To Higgs or not to Higgs?
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That iIs one of the questions _
King’s College London
being studied at the LHC (& CERN)
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Open Questions beyond the
Standard Model

What Is the origin of particle masses?

due to a Higgs boson? + other physics? il

Why so many types of matter particles? [ g

Unification of the fundamental forces?
at very high energy ~ 1016 GeV?

LHC

Quantum theory of gravity?




Why do Things Welgh’>

Newton:
Weight proportional to Mass

Einstein:

LY ._.; hé.
Energy related to Mass
INCHS

Neither explained origin of Mass College
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= Where do the masses
= come from?

o Are masses due to iggs boson?
- (the physicists’ Holy Grail)



The Englert-Brout-Higgs Mechanism

e VVacuum expectation value of scalar field

e Englert & Brout: June 26" 1964

 First Higgs paper: July 27t 1964

» Pointed out loophole in argument of Gilbert if
gauge theory described in Coulomb gauge

o Accepted by Physics Letters

» Second Higgs paper with explicit example sent on |
July 315 1964 to Physics Letters, rejected!

* Revised version (Aug. 315 1964) accepted by
PRL
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The Seminal Papers

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium

(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES: AND GAUGE FIELDS

P.W. HIGGS
Fual fnstitute of Methemalical PLysies | Dnteersily of Eduinburph Se ollamd

Received 27 July 1964

VoLuMe 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcToBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. 5. Guralnik,7 C. R. Hagen,{ and T. W. B. Kibble
Department of Phyvsics, Imperial College, London, England
{Recelved 12 Cotober 1964)




The Englert-Brout-Higgs Mechanism
Guralnik, Hagen & Kibble

hich
Sbknd W

Englert & Brout

We consider, as ou

was partially solved b
? e resembla . . ory
Our starting point is the ordinary =
mamics of massless spin-zero particles, |
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With no loss of generality, we can take n,=0,
and find
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mass for the gauge field. Short-dashed line, (¢ );
1ung dashed line, ¢, propagator; wavy line, A, propa- | Where the superscript T denotes the transverse *-

| gator. (a) = (2m)tie? Euy L9y P, (b)— —(2m)Yiet(quq,/q") | part. The two degrees of freedom of A’ com- ;
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The Higgs Boson

e Higgs pointed out a massive scalar boson
{82 =4 V' (@) Haw,) =0, (2b)

Equation (2b) describes waves whose quanta have
{baI‘E]' mass 2‘1{}&{1” 'll:-I:I..‘.-'ﬂE:]}I"IE

o ““... an essential feature of [this] type of theory
... IS the prediction of incomplete multiplets of
vector and scalar bosons™

« Englert, Brout, Guralnik, Hagen & Kibble did
not comment on Its existence

“ « Discussed in detail by Higgs in 1966 paper -_
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Nambu EB, GHK and Higgs

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

ot Accompanled by masswe partlcle
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Phenomenologlcal Proflle
of the Higgs Boson

 First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and DV, NANOPOQULOS **
CERN, Geneva

R

3 Eeceived 7 Novemnber 1975 B
: A discussion is given of the production, decay and observability of the scalar Higgs -
| boson H expected in gauge theories of the weak and electromagnetic interactions such as ?‘ -
: the Weimnberg-Salam model. Aftler reviewing previons experimental limits on the mass of =3
We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higgs boson, unlike the ro-
case with charm [3,4] and for not being sure of its couplings to other particles, except | |

that they are probably all very small. For these reasons we do not wanl to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
cxpmimenls vulnerable to the Higgtﬁr boson should know how it may turn up.
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Precision Tests of the Standard Model

Lepton couplings

Pulls in global fit
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Estimating the Mass of the Higgs Boson

. Flrst attempts I 1990 1991
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2011: Combining Information from
Prewous Direct Searches and Indlrect Data

Theory uncertainty
—— Fit including theory errors
--- Fit excluding theory errors




' la
recherche du
Higgs perdu

Higgs Production at the

LHC
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Higgs Decay Branching Ratios

e Couplings proportional to masses (?)

= bb
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Evidence in the yy Channel

- CMS Preliminary —— S/B Weighted Data

_ |s=7TeV,L=51fb" S+B Fit
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Signals around M, = 125 GeV




ATLAS Four-Muon Event

@AT LAS
EXPERIMENT

http://atlas.ch

Run: 284769
Event: 719872630
Date: 2817-86-10
Time: 13:24:31 CEST



Evidence In the ZZ* Channel
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Evidence in the WW?* Channel
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Poorer mass resolution: compatible with M, ~ 125 GeV




Signal Significances
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A New Particle has been Discovered

Independent discoveries around M, = 125 to 126 GeV
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Unofficial Combination of Higgs Search
Data from July 4th

Best fit g/o™
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It Walks and Quacks like a Higgs

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

A= va (M) o [my
F = (?) SRS W VEEE2

Global »
fit

-1.0

100 200 300

M [GeV]

|« Standard Model Higgs: e =0, M =v

400

JE & Tevong You, arXiv:1207.1693
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It Walks and Quacks like a Higgs

v (M) my
A= V2 (52 = 2
f ) Mi+2e

1le—25 GLOBAL Coupling-Mass Proportionality marg. M o0 le=25 GLOBAL Coupling-Mass Proportionality marg. «

-2 ~ -10

ﬁ- Do couplings scale ~ mass? With scale = v?

= ) 0.5 a.c- 05 Lo 0 100 200 300 ann i)
M[GeV]

| Global fitt| c = 0.05+0.08 M = 241+ 18 GeV

== JE & Tevong You, arXiv:1207.1693



It Walks and Quacks like a Higgs

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

by
10! Best Fit M =241+18, ¢e=0.05+0.08
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Is LHC finding the missing piece? &

Is it the right shape? -/
Is it the right size?

AT s N NN




Does the “‘Higgs’ have Spin Zero ?

Decays 1nto yy, so cannot have spin 1
Spin 0 or 27?

If it decays into Tt or b-bar: spin O or 1 or
orbital angular momentum

Can diagnose spin via

— angular distribution of yy

— angular correlations of leptons in WW, ZZ decays

Does selection of WW events mean spin 0?

—

R %

1



! | Does the “Higgs’ have Spin Zero ? I

 Polar angle distribution: |« Azimuthal angle
X, =>yy distribution: X, 2WW |
(flat for X,) (flat for X,)

10

o5}
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JE, Hwang: arXiv:1202.6660 _ e e . e
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Does the “‘Higgs’ have Spin Zero ?

| » Polar angle
| distribution for
X, DWW

|« Polar angle
distribution for
X, DWW
(for ¢ =m)

RS L T el T T . | W T |

| JE, Hwang: arXiv:1202.6660 |
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Imagine a
Room ...

... Open
The Door




What lies
Beyond?
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Flavour-Changing Couplings?

o Upper limits from FCNC, EDMs, ...

e Quark FCNC bounds exclude observability of
quark-flavour-violating h decays

| » Lepton-flavour-violating h decays could be large: |
| BR(tp) or BR(te) could be O(10)% -
Blankenburg, JE, Isidori: arXiv:1202.5704 BR(HG) must be <2 X 107 E"
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There must be New Physics
Beyond the Standard Model

2012

—
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potential Higgs coupling less coupling
collapses than in Standard Model blows up!!
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Elementary Higgs or Composite?

* Higgs field: |« Fermion-antifermion
<0[H|0>#0 1 condensate
* Quantum loop problems |51« Just like QCD, BCS
superconductivity

] —E e Top-antitop condensate?
/ needed m, > 200 GeV

| force?

-Heavy scalar resonance?

free

-Inconsistent with
precision electroweak data?




Interpolating Models

e Combination of Higgs boson and vector p

W

light Higgs
partial unitarization

~ |+ Two main parameters: m , and coupling g,
|+ Equivalently ratio weak/strong scale:
g, / m,

Grolean Gludlce Pomarol Ratta22| s -ﬂt ;;%( |

¥



| General Analysis of ‘unHid_gsﬂ

Models

« Parametrization of effective Lagrangian:

@ _ Loz Cnp stoe) (1 b I
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U u r—(i i i T h*
_E}"i_j (“‘EL]J?FL])E(“EQ}:D) (1@4'*321;?%—---
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Azatov, Contino, Galloway: arXiv:1202.3415 " i o T



Global Analysis of Higgs-like Models

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

CMS 748 Combination

| o Standard MOde' a=C= 1 JE & Tevong You, arXiv:1207.1693




Global Analysis of Higgs-like Models

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

== = -~
ATLAS 748

Lo

.' * Standard MOde' a — C — 1 JE & Tevong You, arXiv:1207.169
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Global Analysis of Higgs-like Models

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

| -
TEVATROMN Combination

SELIO-
itl-Dillston

10 15
=

~ |e Standard Model:a=c=1

T

L . 'y i \a i
W D —_— MY, i e T - e

JE & Tevong You, arXiv:1207.1693
e B ST R &




Global Analysis of Higgs-like Models

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

GLOBAL Combination
15
10
) --' I#
GIObaI et :._.:
05 N |
~1.0 1

L 15
o

| o Standard MOde' a=C= 1 JE & Tevong You, arXiv:1207.1693




It Walks and Quacks like a nggs

Standard Model predlcts a=C= 0

ﬂlE—ES GLOBAL Combination marginalized c 1:-.1} GLOBAL Combination marginalized a
-1 =05
—2 -1.0
-3 -1.5
-4 =20

S S
-5 =25
-G -3.0
-7 -315
B =40
_%.1} o5 18 15 20 25 _4'51

JE & Tevong You, arXiv:1207.1693

| Global fitta~1,c~1




Theoretical Constraints on Higgs Mass

e Large M, — large self-coupling — blow up at
low-energy scale A due to gy
renormalization exclusion

» Small: renormalization |¥ =} \

due to t quark drives

quartic coupling < 0

at some scale A

= fmfr*’mﬂﬂlllll

— vacuum unstable e e
| » Vacuum could be stabilized by Supersymmetry

tthltyb und
astability bound

Shown are o error bands, w/o theoretical errors

Tevatron exclusion at =85% CL




Minimal Supersymmetric Extension of
Standard Model (MSSM)

Particles + spartners

{ (lepton) g (quark)
g., ~ ) or ( " " )
{ (slepton) ,

2 Higgs doublets, coupling |1, ratio of v.e.v.”s =
Unknown supersymmetry-breaking parameters:

ah "~ (photon) " g (gluon)

g (squark) ) \ 35/ A photino ) XA gluino )

Scalar masses 1, gaugino masses
trilinear soft couplings ~, bilinear soft coupling

Often assume universality:
Single m,, single , single . not string?
Called constrained* MSSM = (* at what scale?)

Minimal supergravity ( \) predicts gravitino
mass: and relation:




Possible Nature of LSP

* No strong or electromagnetic interactions

» Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)
(partner of Z, H, )

(nightmare for astrophysical detection)




Supersymmetric Signature @ LHC

CMS Experiment at LHC, CERN

Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

| Lumi section: 49

Jet pT: 393 GeV
-
‘ Jet pT: 468 GeV/|
o P -
, \\
/ ‘
) I
[/
Jet pT: 57 GeV I [ ——
20 Gey r ——
)
Jel pT: 214 GeV/|

Jet pT: 34 GeV

N
N e
MHT: 693 GeV

Missing transverse energy

carried away by dark matter particles




Searches with ~ 5/fb

JE=TTeV J Ldt=44"

En{p=10
Hp = GaV
p=

m, = 173.2 Ga¥
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MasterCode masi%;

Combines diverse set of tools

« different codes : all state-of-the-art
+ Electroweak Precision (FeynWz)
» Flavour (SuFla, micrOMEGASs)
« 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

>

Model parameters:
e.g. mQ, 1/2, AD, tanf, etc

v

Spectrum calculators

SoftsSUSY

SuSpect

¥

SLHA

T

Steering Code

Predictors

Higgs Sector
FeynHiggs

Cosmology

MicroMEGAS
Darks5UsY

Flavour Phys.

SuFla
MicrOMEGAS

EWHK Physics

FeynWd

v

Predictions

Expt. Data




Post-LHC, Post-XENON100 iy

2011 ATLAS + CMS with 1 fb' of LHC Data

S 3.5F Higgs mass

15F v2 price to pay if
13 M, = 125 GeV is ~ 2

D.EE— LEP =oreticaliy

=  excluded

:IIIIIIIIIIIIIII IIIIIIIII
0 90 00 110 120 130 140

M, [GeV]
Favoured values of M, ~ 119 GeV:

Range consistent with evidence from LHC |




Post-LHC, Post-XENON100 iy

2011 ATLAS + CMS with 5 fb! of LHC Data
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20000 SN :
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Red and blue curves represent Ay?2 from global minimum, located at
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2011 ATLAS + CMS with 5 fb' of LHC Data
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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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Spin-independent
Dark matter scattering
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Buchmueller, JE et al: arXiv:1112.3564

Favoured dark matter scattering rate
well below XENON100 limit
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Y What do you do?

il -q A
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Think of things for the - Wouldn titbe

experiments to look ! better if they
for, and hope they find ,.1 y: found what
X -

L}
| Then we would not
learn anything!
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