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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PRINCIPLES
Three gauged symmetries SU(3)xSU(2)xU(1) 
Three families of quarks and leptons  (3x2, 3x1, 1x2, 1x1) 
 Brout-Englert-Higgs mechanism of spontaneous EW symmetry 
breaking -> Higgs boson 
 CKM and PMNS mixing of flavours 
 CP violation via phase factors 
 Confinement of quarks and gluons inside hadrons 
 Baryon and lepton number conservation 
 CPT invariance -> existence of antimatter

The ST principles allow: 
Extra families of quarks and leptons  
Presence or absence of right-handed neutrino 
Majorana or Dirac nature of neutrino 
Extra Higgs bosons
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE LAGRANGIAN

possible  right handed neutrino ?

Two parameters
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L = Lgauge + LY ukawa + LHiggs,

Lgauge = �1
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Three or fo
ur Yukawa matrices



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PROBLEMS
 The running couplings possess the Landau ghost poles at high energies
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• The ghost pole exist for the U(1) 
coupling and for the  Higgs coupling,  
but … beyond the Planck scale

• The situation may change in GUTs due 
to new heavy fields @ the GUT scale

• requires modification of the SM at 
VERY high energies

• The Landau pole has a wrong sign 
residue that indicates the presence of 
unphysical ghost fields - intrinsic 
problem and inconsistency of a theory

This is the ghost pole
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PROBLEMS
 Quantum corrections can make the vacuum unstable 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

the situation crucially depends on the 
top and Higgs mass values and requires 
severe fine-tuning and accuracy

the whole construction of the SM may be in 
trouble being metastable or even unstable
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt and ↵s by ±3�.

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

The way out might be the  new physics  at higher scale
NLO NNLO
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

THE PROBLEMS
 New physics at high scale  may destroy the EW scale of the SM

• Quantum corrections to the Higgs potential due to New physics 

• The way out might be the  new physics  at higher scale

• requires modification of the SM 

• The Higgs sector is not protected by any symmetry

• creates the hierarchy problem
mH

mGUT
⇠ 10�14

• This does not happen with the gauge bosons or fermions. Their masses 
are protected by gauge invariance and chiral nature of the EW  sector

• This is not the problem of the SM itself (quadratic divergences are absorbed into the 
unobservable bare mass). 

• This creates power law dependence of the low energy physics on unknown high energy 
physics that is not acceptable
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

 why the SU(3)xSU(2)xU(1) ? 
 why 3 generations ? 
 why quark-lepton symmetry? 
 why V-A weak interaction?  
 why L-R asymmetry? 
 why B & L conservation? 
 etc

Why’s?

 how confinement actually works ? 
 how the quark-hadron phase transition 
happens? 
 how neutrinos get a mass? 
 how CP violation occurs in the Universe?  
 how to protect the SM from would be 
heavy scale  physics?

How’s?

Is it self consistent ? 
 Does it describe all experimental data? 
 Are there any indications for physics beyond the SM? 
 Is there another scale except for EW and Planck? 
 Is it compatible with Cosmology? Where is dark matter?

THE OPEN QUESTIONS

7



G. Tonelli, CERN/INFN/UNIPI                                              ITEP_MOSCOW                                               February 12-19 2013           
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A light boson, could in principle rule its self-interaction and the Yukawa interactions 

with fermions in such a way that the theory could remain weakly coupled up to the 

Planck scale without any dynamics appearing beyond the EWK scale. 


This would be in itself an outstanding discovery: for the first time we would 
have seen a phenomenon that could be described by the same theory over 15 
orders of magnitude in energy. 


A 125GeV boson is a very special object 

SUSY
?

EW

⇤QCD

Planck s
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Strin
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eV 19
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GUT sc
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16

Majorana sc
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12

Vacuum Stab ~ 10  G
eV

11

?

Planck
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IS THERE ANOTHER SCALE EXCEPT FOR EW AND PLANK? 
POSSIBLE PHYSICS BEYOND THE STANDARD MODEL 8



THE WAYS BEYOND

 New paradigm beyond local QFT: string theory,  brane world, etc 
  -> main task is unification with gravity and construction of quantum gravity

 Extension of symmetry group of the SM : SUSY, GUT, new U(1)’s 
  ->   may solve the problem of Landau pole, the problem of stability,  
      the hierarchy problem, may give the DM particle

Additional particles:  Extra generations, extra gauge bosons, 
extra Higgs bosons, extra neutrinos, etc 

  ->  may solve the problem of stability, DM

Extra dimensions: Compact or flat extra dim 
   -> Opens a whole new world of possibilities, may solve the problem of  
   stability and  the hierarchy problem, gives new insight into gravity

POSSIBLE PHYSICS BEYOND THE STANDARD MODEL 9



Existing theory

New phenomena

New theory

SM

T
he usual w

ay

M
odern H

E
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??

Beyond the SM

 A_{FB}
 g-2
 Neutrino osc
 Dark matter

10HEP PARADOX



GUT

• Unification of strong, weak and electromagnetic interactions 
within Grand Unified Theories is a new step in unification of all 
forces of Nature 

• Creation of a unified theory of everything based on string 
paradigm seems to be possibleD=10

10     cm
-34

11THE UNIFICATION PARADIGM 



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES SUPERSYMMETRY
Supersymmetry is an extension of the Poincare symmetry of the SM

Poincare Algebra

[Pµ, P⌫ ] = 0,
[Pµ,M⇢�] = i(gµ⇢P� � gµ�P⇢),
[Mµ⌫ ,M⇢�] = i(g⌫⇢Mµ� � g⌫�Mµ⇢ � gµ⇢M⌫� + gµ�M⌫⇢)

Super Poincare Algebra

[Qi
↵, Pµ] = [Q̄i

↵̇, Pµ] = 0,

[Qi
↵,Mµ⌫ ] =

1
2 (�µ⌫)�↵Q

i
� , [Q̄i

↵̇,Mµ⌫ ] = � 1
2 Q̄

i
�̇
(�̄µ⌫)

�̇
↵̇,

{Qi
↵, Q̄

j

�̇
} = 2�ij(�µ)↵�̇Pµ,

{Qi
↵, Q

j
�} = 2✏↵�Zij , Zij = Z+

ij ,

{Q̄i
↵̇, Q̄

j

�̇
} = �2✏↵̇�̇Z

ij , [Zij , anything] = 0,

↵, ↵̇ = 1, 2 i, j = 1, 2, . . . , N.

Qi, Q̄i
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 Unification with gravity!

Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Unification of the gauge couplings

 Solution of the hierarchy problem 
 Explanation of the EW symmetry violation
 Provided the DM particle
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{ , } 2 ( )    { , } 2( )

( )  local coordinate transf.  (super)gravity

ji ijQ Q P P

x

µ µ
α µ ε ε µβ αβδ σ δ δ εσ ε

ε ε

= ⇒ =

= ⇒
! !

Local supersymmetry =  general relativity ! 

 Unification with gravity!

MOTIVATION FOR SUSY IN PARTICLE PHYSICS 



Why SUSY?

Supersymmetry is a dream of a unified theory of all particles and interactions

 Solution of the hierarchy problem 

 Explanation of the EW symmetry violation  Provided the DM particle

   χ
! 0

= N1γ
" + N2 z" + N3 H!1

0
+ N4 H! 2

0

Neutralino=DM

Cancellations of 
corrections and 

stabilization of the 
Higgs potential

Violation of symmetry comes from radiative corrections

14

The basis of a grand 
Unified Theory

 Unification of the gauge couplings

MOTIVATION FOR SUSY IN PARTICLE PHYSICS 



Quantum states: | ,E λ >Vacuum = | , 0Q E λ >=

Energy   helicity

✓
N
N

◆
= 1

State          Expression # of states

vacuum 1

1-particle

2-particle
… … …

N-particle

| ,E λ >

| , | , 1/ 2iQ E Eλ λ>= + >

| , | , 1i jQ Q E Eλ λ>= + >

1 2... | , | , / 2NQ Q Q E E Nλ λ>= + >

Total # of states: 

[Qi
↵, Pµ] = [Q̄i

↵̇, Pµ] = 0

✓
N
2

◆
=

N(N � 1)

2

✓
N
1

◆
= N

NX

k=0

= 2N = 2N�1
bosons+ 2N�1

fermions

15QUANTUM STATES 



Chiral multiplet

Vector multiplet

helicity
# of states

-1/2  0  1/2
1    2    1

1,  =1/2N λ= helicity
# of states

-1 -1/2 1/2  1 
1    1    1    1

( , )ϕ ψ

( , )Aµλ

scalar spinor

spinor vector
Members of a supermultiplet are called superpartners

N=4 SUSY YM helicity          -1 –1/2  0  1/2  1 

 λ = -1 # of states         1     4    6    4   1

N=8 SUGRA helicity  -2 –3/2 –1 –1/2 0 1/2  1  3/2  2

λ = -2 # of states  1    8    28  56  70  56  28  8    1

4N S≤ spin 4N ≤
8N ≤

For renormalizable theories (YM)
For (super)gravity

N = 1, � = 0

Extended supersymmetry

16SUSY MULTIPLETS 



Bosons and Fermions come in pairs

   (g!,g)
Spin 0 Spin 1/2 Spin 1Spin 1/2 Spin 3/2 Spin 2
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Superfield Bosons Fermions SUc(3) SUL(2) UY (1)

Gauge
Ga gluon ga gluino g̃a 8 0 0
Vk Weak W k (W±, Z) wino, zino w̃k (w̃±, z̃) 1 3 0

V0 Hypercharge B (�) bino b̃(�̃) 1 1 0
Matter

Li

Ei

Ni

sleptons

8
<

:

L̃i = (⌫̃, ẽ)L
Ẽi = ẽR
Ñi = ⌫̃R

leptons

8
<

:

Li = (⌫, e)L
Ei = eR
Ni = ⌫R

1
1
1

2
1
1

�1
2
0

Qi

Ui

Di

squarks

8
<

:

Q̃i = (ũ, d̃)L
Ũi = ũR

D̃i = d̃R

quarks

8
<

:

Qi = (u, d)L
Ui = uc

R
Di = dcR

3
3⇤

3⇤

2
1
1

1/3
�4/3
2/3

Higgs

H1

H2
Higgses

⇢
H1

H2
higgsinos

⇢
H̃1

H̃2

1
1

2
2

�1
1

L̃i = (⌫̃, ẽ)L
Ẽi = ẽR
Ñi = ⌫̃R

Q̃i = (ũ, d̃)L
Ũi = ũR

D̃i = d̃R

S Singlet s singlino s 1 1 0

NM
SSM

18THE PARTICLE CONTENT OF THE MSSM



R-PARITY

The consequences:
• The superpartners are created in pairs
• The lightest superparticle is stable

  p
!

  p
!

• The lightest superparticle (LSP)
   should be neutral - the best candidate
   is neutralino  (photino or higgsino)
• It can survive from the Big Bang  and
   form the Dark matter  in the Universe 

B - Baryon Number 
L - Lepton Number 
S - Spin

The Usual Particle :  R = + 1 
SUSY Particle :        R =  - 1

19THE R-PARITY
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SM MSSM

20THE INTERACTIONS IN THE MSSM



Annihilation

Quark- gluon 

 Fusion

21SUPERPARTNERS PRODUCTION AT THE LHC



   

q! L,R → q + χ" i

0

q! L → q '+ χ" i

±

q! L,R → q + g!

   

l!→ l + χ" i

0

l!L →ν l + χ" i

±

  

g!→ q + q + γ!

g!→ g + γ!
   

χ! i

0
→ χ!1

0
+ l+ + l−

χ! i

0
→ χ!1

0
+ q + q '

χ! i

0
→ χ!1

±
+ l± + ν l

χ! i

0
→ χ!1

0
+ ν l + ν l

squarks

sleptons

chargino neutralino

gluino

   

χ! i

±
→ e + νe + χ! i

0

χ! i

±
→ q + q '+ χ! i

0

Final states

  

l+l− + ET

2 jets + ET

γ + ET

ET

22THE DECAY OF SUPERPARTNERS



Hidden  
sectorMSSM

SUSY
                Messengers 

Gravitons, gauge, gauginos, etc

   
−LSoft =  Miλi

!
α
∑ λi

! + m0i
2 | Ai

i
∑ |2 + + A ijk

ijk
∑ Ai Aj Ak + Bij Ai Aj

ij
∑

scalar fieldsgauginos

Over 100 of free parameters !

Breaking via F and D terms in a hidden sector

23SOFT BUSY BREAKING



ТЕКСТ
T.Hebbeker

might be light

Mirage unification
decay inside detector

 
NMSSM=MSSM+Singlet 3 light Higgses around 125 GeV 

Heavy Higgs decay H->h1h2

24



       Rare decays (                                                        ) 
       g-2 of the muon 

 Relic abundancy of Dark Matter in the Universe
  DM annihilation signal in cosmic rays
  Direct DM interaction with nucleons

 Direct production at colliders at high energies
  Indirect manifestation at low energies 

Bs ! s�, Bs ! µ+µ�, Bs ! ⌧⌫Partic
le Phys

Astro
 Phys

(if SUSY DM)

   Search for long-lived SUSY particles

Nothing so far ...

25SEARCH FOR SUSY MANIFESTATION
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Typical SUSY signature: Missing Energy and Transverse Momentum

26CREATION AND DECAY OF SUPERPARTNERS 
IN CASCADE PROCESSES @ LHC



Two ways to present and analyse data:

1. High energy input: 
introduce universal parameters at high energy scale (GUT)
Example                                       of MSSMm0, m1/2, A0, tan�

Advandage:  small number of universal parameters for all masses
Disadvantage: strictly model dependent (MSSM, NMSSM, etc)

2. Low energy input: 
use low energy parameters like masses of superpartners
Example                              or m̃g, m̃q, m̃�

Advandage:  less model dependent
Disadvantage: many parameters, process dependent

Both approaches are used 

mA, tan�

27EXP AND THEOR FRAMEWORK



Universal scenario

What is the LHC reach?
Universal scenario

Masses of superpartners

CMSSM NMSSM

(a) (b)

Figure 1: (a): The CMSSM excluded region at 95% C.L. from all constraints in Table 1.
The solid (white) line corresponds to the 95% C.L. exclusion contour obtained by a Higgs
boson of 126 GeV and the dotted (white) line by the combination of a Higgs boson and the
relic density constraint. (b): The NMSSM excluded region at 95% C.L. from LHC SUSY
searches at 8 TeV and 20.1 fb�1. The other constraints from Table 1 do not influence
the excluded region. The extrapolation of these searches to 14 TeV and 3000 fb�1 is
represented by the dotted (red) line in the top corner. The grey regions are excluded in
constrained models.

in Fig. 1a shows the 95% C.L. exclusion region for the combination of all
constraints in the CMSSM, where the Higgs mass constraint combined with
the constraints from Table 1 requires stop masses in the multi-TeV range.
The solid (white) line corresponds to the 95% exclusion contour in case only
the Higgs mass constraint is considered, while the combination with the relic
density constraint results in the dotted (white) line. The red region in Fig.
1b corresponds to the 95% C.L. exclusion region in the NMSSM, which comes
from the LHC SUSY searches at a center-of-mass energy of 8 TeV and an
integrated luminosity of 20.1 fb�1. Other constraints of Table 1 do not play
a role, since stop masses below 1 TeV are allowed and B-physics constraints
are automatically fulfilled because of small tan � values. The dotted (red)
line in the top right corner represents the extrapolation of the SUSY searches
to 14 TeV and 3000 fb�1, which will be discussed in more detail in section
3.2. In the following, we will concentrate on the neutralino masses in the
allowed region of parameter space.

Since we use GUT scale input parameter, the mass spectrum at low scale
is calculated via the renormalization group equations, so the masses are cor-

4

Higgs

H
ig

gs
+Ω Higgs+Ω+Bµµ

3000 1/fb

Masses of superpartners

Question to experimentalists: 

SUSY is so nice, why don’t you see it?

28WHAT IS THE LHC REACH?
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Universal parameters

Masses of superpartners

WHAT IS THE LHC REACH NOW?



Gluino	decays	to	qq+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 12	

Summary	of	decays	to	light	quarks	+	LSP	

ATLAS-CONF-2016-078	 CMS-SUS-16-014	

CMS-SUS-16-015	

Gluino	decays	to	K+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 14	

Other	results	

•  ATLAS-CONF-2016-037	

CMS	summary	 ATLAS	mulC-b	 ATLAS-CONF-2016-052	

Top	squarks	-	summaries	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 22	

ATLAS	summary	 CMS	0l+1l	combinaCon	
for	2-/3-body	decay	

• SUSY limits for strong int’s 
are pushed above 1 TeV

• This already requires fine 
tuning - little hierarchy prob

• No guiding lines

SUPERSYMMETRY @ LHC 30



Chargino	/	neutralino	producCon	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 25	

Other	results	in	EW	prod.	

CMS-SUS-16-021	

CMS-SUS-16-025	

CMS-SUS-16-026	

Direct	producCon	of	“electroweakino”	pairs	

•  decays	via	sleptons	/	sneutrinos	
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100 TeV colliderHigh luminosity LHC Cohen et al, ‘13 

SUSY is certainly a compelling candidates of 

BSM physics, so we should keep searching 
for her without leaving any stone unturned. 

* Taking the gauge coupling unification seriously, SUSY may have  

some chance to be seen at LHC, and a good chance at the FCC:

Beyond the Standard Model

Theory Status

Kiwoon Choi

(ICHEP 2016, Chicago)

IBS Center for Theoretical Physics of the Universe 
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES GRAND UNIFICATION

34

↵3(MZ) ⇡ 0.0118

↵2(MZ) ⇡ 0.0034

↵1(MZ) ⇡ 0.0017

↵ = ↵(distance)
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понедельник, 19 августа 13 г.

«бег» константы сильного вз-я

Объединение констант вз-я

константа вз-я 
- есть функция 
расстояния

«объединение» 
констант вз-я - есть 
следствие их общего 
происхождения

Unification of gauge couplings

GUT

SU(3)⇥ SU(2)⇥ U(1) ⇢ GGUT

Ex : SU(5), SO(10), E(6), SU(5)⇥ U(1),

SU(4)⇥ SU(2)⇥ SU(2), SO(10)⇥ U(1)

Low energy ) High energy
SUc(3)⌦ SUL(2)⌦ UY (1) ) GGUT (or G

n + discrete symmetry)
gluons W,Z photon ) gauge bosons
quarks leptons ) fermions
g3 g2 g1 ) gGUT

Grand Unification is an extension of the Gauge symmetry of the SM
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SU(5) 
Higgs Multiplets

SO(10) 

GUT symmetry is broken spontaneously by Brout-Englert-Higgs Mechanism
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GUT SYMMETRY BREAKING
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Solves many problems of the SM: 
■ absence of Landau pole 
■ Decreases the number of parameters 
■ All particles in a single representation 

(16 of SO(10)) 
■ Unifies quarks and leptons -> 

spectrum and mixings from «textures» 
■ A way to B and L violation

Creates new problems: 
■ Hierarchy of scales  
■ Large Higgs sector is needed for 

GUT symmetry breaking

Crucial predictions: 
■ Proton decay 
■ Neutron-antineutron oscillations 
■                                      processes

• Unification of the gauge couplings  
• stabilization of the hierarchy 

Low energy SUSY

Experiment: 
mean life time >                   years1031 � 1033

P ! e+⇡, P ! ⌫̄K+

|�(B � L)| = 1 (|�(B � L)| = 2)

MW /MG ⇠ 10�14

u
u

d
p

d

e{ }
X

+
d−

0

+

⌧
proton

⇠ 1032years

⌧Universe ⇡ 14 · 109years

GRAND UNIFICATION
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SUSY GUTS – Nucleon decay 1
Λ
QQQL F

  
τ

p→e+π 0 >1×1034 yrs, M X >1016GeV τ
p→K +ν

> 3.3×1033yrs

New properties: 
■ Later unification - higher GUT scale 
■ Longer proton life-time  
■ New modes of proton decay                                    

⌧ ⇠ M4
GUT

Crucial points: 
■ SUSY leads to unification 
■ SUSY solves the hierarchy 

problems for GUTs 
■ No GUT without SUSY                                   

SUSY GUT



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW SYMMETRIES  EXTRA U(1)’, SU(2)’

■ Appear in some GUT models 
■ Inspired by string models 

Mixture of a usual EM U(1) 
photon and a new U(1)’ one

L ⇠ Fµ⌫F
0µ⌫

Used as possible BSM signal with 
energetic single jet or diet events                                

Used as possible Dark matter 
candidate   - Dark photon                             

Dedicated experiment to 
look for conversion of a 
usual photon into a dark one

39



No indication so far - experimental limits on Z’ and W’ masses around few TeV                           

40

• Search for Z’ (Di-muon events) 
• Search for W’ (single muon/ jets) 
• Search for resonance decaying to t-tbar 
• Search for diboson resonances 
• Monojets + invisible

Experiment

ADDITIONAL GAUGE BOSONS



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES EXTENDED HIGGS SECTOR

41

Is it the SM Higgs boson or not?

What are the alternatives?

A. Singlet extension  
B. Higgs doublet extension 
C. Higgs triplet extension

Custodial symmetry as guiding principle for extensions

⇢ =

M2
W

M2
Z cos

2 ✓W
= 1

indicates that an approximate global 
symmetry exists,  
broken by the vev to the diagonal ‘custodial’ 
symmetry group 

Thus the Higgs field transforms under

SU(2)L ⇥ SU(2)R : � ! L�R†

⇢ =

nP
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[Ii(Ii + 1)� 1
4Y

2
i ]vi

nP
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1
2Y

2
i vi

⇠ 1
For both SU(2)-singlet with Y=0 

and SU(2) doublet with Y=+-1

Any number of singlets and doublets respects custodial 
symmetry at tree level. Not so for arbitrary triplet models …

Model
Particle 
content

SМ h CP-even

2HDM/
MSSM

h,H CP-
even

A CP-odd
H

NMSSM

H1,H2,H3 
CP-even

A1,A2 CP-
odd

Composite
h CP-even
+ excited 

states



EXTENDED HIGGS SECTOR 42

The mass spectrum of the 
Higgs bosons (GeV)

We may have found one of these states

•  Probe deviations from the 
SM Higgs couplings

The name of the game is precision 

• Perform direct search for 
additional scalars

How to probe?
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h h

H
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A
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H
H
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2
1

2
3

SM   MSSM   NMSSM

One has to check the presence or absence of heavy Higgs bosons



ee -> HZ  diff. decay channels ΔmH =    40 MeV 

ΔmH =    70 MeV 
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Heavy Higgs!ττ 
•  In 2HDMs a heavy Higgs boson can have enhanced couplings to down-

type fermions 
–  Increased heavy Higgs production decaying mainly to b quarks and τ leptons 

•  New ATLAS analysis includes new triggers and event categories 
–  Combine all categories but separate limits for production mechanism 

Florencia Canelli - University of Zurich 35 

ATLAS-CONF-2016-041 

Higgs!hh!bbττ 
•  Resonance search 

–  generally one h(125)!bb [BR=58%]  
–  resonance searches benchmark models: spin-0 (radion) and spin-2 (G) 

•  Non-resonance search 
–  BSM can be enhanced by resonance or particle in the loop and can be modeled 

in EFT adding dim-6 operators to the SM Lagrangian 
•  can be described with 5 parameters: λhhh, yt, c2, c2g, cg 

Florencia Canelli - University of Zurich 36 

CMS-PAS-HIG-16-029 

CMS-PAS-HIG-16-028 

Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
–  Limits as a function of the ratio of the anomalous trilinear coupling to the SM 

trilinear coupling (κλ=λhhh/λSM
hhh)  

–  At κλ=1 value corresponds to ~200 (170) x SM prediction 

Florencia Canelli - University of Zurich 37 

CMS-PAS-HIG-16-029 
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Charged Higgs bosons appear in many extensions of the SM 

q q

W±

q q

Z
H±

W±

Z

Search for H±!τν 
200<mH

±<2000 GeV 

Search for H±!tb 
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±<1000 GeV 

Search for H±WZ  

CMS-PAS-HIG-16-025 

ATLAS-CONF-2016-089 

ATLAS-CONF-2016-088 
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•  Resonant search 
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CMS-PAS-HIG-16-029 
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ATLAS-CONF-2016-041 
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Charged Higgs bosons appear in many extensions of the SM 
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Heavy Higgs!ZZ!4l 
•  Search for an additional heavy scalar 

–  Assumed to be produced via the ggF and VBF processes  

•  Extension of the H!ZZ measurement and fits the m4l distribution 

•  No signal seen we set limits for different decay width ΓX assumptions 

Florencia Canelli - University of Zurich 34 
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Branchings
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Figure 2: The branching ratios of the heavy Higgs boson H in the CMSSM as function
of its mass. The branching ratios for the pseudoscalar Higgs boson are similar. The
dominant branching ratios are shown here as bands, while the width of the bands include
the variation of A0 and tan�. For clarity the branching ratios into staus and neutralinos
are shown as lines without band which represent the mean of the corresponding band. The
decay into tt is suppressed by the large value of tan�, required by the relic density in most
of the parameter space. For a lower choice of m1/2 the branching ratios into charginos
and neutralinos open up, as shown in the right-hand panel.

calculated with SUSY-HIT [32] for a grid in the A0 � tan � plane and are
plotted in Fig. 2 for two CMSSM mass points not excluded by the LHC
(m0=1000/2000 GeV, m1/2=1000/600 GeV left/right-hand side). The last
mass point corresponds to a lower value of m1/2, which leads to lower gaugino
masses. The branching ratios to gauginos become important for high values
of the Higgs mass, as shown in the right panel of Fig. 2. For higher values
of m1/2 the branching ratio into top quark pairs becomes dominant at large
Higgs boson values, as shown in the left panel. For mH < 1.5 TeV the
branching ratios into b-quarks and tau-leptons always dominate. This is
easily understood as follows: at tree level the heavy pseudo-scalar Higgs
boson mass is given by the sum of the mass terms in the Higgs potential,
i.e. m2

1 +m2
2. The m2

2 parameter is driven negative by the large corrections
from the top Yukawa coupling ht and induces EWSB. However, m2

1 gets
also large negative corrections from the bottom Yukawa coupling hb, which
can become comparable to ht = mt/v2 for large values of tan �, since hb =
mb/v1 = mb tan �/v2. Hence, for large values of tan � m2

1 and m2
2 both

become small by negative corrections of hb and ht, respectively, thus leading
to small values of mA and enhancing at the same time the branching into
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Figure 3: The branching ratios of a heavy Higgs boson in the NMSSM as function of its
mass for scenario I (top,middle) and II (bottom). For scenario II the branching ratios
for H3 and A2 are similar, so they have been plotted together in the last row. The main
di↵erence between the branching ratios of H3 and A2 in scenario I are the additional
decays of A2 into A1H1/2 (orange band) and ZH1 (solid black line) . These decays are not
allowed for the scalar Higgs boson H3. The dominant branching ratios are shown as bands,
where the width of the bands represents the allowed variation of the NMSSM parameters.
To simplify the plot the smaller branching ratios have been shown as a line representing
the average of the band. The decays into gauge boson pairs is negligible in both scenarios,
while bb and ⌧⌧ are important in scenario II with large tan�. Decays into gaugino masses
become possible as well, if they are light enough. Here they were chosen to correspond
to CMSSM mass points not excluded by the LHC (m0=1000/2000, m1/2=1000/600 GeV
left/right-hand side). 14

New ideas 1 – extended scalar sectors

This is not a new idea, but there are some new developments.

1) “Higgs to Higgs” decays

A ! Zh and A ! ZH, H ! ZA

CMS-PAS-HIG-16-007

Summary of 8 TeV analyses

• 2HDM predicts the existence
of 5 scalars

• Lots of interesting final states
are concerned

• A � Zh
• H � ZA or A � ZH

• Best results are at 8 TeV so
far
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45HEAVY HIGGS BOSON DECAYS

• The Higgs physics has already started 
• This is the  task of vital importance.  
• May require the electron-positron collider



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARTICLES AXION OR AXION-LIKE PARTICLES

46

Javier Redondo, EPS HEP 2017

Axial anomaly



47

WW Axion

PECCEI-QUINN MECHANISM - AXION



48DARK MATTER AXION



49⌦CDMh2 = 0.12WHAT IS THE MASS TO GET                       ?      

Excluded by Labs+ Astro
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NEUTRINOSNEW  PARTICLES 

P. Sphicas 
Experimental highlights 

SPT 

Mar 09, 2013 
Rencontres de Moriond, EWK session 53 

Num of Nus:  

Brent Follin 

•  The width of the Z-boson  
(LEP)

•  The CMB spectrum 
(Planck)

0

10

20

30

86 88 90 92 94
Ecm (GeV)

σ
h

a
d (

n
b

)

3ν

2ν

4ν

average measurements,
error bars increased
by factor 10

ALEPH
DELPHI
L3
OPAL

N�� = 2.984 ± 0.008ν

ALEPH
DELPHI
L3
OPAL
Final data [Phys. Rep. 427
(2006) 257-454]

▹

σ(e+e− → )Neff
⌫ < 3.30± 0.27

• Number of Generations=3?

• Do we see all neutrinos or there are heavy right-handed ones?  (Majorana)

• Are there any new sterile neutrinos? (To release the constraints from LSND/
MiniBoone and reactor anomaly, etc)

• Why 3 copies?

• The necessary condition for the 
baryon asymmetry of the Universe - 
СР violation
• СР in the SM comes from the non-
zero phase in the quark (and lepton) 
mixing matrices
• Non-zero phase appears only if the 
number of generations N ≥ 3 

• The fourth generation of quarks is excluded also by precision measurement of rare decays



⌫D 6= ⌫⇤D ⌫M = ⌫⇤M
m⌫L = m⌫R m⌫M1

6= m⌫M2
?

⌫D =

✓
⌫L
⌫R

◆
⌫M1 =

✓
⇠1
⇠⇤1

◆
, ⌫M2 =

✓
⇠2
⇠⇤2

◆

51

M =

✓
0 mD

m⇤
D M

◆
m1 ⇡ m⇤

DmD

M
m2 ⇡ M

L R

L

R

Mass martix Mass eigenvalues

Majorana term Light Heavy

DIRAC OR MAJORANA?



52NEUTRINO MASSES

X
m⌫ < 0.23 eV

28"

Known unknowns                                  
                                                                                                          

[modified from Strumia] 

Is L violated? 

3 

CP : ⇤,�,⇥ ?✔ 

m1: where is the bottom line?

normal 
or 

inverted 
hierarchy?

cosmology: the CMB 
spectrum Planck

m⌫e < 2 eV

β-decay
Troitsk-Mainz KATRIN

m⌫e < 0.2 eV

�m2 = 0.8 · 10�5 eV 2

�m2 = 0.8 · 10�5 eV 2

�m2 = 2.5 · 10�3 eV 2

�m2 = 2.5 · 10�3 eV 2



P. Sphicas 
Experimental highlights 

0νββ decay: EXO200 

Mar 09, 2013 
Rencontres de Moriond, EWK session 49 

T1/20νββ (136Xe) x 1025 yr 
> 1.6 (90% CL) 

228Th source 
SS 

Qββ 

Qββ 

David Auty 

T1/22νββ (136Xe) x 1021 yr = 
2.23 ± 0.017 stat ± 0.22 sys 
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0νββ decay 
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Rencontres de Moriond, EWK session 48 

KAMLAND-Zen 
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configuration hit 

Paolo Zavarise 

Thomas ODonnell 
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Majorana P. Sphicas 
Experimental highlights 
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P. Sphicas 
Experimental highlights 

0νββ decay 

Mar 09, 2013 
Rencontres de Moriond, EWK session 48 

KAMLAND-Zen 

GERDA 
Limit with current  
configuration hit 

Paolo Zavarise 

Thomas ODonnell 

(ββ)2ν

(A,Z)→ (A,Z + 2) + 2e− + χ,

(A,Z)→ (A,Z + 2) + 2e− + 2χ,

Qββ

(ββ)0ν

Qββ

(ββ)0ν
β

β
B − L

530��⌫ NEUTRINOLESS DOUBLE BETA DECAY



ICHEP	2016	-- I.	Shipsey

No positive results on steriles 
Daya Bay, Minos and Bugey 3 combined 

No	evidence	for	sterile	neutrinos	
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No	evidence	for	sterile	neutrinos	

54STERILE NEUTRINO
Various exps interpreted  within 4 neutrino 

framework

Oscillation channels are related:

P⌫e!⌫e ⇡ 1� 2|Ue4|2(1� |Ue4|2)
P⌫µ!⌫µ ⇡ 1� 2|Uµ4|2(1� |Uµ4|2)
P⌫µ!⌫e ⇡ 2|Ue4|2|Uµ4|2

4⇡E/�m2
41 << L << 4⇡E/�m2

31for
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DARK MATTERNEW  PARTICLES 
The Dark Matter is made of: 
■ Macro objects – Not seen 
■ New particles – right heavy neutrino  
                       - axion (axino) 
                       - neutralino 
                       - sneutrino 
                       - gravitino 
                       - heavy photon 
                       - heavy pseudo-goldstone 
                       - light sterile higgs

Not from  
  the SM

might be invisible (?)

detectable in 3 spheres
less theory favorable
might be undetectable (?)

possible, but not 
related to the other 
models

mSUGRA

WIMP is our chance !    

Annihilation 
in the halo 

Scattering 
on a target 

Creation at 
the LHC 

But we have to look elsewhere  !    

WIMP



LZ’s Reach
V Turning on by 2020 with 

1,000 initial live-days plan

V 10 tons total, 7 tons active, 
~5.6 ton fiducial mass
U Due to unique triple veto

V GOALS: < 3 x 10-48 cm2, at 
40 GeV. Clip n shoulder

6 keVnr threshold with 
at least 99.5% 
discrimination

27

(latest)

*plot and models from LZ’s Conceptual Design Report, arXiv:1509.02910

DARK MATTER: DIRECT DETECTION 56

Mark Boulay

Recent result from
CRESST-II

(arxiv 1509.01515)

CRESST-III Run
LNGS starting 
August 2016

Expect x100 increase
in sensitivity

(arxiv 1503.08065)

Several other projects planning increase in low-mass sensitivity, many good ideas.

CRESST-II

WIMP-nucleon SI Exclusion
V Our best, lowest 

exclusion is at 
50 GeV: 2.2 x10-46 

cm2 (That’s 0.22 
zeptobarns in s!)
U 1 order of 

magnitude off 
XENON1T

U Within < 2 
orders of LZ 
projection

V Comparable to 
LUX 2015 re-
analysis of 3 
months’ worth of 
data at low mass 
but FOUR TIMES 
better at high 
mass. (Final G1?)

~2x below
PandaX curve

Paper coming 
quite soon

Within (log) 
spitting distance 
of coherent 
neutrino
scattering

(NOT preliminary. Analysis/limit is final. Text under internal review.)

25

25

(the 1 TeV 
Higgsino 
half-dead)

(LUX.  zepto = 10-21)

Mark Boulay

Physics reach

All available experimental data combined (LHC, LUX, Planck) are still consistent with 
even the simplest versions of SUSY (cMSSM, NUHM)
Remaining parameter space is directly probed by direct WIMP searches with tonne 

scale detectors: DEAP-3600, XENON1T, LUX/LZ
Complementarity with LHC (cMSSM/NUHM are mostly out of reach of the 14 TeV run!)

Contours from:
L. Roszkowski et al, 
JHEP 1408 (2014) 067



•Rapid improvements in recent 
years, Fermi-LAT now excludes 
WIMP makes up to ~100 GeV 
for certain annihilation channels

• The future is the Cherenkov 
Telescope Array, which will 
extend the reach by two 
orders in mass up to masses   

~ 10 TeV 

DARK MATTER: INDIRECT DETECTION 57

• Dark matter may pair 
annihilate or decay in 
our galactic 
neighborhood to: 

• positrons 
• high-energy photons 
• neutrinos 
• antiprotons 
• antideutrons

INDIRECT DM: POSITRON RESULTS

INDIRECT DM: PHOTON RESULTS



conclusion 

Nature of Dark matter is one of the big questions that particle physics 
should answer.   

Success of LHC and dark matter searches and we are wondering over 
next steps to go.  

It is ideal if we have [Dark matter from theory] >>  [Simplified 
model( Lagrangian)] >> [effective theory( higher dimensional 
operator)] .  

Need care about gauge violating action, and amplitude with sick 
behavior. 

Need models on Dark matter: Theorists may need a time to come up 
with convincing  models.  

dark photon 
U(1) gauge boson is relatively easy going object  “gauge invariant F’μν“ 

sequestering  U(1)D  dark sector from SM  sector, 

 Interaction with SM may arises  from kinetic mixing  FμνF’μν  

Dark matter couple to U(1)D can have very small coupling, and also Very 

light U(1)D  a’→ 3γ　has very long lifetime. Both can be dark matter.    

Variety  of search program from Meson decays   and theoretical study 

(8/4 Jia Liu  dark matter production -> a’ production -> lepton jet ) 

14
From Christopher Hearty, University of British Columbia/IPP
Belle II Theory Interface Platform meeting 2014
Belle II limits scaled from BABAR

e
+
e

-→γ A '→γe
+
e

-
,γμ+μ-

, prompt e
+
e

-→γ A '→γ χ χ

Dark photon, decays to SM particles and dark matter: expected limits Dark photon, decays to SM particles and dark matter: expected limits 
at Belle II compared to other experimentsat Belle II compared to other experiments

Projection from BABAR results to Belle 2 luminosity assuming same 
trigger/detector/reconstruction efficiencies

   ICHEP 2016            Chicago, 04/08/2016                 Gianluca Inguglia (DESY)

Ingugia 8/4

SIMPs(strong interacting massive particle )
 dark matter is strongly interacting under the other SU(N) gauge 
interactions.  

DM may be pion/Baryon/gluball of the new strong interactions 
or  couple to new scalar by large Yukawa coupling    

merit:   Small scale structure  of our galaxy.   

The  small interaction with  SM 
sector may be easily accommodate 
by dark photon setup (U(1) kinetic 
mixing) or  extended Higgs sector 
(singlet Higgs there mix with H ) 

Stealth DM Polarizability

Direct detection signal is below the neutrino coherent scattering background for M#≳700GeV

14
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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FIG. 2. The DM spin-independent scattering cross section per nu-
cleon evaluated for xenon is shown as the purple band obtained
from the SU(4) polarizability, where the width of the band cor-
responds to 1/3 < MA

F < 3 from low to high. The blue curve
and the light blue region above it is excluded by the LUX con-
straints [1]. The vertical, darker shaded region is excluded by
the LEP II bound on charged mesons [23]. The orange region
represents the limit at which direct detection experiments will
be unable to discriminate DM events from coherent neutrino re-
coil [39]. We emphasize that this plot is applicable for xenon, and
would require calculating Eq. (17) to apply to other nuclei.

would have form factor suppression. This implies the stan-
dard missing energy signals that arise from DM production
and escape from the detector are rare.

Finally, there are many avenues for further investiga-
tion of stealth dark matter, detailed in [23]. One vital is-
sue is to better estimate the abundance. In the DM mass
regime where stealth DM is detectable at direct detection
experiments, the abundance of stealth dark matter can arise
naturally from an asymmetric production mechanism [23]
that was considered long ago [7–9] and more recently re-
viewed in [40]. If there is indeed an asymmetric abundance
of bosonic dark matter, there are additional astrophysical
consequences [41–43] that warrant further investigation to
constrain or probe stealth DM.
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The size of interaction should be  
calculated by lattice  

dark photon 
U(1) gauge boson is relatively easy going object  “gauge invariant F’μν“ 

sequestering  U(1)D  dark sector from SM  sector, 

 Interaction with SM may arises  from kinetic mixing  FμνF’μν  

Dark matter couple to U(1)D can have very small coupling, and also Very 

light U(1)D  a’→ 3γ　has very long lifetime. Both can be dark matter.    

Variety  of search program from Meson decays   and theoretical study 

(8/4 Jia Liu  dark matter production -> a’ production -> lepton jet ) 
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POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  DIMENSIONS
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Motivations 
1. String theory 
2. Interesting possibility that opens wide opportunities

• String theory suffers conformal anomalies that make it inconsistent.  
• Conformal anomaly cancels at D=26 for a bosonic string and D=10 for a fermionic string 

 EXTRA SPACE DIM
1 + 3 ! 1 + n, n > 3

Why don’t we see 
extra dimensions
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- Very large XDim accesible only to gravity

- Requires two or more XDim

- Black holes at colliders?

UEDʼs

⎧

⎪
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⎪

⎩

- TeV scale XDim (several hundred GeV?)

- Pair production,✚ET (SUSY-like)

- Interesting DM candidate (non SUSY-like)

- Additional nice features in 6D

RS1

Narrow spin-2
resonances?

New warped models
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⎪
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- Field localization

- Theories of flavor?

- KK resonances at few TeV

- Relatively broad resonances
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Figure 4: A guide to representative extra-dimensional scenarios (not intended to be complete!).

60EXTRA SPACE-TIME DIMENSIONS



Pseudo-Euclidean space 

Minkowski space

compact space

Metrics

Fields

K-K modes

Eigenfunctions of Laplace
operator on internal space 

Radius of the compact space

Masses

Couplings
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Action

K-K Expansion

Newton constant

Plank Mass

Reduction formula
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SM

graviton metric

K-K gravitons

Interactions with the fields on the brane

The # of KK gravitons with masses 

Emission rate
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4-dimensional picture
• 1 massless graviton           (spin 2)  + matter
• KK tower of massive gravitons         (spin 2)
• (d-1) KK spin 1 decoupling fields
•                         KK tower of real scalar decoupling fields
• KK tower of scalar fields (zero mode – radion)

(4+d)-dimensional picture:
• (4+d)-dimensional massless graviton + matter

The SM fields are localized on the brane, 
while gravitons propagate in the bulk

The “gravitational” coupling is  

64

G(0)

G(n)

(d2 � d� 2)/2 (d � 2)

1/M1+d/2

PARTICLE CONTENT OF THE ADD MODEL



New phenomena: graviton emission & virtual graviton exchange

• KK states production 

bg
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LHC

M  5 TeV
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• Virtual graviton exchange
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Hierarchy
Problem !

Brane 1

• Massless graviton
• massive K-K gravitons
 

• massless radion

Brane 2

Wrap factor

• Massless graviton
• massive K-K gravitons
• massless radion

mn = �nke
�⇡kR

mn = �nk

M2
Pl ==

M3

k

�
e2k⇡R � 1

�

e�2�(⇡R)

Seff =
1

2

Z

B2

d4z

"
1

MPl
h(0)
µ⌫ (z)T

µ⌫ �
1X

n=1

wn

⇤⇡
h(n)
µ⌫ T

µ⌫ � 1

⇤⇡

p
3
T (2)µ
µ

#

⇤⇡ = MPle
�k⇡R ⇡

p
M3/k

⇠ ⇤⇡

⇠ MPl

68RANDALL-SANDRUM MODELS CONT’D



The first KK graviton mode M ~ 1 TeV 

• Drell-Yan process 
• Excess in dijet process

LHC

Exclusion plots for resonance production 

Excluded

D-Y

qq̄ ! h(1) ! l+l�,
gg ! h(1) ! l+l�

qq̄, gg ! h(1) ! qq̄, gg

10 fb�1

100 fb�1

The x-section of D-Y production

LHC (M ~ 1500 GeV)

First and subsequent KK modes 
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LHC

Angular dependence

LHC

pp ! h(1) ! e+e�
Spin 0 => f(✓) = 1,
Spin 1 => f(✓) = 1 + cos

2 ✓,

Spin 2 =>

8
>><

>>:

qq̄ ! h(1) ! e+e�,
f(✓) = 1� 3 cos

2 ✓ + 4 cos

4 ✓,
gg ! h(1) ! e+e�,
f(✓) = 1� cos

4 ✓.
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Accelerator signatures

• Gravitational radiation in the bulk => 
missing energy  

Present LHC bounds                  TeV 
• Massive string vibrations => 

resonances in dijet distribution 

• Higher spin excitations of quarks and 
gluons with strong interaction 

present LHC limits               TeV 
• Large TeV dimensions => KK 

resonances of SM gauge bosons 

experimental limits 
                               TeV

M⇤ � 3� 5

M2
j = M2

0 +M2
s j

Ms � 5

Mk = M2
0 + r2/R2, k = 1, 2, ...

R�1 � 0.5� 4

• change of Newton’s law at short distances 
(detectable only in case of 2 large extra dim) 
• new short range forces (light scalars and 

gauge fields)Experimental limits on short distance forces

V (r) = −G m1m2
r

(

1 + αe−r/λ
)

1 10 100 1000
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

Excluded by
experiment

Lamoreaux

U.Colorado

Stanford 2

Stanford 1

U.Washington 2

gauged
B#

Yukawa messengers

dilaton

KK gravitons

strange
modulus

gluon
modulus

heavy q
moduli

Stanford 3

α

λ (µm)

U.Washington 1

I. Antoniadis (Corfu Summer School 2014) Extra dimensions 69 / 76

Experimental limits on short distance forces

V (r) = −G m1m2
r

(

1 + αe−r/λ
)

1 10 100 1000
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
10

Excluded by
experiment

Lamoreaux

U.Colorado

Stanford 2

Stanford 1

U.Washington 2

gauged
B#

Yukawa messengers

dilaton

KK gravitons

strange
modulus

gluon
modulus

heavy q
moduli

Stanford 3

α

λ (µm)

U.Washington 1

I. Antoniadis (Corfu Summer School 2014) Extra dimensions 69 / 76

Vast
 phenomenology b

ut no  

indicat
ion so

 far

71PHENOMENOLOGY OF EXTRA  D



ADD Model
• The MEW/MPL hierarchy is replaced by
• For M small enough it can be checked at
 modern and future colliders
• For d=2 cosmological bounds on M are high (> 100 TeV),
 but for d>2 are mild
• Preictions of modification of the Newton’s law may be checked

RS Model
• The MEW/MPL hierarchy is solved without new hierarchy
•  A large part of parameter space will be studied in future
 collider experiments
• With the mechanism of radion stabilization the model is viable
• Cosmological scenarios are consistent (except the cosmological
 constant problem)

R�1

M
⇠

✓
M

MPl

◆2/d

⇠ 10�
30
d
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Drawback: No real motivation -> Unknown scale

ED CONCLUSION



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARADIGM STRING THEORY
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Xµ = Xµ(⌧)
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Particle

World-line

Open string Closed string

World-surface
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Lowest string states

open string:

Open strings lead to gauge fields (and matter)

closed string:

Closed strings lead to gravity (and gravity-like physics)

STRING THEORY

Modes of a string on a circle with radius R
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✴ There are five types of string theories (IIA, IIB, I, two Heterotic)
✴  All five string theories are only consistent in 10 space-time dimensions
✴ All five string theories have world-sheet supersymmetry and lead to space-time-
supersymmetry in 10 dimensions
✴ All five string theories are related and part of a single ‘’theory’’: M-theory

STRING THEORY

d=11 
SUGRA

IIAIIB IHeterotic 
I

Heterotic 
II

ST

S1 S1/Z2

T

M

M-theory is a patchwork of the constituent theories plus many “rules”.

It seems unclear, at present, what its fundamental degrees of freedom are. 



76STRING THEORY AND THE ‘’REAL’’ WORLD

Need to compactly six or seven dimensions to obtain d=4 theory

d=10/11
string/M theory

d=4 
theory

on d=6/7 dimensional space X

Two-fold degeneracy in space X: 
continuous one in size and shape 
(moduli) and discrete one topology

Topology determines the structure 
of d=4 theory

Moduli appearing as scalar fields 
determine values of couplings in  d=4 
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in D=10/11: gravity… … and a p-brane

in D=4:
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Heterotic string

gravity + gauge kinetic terms [47]
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Higgs from untwisted sector => gauge-Higgs unification

λtop = gGUT => mtop ∼ IR fixed point ≃ 170 GeV

Yukawa couplings: hierarchies à le Froggatt-Nielsen

discrete symmetries => couplings allowed with powers of a singlet field

λn ∼ Φn ⟨Φ⟩ ∼ 0.1Ms → hierarchies

A single anomalous U(1) => ⟨Φ⟩ ≠ 0 to cancel the FI D-term

D-term is shifted to D+ TrQ
192π2 g

2
H [65]

R-neutrinos: natural framework for see-saw mechanism

⟨h⟩νLνR +MνRνR ⟨h⟩ = v << M => mR ∼ M ; mL ∼ v2/M

proton decay: problematic dim-5 operators

in general need suppression higher than Ms or small couplings

SUSY/ in a hidden sector from the other E8 → gravity mediation

I. Antoniadis (Corfu Summer School 2014) Extra dimensions 36 / 76
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Q:  Do we really live on a brane?  
A: We have to check it 
Q: Do we have good reasons to 
believe in it? 
A: No, but it is appealing 
Q: Why D>4? 
A: String theory loves it 
Q: Is it what we believe in? 
A: We believe in BIG deal

POSSIBLE PHYSICS BEYOND THE STANDARD MODEL

NEW  PARADIGM BRAIN WORLD

79

String theory contains not just strings but extended objects

 - branes - of all dimensions



LHC experiments are at the front line of mystery land: be patient 

Target #1: Higgs sector 

Target #2: Dark Matter 

 Target #3: Neutrino sector 

Target #4: New physics (supersymmetry)  

Future development of HEP crucially depends on LHC outcome  

Complimentary searches for dark matter and insights in neutrino 
physics are of extreme importance 

The areas that were left behind come to the front:            
confinement, exotic hadrons, dense hadron matter

80CONCLUDING REMARKS


