seen in the lower mass region for pT ¼ 1:5 TeV and
R ¼ 0:7.
In a typical experimental setup, a lower cut over pT will

be assumed, and the distributions will be integrated above
that pmin

T cut. Thus, we can integrate over the appropriate
region on Eq. (3.7), which leads to the analog of Eqs. (3.8)
and (3.9) for the pT-integrated jet mass cross section,

d!c
predðRÞ
dmJ

¼
Z 1

pmin
T

dpTJ
cðmJ; pT; RÞ

X

c0

!
d!c0ðRÞ
dpT

"

MC
;

(3.10)
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FIG. 4 (color online). Comparison between the theoretical jet mass distributions and MC leading jet mass distribution from SHERPA.
The minimum pT and cone size are indicated on the plots. A gluon (quark) hypothesis is the prediction made if the entire contribution
were from gluon (quark) jets [cf. Eq. (3.10)].
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NLO vs Resummed jet function (Top mass range)
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NLO vs Resummed jet function (Higgs mass range)
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Conclusion & Prospect
Resummation effect is important for describing QCD jet.

Resummation calculation can improve prediction on jet 
shapes, as compared to Event Generators or NLO 
calculations.

Further investigation on energy profile is in progress.

Top (Higgs, W, Z, etc.) jet can also be described by 
similar jet function. This study is particularly important 
for the LHC.
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Backup Slides
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Figure 19: Feynman rules associated with the F+ν operator at the end of a Wilson line.

k

ij −i g ta,ij

−1

Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.

(a) (b) (c)

Figure 21: Real contributions to the quark jet function at order αS.

38

Figure 22: Real non-vanishing contributions to the gluon jet function in Feynman gauge
at NLO.

We choose a frame where the jet is in the ηJ = φJ = 0 direction and the vector ξ is
light-like and in a direction opposite to the jet,

pJi
= p0,Ji

(1, βi, 0, 0) ξ =
1√
2
(1,−1, 0, 0) , (A.9)

where βi =
√

1 − m2
Ji

/p2
0,Ji

is the velocity of the jet. In this frame we parametrize the

momenta p and k above by

p = p0(1, cos θp, sin θp, 0) k = k0(1, cos θk,− sin θk, 0) , (A.10)

where θp,k represents the angle of each particle to the jet axis n̂. The path ordered expo-
nentials are expanded order-by-order in gs, related to the rules in Fig. 20 by the expansion,

Φξ(∞, 0; 0) = P
{

e−ig
R

∞

0 dη ξ·A(η ξµ)
}

= 1 − ig

∫

d4k

(2π)4

i

ξ · k + iε
ξ · A(k) + . . . . (A.11)

We begin with the calculation of the quark jet function, which readily reduces to an
integral over the energy and angle of one of the particles,

Jq(1)
i (m2

J , p0,Ji
, R) =

βi

8
√

2

∫

d cos θkdk0k0

π(p0,J − k0)
|M(p, k)|2

×δ(m2
j − 2k0p0,J (1 − βi cos θk))Θ(R − θk) , (A.12)

39

L.G. Almeida, et al., Phys.Rev.D79:074012,2009.
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Resummed Jet function

 

H!1"!x;Q2; kT" #
Xf

i#a
H!1"

i !x;Q2; kT"

# !s

4"
CF

!
$ ln

#2
f

xQ2 % k2T
% 2 ln

$2

Q2

& ln
Q2

xQ2 % k2T
$ ln2

Q2

xQ2 % k2T

% 2 ln
Q2

x$2
% ln

Q2

xQ2 % k2T
$ 3

"

&H!0"!x;Q2; kT": (40)

The Sudakov logarithm ln2!Q2=k2T" in Eq. (18) for G!1"
d has

been cancelled by that in Eq. (32) for !!1"
d 'H!0", but the

threshold logarithm ln2(Q2=!xQ2 % k2T") remains in H!1".
The large threshold logarithm can be absorbed into a jet
function [33], so that the perturbative expansion of the hard
kernel is further improved. At small x, a collinear enhance-
ment arises from the region with the loop momentum
parallel to the internal quark momentum P2 $ k * P2.
To factorize this collinear gluon into the jet function, we
replace the q quark by the eikonal line in some direction u
[40,41], as shown in Fig. 3(a). Similarly, we choose u2 ! 0
to avoid other infrared divergences, such as those from l
parallel to P1, which have been absorbed into the pion
wave function. Including the self-energy correction to the
internal quark [Fig. 3(b)], we arrive at the complete set of
diagrams for the jet function at O!!s".

Figure 3 has been evaluated in Ref. [33], focusing only
on the double-logarithm piece ln2x. Here we work out the
single-logarithm and constant pieces, too. The explicit
expression of the loop integral J!1"a associated with
Fig. 3(a) is referred to [33]. We obtain, for u2 < 0,

 J!1"a H!0" # !s

4"
CF

!
1
%
% ln

4"#2e$&E

xQ2 % k2T
$ ln2

$2u
xQ2 % k2T

% ln
$2u

xQ2 % k2T
% 2$ "2

3

"
H!0"!x;Q2; kT";

(41)

with the scale $2u # 4!u + P2"2=ju2j. Figure 3(b) gives a
result identical to Eq. (16) for Fig. 1(c):

 J!1"b H!0" # $ !s

4"
CF

!
1
%
% ln

4"#2e$&E

xQ2 % k2T

% 2
"
H!0"!x;Q2; kT": (42)

Note that the sum J!1" # J!1"a % J!1"b is free of ultraviolet
divergences and #-independent. That is, the factorization
of the jet function does not modify the renormalization-
group behavior of the hard kernel. As expected, the jet
function is characterized by the invariant mass of the
internal quark.

Define $2 # 'Q2 and $2u # 'uQ2, with ' and 'u being
constants of O!1". The hard kernel, after subtracting the
O!!s" jet function, is given by
 

(H=J)!1"!x;Q2;kT",H!1"!x;Q2;kT"
$J!1"!x;Q2;kT"H!0"!x;Q2;kT"

#$!s

4"
CF

#
ln

#2
f

xQ2%k2T
$2!ln'% ln'u"

& ln
Q2

xQ2%k2T
%2lnx3$"2

3
$ ln2'u

% ln'u%2ln'
$
H!0"!x;Q2;kT"; (43)

in which the double logarithms have been completely
removed. Different values of ' and 'u correspond to differ-
ent factorization schemes. Adopting ' # 1, i.e., $2 # Q2

as in Ref. [5], and 'u # 1, Eq. (43) reduces to
 

(H=J)!1"!x;Q2; kT" # $ !s

4"
CF

!
ln

#2
f

xQ2 % k2T
% 2 lnx% 3

$ "2

3

"
H!0"!x;Q2; kT": (44)

Employing the factorization scale #f # Q and the asymp-
totic model of the pion wave function, the same as in the
LO analysis in the kT factorization theorem [42], the NLO
corrections are found to be only 5%. That is, the NLO
corrections are not expected to affect much the LO results
for "&- ! &. Our conclusion is drawn under the specific
factorization scheme with ' # 'u # 1. It requires an ex-
amination whether NLO corrections are also negligible
under the same scheme in other exclusive processes con-
taining pions, such as the pion form factor involved in
"&- ! ".

III. GAUGE INVARIANCE

In this section, we prove the gauge invariance of the
kT-dependent hard kernel for the pion transition form
factor by induction. We first show that the kT factorization
constructed in the Feynman gauge [7,35] holds in an
arbitrary covariant gauge @ + A # 0 with the gauge pa-
rameter (, in which the gluon propagator is given byFIG. 3. O!!s" diagrams for the jet function.
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