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. Origin of Mass

Proton Decay Cosmic Particles
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Quark Flavour Physics Puzzles

8- LHCb

SM Predictions
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Next decade
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v, survival probability as a function of L/E,

Oscillations @
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CP Violation in the Neutrino Sector?
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* Not yet, but hint from T2K
| data on v, appearance
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Look forward to more data! = = i



High-Energy Neutrino Astronomy

IceCube Collaboration, SCI-EHCE.‘ 342, 1242856 (2013)

Backgmund Atmospheric Muon Flux
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Deposited EM-Equivalent Energy in Detector (TeV

Finally, some other particle besides the photon!




What we (don’t) know What else 1s there?
How to discover it?
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<IN A Phenomenological Profile”
of the Higgs Boson

|+ First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva
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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 Wemnberg-Salam model. After reviewing previons experimental limits on the mass of
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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 Higpgs boson, unlike the
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 want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up. S
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2011: Combining Information from
Prewous Dlrect Searches and Indlrect Data

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




cteei | Higgs Production at the
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Higgs Decay Branching Ratios

» Couplings proportional to masses (?)
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Many decay modes measurable if M, ~ 125 GeV
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Is LHC flndmg he mlssmg plece? '
IS it the right shape?
Is it the right size?




From Discovery to Measurement

* Mass measurements: | s e

b= 1265 GeV Combined CMS Preliminary m, = 1257 GeV
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 Frontiers:
— VBF significance 26 in several channels, 36 combined
— Decay to tt emerging
— Decay to bbbar emerging (CMS, Tevatron)
— Indirect evidence for tthar coupling ——
— Still to come: ttbar + H, t + H, Hto Zy, ... .
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| The “Higgs’ Spin 1s probably 0
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Theoretical Constraints on Higgs Mass

* Large My, — large self-couphng — blow up at
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. Vacuum could be stablllzed by Supersymmetry




Vacuum Instability in the Standard Model
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Elementary Higgs or Composite?

» Higgs field:
<O0[H|0> #0
* Quantum loop problems

free a c.0., cutoff

| Cut-off A ~ 1 TeV with

A =10 TeV

-~

 Fermion-antifermion

condensate

 Just like QCD, BCS
superconductivity

 Top-antitop condensate?
needed m, > 200 GeV

force?

- Heavy scalar resonance?

- Inconsistent with
precision electroweak data?




Global Analysis of Higgs-like Models

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

GLOBAL Combination Lee

'ﬂ No evidence for
deviation from SM

0.4 0.6 0.8 10 12 14 1l& 15
d

A' e Standard Model: a =c=1

JE & Tevong You, arXiv:1303.3879




It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?
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Dixit Swedish Academy

Today we believe that “Beyond any reasonable
doubt, it is a Higgs boson.” [1]

| http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/a
) dvanced-physicsprize2013.pdf

: s - [1]=JE & Tevong You, arXiv:1303.3879



From a-Theorem to Double-Higgs Production?

 Beautiful new, fundamental result in field theory
-+ Infra-red scale anomaly < ultra-violet anomaly |
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anomalous couplings |
+ Higgs = electroweak dilaton 55 a )
- » Anomalous couplings in sl —
composite Higgs models |
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~ » Double-Higgs production? b
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What else Is there?

Supersymmetry

 Successful predlctlon for Higgs mass
— Should be < 130 GeV in simple models

 Successful predictions for Higgs couplings
— Should be within few % of SM values

 Could explain the dark matter
* Naturalness, GUTs, string, ... (?7?)
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ATLAS SUSY Searches* -

95% CL Lower Limits

Wingerter-Seez
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(Over-)Simplified Models

SUSY 2013

T— b —w i

CMS Preliminary

CTT For decays with intermediate mass,

ml'l'.\\:\l'ml'ﬂ'llu'l'll'l =X mmﬂll‘ﬂf-l'-l -}::l.m‘.'-.'l

R hD 200 - 400 600 800 1000 1200 1400
“Dbserved limits, theory uncerainties not include:
Only a zelection of available mass limits Mass scales [GEW

Probe *up t0* the quoted mass limit




Simplified Models: Caveat Emptor

 Any realistic model will yield signature with

probability < 100%
 Any realistic model will yield > 1 S|gnature

= 100

. Develop tools to combine  u —— i
simplified signatures . s L ey
- Significance may be not i, N
L r
depend on model details @ /
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Searches with 8 TeV Data

m,, [GeV]
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O-lepton, 2-6 jets
ATLAS-COMNF-201 3-047

O-lepton, 7-10 jets
ATLAS-COMNF-2013-064

0-1 lepton, 3 b-jets
ATLAS-COMNF-2013-081
1-lepton + jets + MET
ATLAS-COMNF-201 3-082

1-2 taus + jets + MET
ATLAS-CONF-2013-028
2.55-leptons, 0 - = 3 b-jets
ATLAS-COMNF-2013-007
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® Multiple searches including b, leptons
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Post-LHC, Post-XENON100 P

2012 ATLAS + CMS with 20/fb of LHC Data

|
%9 1000 2000 3000 4000 5000 6000
9810] Update of Buchmueller et al: arXiv:1207.3715

Red and blue curves represent Ay? from global minimum, located at <y

p-value of simple models ~ 5%, ~ SM




Post-LHC, Post-XENON100 R P

2012 ATLAS + CMS with 20/fb of LHC Data

_ 9 =— . s Reach of LHC at
Gluino mass Fige High luminosity
6/ |
NX 5t
3.
3_
2_
1_
% 1000 2000 3000 4000 5000

mg Update of Buchmueller, JE et al: arXiv:1207.3715
Favoured values of gluino mass significantly

above pre-LHC, > 2 TeV




New Particles:
Years from Proposal to Discovery

Electron i |
Photon | |

Muon l

Electron neutrino i |

Muon neutrino | |

Down I |

Strange | |
=

Up

Charm

Tau

Bottom
Gluon

W boson

£ boson

Top

Tau neutrino

HIGGS BOSON

Supersymmetry e ;



What Next: A Higgs Factory?
 Nojiri g

- To study the ‘Higgs’ in detail: s

/s =14 TeV: ; [Ldt=3000 fb"

) I he I H‘ .|-Ldt=300fb 'axtrapo ated from 748 TeV
I | | | T T T

/1,

— Rethink LHC upgrades in this perspective?

e A linear collider?
— ILC up to 500 GeV
— CLICup to 3 TeV

(Larger cross section at higher energies)

|* A circular e"e” collider: LEP3, TLEP
— A photon-photon collider: SAPPHiIRE

e A muon COHidGI’ 0 02 04 aor'?rfzaqu
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Possible Luminosities and Energies
' of e*e- Colliders .,

Luminosity vs Energy

. | TLEP if you want e
e high luminosity —o—TLEP(44P)

Luminosity (x1033)
2

CLIC if you want| §
| high energy | &

0 500 1000 1500 2000 2500 3000 3500
Center of Mass Energy (GeV)




Vlslon for the ] st Century

- A 2 b
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350 GeV Circular ete collider oy D o

100 TeV proton-proton collider [ 28 A

Similar ideas in China
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Comparison of Possible Higgs
Factory Measurements
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HL-LHC : One experiment only
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TLEP:
Part of a VVision for the Future

Exploration of the 10 TeV scale
Direct (VHE-LHC) + Indirect (TLEP)
Need major effort to develop the physics case
Work together
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Cosmological Inflation in Light of Planck
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Martin, Ringeval, Vennin (arXiv:1303.3787)
1

Inflationary Landscape
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Inflation Cries out for Supersymmetry

Want “elementary” scalar field -
(at least looks elementary at energies << M)
To get right magnitude of perturbations
Prefer mass << Mg
(~ 1013 GeV in simple ¢? models)
And/or prefer small self-coupling A <<'1
Both technically natural with supersymmetry

JE, Nanopoulos, Olive, & Tamvakis: 1983 ===
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No-Scale Supergravity Inflation

The only good symmetry is a local symmetry
Early Universe cosmology needs gravity
Supersymmetry + gravity = Supergravity
BUT: potentials in generic supergravity models
have potential ‘holes’ with depths ~ — My*
Exception: no-scale supergravity

Appears In compactifications of string

Flat directions, scalar potential ~ global model +
controlled corrections I Nanopoulos & Olive, arXiv:1305.1247, 1307.3537
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No-Scale Supergravity Inflation

« Good inflation for A\ ~ ;/3
‘ %

-

0.10

|‘ Deviations possible £

i Looks like R2 model




ook for B-Mode Polarization
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Redshift in inflation

—

B-mode [predicted}. ™.
- .~-":'__,-—""'__"‘*~H "‘\_\ B -

Katayama & Komatsu (201 TN
| ) ' L M| o

100
Multipole, |
N g AT T o




I-nNo-ScaIe Framework for Particle_!-

Physics & Dark I\/Iatter

» Incorporating
Starobinsky-like
Inflation,
leptogenesis, neutrino
masses, LHC
constraints,
supersymmetric dark
maltter,

o Stringy origin...?

.im

Log (M, (GeV))

¥ LBl TNl A\ e ' R {1 R Ty 0y
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JE Nanopoulos&Ollve arXiv: 1310 4770 “_ TR, e
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Ibanez

String Model-Building

| = Many possible approaches: .

Shiu

Mth(G2)

IIA(O6)

type IIB(O7,03)

T Many possibilities within each approach



E.g., Systematic Approach to Calabi-Yau

Spaces
Number of consistent SU(5) GUT models with correct indices:
X)) 2 3 4 5 6 total
o
#models | 0 0 6 552 | 21731 (4103663325
After demanding absence of 10 and presence of 5 — 5 pair: =
34989 models
Available at:
http://www-thphys.physics.ox.ac.uk /projects/CalabiYau/linebundlemodels/index.html
Roughly, a factor 10 more models per CY for each
_ additional Kahler parameter!
- |* How to choose between them?
- . . - .
- |» Optimal use of bottom-up information? B

|« Still ambiguity? A******** nrinciple?

.'.‘
Ibanez iy




Calabi-Yau-Ology

Simple example:
e

4'-cycle size: 1
(Kahler moduli)

3-cycle size: U
(Complex structure
moduli) + Dilaton S

Quevedo



Sample
Approaches

« High SUSY-breaking scale?
|+ Large volume?

Fx  Efforts to engage with phenomenology:
— Higgs mass

(*e.g. for universal V2m = M = Mgg, A = —3/2M) ; m, = 173.1 + 0.7 GeV)

Mpy=Myg at Mc

L. 9. and Valewsuela 2013

M=v2m
A=-3M/2

— ]

Could have been predicted!!

~ Exp. my ~

L J 1 I 1

For Mgs > 10" GeV = my = 126 £3 GeV

u=-M/4
pu=-M/2
u=-3M/4
u=-M

L L | | I L

104 106

SUSY breaking scale Mgg (GeV)

108 1010 1012 1014

Dark matter

Mini-charged Dark Matter scenarios:

«  SM
gh
@
o

MNdan

..--&'1

. Threshold
. corrections .

$ Field theory construction

# Constraints from Quantum Gravity

# Charge quantization and millicharges \

Stueckelberg portal

# Massive U(1)’s and their mass mixing

Models of inflation

Mc M.




From Inflation to Structures

¢ Perturbations can be
measured at different

epochs:
1.CMB z=1000
2. 21em z=10-20 (?)

inflation

tiny fracti 1 :
of a second .y 3. Ly-alpha forest z=2-4

o 4.Weak lensing z=0.3-2
peljal e NRtne Y 5.Galaxy clustering z=0-2
e A Sensitive to dark energy,

neuirinos. .. :

DN

B structures

I - Baryon acoustic
oscillations




XENON100 (2012)
] C D M S SI resu It = observed limit (90% CL)
o L Expected limit of this run:

I £ 1 5 expected
+ 2 o expected

1

—t
<
WA

WIMP—nucleon cross sec

1SS (2011/12)  .omei s

e New best I|m|t LUX W|th 85 days of data
amilectal [S8  Resolves confusion at low WIMP masses?




Global Fit to Supersymmetric Model

201 2ATLAS + CMS with 20/fb of LHC Data

_ Spin-independent
104t Dark matter scattering
1042 ¢ ’
1073 |
107 ¢
=10
10746 §

[|= = Ax? =2.30 pre

1 0_47 F= = A2 =5.99 pre:LUX

[ | == Xenonl1l00 225-days 90%CL

-40 |
10 masTeR

CoDEg

Excluded by

[cm? ]

USI

LUX 85-days 90%CL

-48 | ‘ ‘
10507 102 103

Update of Buchmueller, JE et al: arXiv:1207.3715
Favoured values of dark matter scattering

cross section significantly below XENON100, LUX




No BSM? History Is on our Side

""So many centuries after the Creation, it is unlikely that anyone
could find hitherto unknown lands of any value” - Spanish Royal
Commission, rejecting Christopher Columbus proposal to sail
west, < 1492

“The more important fundamental laws and facts of physical science
have all been discovered” — Albert Michelson, 1894

"There Is nothing new to be discovered in physics now. All that
remains Is more and more precise measurement" - Lord Kelvin,
1900

“Is the End In Sight for Theoretical Physics?” — Stephen Hawking,

1980



S

| Think of things for the
experiments to look
for, and hope they find

something different

.\,

‘_ ‘

Y AR
Conversation with Mrs Thatcher: 1982

._.JL/

|

y

b

Then we would not
know how to progress!

What do you ¢ do?

Wouldn’t 1t be
better if they

found what
you predicted?
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Effective Potential in Single-Field Model
|+ Consider single real field with double-well L
potential: v = ap(w -9 [, Vo) E
| » Shallower than ¢? for |
O<op<V |
|+ Better tensor-to-scalar
ratiorforO<o <v Inflation
|+ Steeper than ¢ for / |
: ¢ <0or>v:worser 2




Effective Potential in Wess-Zumino Model

A
- W = grbﬁ' -39 -
: oW |2 -
|+ Effective potential: v = IV = Avt(et —2c0s0a” +22)
|+ Equivalent to single-field ;
| model for 6 = 0 (good)
|+ Combination of ¢ + ¢*
: for 8 = /2 (no good) e o R
1 » Good Inflation for RN |
; - ‘ :
- suitable p, A Bl Croon, JE & Mavromatos: arXiv:1303.6253 Il
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| Wess-Zumino Inflation in Light of Planck |

 Consistent with Planck for x; = 0.3, 0.4

Value of z; 0.1 0.2 of 0.4
Derived quantity

H”%—E 18000 4200 1600 710

€ 0.0085 0.0067 0.0045 0.0020

1 0.0062 0.00074 -0.0073 -0.022

£ -0.000053 -0.000077 -0.000079 -0.000050
r 0.14 0.11 0.072 0.031

e 0.961 0.961 0.958 0.945

g —14x107%| —1.3 x10~° 1.4x107°% | —1.1 x 109
A 4.3 x 107 1.0 x 1077 2. 107 4.1 x 107

K Numbers calculated for N = 50 e-folds
: wa Cyroo’?:‘Jl‘EE&‘Mavrorptqg aI’XIVZl303.625£’>

Ao ) ’ ’. N e
.gx-",/ -f.- y S
3 : 473
;‘ « . g

| P

-

T SR

Good
inflation

T T



Summary

Beyond any reasonable doubt, the LHC has
discovered a (the) Higgs boson

A big challenge for theoretical physics!

The LHC may discover physics beyond the
SM when It restarts at ~ 13 TeV

If 1t does, priority will be to study It
If it does not, natural to focus on the Higgs

In this case, TLEP offers the best prospects
— and also other high-precision physics

[~
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No-Scale Supergravity Inflation

« Good inflation for A\ ~ ;/3
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JE, Nanopoulos & Olive, arxlv 1305 1247, 1307. 3537




Inflationary Models in Light of Planck

Planck CMB observations consistent with inflation
Tilted scalar perturbation spectrum:
n, = 0.9585 = 0.070

BUT strengthen upper limit on tensor
perturbations: r <0.10 T | B

Challenge for simple | o e
Inflationary models
Starobinsky R? to rescue?
1 Supersymmetry to rescue’

5B 5UsY

Primordial Tilt (n,)




Supersymmetric Inflation in Light of Planck

|

 Supersymmetric Wess-Zumino (WZ) model

consistent with Planck data

Te)
&
=]

0.20

0.15

-to-Scalar Ratio (r9.002)

T
0

f

0.10

0.00

°—@

v B

>N

Primordial Tilt (ns)

0.98 1.00 I “m e
| Croon, JE, Mavromatos: arXiv:1303.6253
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See also ...

Nakayama, Takahashi & Yanagida — arXiv:1305.5099
Kallosh & Linde — arXiv:1306:3214

Buchmuller, Domcke & Kamada — arXiv:1306.3471
Kallosh & Linde — arXiv:1306.5220

~arakos, Kehagias and Riotto — arXiv:1307.1137
Roest, Scalisi & Zavala — arXiv:1307.4343

Kiritsis — arXiv:1307.5873

~errara, Kallosh, Linde & Porrati — arXiv:1307.7696

—




Post-LHC, Post-XENON100 R P

201 ATLAS + CMS with <20/f of LHC Data
=D —fp—

' *Reach of LHC at
High luminosit

1000 2000 3000 4060 5000 6000
msq

*Update of Buchmueller, JE et al: arXiv:1207.3715
Favoured values of squark mass:

e~ 2000 GeV or more




The (NG)AEBHGHKMP Mechanism

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS* A

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

(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLE: AND GAUGE FIELDS

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

Received 27 July 1964

e gy , R R e BT EACE, -

PHYSICAL REVIEW LETTEE

VoLUuME 13, NUMBER 16

The only one
who mentioned a
Peter W. Higgs

Tait Institute of Mathematical Physics, University of Edinburgh, maSS|Ve SCa|aI’ boson
(Received 31 August 1964)

BROKEN SYMMETRIES AND THE MASSES OF GA

2 = Oy = : - p e -
SPONTANEOUS BREAKDOWN OF STRONG INTERACTION SYMMETRY AND THE
GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES* ABSENCE OF MASSLESS PARTICLES
G. 8. Guralnik,¥ C. R. Hagen,i and T. W. B. Kibble A. A, MIGDA Loag

Department of Physies, Imperial College, London, England
(Recetved 12 October 1964) — _

The occurrence of massless particles in the presence of spontaneous symmetry breakdown is
discussed. By summing all Feynman diagrams, one obtains for the difference of the mass




Comparison with Electroweak Fit

fitter

T T T T
[ smiit
8- ATLAS measurement [arXiv:1207.7214]
== CMS measurement [arXiv:1207.7235]

IIIJ.J
70 20 90 100 110 120 130 140

M, [GeV]
Quite consistent: Ay? ~ 1.5




Higgs as a S
Pseudo-Goldstone
Boson

‘thtle nggs’ mOdels | or 2 Higgs doublets,
| ossibly more scalars
(breakdown of larger symmetry) & PO IHoTE e

colored fermion related to lop L|llLl|‘|~;

new gauge bosons related to SU(2)

new scalars related to Higes
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H Coupling Measurements @ TLEP

M =246.0 = 0.8 GeV, €= O.OOOOT0-0015_0.0010

10°} .

2(1+€)
B mf 1+ o mv
o= V() - Z(MHEE)

. WZ t

10! 102
m [GeV] JE & Tevong You




