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The scales at play
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[Introduction] The Scales at play

cosmic rays, astrophysics, cosmology

g-2, dark matter searches, proton decay, ...
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cosmic rays, astrophysics, cosmology

g-2, dark matter searches, proton decay, ...
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fintroduction] The Large Hadron Collider

The LHC and its Experiments

The world’s largest fundamental
physics endeavour

Designed to be 7x more powerful
than its predecessor, Tevatron

Involving O (10 000) scientists
From about 60 countries

* ~16.5 mi circumference, ~300 feet underground

11 . perconducting twin-bore Dipoles (49 ft, 35 t each)
At a COSt Of Several b I | I on U S$ b Field Strength 8.4 T (13 kA current), ng Temperature 1.9
+ Beam intensity 0.5 A (2.2 10°¢ loss causes quench), 362 MJ stored energy

This talk is about one of the facets of discovery at the LHC:
The use of Quantum Chromodynamics, i.e. the theory that governs
the behaviour of quarks and gluons

QCD and the LHC



What does discovery look like?
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[Introduction] What kinds Of SearCheS?
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What kinds of searches?

=
<%

ATLAS — Standard Model
I multijets
BV
Ldt~35ph" EMZtets
Jro-mw' m

it
@ single top
@@ Dibosons

10

Entries / 100 GeV

1

o

1lepton: e,y

—

=
<
T

O

G. Salam (CERN/Princeton/LPTHE

T "¢ Data2010 (s =7 Tev) |

-« MSUGRA my=360 m, =280

400 600 800 1000 1200 1400
my [GeV]

Unreconstructed
SUSY cascade.
Study effective mass &
(sum of all transverse
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Broad excess at high mass scales.

Knowledge of backgrounds is crucial is
declaring discovery.
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How do you predict a background?
The LHC collides protons — made of quarks and gluons.

The theory that governs the behaviour of quarks and
gluons is Quantum Chromodynamics (QCD)

QCD and the LHC 7



[QCD]

QCD

QCD, an SU(3) Yang-Mills theory, gives the rules for the interaction of
quark fields (1) with gluon fields (A), and gluon fields with themselves.
Most simply expressed in terms of the Lagrangian

- . L A
L= @ba(”Yuau(sab - gs’)’utaCbA;(j —m)p — ZF;\L FAK

FlfV = (9“./43 — (91,./43 — 8&s fABCAﬁAVC [tA, tB] = fngctC
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e The QCD coupling

One key parameter: the strength of cxs(g; 2008

the interaction, i.e. the strong
coupling ‘constant’ as = g52/47r

s a Deep Inelastic Scattering

041 oe ¢e'e Annihilation
os Heavy Quarkonia

1 0.3
a ~
Q) = e
Nobel: Gross, Politzer & Wilczek o2
» strong interactions at proton (GeV) scale |
» weak interactions at LHC (TeV) =QCD_as(Mz) =0.1184 00007
1 10 100
scales: Q[Gev]
Bethke '09

as(1 TeV) ~ 0.09
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[QCD] QCD predictions

Given small coupling, the most widespread approach to
making QCD predictions is perturbation theory.

E.g. using Feynman diagrams; basic rules for QCD known for ~40 years
recursive techniques for trees (late 80's); unitarity for loops (90's and 00's)

A cross section o is written as a series in powers of a:

o = 02043

——
leading order (LO)
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[QCD]

Controlling QCD for discovery

We can only approximate QCD (e.g. LO, NLO, etc.).

Discovery comes if you have an excess with respect to a QCD
prediction accounting for its uncertainties.

Standard Model J
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and uncertainty
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oo Controlling QCD for discovery

We can only approximate QCD (e.g. LO, NLO, etc.).

Discovery comes if you have an excess with respect to a QCD
prediction accounting for its uncertainties.
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[QCD]

Controlling QCD for discovery

A non-issue?

Even for a basic leading-order approximation, with ay ~ 0.1,
expect ~ 10% uncertainty from missing NLO(?)




el How well does QCD perturbative series converge?

NLO
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aeo How well does QCD perturbative series converge?

. ) ) NLO
Consider LO, NLO and their ratio K = ——
LO
10* ‘ :
3 1A Lo B3 Look atp , of
< 107§ \ NLO EE 1 Z—boson Z-boson
© ]
o
—
= ] %
N
5 proton proton
=)
© 4
o | PP.14TeV MCFM
200 400 600 800 1000 1200 1400 quark

Pz [GeV]

K of 1.5 is compatible with being 1 + C X asg, with quite large C J

To date, no generalised understanding of size of C when in range 5 — 10
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[QCD]

How well does QCD perturbative series converge?
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el How well does QCD perturbative series converge?

Consider LO, NLO and their ratio K = %

Lo
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o
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Rubin, GPS & Sapeta '10
What can it possibly mean to do perturbation theory if the “O («s)”
NLO correction is so much larger than LO?
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[QCD]

So what happens at the next order, NNLO?

The last examples are somewhat extreme. In such cases, it's fair to
ask the question:

What happens at the next order? Does QCD converge?

Despite over 10 years' work by many people, not a single NNLO
calculation exists for a hadron-collider process with coloured particles
in the final state.

Several groups working on NNLO for this and related processes; maybe
Z—+jet jet process will be completed in a year or two or ...7

Gehrmann family, Glover, Heinrich & al

Weinzierl

Somogyi, Trocsanyi, Del Duca, et al.

Czakon, Mitov, et al.

etc.

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 13 / 36



[aco] Why the large K-factor from LO to NLO?

In absence of a full calculation at

NNLO, try to gain physical insight



oo Why the large K-factor from LO to NLO?

Leading Order Next-to-Leading Order
z z
LE R R 00800
g 1 9 q
2
AsCEW A EW
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oo Why the large K-factor from LO to NLO?

Leading Order Next-to-Leading Order
z
z
LE R R
g 1 9 a
p
Qs EWY afaEW In? I\/I—tz

LHC probes scales well above EW scale, /s > M.
EW bosons are light.
New (logarithmically enhanced) topologies appear.
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oo Why the large K-factor from LO to NLO?
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[QCD]

Physical understanding — better predictions

Since dominant contribution comes from Z+-2 partons, try combining NLO

Z+parton with NLO Z+2 partons. LoopSim: Rubin, GPS & Sapeta '10
p: of jet 1 Never achieved previously
10 [mj LO MCFM 5.7, CTEbeM
B , 14 TeV F—
U NLO aniik, R=0.7 We call this iINLO |
17777772 nANLO (u dep) Pm>200 GeV
o B ANLO (R,  dep) n Not quite full NNLO
- But has many of its qualities
S 6
S
Q . . .
g 41 » py distribution seems to
X —
converge at nNLO
2t _
L I » scale uncertainties reduced by
0 ‘ ‘ ‘ ‘ ~ factor 2
250 500 750 1000 1250

Pyj1 (GeV)
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[QCD]

Physical understanding — better predictions

Since dominant contribution comes from Z+-2 partons, try combining NLO
Z+parton with NLO Z+2 partons. LoopSim: Rubin, GPS & Sapeta '10
N hieved iousl
HT jets = Ejets Pt ever achieved previously
MéFM 5.7, C';'EQGM ‘ ‘
pp, 14 TeV
1000 | antik, R=0.7

Pejo > 200 GeV

2 We call this iNLO J

Not quite full NNLO

o
T 100} 1 But has many of its qualities
2 : LO 111
*§ s NLO
T w0} ANLO (udep) 77271 » Signficiant further
ANLO (R, g de
(Rus dep) enhancement for Hr jets
1 peerrrrrrr ettty » aNLO brings clear message:
500 1000 1500 2000 2500 HTJets is not a good

Hr jots (GeV) observable!

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 15 / 36



1000

100
3
Q 10 Really New Physics?
[=X
S 1 .
g What went into the QCD
© ..

0.1 b QCD prediction prediction?

and uncertainty
0.01 ‘ ‘ ‘
200 400 600 800 1000

p; [GeV]

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 16 / 36



As if “giant” K-factors weren't bad enough. ..

How about infinite K-factors?

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 17 / 36



[Jets]

Quarks & gluons? You never see them

Start off with quark and anti-quark, qq

QCD and the LHC 18 / 36



[Jets]

Quarks & gluons? You never see them

In perturbative quantum chromody-

namics (QCD), probability that a

quark or gluon emits a gluon: 0
dE do

~N ——

E 0

Diverges for small gluon energies E
Diverges for small angles 6

ol

A quark never survives unchanged
it always emits a gluon (usually low-energy, at small angles)
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Quarks & gluons? You never see them

In perturbative quantum chromody-
namics (QCD), probability that a
quark or gluon emits a gluon:

dE do

~N ——

E 0

Diverges for small gluon energies E
Diverges for small angles 6

ol

Each gluon radiates a further gluon
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[Jets]

Quarks & gluons? You never see them

In perturbative quantum chromody-
namics (QCD), probability that a
quark or gluon emits a gluon:

dE do

~N ——

E 0

Diverges for small gluon energies E
Diverges for small angles 6

ol

And so forth
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[Jets]

Quarks & gluons? You never see them

In perturbative quantum chromody-
namics (QCD), probability that a
quark or gluon emits a gluon:

dE df

~N ——

E 0

Diverges for small gluon energies E
Diverges for small angles 6

Meanwhile the same happens on other side of event
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[Jets]

Quarks & gluons? You never see them

In perturbative quantum chromody-
namics (QCD), probability that a
quark or gluon emits a gluon:

dE df

~N ——

E 0

Diverges for small gluon energies E
Diverges for small angles 6

ol

And then a non-perturbative transition occurs
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[Jets]

Quarks & gluons? You never see them

ES

Giving a pattern of hadrons that “remembers” the gluon branching
Hadrons mostly produced at small angle wrt qg directions or with low energy

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 18 / 36
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[Jets]

Quarks & gluons? You never see them

Instead of quarks and gluons, one sees “jets” of hadrons.

How can you compare a calculation of quarks and gluons
to a measurement of hadrons?

What happens to the divergences that arise in
perturbative QCD beyond leading order?




[Jets]

Jets made systematic: jet definitions

AR

LO partons NLO partons parton shower hadron level
Jet | Def " Jet | Def " Jet | Def N Jet | Def "
jetl jet2 jetl jet2 jetl jet2 jetl jet2

VOV NV

LHC events may be discussed in terms of quarks, quarks+gluon, or hadrons

A jet definition provides common representation of different “levels” of
event complexity.

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 19 / 36



et QCD jets flowchart

[Tree level J [Monte Carlo]q— - <{ nwo )

Jets (theory tool)

SUOI322.1100 dN+

MC + Tree

Jet X-sct

Detector sim.

Jet X-sct

Detector unfolding

DETECTOR

Jet (definitions) provide central link between expt., “theory” and theory
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et QCD jets flowchart

[Tree level ] [Monte Carlo]-— - -@

/

v

~(HC validation)

N
G-

Jets (theory tool)

SUOI322.1100 dN+

MC + Tree

Jet X-sct

Detector sim.

Jet X-sct

Detector unfolding

DETECTOR

Jet (definitions) provide central link between expt., “theory’
And jets are an input to almost all analyses

and theory
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ets A $100 000000, 20-year old problem

A significant community of QCD theorists has spent the past ten years
making accurate calculations of signals and backgrounds at the LHC (with
remarkable advances in field theory on the way)

O (100) people x 10 years ~ $100000 000

Problem 1: the jet definitions previously used by LHC experiments were
not compatible with these calculations — they “leaked” infinities:

2 3
O=C0s+ Cag +00ag + -

Problem 2: the jet definitions advocated by theorists since 1990's had
been mostly shunned by proton-collider experiments

a) bad response to experimental noise
b) severe computational issues (1 minute/event x10™ recorded events)

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 21 / 36



[Jets]

Solving the jets problem

Discovered a link between QCD jet-finding and problems
of 2D computational geometry

Cacciari & GPS '05
Many techniques could be carried over from comp. geom field

Developed a theory of the interplay between jet-finding,
QCD radiation and experimental noise

Cacciari, GPS & Soyez '08
A crucial element was linearity of response

Proposed a new jet-definition based on what we'd learnt

anti-k
t Cacciari, GPS & Soyez '08
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[Jets]

How anti-k; works:

» Define pairwise i—j distances

1
dj =min | —,— | AR?
ti Pt

» Define single-particle distances
1

dis = —

Pi

> If smallest is dj; merge i
and j

» If smallest is d;g call / a jet

A non-intuitive successor to
k; alg of Catani et al. '91
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You can cluster anything

How anti-k; works:

» Define pairwise i—j distances
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» Define single-particle distances
1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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[Jets]

You can cluster anything

p/GeV

40 A

30 -

How anti-k; works:

» Define pairwise i—j distances

11
dj =min | =, | AR;
Pii Py

» Define single-particle distances
1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.0492063

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

» If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.052381

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

» If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.0904762

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

» If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.103175

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.14127

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV
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How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.169841

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything
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30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.181222

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything
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How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.421097

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything
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How anti-k; works:
» Define pairwise i—j distances
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» Define single-particle distances
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dis = —
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> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything

p/GeV

40 A

30 1

] DeltarR {ij} = 0.478454

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything
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How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

You can cluster anything

p/GeV

40 A

30 1

] Deltar {ij} = 0.947691

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91
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You can cluster anything
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How anti-k; works:
» Define pairwise i—j distances

1 1
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ti Pt
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1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
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You can cluster anything

p/GeV
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30 1

] Deltar {ij} = 0.949818

How anti-k; works:
» Define pairwise i—j distances
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ti Pt

» Define single-particle distances
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Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
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You can cluster anything
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How anti-k; works:
» Define pairwise i—j distances
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ti Pt
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Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
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You can cluster anything
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[Jets]

You can cluster anything

p/GeV

40 A

30 1

How anti-k; works:
» Define pairwise i—j distances

1 1

dj =min | =, | AR;
ti Pt

» Define single-particle distances

1

dis = —

Pti

> If smallest is dj; merge i
and j

» If smallest is djg call i a jet

A non-intuitive successor to
k: alg of Catani et al. '91



[Jets]

How does anti-k; fare?

Timing v. particle multiplicity 2005
102 | ——————r ————— —_—

Tevatron LHC Io-Iur;ni LHC hi-lumi ' LHC Pb-Pb
100 1000

N 10000 100000

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 24 / 36



[Jets]

How does anti-k; fare?

Timing v. particle multiplicity 2008

102 | — T

LHC Io-Iur;ni

LHC hi-lumi '

LHC Pb-Pb

100 1000

G. Salam (CERN/Princeton/LPTHE

N

10000 100000

in critical region of N ~ 2000 — 4000
1000 times faster than previous attempts with similar jet algorithms
FastJet code available publicly at http://fastjet.fr/

QCD and the LHC

24 / 36


http://fastjet.fr/

[Jets]

How does anti-k; fare?

0.8

0.75

0.7

Experimental sensitivity to noise

/ NTruth

Matched

Efﬂclency NTh

E atlas g
S bt i ]
- g A E
r —a HDR ]
e -
ok ]
ey . =
- |Cone 0.4 =
ni .
- « [Kt4 T =
= ~|8ISC g
L Lo bl T -
2 3
Francavilia 10 iy

G. Salam (CERN/Princeton/LPTHE

As good as, or
better than all
previous
experimentally-
favoured
algorithms.

Essentially because
anti-k; has linear
response to soft
particles.

QCD and the LHC 24 / 36



[Jets]

How does anti-k; fare?

Coefficient of “infinity”

JetClu 50.1%

SearchCone 48.2%

MidPoint 16.4%

Midpoint-3 15.6% Safe for perturbative QCD
predictions:

PxCone 9.3%

No “leakage” of infinities

Seedless [SM-p,] 1.6% to higher orders

0.17% Seedless [SM-MIP]

0 (nonein 4x109) Anti-Kt, SISCone

" P | " P | " P | " P | " P
10® 10 103 102 101 1

Fraction of hard events failing IR safety test

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 24 / 36



[Jets]

Anti-k; contained in FastJet

A program that brings together theoretical physics and computational
geometry. Cacciari, GPS & Soyez '06-

-y

,pragram downloads ,manual+doxygen ,other (main page, FAQ, etc.)
In 2009: about 40000 page loads from 3300 IP addresses, in 2 1000 locations.
[After exclusion of robots]



(= ATLAS & CMS use anti-k; for all their jet-finding

Er = 44 GeV/c, ¢ = 1.8

CMS Experiment at LHC, CERN
Data recorded: Sun Jul 18 17:44:17 2010 CEST
Run/Event: 140385 / 90009543
Lumi section: 101

Orbit/Crossing: 26434904 / 101

pe= 61 GeV/c,n=-04, @ = I.1
b-tagged Jet
p:= 68 GeV/c,n =-1.7, p = 2.2

pe=73 GeV/c,n=-1.3, p = -0.2

Electron p:= 41 GeV/c
n=04,¢p=-22

b-tagged Jet
pe= 109 GeV/c, n = -0.6, @ = -1.7

Mt =77 GeV



e ATLAS & CMS use anti-k; for all their jet-finding

~102F L L s S, JF H“H!‘
% 4 ATLAS Preliminary o o Lot h (ODJ 10% : gl:/\S pata @9po)
Q 10 Ns=7 TeV ié_ 10° [ 10% JES Uncertainty -
£104) = - = ENX - QGD Pythia + GMS Simulation 3
Ke] MG (Pythia LO + Parton Shower, normalised to data) 3 = 0%k ----- Excited Quark -
% 1 0-5 [ Statistical errars only ;! % % — - String \s=7TeV %
5_10_67 7 S 10¢ hi<25&ani<13 5
107 anti-k, A=0.6 ‘ ! ?q‘ 05TV é
1%k " l2.8 i 10—1? s@Tey)
10k 2 107 é
107 1 10°¢
10—117. Y A Y S T L 0 e I T 104; ‘ ‘ | | i
0 1000 2000 3000 4000 5000 T Y e e e T
500 1000 1500 2000
my; [GeV] Dijet Mass (GeV)

Among the handful of LHC searches so far, anti-k; jets have probed
the highest scales, ~ 2 TeV, about twice as high as Tevatron.



Signal ?

/

Anti-k; solves a long-standing
problem, crucial in providing a
common language to compare
theory and experiment.

do/ dm [log scale]

mass

But is QCD really about noth-
ing other than comparing the-
ory and experiment?

do/ dm [log scale]

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 27 / 36



The quest for the Higgs

Using jets better, in order to make discoveries possible

QCD and the LHC 28 / 36



Test of the SM at the Level of Quantum Fluctuations

t

t

H

\

indirect determination of the top mass

top mass (GeV)
H

| 4
E:

| first resuits

PSP VAT B S PP (AP

7l

3
%
H
g
%
g
i
i
:

prediction of the range
for the Higgs mass

e

possible due to
* precision measurements
» known higher order

electrowi ik correns




[Discovery]

Higgs mass and Higgs decays?

Migp [GeV]

There's some likelihood that
the Higgs boson will be
“light”, My ~ 120 GeV

68%, 95%, 99% CL fit contours incl. m,, WA

L‘ikely‘ Higgs M‘ass E

50 100 150 200 250 300 350 400
M, [GeV]

LEP 95% CL

QCD and the LHC 30 / 36



[Discovery]

Higgs mass and Higgs decays?

Migp [GeV]

There's some likelihood that
the Higgs boson will be
“light”, My ~ 120 GeV

50 100 150 200 250 300 350 400
M, [GeV]

If it is, crucial test of whether
it is the Higgs, will come
from measuring several dif-
ferent decays

Remember: Higgs couplings

intimately related to origin

* 5o 100 200 00 2001 of particle masses

QCD and the LHC 30 / 36



[Discovery]

H — bb (main light-Higgs decay) v. hard to see

Best hope is pp — W*H, W* — (=v, H — bb.

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 31/ 36



[Discovery]

H — bb (main light-Higgs decay) v. hard to see

Best hope is pp — W*H, W* — (=v, H — bb.

1500

Conclusion (ATLAS TDR):

Events / 4 GeV

“The extraction of a signal from H — bb
decays in the WH channel will be very
difficult at the LHC, even under the most
optimistic assumptions [...]"

1000

Low efficiency, huge backgrounds, e.g. tt

+ pp — WH — Lubb + bkgds
. [ ATL‘AS TDR

0 I R I I

b
0 50 100
m; (GeV) H

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 31/ 36



[Discovery]

H — bb (main light-Higgs decay) v. hard to see

Best hope is pp — W*H, W* — (=v, H — bb.

>
S L Conclusion (ATLAS TDR):
z i
2 i “The extraction of a signal from H — bb
1000 |- decays in the WH channel will be very
i difficult at the LHC, even under the most
- optimistic assumptions [...]"
00 Low efficiency, huge backgrounds, e.g. tt
| + pp — WH — Lubb + bkgds b
Lo ATLAS TDR b
0 D T /
m,; (GeV) / H
A
Try a long shot? ,\/\/Z
» Go to high p; (ptr, prw > 200 GeV) W

» Lose 95% of signal, but more efficient?
» Maybe kill tt & gain clarity?

QCD and the LHC 31/ 36



[Discovery!

H — bb (main light-Higgs decay) v. hard to see

Question:

What'’s the best strategy to identify the

two-pronged structure of the boosted
Higgs decay?




3 QCD principles help guide our analysis

» QCD radiation from a boosted Higgs decay is limited by
angular ordering

» Higgs decay shares energy symmetrically, QCD
background events with same mass share energy
asymmetrically

» QCD radiation from Higgs decay products is point-like,
noise (UE, pileup) is diffuse

G. Salam (CERN/Princeton QCD and the LHC 32



s pp — ZH — vibb, @14 TeV, my=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

b, [GeV] [ éll |§ts, default R =1.2 .

90-]
80

Cluster event, C/A, R=1.2

Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 33/ 36



[Discover] pp — ZH — vivbb, @14TeV, my=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

p, [GeV] [ jaII |§ts, d_gfault R=1.2 .

90-]
80

Fill it in, — show jets more clearly

Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE QCD and the LHC 33/ 36



[Discovery

pp — ZH — visbb, @14 TeV, my=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

p,[GeV] |

907
80
704

Hardest jet, pt=246.211 m=150.465

Consider hardest jet, m = 150 GeV

Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE

SIGNAL
200 < pyz < 250 GeV
0.15
0.1 - 4
A
[\
0.05 S~ ~_ B
| o
)
777,,‘,//

o " "
80 100 120 140 160

Zbb

0.008
0.006
0.004

0.002

o
80 100 120 140 160

QCD and the LHC

my, [GeV]

BACKGROUND

200 < p; < 250 GeV

my, [GeV]

arbitrary norm.

33/ 36



[Discovery

pp — ZH — visbb, @14 TeV, my=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

p,[GeV] |

90-]
80

Drop step 1; Delta R = 1.03129; pt1=243.291 m1=139.158; pt2=3.944 m2=5.24475

split: m = 150 GeV, w = 0.92 — repeat

Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE

SIGNAL
200 < pyz < 250 GeV
0.15
0.1 - 4
A
[\
0.05 S~ ~_ B
| o
)
777,,‘,//

o " "
80 100 120 140 160

Zbb

0.008
0.006
0.004

0.002

QCD and the LHC

my, [GeV]

BACKGROUND

200 < p; < 250 GeV

80 100 120 140 160
my, [GeV]

arbitrary norm.
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[Discovery pp — ZH — visbb, @14TeV, my=115GeV
. . SIGNAL
HerW|g 6.510 + Jlmmy 4.31 + FastJet 2.3 200 < p;y < 250 GeV
0.15
o [GeV] [ Dropstep2; DeitaR=0.87699; pt1=146.636 m1=52.3423; pt2=102.622 m2=27.7967
' - k 0.1 ]
90
80 A
E 0.05 I b
/
L/ . ‘
80 100 120 140 160
my [GeV]

Zbb BACKGROUND

200 < p; < 250 GeV

0.008
0.006

0.004

0.002 |-
S

split: m = 139 GeV, w = 0.37 — mass drop

G. Salam (CERN/Princeton/LPTHE

Butterworth, Davison, Rubin & GPS '08

my, [GeV]

arbitrary norm.

QCD and the LHC

o
80 100 120 140 160

33/ 36



200 < p;y < 250 GeV

pp — ZH — visbb, @14 TeV, my=115GeV
SIGNAL

[Discovery
Herwig 6.510 + Jimmy 4.31 + FastJet 2.3
0.15
pt [GSV] | Drop step 2; Delta R = 0.87699; pt1=1.:45.536 m1=52.3423; Pt.2'|DZ 622 m2=27.7967
0.1 A
90 »
80 A\
70 0.05 - / 1
/
o 7777J .
80 100 120 140 160
my, [GeV]
Zbb BACKGROUND
200 < p < 250 GeV
0.008 T T
0.006 A
0.004 A

0.002 |-
S

o
80 100 120 140 160
my, [GeV]

arbitrary norm.
QCD and the LHC 33/ 36

check: yjp >~ ptz ~ 0.7 — OK + 2 b-tags (anti-QCD)
Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE



200 < p;y < 250 GeV

pp — ZH — visbb, @14 TeV, my=115GeV
SIGNAL

[Discovery
Herwig 6.510 + Jimmy 4.31 + FastJet 2.3
0.15
p, [GeV] | Rfilt = 0.3 :
e it ]
90 )
80 A\
70 0.05 - / —
/
o 7777J .
80 100 120 140 160
my, [GeV]
Zbb BACKGROUND
200 < p < 250 GeV
0.008 T T
0.006 A
0.004 A

0.002 |-
S

80 100 120 140 160
my, [GeV]

arbitrary norm.
QCD and the LHC 33/ 36

R = 0.3
Butterworth, Davison, Rubin & GPS '08

G. Salam (CERN/Princeton/LPTHE



[Discovery pp — ZH — viobb, @14 TeV, my=115GeV
SIGNAL

200 < p;y < 250 GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3
0.15
b, [GeV] | Final filtered result, pt=227.257 m=117.211 “s‘\\
) - A " 0.1 F | \ 4
907 )
804 [
/

o
o
a

T
—

704
N .
80 100 120 140 160
my, [GeV]

Zbb BACKGROUND

200 < p; < 250 GeV

0.008
0.006 —
0.004 B
0 6 y
0.002 |- 4
_ . _ >N
R4 = 0.3: take 3 hardest, m = 117 GeV T
080 100 120 140 160
my, [GeV]

arbitrary norm.
33 / 36

Butterworth, Davison, Rubin & GPS '08

QCD and the LHC
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[Discovery]

How well-designed jet-finding helps you

Search for main decay of light Higgs boson, W/Z+H, H — bb
(The only way of seeing this decay — other than the next slide)

> = (@)
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= r 5. EATLAS prelimina, ]
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:ot 16 :
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o Livem v 1 Ll E. SO NN RN NWANE

0 50 100 Cb 20 40 60 80 100120140160180200
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using the method from Butterworth, Davison, Rubin & GPS '08
Other recent work focuses on v. high background rejection (lower efficiency)
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[Discovery]

How well-designed jet-finding helps you

Recovering the ttH, H — bb Higgs channel
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Plehn, GPS & Spannowsky '09
based in part on Johns Hopkins top tagger '08
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[Discovery]

How well-designed jet-finding helps you

Dijet mass reconstruction for new heavy resonance X — gg

g9, M = 2000 GeV g9, M = 2000 GeV
008 T T T o 008 T T T )
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Cacciari, Rojo, GPS & Soyez '08
Other recent work: Krohn, Thaler & Wang '09
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[Discovery]

How well-designed jet-finding helps you

Supersymmetry with R-parity violating decays )2? — qqq
One of its most difficult incarnations
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G. Salam (CERN/Princeton/LPTHE
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Butterworth, Ellis, Raklev & GPS '09
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How well-designed jet-finding helps you

Establishing the rules for systematically making
better discoveries with jets is work in progress

But the evidence for its potential is clearly there




[Discovery]

The Baost 2( rence will be held in May - 1) at Princetan University

hosted by thi ter for Thearetical St As with prior canferences in the Boost
series, the weeklong event will facus on bringing together theorists and experimentalists far
in-depth discussions of jets, jet substructure, and jets in mare exaotic contexts (e.g. lepton jets)

This warkshop is open to the public. Early registration is encouraged.

Previous Boost conferences: Sl

How well-designed jet-finding helps you
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[Conclusions]

Conclusions

QCD is unavoidable at LHC

The simplicity of its formulation contrasts with the
richness of its phenomenology

Even after 20 years of planning for the LHC,
QCD still has surprises for us

Both in its own right
And as a tool for discovery
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[ JetClu (& Atlas Cone) in Wjj @ NLO

jet jet
W
OLEO&EW
2jet  O(1)
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i) JetClu (& Atlas Cone) in Wjj @ NLO

jet jet jet jet

soft divergence

W W
OLEO&EW OLSO&EW
2jet  O(1) —00
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i) JetClu (& Atlas Cone) in Wjj @ NLO

jet jet jet jet jet

soft divergence

W W W
OLEO&EW OégO(EW OLEOLEW
1-jet +00
2jet  O(1) —00 0
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[Extras] JetClu (& Atlas Cone) in Wjj @ NLO

jet jet jet jet jet
soft divergence
W W w
2 3 3

asaEW asaEW as aEW
1-jet +00
2jet  O(1) —00 0

With these (& most) cone algorithms, perturbative infinities fail to
cancel at some order = IR unsafety

G. Salam (CERN/Princeton/LPTHE QCD and the LHC
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