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John Ellis
King*s College London

This Is one of the questions
being studied at the LHC (& CERN)



The ‘Standard Model’

The matter particles

Q - neutrino @ electon
@ L - neutrino @ muon
Q T - neutrino @ tau

Gravitation electromagnetism  weak nuclear force strong nuclear force =



Summary of the Standard Model

« Particles and SU(3) X SU(2) X U(1) guantum numbers:

«

() (1) | e

.-*fn , CR --.?‘n (3,1,+4/3)
dgr , sr , br (3.1-2/3)

 Lagrangian: [ R E-HECRE oauge interactions
—l Lars ]
SN TR Matter fermions
No direct URyRUNONE W Y Ukawa interactions

evidence PRIERUN Higgs potential

e



Status of the Standard Model

§ - Perfect agreement with all
accelerator data

 Consistency with precision electroweak data
(LEP et al)

« Agreement seems to require
welighing
 Raises many unanswered guestions:




Open Questions beyond the

Standard Model

« What is the origin of particle masses?

LHC

* Why so many flavours of matter particles'LHC
 \WWhat Is the dark matter in the Universe? LHC
o Unification of fundamental forces? HC

* Quantum theory of gravity? HC
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At what Energy Is the New Physics?

| Dark matter
L

Origin of mass
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Why do Things Weigh?

Newton:
Weight proportional to Mass

Einstein:
Energy related to Mass

' Neither explained origin of Mass

Where do the masses
come from?

| Are masses due to Higgs boson?
- (the physmsts Holy Grall)
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Think of a Snowfield

Skier moves fast:
Like particle without mass .
e.g., photon = particle of light/J

Snowshoer sinks Into snow,
moves slower: RN
Like particle with mass
e.g., electron

The LHC will look for
the snowflake:
The Higgs Boson

Hiker sinks deep,
moves very slowly:
Particle with large mass
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‘0

Astronomers say
that most of the

| matter in the

| Universe IS

| Invisible
Dark Matter

‘ We shall look for
them with the




Classic Dark Matter Signature

zzzzz

S carried away by dark matter particle

Missing transverse energy
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General Interest In Antimatter Physics

Star Trek or Dan Brown!



How do Matter and Antimatter Differ?

Dirac predicted the existence of antimatter:
same mass
opposite internal properties:

electric charge, ...
Discovered In cosmic rays
Studied using accelerators

Matter and antimatter not quite equal and opposite: WHY?

[

= Why does the Universe mainly contain matter, not antimatter? |

Experiments at LHC and elsewhere looking for answers

E W



How to Create the Matter In the
Universe?

 Need a difference between matter and antimatter

e Need interactions able to creat matter

» Must break thermal equilibrium

= Will we be able to calculate using laboratory data?



T VA

300,000
years

Formation
of atoms

Formation
of nuclei

R}
minutes

Formation
of protons
& neutrons

1 micro-
second

Appearance

: of dark matter. &
1 pico- — |Appearance

sccond | =~ %~ [appearancepf mass?

e —

e BANG!| of matter? [
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Unify all the
Fundamental Interactions:
Einstein’ s Dream ...
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The Large Hadron Collider (LHC)

' 4 '

W
Proton- Proton Collider |

7 TeV + 7 TeV \

\

1,000,000,000 collisions/second EEEZsGERAEIGERE
*Origin of mass
*Nature of Dark Matter
Also collisions of Lead ions Primordial Plasma
*Matter vs Antimatter




General View of LHC ‘ ts xperiments

27km In circumference
~ 100m deep
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Nambu EB, GHK and Higgs

\

",

Spontaneous symmetry breaking: massless Nambu-
Goldstone boson ‘eaten’ by gauge boson

| Accompanied by massive particle | &=
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Indirect Constraints on Higgs Mass

Electroweak observables sensitive via quantum loop
corrections:

Preferred Higgs mass:
Compare with lower limit from direct searches:




Precision Tests of the Standard Model

Lepton couplings

Pulls in global fit
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Measurement Fit  |O™*-0")/o™*

0. 1.2.3
m,[GeV] 91.1875+0.0021 91.1874
T,[GeV]  2.4952+0.0023 24959
| o), [nb]  41540+0037 41478
| R, 20.767 £+0.025  20.742
A 0.01714 £0.00095 0.01643
R, 0.21629 + 0.00066 0.21579
R. 0.1721+0.0030  0.1723
AY° 0.0992+0.0016  0.1038
e 0.0707 +0.0035  0.0742
A, 0.923 +0.020 0.935
A 0.670 +0.027 0.668
A(SLD)  0.1513+0.0021  0.1480
m, [GeV] 8041040032  80.377
Iy[GeV]  2.123+0.067 2.092
| m, [GeV] 1727429 173.3
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Combining the Information from
Direct Searches and Indlrect Data

Theory uncertainty
—— Fit including theory errors
--- Fit excluding theory errors
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Higgs Production at the

LHC
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Higgs Decay Branching Ratios

» Couplings proportional to masses (?)
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Many decay modes measurable if M, ~ 125 GeV



Is the Higgs Boson finally being Revealed?

Mass Higgsteria
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Discovery upends
world of physics

The

July 4t 2012

Economist

Finding the
Higgs boson
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Higgsdependence Day!
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ATLAS Four-Muon Event

@ATLAS
EXPERIMENT

http://atlas.ch

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



Evidence In the ZZ* Channel
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Evidence in the yy Channel
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- CMS Preliminary —+4— S/B Weighted Data
B -1 S+B Fit

X 'S j ; ?33' tj :; :E' ------ Bkg Fit Component
\s = ev,L=o. [ +16

B s20

Selected diphoton sample

®  Data2011 and 2012
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4th order polynomial
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Unofficial Combination of Higgs Search
Data from July 4th

vixra s this the
2sigm = 2.44 nggs Boson’?
, "A

No Higgs here! SSSLES  No Higgs here!

—

Best fit o/o™™

110 120 130 140
Higgs boson mass G\a'-"q..\":‘.:::2
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IS HC findh e missig piece? '
IS it the right shape?
Is it the right size?




Does the ‘Higgs’ have Spin Zero ?

Decays 1nto yy, so cannot have spin 1

Spin 0 or 27

Can diagnose spin via

— angular distribution of yy

— angular correlations of leptons in WW, ZZ decays
— Production in association with W or Z

Do selections of WW and ZZ events already
favour spin 0?

>3 >3 —
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Does the ‘Higgs’ have Spin Zero ?

TeVatron [ 1 LHCB

Arbitrary Uinits

1ot

200 400 600 &00  l000 (200 1400
. M.'I.'r, — S T - T ~ — < Mll-l!

| Vector boson + ‘Higgs’ combined invariant mass

=

very different for spins O and 2
JE, Hwang Sanz &You arX|v 1208. 6002 ——— ‘



Does the ‘Higgs’ have Spin Zero ?

»

— « Discrimination spin 2 vs spin 0 via angular
distribution of decays into vy,

N,,,=160, High S/B

LLR, High + Low S/B Combined
T | T

@ ® symmetric o

B B asymmetric o

JE, Fok, Hwang, Sanz & You: arXiv:1210.5229




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

2(1+¢)

(M o my
)'L_f = \/j(ﬂf) s gv 2( M 1+2e )

Global g

fit

-1.0

MGV |
» Standard Model Higgs: e=0, M =v Re™




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

e
10! Best Fit M =241+18, e=0.05+0.08
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>~k Red line = SM dashed I|ne = best flt
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Elementary Higgs or Composite?

» Higgs fiela: |« Fermion-antifermion
<0[H|0>#0 1 condensate
» Quantum loop problems =« Jjust like QCD, BCS

e

o oo TS | superconductivity
~ A8 - Top-antitop condensate?
/ needed m, > 200 GeV
oL W force?

- Heavy scalar resonance?
¥ - Inconsistent with

| Cut-off A ~ 1 TeV with

precision electroweak data?




Higgs aS a [0 TeV j_ UV completion ?

sigma model cut-off

Pse u d O G O I dStO n e colored fermion related to lop L|llLl|‘|~;
| TeV —+ new gauge bosons related to SU(2)

B OSO n new scalars related to Higes

‘Little Higgs’ models

2”0 (:}e VL | or 2 Higes doublets,

possibly more scalars

(breakdown of larger symmetry) Sy
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! General Analysis of unnggs
Models

« Parametrization of effective Lagrangian:

= c®— Lo me s U (p.xipey) (1 i
s =5(0:h)* + 5 Tr (D, ) Fb s

-.:‘&f v u (i : ; T hE j;:-
N oneaseo (((reke 8

Universal Rescaling: 95% CL Exclusions

CMS Preliminary
IR I — N Bl Vs=7TeV.L=5.1fb"
R R | | \s=8TeV,L=53fb"

al
Favored by EWPT - . W T
|'| I :.'l TR T R T ‘\\‘" 1 I i ‘“ o i O- 1.0

500 s

8 CMS ﬁt assumlng c> O

Azatov Contlno Galloway arXiv:1202.3415 ‘ ,, R s gy ..:- »4*‘* 5

B IS h ,
P W, R Dy

s

Vo™ N VT



Global Analysis of Higgs-like Models

» Rescale couplings: to bosons by a, to fermions by ¢

GLOBAL Combination

B Standard Model: a =c=1

JE & Tevong You, arXiv:1207.1693




The Stakes 1n the Higgs Search

How 1s gauge symmetry broken?
Is there any elementary scalar field?
Likely portal to new physics

Would have caused phase transition in the Universe when
it was about 10-!> seconds old

May have generated then the matter in the Universe:
electroweak baryogenesis

A related inflaton might have expanded the Universe
when it was about 10->> seconds old

Contributes to today’s dark energy: 10%° too much!

-—
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Theoretical Constraints on Higgs Mass

» Large M, — large self-coupling — blow up at
~|  low-energy scale A due to &
renormalization oo
» Small: renormalization = o! Jomisien
due to t quark drives ¢ *|
quartic coupling<0 ¢ Qe - 0cey
at some scale A . G&
— vacuum unstable o 00 10 1o 10w 0
|+ Vacuum could be stablllzed by Supersglmmetry h




Supersymmetry?

Would unify matter particles and force particles s

Related particles spinning at different rates
0 - % - 1 . 32 - 2
Higgs - Electron - Photon - Gravitino — Graviton

Many phenomenological motivations
— Would help fix particle masses

— Would help unify forces

— Predicts light Higgs boson

— Could fix discrepancy in g, - 2

Could provide dark matter for the
astrophysicists and cosmologists
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Minimal Supersymmetric Extension of

Standard Model (MSSM)

* Double up the known particles:

‘[ (lepton) g (quark) )
Y I slepton ',] J  \q(squark),

lf”’; Oton ) ( 4q | q [uon | )
. W = SR )
i X _a-l | J!.J_h ”L 1.0 |

7\ g (gluino)

« Two nggs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

* Lightest neutral supersymmetric Higgs looks like
the single Higgs in the Standard Model



Loop Corrections to Higgs Mass?

 Consider generic fermion and boson loops:

« Eachis

 Leading divergence cancelled if

|'_|.
As = Y5 x2




Other Reasons to like Susy

It enables the gauge couplings to umfy Warld Avcgs
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Data

Electroweak precision
observables

Flavour physics
observables

Higgs mass
Dark matter
LHC

J

T

Ui

i
»

ELF ¢ oM
ﬁEh' _,-"jLE K

Observable Source Clonstraint
Th./Ex.
me [GEV] [39] 173.2 £ 0.00
Aajs (mz) [38] 0.02749 + 0.00010
Mz [GeV] [40] 01.1875 + 0.0021
[z [GeV] [24] / [40] 2.4052 + 0.0023 + 0.0015ysy
Ohag [0D] [24] / [40] 41.540 + 0.037
Ry [24] / [40] 20.767 + 0.025
A (£) [24] / [40] 0.01714 = 0.00095
Ay(P,) [24] / [40] 0.1465 + 0.0032
Ry, [24] / [40] 0.21629 = 0.00066
R, [24] / [40] 0.1721 = 0.0030 -
A (b) [24] / [40] 0.0002 + 0.0016
Ap(c) [24] / [40] 0.0707 + 0.0035 |
A [24] / [40] 0.923 + 0.020 3
A [24] / [40] 0.670 + 0.027
A,(SLD) [24] / [40] 0.1513 + 0.0021
sin” A5, (Qm) [24] / [40] 0.2324 + 0.0012 |
Mw [GeV] [24] / [40] 80.399 + 0.023 + 0.010susy
BR{~. /BREY,. [41] / [42] 1.117 + 0.076pxp
+0.082gpm + 0.050susy
BR(B, — ptu™) [27] / [37] (< 1.08 + 0.02sysy) x 107
BRES. fBRf;’ﬁ . [27] / [42] 1.43 + 0.43exp4TH :
BR(Bq — ptu™) [27] / [42] < (4.6 £0.01susy) x 1077 [&
BRY v, ee/BRES x_ee [43]/ [42] 0.09 +0.32 |
BR !,3‘_1’#[ fBR?‘E,#[ 27] / [44] 1.008 + 0.014gxpTH
BREC 7.0 /BRR, oo [45]/ [46] <45 |
AMENT JAMBEY [45] / [47,48] 0.97 £ 0.01gxp £ 0275
(AME JAMED) | [27] / [42,47,48] | 1.00+0.01xp + 0.13sm
\Q‘UIEH .-’é;'lfﬁd 1 !
[45] / [47, 48] 1.08 £ 0.14exp+TH

ay, ay [49] / [38,50] | (30.2 £8.8 £ 2.0susy) x 107
My, [GeV] 126] / [51,52] > 114.4 £ 1.55usy
Tcomh (207 7 53] 01109 = 0.0056 £0.01 Zsusv
o5 [23] (mgg, 05 ) plane
jets + Bt [16, 18] (mo, my/2) plane
H/AH*® [19] (Mg, tan 3) plane
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Searcheswith~5/fb @ 7 TeV

1000 CM5 Preliminary JE=TTeV J Ldt=44f" MSUGRA/CMSSM: tanf = 10, A_= 0, >0
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MasterCode masi%s)

Combines diverse set of tools

« different codes : all state-of-the-art

+ Electroweak Precision (FeynWz)

« Flavour (SuFla, micrOMEGAS)

+ Cold Dark Matter (DarkSUSY, micrOMEGAS)

« Other low energy (FeynHiggs)

« Higgs (FeynHiggs)
« different precisions (one-loop, two-loop, etc)
« different languages (Fortran, C++, English,

German, ltalian, etc)

« different people (theorists, experimentalists)

Compatibility is crucial! Ensured by

» close collaboration of tools authors
« standard interfaces

Steering Code
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Model parameters:
e.g. m0, 1/2, AD, tanB, etc
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Predictors
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O. Buchmueller, R. Cavanaugh, M. Citron, A. De Roeck, M.J. Dolan, J.E., H. Flacher, S. Heinemeyer,

G. Isidori,
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2011 ATLAS + CMS with 5 fb-' of LHC Data
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Buchmueller, JE et al: arXiv:1207.3715
Red and blue curves represent Ay? from global minimum, located at <y

p-value of simple models < 10%
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2011 ATLAS + CMS with 5 fb' of LHC Data
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Buchmueller, JE et al: arXiv:1207.3715
Favoured values of gluino mass significantly
above pre-LHC, > 1.5 TeV
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2011 ATLAS + CMS with 1 fb' of LHC Data
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Buchmueller, JE et al: arXiv:1112.3564 M h [GEV]

Favoured values of M, ~ 117 £ 5 GeV:
Range consistent with evidence from LHC !
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201 2ATLAS + CMS with 5 fb' of LHC Data
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Favoured values of dark matter scattering
cross section significantly below XENONZ100
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