The LHC and Beyond
Sally Dawson, BNL

LATLAS

1 EXPERIMENT

A New Era for Particle Physics



Standard Model

« Particle physics has a “Standard Model” of
particles and their interactions

Quarks come 1n pairs with
charge 2/3 eand -1/3 ¢

Forces

Ve Each lepton has its own
neutrino

Force carriers communicate
between quarks and leptons




WHY?

* And why are there 6 quarks anyways?

u,d,s very light M, =5 GeV

| won't talk about this because nobody has any good ideas



The particles

* Leptons (e, y, t,v) and quarks are point-like
* Quarks don’t exist outside of hadrons with
integral charge

* Proton p = uud + (infinite number of qq pairs and
gluons)

g

p=| u Us
g d

Typical interaction energy at LHC ~ 1 TeV



Forces

Strong, weak, electromagnetic, gravity
Force carriers: gluon, W/Z bosons, photon

Standard Model is SU(3) x SU(2) x U(1) gauge
theory

Interactions with particles predicted

Gluon and photon are massless

‘ This is the question of electroweak symmetry breaking




Why is Mass a Problem?

Lagrangian for gauge field (spin 1 photon):
=-Ya F Frv
F =0 A -0 A

[TRY [TV VA D)
L is invariant under transformation:

A | (X) >A (X)-0,n(X)
Gauge invariance is guiding principle
Mass term for gauge boson
72m? A A
Violates gauge invariance
So we understand why photon is massless



Wanted

 Wanted....gauge invariant way to give mass to
W/Z and fermions

« Solution is "Higgs Mechanism”
* Relies on broken symmetry of scalar field

Choice of minimum breaks symmetry



Higgs Mechanism in a Nutshell

Add a complex scalar Higgs doublet (4 free
parameters)

Couple Higgs doublet to gauge fields

3 degrees of freedom are absorbed to give
longitudinal degrees of freedom to W*, W-, Z

1 scalar degree of freedom remains
— This is physical Higgs boson, H

— Necessary consequence of Higgs
mechanism

Gauge invariant mechanism to give mass to W and Z




Higgs Couplings Fixed

Higgs couples to fermion mass

— Largest coupling is to heaviest fermion

— Top-Higgs coupling plays special role?

— No Higgs coupling to neutrinos

Higgs couples to gauge boson masses

— No direct coupling to photons and gluons
Only free parameter is Higgs mass!
Everything is calculable....testable theory



No Experimental Evidence for Higgs

« SM requires scalar particle, H, with

unknown mass

* My is ONLY unknown parameter of EW
sector

* Observables predicted using: Mz, Gg, a, My
* Higgs and top quarks give quantum

corrections:

~ Mg, log (My)

Everything is calculable....testable theory




Who needs a Higgs Anyways?

Reason #1. To give gauge invariant masses to
W & Z, along with fermions




We have a Standard Model

« Standard model provides excellent interpretation of
experimental data starting with LEP/SLD

 Where is electroweak symmetry breaking?

Experimental data
consistent with

Standard Model with
single scalar boson, H
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Measurement

2.4952 + 0.0023
41.540 + 0.037
20.767 + 0.025
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W Boson Mass

T

M,,2 =
V2G. (1 - M 2/M,2)(1 - Ar)

Ar. Quantum corrections dominated by top/bottom
and Higgs loops

AMyy cc Mtz AMy oc In (MH/Mz)

H

O O,

W,z W,z



Ay?

Who Needs a Higgs Boson?

Reason #2: To agree with precision
electroweak measurements (eg My)

July 2010
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« My <185 GeV (Precision
measurements plus direct
search limit)

BUT.....Fits assume SM with
weakly interacting Higgs boson



On Very General Grounds.....

* We expect a Higgs boson or something like it....

2 2
AWW, >2,2,)=- SJFEEE( E2'V1HMa j

Unitarity — Light Higgs: My <800 GeV

No Higgs: Ac~1.2TeV <«— Unitarity
violation

Expect a light Higgs or New Physics below 1 TeV




Can measure WW scattering

@ =

Tag outgoing jets to identify
WW scattering events

time



Who Needs a Higgs Boson?

Reason #3. SM Higgs has just the right
couplings so amplitudes don’t grow with energy

W— W—

W Wo e = 2
+ 1 ”JJJA Hﬁf 5 E
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My,
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Cancellation requires BUT.....There are many ways to
My < 800 GeV achieve this cancellation




LEP Looked for the Higgs

* Looked fore*e-— ZH
« Excluded a Higgs boson up to My=114 GeV

* This limit assumes a Higgs boson with the
properties predicted by the Standard Model




Tevatron

» pp collisions at energy = 1960 GeV

 Scheduled to close at end of 2011,
extension until 2014 under discussion




Many Discoveries at the Tevatron

_40'0,Tevatron Run Il, pp at\s = 1.96 TeV
e Jets
=10°] = 0 CDF Preliminary
2 : Heavy Flavor = CDF Published
E"U il " M Theory
$‘1D?;
S .6
o 1074
S 105
210 = w
[ - Z
S 4 A4
510 :i -
2107+ Wg 7z
2 8 o
1074 WWo - <
] tt Wy ingle
10 = o Top
2 B 2z
1 ~10 orders ? ;
1 of magnitude ; Higds
10 I : new physics
-2 : .
10 1 Jﬂ.ﬁls Ha;vwl > W;’I e}’l %ﬂ__l Wé B QI Hﬁl":%j?
J"F;akar
M,=160




Higgs Production
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g 99999999

“x\(/,/’ Different mechanisms

%g’.z important for different
""" H



Higgs at the Tevatron

Production

Branching ratio

gg—H

0.1 ¢¢

Cross section (pb)

102

Exchuded by LEP

| Excluded by LER
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High mass: Look for H>WW—lvlv
Large gg—H production rate

Low Mass: H— pb, Huge QCD bb background
Use associated production with W or Z
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Fermilab Limits

Tevatron Run II Preliminary, <LL> = 5.9 !
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Tevatron excludes My: [100-109; 158-175 GeV]

Exclusion depends on theory calculation of expected
rates and understanding of uncertainties



How far can the Tevatron go?

* Presentation to Fermilab PAC, Aug, 2010

DZerox2 Preliminary Higgs Projection
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Won't have enough data for definitive
discovery, but could find strong indications



Expected Significance (o)

Tevatron and the Higgs

Tevatron Projection
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Why Tevatron?

« At low mass, background to WH, H—b b is mostly
ttand W jet production

— Cross section for background rises rapidly with energy

1000 T T T T I T T | T | T T T T |' T T
Backgrounds/Signal Tevatron(pp) vs LHC (pp)

800 — For a 120 Gev Higgs mass |
600 — — +—s Wij/WH—
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Where is the Higgs ?

 We need to find the Higgs
(Standard Model is

theoretically inconsistent

without it)

e We didn’t find it at LEP
« We haven’t found it at

Fermilab

The end is in sight.....if we
don’t find it at the LHC, the
Standard Model as it stands
cannot be the whole story

(because precision
measurements would be

Inconsistent)

LHC will find a Standard Model Higgs if
it exists with a mass below 800 GeV




Many Discoveries in Last Decades

Tevatron discovered the top quark

Precision measurements from LEP/SLD/Tevatron
limit new physics possibilities

— Many new physics scenarios excluded

Dark matter and dark energy discovered

— Informed (inspired?) model building

Neutrino masses aren’t zero

Calculational tools greatly improved
— Much better handle on backgrounds

.... ¥+ much more

MANY PREDICTIONS, SPECULATIONS, &
HOPES FOR LHC PHYSICS




QUANTUM QUESTIONS

Hoiw can wa solve
the mystery of dark energy?

D all forces becomd ona'?

Why are thera 50 many
kinds of particles?

What are neutrinos
ielling us?

What happened
io the anfimattar?

"?S-;
“ DARK MATTER

What is dark matior?

70% DARK ENER

G

How did the universe
come (o be?

Ara thers exirm
dimensions of space?

Are thera undiscovered
principles of natura?

Howe can we make dark
matkier in the laboratory 7




Is Dark Matter a Particle?

Can we produce
dark matter in a
collider and study
all its properties?

[
95% Dark Energyjand

5% Visible Matter Dark Matter



We have been waiting a long time

« SSC (pp @ 40 TeV) cancelled in 1993

— Physics of the LHC is much the same as the
physics of the SSC
* |s there supersymmetry at the TeV scale?

* What is the source of electroweak symmetry
breaking?

 Are there new Z bosons?
— Of course there are new questions too
* Are there extra dimensions?

 What is the source of dark matter?
 \What do neutrino masses tell us?



Large Hadron Collider (LHC)

« proton-proton collider at
CERN
— First collisions, 3/30/2010!

 Goal: 14 TeV energy

— 7 mph slower than the
speed of light

— cf. 2TeV @ Fermilab
( 307 mph slower than the
speed of light)
« Typical energy of quarks
and gluons 1-2 TeV

E=mc?....define units with c=1



From the Tevatron to the LHC
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Large increase in cross sections as

we go from the Tevatron to the LHC




Today’s status

* LHC is running at Vs=7 TeV until 1 fb-' of data
collected (running heavy ions for a month now)
— What will we learn from this?

« 100 fb-1 by 2016

— What’s next?

* Many questions will likely remain even with large data
sets from the LHC

» Next year at this time we will be in a very different
position



Total Integrated Luminosity [pb™]

LHC Luminosity

9~ ATLAS Online Luminosity Vs=7Tev
LHC Delivered
4 ATLAS Recorded 2.55 TeV mass
di-jet event

Total Delivered: 3.69 pb’’ ©
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Total Integrated Luminosity [pb™]

LHC Luminosity

60 [T T T | T T T | T T T | T T T | T T T | T T T | T T T ]
- ATLAS Online Luminosity Vs=7Tev :

5o [] LHC Delivered ]
- [_] ATLAS Recorded

40— Total Delivered: 48.9 pb” ]
- Total Recorded: 45.0 pb™ 7

30 g

201 -

10F- -
- | P [ | | | i

0 L1 L L —l L1 L1 L1
24/0321/04 19/05 16/06 14/07 11/08 08/0906/10 03/11
Day in 2010

~ 45 pb -1 today

Most of it in the last week!

1 fb-! =1000 pb-!



Stored Energy of Beams

* Epeam=1.5 Giga Joule

e LHC beams at 7 TeV have
same Kinetic energy as aircraft
carrier at 15 knots!

« Largest scientific project ever
attempted




LHC Requires Detectors of
Unprecedented Scale

e CMS 1s 12,000 tons
(2 x’s ATLAS)

o ATLAS has 8
I times the volume
of CMS







Exciting Times

« Both ATLAS and CMS have ~45 pb-'

* Both experiments have W’s, Z's, t’s,
are rediscovering D decays, y's,....

* Detectors working well
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Many Results Already

—
=
1]

Jhy  CMS Preliminary, \'s =7 TeV
L, . =280 nb™

2
e
k=3

Events/GeV

v Y(1S)

- =i
= =
LX) e

=l
=

i

=

.
| I IIIIIII| | IIIIIII| I IIIIIII| I TTTTI I

| H| | 1 | |
ﬂﬂ 103
1w mass (GeV/c®)

-
- F
=



Early Physics at the LHC

Channel Events/fb-! Previous # of Events
At 14 TeV LHC
W—pv 104 10 LEP, 10° Tevatron
Z —sete 104 107 LEP, 10° Tevatron
tt >W bW b — 11X 103 10* Tevatron
QCD jets, pr>1 TeV >102
1 TeV Gluino pairs 3

Rediscover Standard Model
physics: W, Z, top, QCD




Already observed W's

LATLAS

VEEXPERIMENT

ICHEP: ~ 1000 W’s
In each channel

Also have W—pnv candidates
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Typical Collision Energy at LHC: 1 TeV

Top quark production and decay



Top Physics is beginning
u+jets candidate

Rho Phi

1 Collestion| 1uons

global| tracker] 5 a0/ a0En| _charg,

Takle

D Callection sets

1 Collection|pset ] ia | p

CMS at ICHEP



Higgs at the LHC
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Integrated Luminosity ( pb™)

7 TeV Higgs Reach with 1 fb™
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e LHC 7 could exclude 140 GeV < My < 185 GeV
* No Higgs discovery in 1 fb-’



Expected Higgs mass coverage (GeV) ATLAS and CMS internal and very preliminary

Luminaosity Comments ATLAS+CMS ATLAS+CMS ATLAS+CMS
per expt and Vs 95% CL exclusion |3o evidence g discovery
1! 7TeV 2011 123-550 GeV 130-450 GeV | 152-174 GeV
1fb? 8TeV 2011 (?) 120-570 127-500 150-176
2517 TeV |2011 “aggressive’ 114-600 123-530 138-220
5t T7TeV 2012 (if run) 114-600 114-600 124-510

Hfb! 14 TeV 2013 =115
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No. of events at 5o discovery luminosity
=]

First we look for the Higgs

gg —> H— ZZ — (4 leptons)
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Possible discovery with < 10 fb-!
Use this mode if My> 140 GeV

Golden Mode



Luminosity [fb~1]
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ATLAS Discovery with Vs=14 TeV

significance

. Discovery:

. Needo probe My=115
GeV

« 10 fb-' gives 50 discovery for
127< M;< 440 GeV

ATLAS |
Preliminary
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« 3.3 fb"1 gives 50 discovery for
136< My < 190 GeV
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Significance = 5 1s defined as discovery

If the SM Higgs is there.....the LHC will find it!




Is it the Higgs”?

« Measure couplings to fermions & gauge bosons

I'(H —> bb) ~3mb2
I'H-o>7't) mT2

™

* Measure spin/parity

J PC :O++

T~

Measure self interactions

Substructure/fat jet
methods help pull out
H—bb

Angular correlations of decays
H—Z7Z — p*ue*e help (but only
for My > 140 GeV)

V =

M.,
2

H?+

M.,
2V

H° +

M.,
8v*

H4

These arguments drive physics rationale
for high energy lepton collider



Standard Model is Unsatisfactory

« Despite phenomenological successes
— Agreement with precision electroweak measurements
— Unitarity conservation
— Gauge invariant masses for W, Z, fermions

The SM with a light Higgs can’t
be the whole story

Any variation has to satisfy reasons #1, 2, and 3




Quantum Corrections Connect Weak and

Planck Scales

Quantum corrections drag
weak scale to Planck scale

Tevatron/LHC Energies
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Weak
102 GeV

GUT Planck
1016 101° GeV

Gravity is
up here



Why 1 TeV (the Terascale)?
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« Higgs mass grows with high scale, A (a priori A=My)

‘ My <200 GeV requires A ~ TeV ‘

‘ Points to 1 TeV as scale of new physics ‘




We expect much at the TeV Scale

« Maybe a Higgs (or something like it)
« Maybe supersymmetry (lots of new

particles)

— SUSY particle contributions cancel growth of
Higgs mass at high energies

— SUSY particles strongly produced

— Supersymmetric models have at least 5 Higgs
particles!

« Lightest SUSY particle could be dark matter
particle

We’re not sure what will be there, but
we’re sure there will be something!




supersymmetry

fermions «~\___~ bosons

PARTICLES THAT PARTICLES THAT
MAKE UP MATTER MEDIATE FORCES
QUARK ELECTRON PHOTON HIGGS
KNOWN
THECRETICAL
PLANE DIVIDING

!-HII'II:LE" “SQUARK™ “SELECTRON" “PHOTIND"  “GLUINO" “WIND “HIGGSIND"

Photino, Zino and Neutral Higgsino: Neutralinos

Charged Wineo, charged Higgsino: Charginos



Supersymmetry is favorite alternative
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100 pb™' LHC Exceeds Tevatron Reach
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CMS Note 2010/008



Suppose we find....

* Missing Er, tri-leptons, same sign leptons
— Classic SUSY signatures

« Have to probe mass spectrum

* Prove couplings have SUSY relations
— This is another motivation for future collider

How do we know we
have supersymmetry?



A lot of new physics looks alike!

Missing Er, jets, b’'s, same sign di-leptons
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SUSY: Spin %2 gluinos
Technicolor: Spin 0 techni-pions




We expect great things at the LHC

SUSY@ 3 TeV
1000 Large X-Dim@ 9TeV |

Leptoquarks @ 1.5TeV
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Physics updated from De Roeck

Luminosity projections from Jenni, 3/10



Conclusions

- Stay tuned

S for the coming
years!

he LHC will only begin the
exploration of the TeV Scale
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