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e Why and where are there jets?
e The measures and structures of jets.

We’ll try and point out ways in which QCD jets are unique, yet part of a universal
phenomenon in field theory.



What we’re going to try and get across in Part 1: Why and where are there jets?

A. The intuition behind particle jets, and a sketch of their history in experiment.

B. Challenges at very high energy: why and how soft and collinear enhancements arise in
long-time behavior

C. Why energy flow is a guide to calculable cross sections: infrared safety
D. How jets are found and their cross sections computed

E. Inside jets I: jet shapes, their resummations in and beyond perturbation theory

Two recent and useful reviews:

— A.J. Larkoski, I. Moult, B. Nachman, 1709.044642.
— S. Marzani, G. Soyez, M. Spannowsky, 1901.10342.



A. The intuition behind particle jets, and a sketch of their history in experiment.

Outline

e Quantitative comparisons of QCD to experiment began with fully inclusive processes.

e In a seeming paradox, inclusive cross sections can be related to elastic scattering of
quarks (the parton model). Asymptotic freedom makes this plausible

e Electron positron annihilation to hadrons is dominated by two-jet events that clearly
reflect quark pair creation. The observable called “thrust” helps identify jets and justify
the use of the term jet.

e High energy accelerators, at energies far above (light) quark masses, all produce events
consistent with this interpretation.



Prehistory of jets: the 1950’s — 1960’s

e The first observations of particle “jets” was in cosmic ray detection.
Particle jets in cosmic rays ...

“The average transverse momentum resulting from our measurements is pr=0.5 BeV/c
for pions ... Table 1 gives a summary of jet events observed to date ..."” (B. Edwards et
al, Phil. Mag. 3, 237 (1957))

e The era of high energy physics and the discovery of the Standard Model

Once asymptotic freedom explained scaling (Feynman, Bjorken)
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e the question arose: what happens to partons in the final state?
(Feynman, Bjorken & Paschos, Drell, Levy & Yan, 1969)
Do “the hadrons ‘remember’ the directions along which the bare constituents were
emitted? ... “the observation of such ‘jets’ in colliding beam processes would be most
spectacular.” (Bjorken & Brodsky, 1969) Or does confinement forbid a it?

e The inclusive DIS cross section is described by exclusive partonic scattering. Could
something similar happen in a less inclusive observable?



e To make this long story short: Quantum Chromodynamics (QCD) reconciled the irrec-
oncilable. Here was the problem.

1. Quarks and gluons explain spectroscopy, but aren’t seen directly — confinement.

2. In highly (“deep”) inelastic, electron-proton scattering, the inclusive cross section
was found to well-approximated by lowest-order elastic scattering of point-like (spin-
1/2) particles (=“partons” = quarks here) a result called “scaling”:
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o If the “spin-% is a quark, how can a confined quark scatter freely?

e(k)




e This paradoxical combination of confined bound states at long distances and nearly free
behavior at short distances was explained by asymptotic freedom: In QCD, the force
between quarks behaves at short distances like

o~ S0 e =
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where A ~ 0.2 GeV. For distances much less than 1/(0.2GeV) ~ 107 13cm the force
weakens. These are distances that began to be probed in deep inelastic scattering
experiments at SLAC in the 1970s.

e The short explanation of DIS: Over the times ct < h/GeV it takes the electron to scatter
from a quark-parton, the quark really does seem free. Later, the quark is eventually
confined, but by then it’s too late to change the probability for an event that has already
happened.

e The function F'(x) is interpreted as the probability to find quark of momentum xP in a
target of total momentum P — a parton distribution.



e To explore further, SLAC used the quantum mechanical credo: anything that can happen,
will happen.

e Quarks have electric charge, so if they are there to be produced, they will be. This
can happen when colliding electron-positron pairs annihilate to a virtual photon, which
(ungratefully) decays to just anything with charge.
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e Of course because of confinement it’s not that. But more generally, we believe that a
virtual photon decays at a point through a local operator: j.,(x) .

e This enables translating measurements into correlation functions ... In fact, the cross
section for electron-positron annihilation probes the vacuum with an electromagnetic
current.



e On the one hand, all final states are familiar hadrons, with nothing special about them
to tell the tale of QCD, |IN) = |pions, protons...),

Octe—— hadrons(Q) X % |<O|ng(0)|N>|2 54(@ T pN)
e On the other hand, = |IN)(IN| = 1, and using translation invariance this gives

Octe—— hadrons(Q) X /d4w e_iQ.m <O|]gm(0) ng(m”o)

e We are probing the vacuum at short distances, imposed by the Fourier transform as
Q — oo. The currents are only a distance 1/Q apart.

e Asymptotic freedom suggests a “free” result: QCD at lowest order (‘“quark-parton
model”) at cm. energy Q and angle 6
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e This works for o;,; to quite a good approximation (with calculable corrections)

10

10 ¥(25)

*
*
¥, k\
/ T

10

Green line is
parton model

o
I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ IBRAAL

10 ] ] ]
2
1 10 10

e So the “free” theory again describes the inclusive sum over confined (nonperturbative)
bound states — another “paradox”.



e Is there an imprint on these states of their origin? Yes. What to look for? The spin of
the quarks is imprinted in their angular distribution:

do (Q) = ﬂ-a%M <1 + cos? 9>
d cos 0 2Q?

e It's not quarks, but can look for a back to back flow of energy by finding an axis that
maximizes the projection of particle momenta (“thrust”) measuring a “jet-like” structure

dae+e_ — hadrons (Q)
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e When the particles all line up T' — 1 (neglecting masses). So what happens?
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e Here’'s what was found (from a little later, at LEP):
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e Thrust is peaked near unity and follows the 1 + cos? @8 distribution — reflecting the
production of spin % particles — back-to-back. All this despite confinement. Quarks have
been replaced by “jets” of hadrons. What could be better? But what’s going on? How
can we understand persistence of short-distance structure into the final state, evolving
over many many orders of magnitude in time?
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e Back to the Timeline ...1975 -1980: the first quark and gluon jets

e As we’ve seen: in electron-positron annihilation to hadrons, the angular distribution for
energy flow follows the lowest-order (“Born”) cross section for the creation of spin-1/2
pairs of quarks and antiquarks (As first seen by Hanson et al, at SLAC in 1975)

e Jets are “rare” because the high momentum transfer scattering of partons is rare (but
calculable), but in ete™ annihilation to hadrons the “rarity” is in the likelihood of anni-
hilation. Once that takes places, jets are nearly always produced.

e And then (Ellis, Gaillard, Ross (1976) Ellis, Karliner (1979)): hints of three gluons in Upsilon
decay, and then unequivocal gluon jets at Petra (1979) (S.L. Wu (1984))

TASSO

4 tracks 6 tracks
g 4.1GeV 4.3 GeV

+...

4 tracks
7.8 Gev
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(On the right, O is oblateness, which measures the spread of energy in a plane.)
e confirmed color as a dynamical variable.
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e Jets at hadron colliders ...

e 80’s: direct and indirect ‘sightings’ of scattered parton jets at Fermilab and the ISR at
CERN, often in the context of single-particle spectra. Overall, however, an unsettled
period until the SPS large angular coverage makes possible (UA2) ‘lego plots’ in terms of
energy flow, and leads to the unequivocal observation of high-pr jet pairs that represent
scattered partons.

—
©< Volume 118B, number 1, 2, 3 PHYSICS LETTERS 2 December 1982

+...
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e 1990’s — 2005: The great Standard Model machines: HERA, the Tevatron Run |, and
LEP | and |l provided jet cross sections over multiple orders of magnitude. The scattered
quark appears.

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

...just from the HOTLINE

Q**2 =21475 y=0.55 M=198
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e And now ...the era of jets at the anticipated limits of the SM, ushered in by Tevatron
Run Il, on to the LHC: 2 -7 — 8 — 13 TeV .

~ 2 X 107 meters ... observed about 10 meters away.

h
e Events at the scale éx ~ T TV

1R EXPERIMENT

Run Number: 201006, Event Number: 55422459 |
Date: 2012-04-09 14:07:47 UTC

e These jets can be remarkably narrow in an energy histogram, even if surrounded by a con-
centration of much softer particle tracks. This suggests a relation to QED bremsstrahlung.
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“REVIEW OF PARTICLE PROPERTIES” FIGURE: TEV JETS AND BEYOND

Jet Production in pp and pp Interactions
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In brief, in their other life: shining from the inside, jets are probe of new phases of strongly-
interacting matter in nuclear collisions at RHIC and the LHC,
(Bjorken (1983) ...)

ot ATLAS
Run: 169045

] . Event: 1914004
0 Calorimeter Dot 2010-11-12
sl ! Towe rs Time: 04:11:44 CET

M)

(From 1011.6182)
And of “cold nuclei” in electron-ion collisions,

(A. Arccadi et al., Electron-ion Collider White Paper (1212.1701))
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Summary, Part A

e Quantitative comparisons of QCD to experiment began with fully inclusive processes.

e In a seeming paradox, inclusive cross sections can be related to elastic scattering of
quarks (the parton model). Asymptotic freedom makes this plausible

e Electron positron annihilation to hadrons is dominated by two-jet events that clearly
reflect quark pair creation. The observable “thrust” helps identify and justify the use of
the term jet.

e High energy accelerators, at energies far above (light) quark masses, all produce events
consistent with this interpretation.
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B: Challenges at very high energy: why and how soft and collinear enhancements arise in
long-time behavior

Outline

e In QCD, long-time dynamics is not accessible to perturbation theory.

e The example of QED suggests that partially inclusive cross sections can be calculable
perturbatively by eliminating infrared divergences.

e When energies are much larger than masses, divergences appear in scattering amplitudes
when lines in virtual states become collinear as well as soft.

e Time-ordered perturbation theory provides a convenient picture of how an amplitude
develops in time. It gives insight into both UV and IR behavior.

e At large times, the effects of interactions between high energy particles vanish, except
for those between collinear-moving and/or soft particles.
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How to use perturbation theory in QCD?

e How to go beyond totally inclusive cross sections in QCD? Can quarks and gluons be
of help? At lowest order, ete™ — g is easy to calculate, but what can we do with
ete” — qqg? It is divergent when the energy of the gluon vanishes, and has logs of
quark mass over total energy. (We’ll see why.)

e And what to do about the running of the asymptotically free QCD coupling? If low-
energy divergences imply sensitivity to long distances, doesn’t the coupling blow up,
making the entire process nonperturbative?

e Very analogous questions were phrased for strong interactions at high energy (think
cosmic rays) in the 1930s, even before renormalization was invented. And back then the
analysis of Bloch and Nordseick for QED was recognized as a possible way forward ...

20



e The glorious example of QED: At lowest order, electron-electron scattering is finite,
but at next to leading order it is IR divergent for both virtual corrections and photon
emission. But in a partially inclusive sum over soft photon emission only, the divergences
cancel, and we derive a finite cross section.

e How? We introduce an “energy resolution”, e E/, below which we count all photons. Then
divergences are replaced by factors aIln(E./eFE), and this “inclusive” cross section is
well-approximated by the lowest order (again). Schematically, for n-photon emission:

do—ﬁLIR) dog 1 OEM E. €Eot " OEM E. E.
~ — X — | — In({— | In exp|— —— In{— ) In| —
dS? df? n! T Me My T Me My

e For |Ine| < 137, the sum over n is very close to the Born (n = 0) cross section. All
the higher orders cancel (corrected by well-behaved terms we’ve omitted here). The
paradoxical lesson: “the more inclusive, the closer to the lowest order.”
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e Once QCD was invented, QED served an inspiration for the treatment of strong inter-
actions in the limit when energies and momentum transfers are much larger than masses.

e For QCD, at very high energy we had to introduce an energy resolution and another,
“angular” resolution. We'll see why below, and how to generalize to a much larger set
of observables.

e From now on, all our particles will be massless. Particles whose masses are of the order
of the energy/momentum transfer scale can be treated at the same time, but require
special attention. (Aside — this is treating QCD as though it were a conformal theory,
with no intrinsic mass scale.) The picture:

53
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e With e the energy resolution, an 4 an angular resolution. Defines a “cone jet”.
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e Looks promising, but how does it work? First, we have to isolate the problem, then show
how the jet approach solves it.

e Let’'s remember what we’d like to calculate. It's a general “transition probability”, or
cross section, summed over final states “f”, which we’ll represent as

P[S] = ?S[f] [(mglmo) |*

- %}S[f] 2 <m0|mf>(n/)<mf|m0>(")

The function S| f| defines the cross section. It includes all the normalizations, and other-
wise can be unity for some states, zero for others, or in between. Generally, we'll assume
it’s a smooth function.

e To calculate P[S], we’ll start with the amplitude (m ;|m,)™ at fixed perturbative order
(n) in QCD or some other theory. This is “just” a bunch of Feynman diagrams, but we’ll
consider a variation of this route.
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Perturbation theory “from the beginning”

e It really just follows from Schrédinger equation for mixing of free particle states |m),
0
ih— |w(t) >= (H® + V) |p(t) >

Usually with free-state “IN” boundary condition :
[(t = —00) >=|mo >= |p;", Py
e Notation : Vj; = (m;|V|m;) (vertices)

e Theories differ in their list of particles and their (hermitian) Vs.
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For QCD, the Lagrange density

Locp = $ilin" Oy — m)y — FFVF, — gs X V" A

Fy = OMAL — 0" Al = 29 fanc Ay AL

And vertices
Js Qﬁi)\gjwj’)/uAZ’

Js (0“145 — 8VAg)fabcAZAs

% 93 fabe Ay AL faac AL AS,
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e Solutions to the Schrodinger equation are sums of ordered time integrals. “Old-fashioned
perturbation theory.”

(mF|m0)(") = Z /oooo d’Tn/_Tiod’Tl

T orders

d3¢; 1 n ,
H H H ZVa—l—)a

3 — X
loops ¢ (271') lines j 2E] vertices a=1

X exp

n—1
’I: Z ( Z E(ﬁj)) ('Tm — ’Tm_|_1) — ’I:E()’Tl

statesm=1 \ jinm

e Perturbative QFT in a nutshell: integrals are divergent in QFT from:
® T, — Tj (UV) and 7, — oo (lR)

e Renormalization takes care of coinciding times. We’ll just assume this is done.
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Each term in this expansion corresponds to a “time-ordered” diagram

O
O
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Here the vertices are ordered at different times. Sums of orderings give (topologically
equivalent) “Feynman diagrams”, which exhibit the Lorentz invariance manifestly.

The integrals over loop momenta are exactly the sums over all virtual states.
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e Once renormalized, infinities only come from large times in ... (same formula)

(mplmo) = X [ _dry...[” dn
T orders
nof ey ! 1 iV
X — X (A
loops ° (271')3 lines 3 2EJ vertices a=1 a-ima
. n—1 . .
X exp | © 3 ( 3 E(pj)) (Tm — Tma1) — tEgT
statesm=1 \ jinm

e Divergences from 7, — oo are “Infrared=IR”. In some sense, their “solution” is jets,

e because — it’s not as bad as it looks. Time integrals extend to infinity, but usually
oscillations damp them and answers are finite. Long-time, “infrared” divergences (logs)
come about when phases vanish and the time integrals diverge.
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e When does this happen? Here's the phase:

exp

P (z E(ﬁj)) (T = Tint1)

statesm=1 \ jinm

exp

i3 (z EF) — % E(ﬁj)) -

verticesm=1 \jinm jinm—1

e Divergences for 7; — oo requires two things:

i) (RHS) the phase must vanish <+ “degenerate states”

> E({p;)= > E(P;), and
JEmM JeEeEmMm+1

ii) (LHS) the phase must be stationary in loop momenta (sums over states):

0
[phase] = X > (£85)(Tm — Tm—1) =0

822'11 statesm jinm

where the 3;s are normal 4-velocities:

B; = +OE;/0¢;.
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e Condition of stationary phase:

S Y (8 (T — Tme1) = 0

statesm jinm

e B*AT = x* is a classical translation. For IR divergences, there must be free, classical
propagation as ¢ — oco. Easy to satisfy if all the 3;’s are equal.

e Whenever fast partons (quarks or gluons) emerge from the same point in space-time,

they will rescatter for long times only with collinear partons.

Of course, radiating or absorbing zero momentum particles also don’t affect the phase.
Note, all the states we can reach by rescattering or zero momentum interactions describe
the same energy flow.

When we get to cross sections, this is where the conditions for infrared safety will come
from.
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e Let’s illustrate the role of classical propagation.

e Example 1: degenerate states that cannot give long-time divergences:

M
>’\f\

o)

off SheIIj p”

e This makes identifying enhancements a lot simpler!
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e RESULT: For particles emerging from a local scattering, (only) collinear or soft lines can
give long-time behavior and enhancement. Example:

P ,6’6k

g0
666
>’\f\ kil p

off s,heu—T (real)

0
<oV kil p
>'\f\ 60 (virtual)

off sheIIj
>\/\

k~0

5500000000000

e This generalizes to any order, and any field theory, but gauge theories alone have soft
(k — 0) divergences.

e These are what we can’t compute in pQCD (as physical processes). And we didn’t want
to, because they are never produced! Let’s find out what we can compute.
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Summary, Part B

— In QCD, long-time dynamics is not accessible to perturbation theory.

— The example of QED suggests that partially inclusive cross sections can be calculable
perturbatively by eliminating infrared divergences.

— At very high energies, divergences appear when lines become collinear as well as soft.

— Time-ordered perturbation theory provides a convenient picture of how an amplitude
develops in time. It gives insight into both UV and IR behavior.

— At large times, the effects of interactions among high energy particles vanish, except
for those between collinear-moving and/or soft particles.
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C. Why energy flow is a guide to calculable cross sections: infrared safety

Outline

— The integral of the largest time controls IR behavior.

— Particle emission or absorption requires a characteristic formation time, which di-
verges is the collinear limit.

— The momentum flow evolution of each jet is independent of the others.

— Time-ordered emissions provide ordered branching pictures.

— In cross sections, a free sum over states always cancels long-time behavior by use of
the largest time equation.

— Infrared safe weight functions can provide perturbative cross sections, and properties
of jets.

— Energy correlations offer a window into energy flow.
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e The role of the largest time:

d3¢; 1
(mp|my)™ = > 11

orders mj...my loopst (271')3 lines j 2EJ

n Ta+1 . . - .
X I [iVa 1 qexp|i ( > E(m)) (Ta—1 — Ta) — tEoT1
vertices a=1 jina—1

d3¢; 1
= > 11

orders mj...my loopst (271')3 lines 3 2EJ

n Ta+1 -
X H /oo zva—l—)a exp

vertices a=1""

iz B@) - v B@)|

jina jina—1

With 7,41 = oo.

e So large times are controlled by the 7, integral (“n=F"): the “largest time”.

i\ 5, B0) - x B@)|

jin F jinn—1

/00 iVn—l—)n exp

Tn—1
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Say the final interaction is the splitting of one particle into two, all treated as massless:

©y
<
S
o]

|
x-

state n—1 state n

Here state n = the final state F
All the other energies cancel, and the largest time integral is

/oo dTnz‘Vn_lﬁFei(ZjinnE(ﬁj) — Yjinn-1E@}))n

Tn—1

0 . 3
= [ driV, et

Tn—1

Relabel: p — ki, &k — ko:
A, = E(ki — ko) + E(ky) — E(k1)
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Can use the i€ prescription A — A + ie to make the integral converge. Or, we can
observe that most of this integral cancels out “oscillation by oscillation” . Say 7,,_; — 0:

N Aln [*° daz [cos @ + i sin ]
= 7/0 a:— [sinx — 2 cos x]
= — — [sin0 — 2 cos O]
= Azn Oﬂ/z drsinT

— Only times smaller than 7/2A,, really contribute to the amplitude.

—1/A,, is called the “formation time” of state n.

What is A,, and when does it vanish? When it does, we’'re going to have problems!
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A, = E(k, — ko) + E(ky) — E(k1)

— Kinematics
ki = (P,0r), k2 = (2P,kr), kr < zP K P
— Then
k3, 1 2z P
An = S — =
2zP A, k2,

— Formation time grows for kr — 0 at fixed z (collinear radiation)
and when z — 0 but kr ~ zP (soft radiation).

— In terms of the angle: kr = zP sin 0, for small 6,

1 1 1

A, 02zP  Okr

— At fixed k7, formation time increases as radiation becomes more forward.
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— This is a very general picture of the formation of final states.

— Because the final time limits all other integrals, particles produced at earlier times
can only involve shorter formation times — wider angles and/or larger kr.

— Gives a “branching” picture of radiation. At fixed kr it starts with soft wide-angle,
and moves on to smaller and smaller angles.

— When we probe smaller and smaller angle radiation, we look at states that took longer
and longer to produce.

— As time increases, particle emission of each jet becomes more collimated. The jets
evolve independently.
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— Another popular way of representing radiation “branches”:

branch is a point.
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— In the presence of massless particles, we encounter a divergent time integral when-
ever we find a A,, = 0.

— The point A,, = 0 is exactly a point of stationary phase in k7.

T n AnTn = T Tne‘Tnz =
[ &y [T dr,e" T | &Py [T dr,efmrr/2EE

~ 2mzP /oo %
Tn

— A, = 0 when z = 0 and/or kr = 0: Soft or collinear radiation.

— Now we can motivate the construction of IR finite cross sections.
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Finite-time cross sections and what they represent. Consider the probability for a sum
over states f, each weighted by S|f],

P[S] = zj;s[f] ; <m0|mf>(”/)(mf|m0)(")

— Each matrix element and complex conjugate is a sum of ordered time integrals
— In any term of P[S], as we integrate over times, there is a largest time.

— The largest time may be in the amplitude, or in the complex conjugate. We combine
these two possibilities. Inside the sum over states, we find

/

X [ @I (V] eT AT = i (mg|my)

’
T n—2

A ‘f_l dr Vi_1 g {ie*™S[f] — ie 2™ S[f — 1]}

_ S . .
in (mg|me) = X [[7 P11V 5 . jetfn1Tiol x|

Tn—2

— When S|[f] = S[f — 1] this vanishes! This is called the “largest time equation”. It
is an expression of unitarity — the sum of all probabilities has to be one.

— All that matters is the difference due to the last interaction: V;_;_,r. When this
produces a difference in S|f], the result is nonzero.
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e As in the introductory lectures, we define a set of smooth (symmetric) functions
which depend only on the flow of energy, and not particle content:

Sp+1(P1.+-- (1 — 2)Pny2Pn) = Snt1(P1---Pn)

In our examples, whenever A,, — 0, we only need

Sni1lf] = Sulf —1] ~ KkYs;

for some constant sy with b > 0. Then

/dTn eiAnTn (Sn—i—l[f] — Sn[f — 1]) — Sf/dTn klieiAnTn

e There is now suppression for large times:

dr,,
1+b/2
T1+b/

sy [ d*kr kY [© drpe®n™ = ms;T(1+b) [

e and the perturbative integral will be finite. The largest time integral converges, and so
must the smaller ones,
Our calculations now give predictions, rather than infinities. This is infrared safety.
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e In summary, For any S[f] that respects energy flow, we compute the cross section

P[S] = ?S[f] [(mpmo)|®
e The same applies to jet cross sections themselves if they are desighed to respect the

flow of energy. Here, S[f] is chosen to be unity for states that obey certain conditions
in jet finding algorithms — which depend only on energy flows,

o[Sn—jet] = ?9(5n—jet[f]) [ (g lmo) |

e Once we have identified a set of jets, we can then explore their properties by using weight
functions w,,_je:[f] that reveal their structure,

¢ Wa—jet [f] O(Su—jet[f]) [(mrs|mmo)|*
21 0(Snjes[f]) [{mg|mo)[?

(Wn—jet) =

e These are what we can compute.

44



e An example is the cross section for a cone jet with a given energies,

53

A
A

e

e The smaller (larger) the “resolutions” € and §, the more (less) sensitivity to long times.
We follow the story only to times like 1/Q4.

Other fundamental choices: radiation pattern and and energy-energy correlation

Syad[7] > E; 8% (A — n(ks))

Seec(f1,P2) = X EiE; 6% (hy — n(ks)) 6% (A — (k)
1,
Perhaps surprisingly, we can treat the delta functions as if they were smooth, and if we
integrate over n; ..., we can generate any weight function.
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. . . +om
e Energy correlations link to QFT matrix elements, analogous to o ° :

ENC(R;) = (H /dﬂﬁk> (R — ARp)
k=1
1

L EEDR) . Ei))

e E2C = EEC

o

(i) = lim [ dt r*n"Ty;(t,ri)
r—00

e A direct link also to the actual measurements done at colliders, and to theories beyond
QCD.

e See: Chen, Moult, Zhang, Zhu (2004,11381); Komiske, Moult, Thaler, Zhu (2201.07800) & Lee, Mecal,
Moult (2205.03414) )
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e At the LHC, energy flow is observed with calorimeters, aided by tracking of charged
particles.

e For ATLAS:

ATLAS simulation 2010 ATLAS simulation 2010

Pythia 6.425
dijet event . o
A,

Pythia 6.425
dijet event .

a
=]

|

[tan 6] x sin ¢

0.05 [] 0.05 0.05
Tile barrel Tile extended barrel Itan 6] x cos ¢ [tan 6] x cos ¢
(a) Cells passing selection in Eq. (3) (b) Cells passing selection in Eq. (4)
ATLAS simulation 2010
=g — =
- = : =
LAr hadronic % L P.)_/thla 6.425.' : E [MeV]
end-cap (HEC) % | dijet event i ; 10°
T -
§0.05—
LAr eleciromagnetic 2 = L
end-cap (EMEC) ——— -
[V ) Y | s DO Ny | 5 = SRUOORRROS
LAr electromagnetic -0.05
barrel |
LAr forward (FCal)
0.05
|tan 6] x cos ¢
Figure 1: Cutaway view on the ATLAS calorimeter system. (©) All clustered cells
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e And for CMS:

- -|||||||||||||
200-250 -200 -150

-100 -50 0
X [em]

(a) The (x,y) view

T35
= F
= 24 KoL
2450 - E4
250
g - T
r T2
255 z‘ % E1
265 ,
2650 E3 W@?
27 = E2
L | Lol

e b b b b b ey
0.65 0.7 0.75 0.8 0.85 09 095 1 1.05

(b) The (1, ¢) view on ECAL

48

—

T
5-2.35
S

el

= 24 KoL

-2.45

-2.5

-2.55

-2.6

-2.65

-2.7

(c) The (4, ¢ ) view on HCAL
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e Example of a new window into the boundaries of pQCD: EEC as a function of anglular
(and rapidity) separation (Rp).

oD _

100 g

+ Charged-Hadron EEC

10! & i
Q E ]
E Free Hadron @ Transition Quarks/Gluons
= B i
0&) 2L *W o .
= 1 O E .i:i' E
< E + ]
g s L
3 'f‘+
Z. '[‘ CMS 2011 Open Data

102

.[._[_.[.'FI' AKS Jets, [ < 1.9

Pt € [500, 550] GeV +
rl:[. CHS, pf© > 1 GeV
10'3 10-2 10_1 100

Ry,

—
[e]
~

e “Flat” portion is a direct result of (p+k)? ~ p°k"6? for 1 to 2 splitting. The “transition”
shows the turnover from pQCD to hadronization.
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Summary, Part C

e The integral of the largest time controls IR behavior.

e Particle emission or absorption requires by a characteristic formation time, which diverges
is the collinear limit.

e Jet evolution is independent.

e Time-ordered emissions provide angular-ordered branching pictures.

e In cross sections, a free sum over states always cancels long-time behavior by use of the
largest time equation.

e Infrared safe weight functions can provide perturbative cross sections, and properties of
jets.

e Energy correlations offer a window into energy flow

20



D. How jets are found and their cross sections computed

Outline

e The simplest example is the cone jet in ete™ annihilation. Predictions for hadrons from
computations with partons.

e Thrust illustrates both jet finding and quantification by weight.
e Jet algortihms for hadronic collisions and IN-jettiness can assemble and quantify hadronic

jets.

e These methods are phenomenologically successful.
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“Seeing” Quarks and Gluons With Jet Cross Sections

e Simplest example: cone jets in eTe™ annihilation. All but fraction € of energy flows into
cones of size 6. We proceed by calculating the jet cross section with quarks and gluons,
imposing the jet constraints on partons, interpreting the result in terms of hadrons.

3!

e
2

e Intuition: eliminating long-time behavior < recognize the impossibility of resolving
collinear splitting/recombination of massless particles.

e We can specify the “jet energy” flowing into the cone, or integrate subject to soft
radiation outside the cone.

e We can keep the cone fixed in space, or calculate probability of events for which any
cone receives a fixed energy.

e We can change ¢ or §: There is no unique definition of the jet, but we can calculate how
the probabilities change with the definition! This is the essence of QCD jet physics.
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Diagrams at order a:

2
Sl 1L

e The gluon can be collinear to either outgoing quark or antiquark or may be soft.

e For hadron-hadron scattering, more diagrams and gluon can be parallel to an incoming
line.

e We can compute both the total and cone jet cross sections.
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At order o, the kind of integral we encounter, for both virtual and real gluon is:

, &k 1 1
ap-p’ |
2k 2pok(1 — cos Op;) 2pyk(1 — cosO,yy,)
For virtual gluon, go to overall c.m., where p = —p’ are back-to-back. Then (Q = py):
. o dk 27 d cos 0
virtual : = /
0 2k/71 (1 — cos?0,)
For the real gluon, p'and p’ = —p — k are back-to-back when k is collinear to either P
or p’ or soft, so:
Q dk 1 27 d cos 0 .
real : = — finite
+/0 2k /_1 (1 — cos?0u) +

Singularities cancel even without IR regularization.
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e See how IR safety emerges with IR regularization: total ete~ annihilation cross section

to order ;. Lowest order is 2 — 2, aéo) = oL0, O3 Starts at

order og.

— Gluon mass regularization: k* — (k* — m2)

4o 2 5
a'émG) = O'Loga (ZIHZQ—gan—ﬂ-—I—)
2

0y my my 6 2
4 o T 7
g g

which gives

o
1+ %]

Otot — OémG) + O';E,mG) = OLO
T

— Pretty simple! (Cancellation of virtual (o2) and real (o3) gluon diagrams.)
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— Dimensional regularization: change the area of a sphere of radius R from 47 R? to

(471')(1_8)1{2((11__86)))R2_25 with e = 2 — D/2 in D dimensions.

"LO:C:: ((3 —~ ;1>_r<2) 2— ze)) (43;2)6

(1 3 2 19)
X| 5 —o-— o+

ol®)

ez 2e 2 4

of) = oo|l — 4o ((3 - ;15);‘(82)2_ 26)) (42;2>€

which gives again

Otot = UémG) + a?(,’"G) = 09

o
1+ %]

v

e This illustrates IR Safety: o2 and o3 depend on regulator, but their sum does not.
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At order a,: the virtual has the same integral as for the total cross section:

virtual : = —/ ok dcos 0

Now the phase space for a real gluon is smaller, but still includes all regions where p and

p=—p— k are back-to-back when k is collinear to either or soft:

e dk 1_52)2 2w dcos@
1: ~ —
rea * /0 2k7-119%/2 (1 — cos?O,)
/Q dk (/ 1+52/2) 2w dcos 0
1- 52/2 (1 — cos?6y)

Again singularities cancel even without IR regularization.
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e Finite, with no factors Q/m or In(Q/m), a nice example of Infrared Safety.

e In this case,

4o

2 5
41n51ns—|—31n5—|—3—|—

3
027(Q,0,€) = 80'0(1 + cos? 9) (1 — 5

T

e Perfect for QCD: asymptotic freedom — da,(Q)/dQ < 0.

e No unique jet definition. <> Each event a sum of possible histories.

e Relation to quarks and gluons always approximate but corrections to the approximation
are computable.
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e As we've seen, to identify and quantify back-to-back jets, we can use
T = —max; Y |n - p;| = —max, > E;| cos 6|
S i S i

with 8; the angle of particle ¢ to n,, which we can define as a jet axis.

o T' =1 for “back-to-back” jets, or

™ = 1—-T — 0

e The thrust is IR safe precisely because it is insensitive to collinear emission (split energy
at fixed 6;) and soft emission (E; = 0).

e Once jet direction is fixed, we can generalize thrust to any smooth weight function:

T[f] = > E; £(0;)

particles 7 in jets

and we will ...
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e This approach, as above, with best available perturbative calculations and nonperturba-
tive input, works really well (again 7 = 1 — T'): (From R. Abbate e al. 1006.3080.)

Fit at N3LL' for as(mz) & Qq

0.3F

theory scan error
0.2+ i
® DELPHI
® ALEPH
0.1+

PRI S B S S S SN S ST S SR SN SN S SR RS SR ST S RSt
0.10 0.15 0.20 0.25 0.307-

FIG. 13: Thrust distribution at N®LL’ order and Q = myz
including QED and my corrections using the best fit values
for as(mz) and Q1 in the R-gap scheme given in Eq. (68). The
pink band represents the perturbative error determined from
the scan method described in Sec. VI. Data from DELPHI,
ALEPH, OPAL, L3, and SLD are also shown.

e Of course, not every event qualifies as a two-jet event (large 7).
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For possibly multi-jet events, “cluster algorithms”.

o ycut Cluster Algorithm: Combine particles 7 and 7 into jets until all y;; > ycu, where
(e.g., “Durham alogrithm” for ete™):

Yi; = 2min (Ezz, E]2> (1 — cos 6;;)

e The number of jets depends on the variable y..;, and the dependence on the number of
jets was an early application of jet physics. (Reproduced from Ali & Kramer, 1012)

100 — —
[ OPAL. 912Gev
S0 | D-scheme 7

emxaA Data i
[ o Jetset partons |
40 | N . —— Jetset hadrons{
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e To identify jets in hadronic collisions, jets are only well-defined away from the beam axis,
so (instead of energy, E;) use kinematic variables defined by the beam directions:

transverse momentum, azimuthal angle and rapidity:

k¢

¢

1 (E-I-P3>
y=—1ln

2 E—pg

e The beams define the ‘3-axis’.
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e Cluster variables for hadronic collisions:

2
. — mi 2p  1.2p (]
d;; = min (kti , ktj> R

A?j = (y; — y;)* + (¢ — ¢j)*. R is an adjustable parameter, analogous to the “cone
size” .

e The most common choices:
— p =1 k; algorithm (the “classic”)
— p = 0 “Cambridge/Aachen”

— p = —1 “anti-k,” (probably the most common)

e For a given R, we effectively set S,je;[f] = 1 for all final states that reconstruct n jets.

e Each step in a clustering process is IR safe, so can “groom” jets by calculating jet
properties in terms of only energetic clusters. Such constructions are actually more
inclusive in soft radiation. “Mass drop” is one such technique.
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e Could take R small, then jets are “narrow” but to quantify how “good” the jets are a
popular and convenient measure is N-jettiness, a sort of generalization of the thrust to
multijets:

1

TN Q2 > min (gq * Pks Qb * Pk« - - N * Dk)

generalizable to a class of “N-subjettiness” jet measures

e ]_ o [0} (87 8
TJ(V) — Eme(le,sza 'Oi,N>

J 1
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Jets in hadron-hadron scattering

— General relation for hadron-hadron scattering for a hard, inclusive process with mo-
mentum transfer M to produce final state FF = J; + Jo + ...+ X:

1 R
d0H1H2(p19p29 J19 J2- ) — 2%)/0 dga dgb dUab—)F+X (€ap17 gbp% ']17 J2- oo 9“)
><qba/Hl (faa N) ¢b/H2 (Sba N')a

— The jets are calculated by clustering quarks and gluons according to the same algo-
rithm used for hadrons in experiment.

— Parton distributions, short distance “coefficients” and functions of the jet momenta
tell a story of autonomous correlated on-shell propagations punctuated by a single
short-distance interaction.
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Correlated and “autonomous” dynamics. The data confront calculations ...
(note the “anti-k1”)

pp @ =8TeV CMS Prellmlnary
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] — 8 oF o NLOJET+ U 05sy <10 (x10) —
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Summary, Part D

e The simplest example is the cone jet in ete™ annihilation. Predictions for hadrons from
computations with partons.

e Thrust illustrates both jet finding and quantification by weight.

e Jet algortihms for hadronic collisions and IN-jettiness can assemble and quantify hadronic
jets.

e These methods are phenomenologically successful.
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Conclusion

e There is so much more.

e For more on jet substructure, see Appendices, but also ...
e Jets in cold and hot nuclear matter.

¢ Radiation between jets.

e The entropy of jets and their entanglement.

e The LHC is providing unprecedented data on perturbative and nonperturbative dynamics
in jets.

e Perhaps it will lead to a theory that ties these together.
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Appendix: More on jet shapes, their resummations in and beyond perturbation theory

Summary

e Jet shapes like angularities and energy correlations are generalizations of thrust that
provide varied information on jets substructure.

e Modifying jet shapes through soft drop and related grooming procedures can shed light
on jet evolution and aid in the identification of jet partonic origins: quark, gluon, standard
model vector or Higgs ...

e Thrust resummation illustrates the interplay of perturbative and nonperturbative dynam-
ics.
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Varieties of jet shapes

e Jet shapes describe QCD dynamics and can reveal the origin of jets, individually or sta-
tistically: quarks vs. gluons, but also QCD vs. boosted heavy particles. very briefly.

e Angularities as a generalization of thrust. Starting with the thrust axis, define

1

r, = — Y kjpe—1-a)nl
E; ics
~ i Y E; Q32—
;O
Ej icy ¢
Interpolates between the total cross section (a = o0), the thrust (a = 0) and “jet

broadening” (a = 1).

As a changes, we re-weight, to favor wide- or small-angle radiation, depending on a.
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e A generalization: energy flow correlations

1
(@) — —_ v FE,E;0¢
e i ”

2 E2ides = Y

As above, but more insensitive to unobserved soft radiation at large a (favors hard, for-
ward).

e These can be single particles, or calorimeter clusters.

e Can generalize further, to three- and more-point when we want to distinguish QCD ra-
diation from boosted particle decays.

Every event provide 7, for all a. That’s a lot of information, depending differently on
wide- and small-angle radiation — variables like these can play roles in “tagging”’ jets.
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Soft drop: grooming

e “Grooming” is a general term for pre-processing a jet, before measuring its mass or other
quantity.

¢ In looking for boosted heavy particles, we’d like to remove “incidental” QCD radiation
from pile-up or the underlying event, resolving “subjets” that might represent things like
H — bbort —+ Wb — udb. These should “stand out” from a flatter distribution of
soft particles. If we want to measure the “true” mass we are better off neglecting these
soft particles. To do so, we recluster with a smaller R.

Examples used by ATLAS and CMS are:
e Trimming: drop subjets with less than 5% (or so) of the total jet pr.

e Soft drop: classify the subjets according to their likely ordered branching (roughly for-
mation time). Now they are sequential, and drop those that don’t obey

min [pT,i s ij]

Pr; + PT,j

Rz-j)@
R

> Zcut (
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e Soft drop illustrated by ordered branches ...and on a Lund plane (where 3 gives the
slope separating cut from uncut):
(Y.-T. Chien, 2019 SCET)

dropped
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e and on a Lund plane (where 3 gives the slope separating cut from uncut):
(Y.-T. Chien, 2019 SCET)

log%A

6 = 15, Zeut — 0.5

Soft Drop
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e Jet autonomy and resummations: the ubiquity of Sudakov logarithms and the concept
of “Sudakov safety”.

Factorization structure in the limit of narrow jets:

do a+ b — Nigs
(Q? dQ Jt):HIJ@ _l_Ib’PC//C XSJIXHJ’L

e A story with only these pieces:

e Evolved incoming partons P /., Py collide at Hy,
I, J label color exchange in M and M,

e Outgoing jets J; and coherent soft emission S;;.

e Holds to any fixed af, all In” 1/Q up to ~ E./Eje; corrections.
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e For Angularities: The Cross section is a convolution in contributions of each jet and a
soft radiation function

O-(Taa Q7 CL) — HIJ /dt /dt SJI(t ) H J(tzasz)

jets ¢

XO(Xt; +1ts — 7a)

e It's convenient to use a Laplace transform

o (TayQ,0a) = | dve’™ Hpy Syi(v) 11 Ji(v, i)

where we define f(v) = [°dte " f(t).

e Logs of v space exponentialte, just like IR divergences in QED!

o(v,Q,a) ~ eEv:a)

where E has double-log (Sudakov) integrals over the running coupling

Ldu, “Q° dp? - ’
E(v,Q,a) = /u{ / ZZTA (s (pr)) (e—u v(pr/Q)* _ 1)

o u u2Q?2 D7

(Oés(\/_Q)> ( —u(v/2)¥/(@-a) 1)}

l\D\I—l
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Through the coupling nonperturbative scales enter perturbation theory

e Perturbation theory isn’t self-consistent — but it shouldn’t be! But its failure may tell
us about the form of nonperturbative contributions. Presents the form that its “infrared
completion” should take

e For pr > K, perturbation theory is fine., pr < Kk, expand exponentials

e for low pr, replace perturbation theory by fnp “shape function”

E(v,Q,a) = Epr(v,Q,K,a)

roe B - )/ZT P A (ca(pr)) + -

1—a n=1 nn! b

Epr(v,Q,k,a) + In fa,NP (;7 "6)
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e Shape function factorizes in moments — convolution

0 (74, Q) = [ d€fanp(€) opr(Ta — &, Q)

e ete™: fit at Q = My =-predictions for all Q, any (quark) jet.
e Portable to jets in hadronic collisions.

e And will be sensitive to gluon/quark origin of the jet

e Scaling property for 7, event shapes

(C.F. Berger & GS (2003) Berger and Magnea (2004))

e Test of rapidity-independence of NP dynamics (C. Lee, GS (2006); SCET)

n § v B 1 00 N v\"
 fane (Q"‘) “1—a . (_Q)

)= [l

1—a
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e Recent comparison with data seems to work pretty well. (G. Bell et a/ 1808.07867.)
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Figure 15. NNLL' resummed and O(a?) matched angularity distributions for all values of a con-
sidered in this study, @ € {—1.0,—0.75, 0.5, —0.25,0.0,0.25,0.5}, at Q = mz, with as(mz) = 0.11.
The blue bins represent the purely perturbative prediction and the red bins include a convo-
lution with a gapped and renormalon-subtracted shape function, with a first moment set to
Q1 (Ra,Ra) = 0.4 GeV. Overlaid is the experimental data from [48].
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Summary, Appendix

e Jet shapes like angularities and energy correlations are generalizations of thrust that
provide varied information on jets substructure.

e Pre-processing jet shapes through soft drop and related grooming procedures can shed
light on jet evolution and aid in the identification of jet partonic origins: quark, gluon,
standard model vector or Higgs ...

e Thrust resummation illustrates the interplay of perturbative and nonperturbative dynam-
ics.
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