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Abstract: <p>The discovery of the Higgs boson at the Large Hadron Collider marks the culmination of a decades-long hunt for the last ingredient of
the Standard Model. At the same time, this discovery has started a new era in the search for more fundamental physics. In this talk, | will discuss
what we have learned from the Higgs discovery about the mechanism of electroweak symmetry breaking and the implications for the existence of

additional Higgs bosons. | will then highlight the future prospects of the Higgs boson in shedding light on New Physics and in particular on the
nature of Dark Matter.</p>
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The first elementary particle discovery of 21 century

HIGGS BOSON

fPARTICLEZ 0

CERN, July 4" 2012, ~11am

After ~30 years of experimental searches
(LEP, SLC, Tevatron, LHC)

2/32 S.Gori
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The first elementary particle discovery of 21 century

~6000 experimentalists involved
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MWhat lead to the dlscovery'?

- Dtag

Discovery after less
than 3 years of run

' equuvalent to a 400 t train travelling at 100 mi/h
@ Superconductive electromagnets chilled at

a temperature of 1.9°K: colder than deep outer space (2.7°K)
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ny big questions in particle physics

Particle content of the Standard Model
+* Parti ontent of the ndar I ‘ ' PART L.

+ Hierarchy problem
+* Dark matter
* Flavor problem

+ Matter-antimatter
asymmetry

+ Neutrino masses

* Dark energy

PUE0EC

L SR
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1. Self-consistency

of the Standard Model (SM) :i%
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andard Model particles (pre 2012)

www. par'Tlclezoo net

L Vv @  ELECTRON @
uP DOWN ELECTRON b

o
CHARM & STRANGE v MUON 9 MUON

NEUTRINO
TOP .\ BOTTOM 7

TAU
A a NEUTRINO
AN J

Quarks Leptons

Flavor

Gauge bosons

GLUON PHOTON
S~ “ a | Every particle
would be
Strong electromagnetlc weak massless!
SU(3) SU(2) x U(1)
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Ing the Electroweak Theory

' W= Z

Discovery Precision measurements
+ Hint for the existence of the Z Z boson properties at the
boson at Gargamelle bubble +» Large Electron—Positron Collider
chamber, at CERN in 1973. at CERN in 1989-2000
+ Discovery of Z and W bosons + Stanford Linear Collider in
at Super Proton Synchrotron, 1989-1998
at CERN in 1983. =z LEP

™

e
§

)

T
' A‘Jg

Experiments

N

Z properties depend on the Higgs mass

Standard Model Prediction

8/32 S.Gori
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

* .
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos ™/

CERN -~ Geneva
Nucl. Phys. B 106, 292 (1976)

We should perhaps finish with an apology and a caution. We

3 -9 T m « 1 at o } 3 Yy id - at 9o oo o
A 4 4 y 1 =]
apologize to experimentalists for having no idea what is the mass of {the

3)s4)

its couplings to other particles, except that they are probably all very

Higgs boson, unlike the case with charm and for not being sure of

small, For these reasons we do not want to encourage big experimental

searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

We need to measure the Higgs mass!

9/32 S.Gori
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The production of the Higgs is a relatively rare event at the LHC

Motivation: Proton
Higgs couplings « particle mass .9

and the constituents of the protons are pretty light! @ @
Primary reason for which the Higgs boson g g /
has not been discovered long ago @

10/32 S.Gori
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The production of the Higgs is a relatively rare event at the LHC

Motivation: Proton
Higgs couplings « particle mass .
and the constituents of the protons are pretty light! @ @

Primary reason for which the Higgs boson g g /
has not been discovered long ago @

Gluons can react through the higher-order
ggh coupling to produce the Higgs boson.

2.00
1.00
e 0.50

0.20

2010

[

o

gg fusion

0.05

VBF

W,Z

tth

0.02
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do we see?

The Higgs decays
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Higgs mass
Z properties

If the Higgs is the one of the SM...

For the first time we have
the measurement of
a self-consistent electro-weak sector

Batell, SG, Wang, 1209.6382

It would not be the case if
the Higgs was heauvier:

eg.M =300GeV wmp p_ ~3x10"

Result of decades of
experimental & theory efforts

12/32
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ability of our Universe

M, . just one number and yet ...

If the SM is the full story:

A Trans-Planckian
Higgs field value

P /“‘ N -
N\ \ y
{ b i AN 7 \
f N / \ / \
/ . y \ / \
7 \ l ’
| / |
I \
[ / \
|
[
1

Our Universe
as we see now

13/32 S.Gori
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ability of our Universe

s

M, : just one number and yet ...

The Universe
If the SM is the full story: on a "knife-edge”

A Trans-Planckian ot
. . | nstability
Higgs field value =
\ l I \ - f T
' l > ; 4 ? :_l-
\ Q . L
;;- \ g ‘ . 1
| | 100l xd :
.' = r —~
Our Universe s S
as we see now Z =
M (GeV)

S.Gori

13/32

Page 17/57

Pirsa: 15030126



Neutral

Higgs
bosons

14/32
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icture for EW symmetry breaking?
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)icture for EW symmetry breaking?
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iicture for EW symmetry breaking?
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With the Higgs discovery, el T I g
the SM is more puzzling than ever ;,,:
é 1 plcometre 10!
B J {atometre - 107 mEW mteractlons
Gravity << EIectroweak interactions RS
F ; i3 T 107% m
::m ! Planck scale
The electric force between two electrons
is ~10* times larger than
their gravitational interaction!
16/32 S.Gori
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) ) ) 1 metre 10° m erson A
With the Higgs discovery, i S .
the SM is more puzzling than ever ;,,:

E 1 plcometre 10"
B atomerne ~ 00 mEW mteraﬁs

Gravity << EIectroweak interactions R T

wes Al " — 1030
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The electric force between two electrons
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With the Higgs discovery, e Lot
the SM is more puzzling than ever U 0o
§ m 107 m . .-~
fae- J atometre lﬂ"mEWl inteéaﬁs
p mi~ A’ e=0(0.01) T
\ — 10" m
V(H) = —(4* + c A H'H + NH'HY L T o
. {/'?‘\\ '''' . Lorem ) Planck scalel

. \ /.‘ T VWYL P SOV el sweles /\
What is \? S

+ Some fundamental scale beyond the Standard
Model. Ex. A=M_ = 10" GeV

16/32 S.Gori
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sSymmetries & the hierarchy problem

+ An extension of space-time symmetry:
Theorists love

Supersymmetry: |boson) < |fermion :
(SUSY) | > | > symmetries ...

| More particles!

Quadratic dependence on the cutoff is canceled:

2
2 _ .2 2 It oe \
m, = - +— Mgygy 5 1082 1 e
8= magusy

Generically,
Fine-tuning is smaller for smaller values of mgysy (~TeV scale?)

The argument holds also for other theories based on
global symmetries. Eg. Twin Higgs models

17/32 S.Gori
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servational” problem: Dark Matter

Plenty of evidence for the existence
of a new form of matter: Dark Matter (DM)
(Galactic Rotation Curves, Galaxy Clusters,

Cosmic Microwave Background,
Bullet Cluster, Large-Scale Structure Formation, ...)

No particle of the Standard
Model can be Dark Matter

18/32 S.Gori
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We have two deep problems in fundamental particle physics

Both of them might be telling us
that we have more particles

Theoretical:
ki at around the electroweak scale

The hierarchy problem

Observational: How do we see these particles?

The Dark Matter problem The Higgs is at the electroweak scale:
It might be The Key to open the door
to our understanding ...

19/32 S.Gori
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produces them!

G & Number of events @ LHC
auge group up o how
‘ 1
Charged under :
strong interactions ~500K . ~10K
(SU(3)) :
Charged under ~200 ' ~10
electroweak interactions B :
(SU(2) x U(1)) d ~ ;
Not charged - . <1 <1
> .
100 500 1000 : '
Gev  Gev  Gev gl M, =200 GeV . 400 GeV
particle
20/32 S.Gori
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produces them!

G Number of events @ LHC
auge group

up to now
‘ 1
Charged under :
strong interactions ~500K : ~10K
(SU(3)) :

"Stop quark" (addresses the hierarchy problem): ¢+ — LSP SM, LSP = lightest

T poaRton 1P i o A WO et X Sie: CHEP 014 | SUSY particle
900 (7 T T T |

: ATLAS Prolim nary L, =201 18=8 TeV L,=4T70 is=7 Tev :‘
ot a , . - 1

I - ' o o e |
“"E - Wik prpe ‘ |
l'u: i i ) i

d b pected lim

(
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G Number of events @ LHC
auge group

up to now
‘ 1
Charged under :
strong interactions ~500K : ~10K
(SU(3)) :

"Stop quark" (addresses the hierarchy problem): ¢ — LSP SM, LSP = lightest

T potson {11 L iR i WO i1 SammiicHEPZONe | SUSY particle
‘ m‘rus nu.‘-”n.-‘."; AU AMARA ‘ .
“E =it = - | Caveat: 100% branching ratios.

| The bound will be weaker in theories with
o e s . | "more complicated" decay modes

-Ex.t — Tvb Carena, SG, Shah, Wagner, Wang,
- R-parity violation 1303.4414

Role of the theorists in the LHC era:
improve on the coverage, identifying new
characteristic signatures of NP particles

20/32 S.Gori
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produces them!

G & Number of events @ LHC
auge group up o e
‘ 1
Charged under :
strong interactions ~500K . ~10K
(SU(3)) :
Charged under ~200 ' ~10
electroweak interactions B :
(SU(2) x U(1)) d * ;
Not charged - . <1 <1
> .
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sthidden New Physics particles

Not charged o Tear SM ™ o

New matter

New fé-rces
New Higgses fields

Why are these particle of so central interest?
+* Framework used for Dark Matter model building

+ Some theories addressing the hierarchy problem
have singlet particles (eg. Twin Higgs models)

How do these particles interact with us? Npal« o
Thanks to (a few) renormalizable "portals": SN

Z,.,Z", |H|*|S|>, HLN
Dérk

21/32 S.Gori
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)sthidden New Physics particles

Not charged By SM ™

New matter

New fb-rces
New Higgses fields

Why are these particle of so central interest?

+ Framework used for Dark Matter model building

+ Some theories addressing the hierarchy problem
have singlet particles (eg. Twin Higgs models)

How do these particles interact with us? NDal« o
Thanks to (a few) renormalizable "portals": SIRAANAN
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21/32 S.Gori

Pirsa: 15030126 Page 35/57



)st hidden New Physics particles

Not charged edietor SM ™

New matter

New férces
New Higgses fields

The Higgs offers a unique opportunity to probe these new particles!
Completely new decay modes of the Higgs

Z.wZy E{) H — ZZ (Z7=Darkphoton)

|H|?|S|? —=) H — ss

HILN —) H— LN

Almost no searches in the first three years of the LHC!

21/32 S.Gori
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vents to be seen
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PART Il

3. Indirect searches
for new particles
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ot history...

Historically,
several measurements of rare processes
led to the indirect discovery of new particles

e.g.
e

+» Measurement of the tiny branching ratio of the decay K — p'p-

) prediction of the charm quark to suppress the process

(Glashow, lliopoulos, Maiani, 1970) . Kaon
—

+ Observation of CP violation in kaon anti-kaon oscillations

mmm) Prediction of the 3rd generation of quarks (d
(Kobayashi, Maskawa, 1973)

=

26/32 S.Gori
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‘:;. potential of indirect searches
High intensity experiments l

N (g~2‘)_ experiment at Fermilab

+ Neutrino faclilities _
Great potential

+ B-factories/LHCb to discover new forces of nature
’ ..
= W
} LL{ “ E\’\\ u
(9-2) L
| Q-

AT NT,,+,,—
v,N — v, Nu™pn

New measurement
proposed for

neutrino near detectors
(@ MINOS+, LBNF, ...)

Altmannshofer, SG, Pospelov, Yavin, 1406.2332

26/32 | S.Gori
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/ery potential of indirect searches
; High intensity experiments l
v (g—2)_ experiment at Fermilab

+ Neutrino facilities _
Great potential

+ B-factories/LHCb to discover new forces of nature
.
Ul
/ LLd : E‘i\ T
(9-2) .
| Q-

AT NT,,+,, —
v,N = v, Nu™p

New measurement
proposed for

neutrino near detectors
(@ MINOS+, LBNF, ...)

Altmannshofer, SG, Pospelov, Yavin, 1406.2332
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'ery potential of indirect searches

| High intensity experiments l

> (g—2)p experiment at Fermilab

+ Neutrino facilities

+ B-factories/LHCDb Altmann§hofer. SG, Kribs, 1210.2465

30F -

® Great potential to
discover A
new Higgs bosons 10geg =m0

IO

H==¢s

80 100 120 140 160 180 200
i"!” v | (—Il'\“}

S5.Gori
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fOVery potential of indirect searches

High intensity experiments

o (0-2) experiment of Fermilab
* Neulrino facilitie
* D faclones/LHCH

.

fr— )
~
\

e P o
R
M 10wV
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ery potential of indirect searches

| High intensity experiments l

> (g—2)p experiment at Fermilab

+ Neutrino facilities
Altmannshofer, SG, Kribs, 1210.2465

+ B-factories/LHCb '
Great potential to ™[ i

Q e .
discover y
new Higgs bosons “'E .

H==¢s

80 100 120 140 160 180 200
i"f” v | (—Il'\f‘}

S.Gori
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rimental prospects

Now

19.7fb" (8 TeV) + 5.1 (7 TeV) Future
CMS W 65% CL
: ol b AT CMS Projection
Ky =0.9677 1 - |
) ' E xpected uncertainties on b 5000 10 ' & 8 * 14 TeV Scenarno 1
028 : Higgs boson couplings =1 3000%"& §= 44 TV No Thacry Ur
Kp = 0.64 5 re—mgmm—m)
i Ky
X, =0.82°3 % e K
: Kz
. - 4 ant0.34 '
Ky = 1'ODA032 :—_— K
i : -
Kg=0.7570 12 ———— Ny ‘
- 017 . Ke
‘\3—0-98{”5 | -*l- L I
0 05 1 15 2 25 000 005 010 015
Parameter value expected uncertainty

CMS-HIG-14.009 CMS-NOTE-13-002
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couplings to test New Physics
hgg coupling

su@) _ Stops

1400 -\ | 1500 v /
- ) = e -m.’;‘
- \ : =
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01& 1100 A o”_.
‘.l ".' (.
1000~ \O j ﬁ) ]
> ° f‘ .«" -
3 O \ mp 8% / io]
S soo] U NS 3)
L= \-‘ “ L . e T— e <) ¥ 4
3 ~6\\ \.‘ 5 yUgh .‘_r y N
600 "o | 600 X | %
— \ \ ),
o L ... ..‘ ’_I J
I R \ / ."’ -‘-. .‘\ ! | ,"
400 ~ \-\ ‘\ ’!‘ * s ‘ \\ -.n‘ "-
| | p \ |
i o N
‘l‘/ ol = 1
- : 300 100
-3 -2 -1 0 1 2 3

Xi/m;,
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SG,Low,1307.0496
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pnnection to the vacuum structure

It is not just a matter of measuring the properties
of the newly discovered particle ...

Suppose in the coming couple of years, we measure
a deviation from the SM prediction for the hyy coupling

== hint for (some) new light particle

The structure of the universe

will generically change:

Field
space

EW minimum

Additional minimum

30/32 S.Gori
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usions: Exciting times ahead

Great times for particle physics!
Open theoretical problems and a lot of experimental data

1.The highest energy ever reached before! B
LHC / HL-LHC Plan @

31/32 S.Gori
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Great times for particle physics!
Open theoretical problems and a lot of experimental data

1.The highest energy ever reached before! -
LHC / HL-LHC Plan @:;';;" osit
mlﬂ;n.: Tev - 14 TeV - —

Thinking forward:

Nevv hlgh energy maChIneS Internationat. Linear Collider -.__.___,_n"':},.: li‘i-...
) ) upr proton-proton
2.The best indirect searches for NP ever! Collider (SppC), 100 TeV
3.The best Dark Matter experiments ever!
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xpedition to the next physics scale

L)

1 metre —10°m  person I'!( - Hierarchy problem
! milimetre  —1- 109 m b - Dark matter
E . bodon . - Flavor problem
g micreomene TeTm - - Matter-antimatter
z 1 nanometre ' 10°m _— --1,:;:;': asymr‘netry
E 1picometre —— 10"?m A =2 - Neutrino masses
E 1 femtometre 1% M  tomic nucleus g - Dark energy
=} -
~  1attometre ‘ 10*m electroweak interactions Umq ue OppOl’tUﬂiTy to test
I apomens == =™ a new energy scale both
1 yoctometre _ 10" m v .
| - directly at present and
Eom future colliders
- - indirectly at high intensity
105 m machines
1 Planck scale
10-!6 .
" .o e, s sioswini Brand new route: the Higgs boson
My role:

+ Propose new solutions to these outstanding theoretical problems
+ Work in close contact with particle physics experimentalists
to maximize the potential of the collider (LHC and beyond),
of high intensity precision, and of dark matter experiments
32/32 S.Gori

Pirsa: 15030126 Page 53/57



Pirsa: 15

Xpeditionito the next physics scale

hy problem
maller

Dark anerg

Lnigyue oapportunity to test
A New energy scale bolh
directly at present and

Tuture collidors
indirectly al high intensiy
machines

Brand new roule

outslanding theore
1Ih particle phy wernmentalists
nial of the collicey (LHC and beyond)
Of high intensity PIeCIBion. and of dark Mmatler experimen|g
ang

lical problams

Ihe Higgs ['(l'r\"lll

Page 54/57




Great times for particle physics!
Open theoretical problems and a lot of experimental data

1.The highest energy ever reached before! -
LHC / HL-LHC Plan @:;*;;" osi
mlwulw , 14 TeV - —

Thinking forward:

Nevv hlgh energy maChlneS Internationad. Linear Collider Oy
o Supr proton-proton
2.The best indirect searches for NP ever! Collider (SppC), 100 TeV
3.The best Dark Matter experiments ever!
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BlONS: Exciting times ahead

0: s for particle physics!
)n theoratical problems and a lot of experimental data

1. The highest energy ever reached before!
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