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Introduction
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LHC (proton-proton)




4 experiments
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ldentification of heavy particles

Heavy particles decay quickly
W, Z->q(q

H->bb

T->Wb->qqd' b

Need to differentiate signalpp->H->b b
from backgroundpp->qd’

Especially from thousands of final-state
particles



H -> bb event

What can we get from this mess?



Jet in theory



Uncertainty principle

Radiation from a moving electron, m ~ 0

k1l
(k, +k,)°> ~0 (k, +k,)2 >>0
AE ~0 AE >>0
Long-lived short-lived
High probability low probability

Collinear enhancement -> a jet of particles



Cascades in collider

Hadron-level jets

almost parallel
Parton-level jets

guarks, gluons

Underlying event



Theory for quarks and gluons

QCD Lagrangian L :W(iDHyM-m)\p-(_BWGWM
Confinement at low energy, hadronic
bound states: pion, proton,...

Manifested by infrared divergences In
perturbative calculation of bound-state
properties

Asymptotic freedom at high energy leads
to small coupling constant

Perturbative QCD for high-energy
processes



QCD coupling

Coupling constant,cg (E)
0.4

confinement
0.3

0,2_

0,1
' asymptotic
freedom

0.0

| | TTT] | T T
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Energy, GeV

 QCD coupling decreases with energy scale
(opposite to vacuum polarization in QED)



Nobel prize 2004 for
asymptotic freedom

David J. Gross
Kavli Institute for Theoretical Physics, University of California, Santa Barbara, USA,
H. David Politzer
California Institute of Technology (Caltech), Pasadena, USA, and

Frank Wilczek
Massachusetts Institute of Technology (MIT), Cambridge, USA



e+e- annihilation
e Start with e+e- annihilation as an example
e Cross section = amplitude X amplitude*
 Born (leading-order) cross section

represents
physical process

each line and vertex
represents a factor




Perturbation---add more lines
* Real corrections

\\

e Virtual corrections
\ \
\. \,
e Infrared divergences cancel between real and

virtual diagrams---perturbation at high energy




Quark-hadron duallty

I'. Ill : ‘l :;
W LN Vo
E—— . \ v
Hadron-level jets -
Hadronization

.

Parton-level jets

a jet of hadrons can
be described as a jet
of quarks and gluons

Underlying event



Jet phenomenology

VoLUME 39, NUMBER 23 PHYSICAL REVIEW LETTERS 5 DECEMBER 1977

Jets from Quantum Chromodynamics

George Sterman
Institute for Theovelical Physics, Stale University of New Yovk al Stony Brook, Stony Brook, New York 11790

coinear enhancement and

Steven Weinberg

Lyman Lakovatory of Physics, Havvard University, Cambridge, Massachusells 02138
(Received 26 July 1977)

The properties of hadronic jets in e*e”™ annihilation are examined in quantum chromo-
dynamics, without using the assumptions of the parton model. We find that two-jet events
dominate the cross section at high energy, and have the experimentally observed angular
distribution, Estimates are given for the jet angular radius and its energy dependence.
We argue that the detailed results of perfurbation theory for production of arbifrary num-
bers of quarks and gluons can be reinterpreted in quantum cl‘i‘&gﬂd}rnamics as predic-
tions for the production of jets.

guark-hadron duality (jet physics)

jet substructures



Dijet production
e Dijet production is part of total cross section
 Born cross section is the same as e+e-

annihilation 0, 0(0, €, 8) = N(;Qﬂ)

half angle of jet cone & |

energy resolution for
dijet production

constrained phase
space for real gluons



NLO corrections
e |sotropic soft gluons within energy resolution

(2 IHE%E /1) - 72/6)
e Collinear gluons in cone with energy higher

than resolution
[-3In(E&/ ) - 2}7{{25 ~41In(E6/ u)In(2€) + 4L — 72/3]|

e Virtual corrections
[=2In%E/p) +3In(E/ ) =L +72/6]
e Total dijet cross section is infrared finite

(31n6+41n61n2e +72/3 — 3)
NN

cone radius dependence ™ overlap of collinear and soft logs



Jet In experiment



Jet from H1 Collaboration

Run 221734 Event 6105 Class: 26 Date 12/10/1998

...just from the HOTLINE

E[Gev]




Coordinates for jets

pseudorapidity

0=0=>n=0, #=90"=n=0, 0=180"=n=—w



Typical event




Jet algorithms

Comparison of theory with experiment is
nontrivial

Need jet algorithms

Algorithms should be well-defined so that
they map experimental measurements with
theoretical calculations as close as possible

Infrared safety (cancellation of IR divergences)
Is important guideline, because Sterman-
Weinberg jet is infrared finite



Types of algorithms

e Two main classes of jet algorithms

 Cone algorithms: stamp out jets as with a
cookie cutter

Geometrical method

e Sequential algorithms: combine parton four-
momenta one by one

Depend on particle kinematics



Seeded cone algorithm
Find stable cones via iterative-cone procedure

Start from seed particle | and consider set of
particles | with separations smaller than jet cone

AR;; = (7, _77j)2 + (¢ _¢j)2 <R
If the cone Is stable, procedure stops. Otherwise
the cone center J Is taken as a new seed, and
repeat the above procedure

A stable cone Is a set of particles i satisfying
AR, <R

Examples:
R<R, <2R




Iterative step 1

cone iteration
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Iterative step 2

cone iteration
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Iterative step 3

cone iteration
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P (GeVic)
88888

Iterative step 4

cone iteration

et




Problem of seeded cone

e Geometrical algorithm does not differentiate
infrared gluons from ordinary gluons

e Final results (split-merge) depend on soft
radiation and collinear splitting

jet jet

e Virtual (real) soft gluon contributes to two
(single) jet cross section, no cancellation



Sequential algorithms

e Take kT algorithm as an example.

e For any pair of particles i and j, find the
minimum of
111111{1.,2 Lz}

t
d;; = - I-AR ~ k7 .,

d;p = kz., d;p = k:

ty

e IfitisdiBordjB,iorjisajet, removed from
the list of particles. Otherwise, i and j merged

* Repeat procedure until no particles are left
e Differentiate infrared and ordinary gluons



dig < dyj3 < doz < dp1o3)p < diy




Step 2
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di2 < dj19)B < dis




Step 4

]




Step 5

U

Donel




Recombination Algorithms
PTA>pTB
® kralgorithm start with softer particles

, AR\*
dy = win(i ) (o) - din =1

e C/A algorithm
AR\’
dij = (R_o) , dip =1

® anti-kr algorithm  default for LHC

ﬂ ~

C/A

oy (AR §
dy = min@r?ord) () - doo =i

anti—kp

(AR)* = (An)* + (A¢)*



|__Cam/Aachen, R=1 |




Infrared safety

* In seeded cone algorithm

—
~
o

S ---T{--

(i) (IL.) R

I : Identified 2 jet
* |n kt algorithm, remain two (Identified as 2 jets)

jets---infrared safety Ed  asinglejet
| i
I R
..... I.. - -
(1.) “R<R,<2R

(Identified as 1 jet)



Jet identification

Recent progress



Boosted heavy particles

Large Hadron Collider (LHC) provide a chance
to search new physics

New physics involve heavy particles decaying
possibly through cascade to SM light particles

New particles, if not too heavy, may be
produced with sufficient boost -> a single jet

How to differentiate heavy-particle jets from
ordinary QCD jets?

Similar challenge of identifying energetic top
quark at LHC



Fat QCD jet fakes top jet at high pT

(1 .| [ — ?GD.D,'EF .......
- — pr=400 GeV
i — pr> 800 GaV A
ﬂ.15_ — pr>1200 GaV
i — pr> 1600 GeV
gn.m'- ] Thaler
] — 1 & Wang
: 1 0806.0023
0.05 = 1 Pythia 8.108
000 100 200 300 400

Qe (GeV) Jet invariant mass



Jet substructure

Make use of jet internal structure in addition
to standard event selection criteria

Energy fraction in cone size of r, ¥(r), Y(R) =1

Quark jet is narrower than gluon jet

Heavy quark jet energy profile should be

different

narrow jel




QCD resummation
e All-order summation of collinear and soft
gluons

 Dependencies on jet mass, jet energy, jet cone
radius can be derived

= g ..
+*"  Parton showering

outgomg parton
Hard scatter
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Quark jet or gluon jet?

:_ o a - A

- \'$=1.96 TeV

- anti-k; R=0.7
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It is a quark jet!




Comparison with CDF data

My

D<r<R

auark, agluon jets, convoluted with LO hard scatterina, PDFs
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Comparison with CMS data
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Gluon vs vector-boson fusions

e Higgs can be produced via

gluon fusion
dominant at LHC

Higgs + 2 gluon jets

vector-boson fusion
Important for determinging
Higgs coupling

Higgs + 2 quark jets



Measuring jet pT distributions

e Difficult to differentiate GF and VBF
* Momentum cut is not efficient

0.12F
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Improvement of VBF identification

e Measuring substructures can differentiate
gluon and quark jets, and identify VBF

M;; > 500 GeV

r(r)
10} o = m mmnm T S

5 oeem '_:_'-—::":._-_""_
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On-going projects and summary



Higgs jet

One of major Higgs decay modes H -> bb
Important background g -> bb

Analyze substructure of
Higgs jet improves its identification

For instance, color pull made of soft gluons
Factorization of heavy-particle jets applies



Color pull

e Higgs is colorless, bb forms a color dipole
e Soft gluons exchanged between them

* Gluon has color, b forms color dipole with
other particles, such as beam particles

- Signal Background
PO E -
—"T:—l....|....|....|....|....|....| :—|

-3 -2 -1 0 1 2 3 —3 -2 -1 0 1 2 5




Summary

Jets abundantly produced in hadron collisions

Theoretical and experimental studies of jets
need to be carefully made for comparison

Start with Sterman-Weinberg definition, apply
factorization and resummation, predict
observables consistent with data

Substructures (energy profile, color pull,...) can
be calculated in PQCD and improve jet
identification



Back-up slides



Underlying events
e Everything but hard scattering

e |nitial-state radiation, final-state radiation,
multi-parton interaction

outgoing parton

proton

ﬁrﬂ -
Ll T =
AARA

unde rlying eve nt

proton

Af—

unde rlying event

A
| 'I_F|

initial-state radition

outgoing parton g S .
. . 4 final-state radition



Real corrections

e Radiative corrections reveal two types of
infrared divergences from on-shell gluons

Collinear divergence: | parallel P1, P2
Soft divergence: | approaches zero

\ N

overlap of +
collinear and

soft divergences . L

ZN%z(F)sz(crcrs/fr)qz(ﬁlﬂu""/qz)k[(1 — €)/T(2 - 2¢)]
X[e?+ 3¢ =i+ 2 + O(e))].




Virtual corrections

 Double infrared pole also appears in virtual
corrections, but with a minus sign

N D

G Dm wlag O

" \.

—2NCy(F) O (ae,/m)q*(4nu®/q*)*<[(1 — €)/T(2 — 2¢)]

X [€7* + 371 — 1% + 4 + O(e)]
negative infrared divergence



Infrared safety

Infrared divergences cancel between real and
virtual corrections

KLN theorem: cancellation occurs as
integrated over all phase space of final states

Imaginary part of off-shell photon self-energy
corrections )

Total cross section e+e- -> X
is infrared safe

Naive perturbation applies
0wl(g®?) =N (4m2/3q2)EQ 1+ (ﬁ’s/ﬂ)zcz(F)]




Heavy-quark jet function
* Take semileptonic decay as an example

e Factorize heavy quark-quark jet first at jet
energy scale Eq, which contains weak decay




Scale hierarchy Ea>>ma>>m

e The two lower scales ma and mi characterize
different dynamics, which can be factorized

O(mq

O(my)

light-quark jet heavy-quark kernel



Further factorization

 Then factorize the light-quark jet from the
total jet at leading 1/m,

~J

N\

1) _ 40 (1) (1) (0)
JO=HO®IY+HY ®

eikonalization \f R '\f
Q
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