The Search for the Higgs Boson:
Results
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Foundational theory:
Quantum Electrodynamics
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What if we gave the photon mass?

Polarization states

Gain a longitudinal

polarization state
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Sum terms

Quantum Electrodynamics (QED)

Integrate over
internal states

Leading order Higher order terms




Taming infinities: renormalization

.
Classical E+M: W
Energy in E-field

diverges like 1/r et

QED: Charge screening

Energy in E-field
diverges like log(r) x ﬂ
. 8

=» Infinities subtracted, finite results >
Measurable quantities: ﬂ

Lamb shift, charge screening...




The weak interaction: Muon decay

W v,
< °

Early model — 4 fermi 1 v,
(Fermi beta decay theory) G~ 2
=» but, violates unitarity 1.2x105 GeV?

More robust model: W L
QED is part of a larger : ;
theory with massive spin 1 €. = g

: m_2 (m_~ 100 GeV)
force carriers N
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Problems with massive W’s

Growth of longitudinal polarization state with momentum

=> Some processes still violate unitarity (WW scattering)
Some relief with a Z° introduced

=>Theory is not renormalizable like this

How does nature solve this problem?




Hints from superconductivity

Ginzburg-Landau theory (1950)
=» Spin 0 ‘order parameter’
field representing electrons in |  Spontancous symmetry breaking

a superconductor Energy
T>T, /
Anderson-Higgs mechanism: T<T,
Photons in a G-L superconductor

acquire a mass

\‘/ v (field)
(but QED is still real and works!)
N\ /

Two minima




So, the Higgs boson

Complex scalar doublet he ¢
(4 degrees of freedom) ¢°

- ¢ i ’ -1/2
1‘\Ion %ero vacuum e?(p?ctatlon value’, (\/iGF) ~246GeV
Mexican hat potential

Couples to gauge bosons (W,Z), and fermions (e, muons, etc)

3 degrees of freedom become longitudinal polarization
of W*,W-, and Z° (mass)

Remaining degree of freedom is the physical Higgs
Theory is renormalizable!!




Add quarks for the Standard Model

Pion Proton Neutron
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Couplings
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Making the Higgs in pp collisions

Parton distribution functions

H1 and ZEUS Combined PDF Fit -

Q% =10 GeV?
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| - exp. uncert.
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Cross sections

o Cross sections expressed as area
1 barn = 10** ¢cm?

Accelerator delivers luminosity
N

i pl~ p2
cm? sec

Integrated luminosity

j L dt Units nb!, pb”, b etc

Event yield
N=o j L dt

E.g. 1 pb*100 pb”' =100 events

Cross section (nb)
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Production and decay
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LHC

p-p CM energy = 7,8 TeV B =~ 8 Tesla
Peak L = 7x10*3 c¢cm? s! T=1.9° K

J L dt = 5+5 fb!

5 A N §
LHC - B CERN
szaboint 8 == ATLAS ALICE
e el = Point 2

CMs G ol
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Detector construction

Transverse projection (0=90°)

|/ -

0 I
— | Beamline (0=0°)

Boosted two jet event \ T T

Pseudorapidity, 1= - log(tan(0/2))



Detector observables

Secondary
vertex

[ ] [ ] \
Missing~
transverse”
momentum

(energy) .
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ATLAS
A Toroidal Lhc ApparatuS

25m

Tile calorimeters

. LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker



Local Harvard Effort
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CMS
Compact Muon Solenoid




Challenges

Trigger ra

©
FEITTT T T | LI _________ ____L|4.| e
I _ = E
® =
i 4S i c _hﬂu
i Il W
n Eleq+ O
- SC C |1
I ) ™
0 )
N sl =
M\nu — | X < 1 C
~ S &I N
v N o m O i |M<Iu
T} S B
‘o Sl O T 5 2]
2 < M o v 1<
5 o |o
o 2 © o £ 2
+ .. (@) = =T
o o 23 EE |-
> F N33
— = O 7
— 2] b < mJ -
m_ O = S Too
i SRI &S]
-
r 1M
L le
3
I_______ _________ _________ ____‘J.I
‘5 o) Pe) © ™
h h h
[zH] erey
AL

\
\

3

)

¥
S\

%! f
Y

‘ .

”&}
il
4

%

1IN
».w/?“M/

\

N
i
|




Rate

a1

Higgs signal channel Diphoton continuum

Higgs (126)

- YY continuum

100 110 120 130 140 150 160

Diphoton invariant mass (GeV)



IU\>f'-I>

Rate

100 150 200 250
Invariant mass of 4 leptons (GeV)

Main background: Standard Model ZZ production

q Y11 q VA
YIZ
q
q z°

Higgs (126)
m =
B Zets
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Rate

Transverse mass:

mT=_\/(ET”+ ETmiss )2 - |I_)’Tll + ETmisslz

Higgs (126)
- WW continuum

Other backgrounds
(e.g. single top)

50 100 150 200 250 300

m_(GeV)



CATLAS

1L EXPERIMENT

Higgs search in two photon
channel

2 isolated photons, E,(1,2)>40, 30 GeV

Excellent n° rejection, y efficiency (90%)
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ATLAS Diphoton results
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CMS Diphoton results
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ATLAS Z.Z results

Efficiencies:
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4e —20%
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4 candidate with m, = 125.1 GeV

T ——  qAlAs

http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CEST




CMS Z.7Z results
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ATLAS WW

ee, e, and p p and missing energy
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ATLAS WW
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CMS WW
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m_ Higgs mass } Variables

n multiplier of SM cross section of interest

g (- 99
® ‘“‘nuisance parameters

For a scan over m , form a liklihood: L(u,(_ﬂ))
2

L(p,0 Rl
Mp) = (1,0) A parameter maximizing L

A

L(1,0)

-2 InA(p) <1 gives bounds on p (for any m )



ATLAS combined results:
Background only hypothesis: A(0)
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ATLAS combined results:
Best fit for p
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CMS background only

1 ] I 1 | I 1 1 1 1] 1] I 1 1 I 1 1 1 1 1] 1] 1]
S 1 -1L—E =——=_"\. | | s
) "\
~ 102 \
— 3E-
w© 107 F ™=,
e — |
10°F
10°F A
10”7
10—8 Combined obs.
100 === B forSMH L CMS Preliminary —4°°
10_10 — H— vy H— ZZ + WW +vyy
yf|—H-ZZ \s=7TeV,L=5.11"
10 — H — WW V‘S=8TeV,L=5.3fb-1 7
10‘12|=—1i1|1i1|1i1|1i11|i|1|i|1|flll—=40

116 118 120 122 124 126 128 130
Higgs boson mass (GeV)



IU\>f'-I>

CMS combined results:

Best fit for p
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Mass and branching fractions

ATLAS m =126.0 +/- 0.4 (stat) +/-0.4(sys)
CMS m=125.3 +/-0.4 (stat) +0.5 (sys)
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Tevatron results
(mainly from bb production)

Tevatron Run I, L <9.7 fo! === 1-CL, Observed
..... 1-CL, Expected
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x / A
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¥ ¢ Next...
S

16 fb-! now accumulated
Measure spin and parity in ZZ

Other properties — production
characteristics

Couplings to fermions (bb, tau tau)

Longer term:
— Rarer decays
— Self coupling?



Summary

* ATLAS and CMS have observed a new
particle with a mass of approximately 125
GeV in a search for the Higgs boson. All
evidence so far is consistent with the
minimal Higgs in the Standard Model.



