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Great success of the Standard Model 

  Kibble  Guralnik  Hagen  Englert  Brout       Higgs       1964 

BEGHHK (≡ Higgs) Mechanism 
θ

H

v 

1cos v
2Z W WM M gθ = =

⊗L YSU(2) U(1) v = 246  GeV 

Salam Glashow Weinberg 
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The  Heaviest  Mass  Scale 
t

t

The top quark: 
  Sensitive probe of Electroweak Symmetry Breaking 

  Non-perturbative (strong) dynamics ? 

  Very different from other quarks:          yb = 0.025 ,   yc = 0.007 … 

  Is it really a SM quark? 

Single-top |Vtb| 
ATLAS ‘14 > 0.88   (95% CL) 

CMS’14 > 0.92   (95% CL) 

CDF’14 > 0.84   (95% CL) 

D0 ‘13 > 0.92   (95% CL) 

So far, we only know  
the decay   t → b W+ 

b

W

t
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      Production  Asymmetries 

Aguilar-Saavedra et al, 1406.1798 

t t

,t tt ty y y y y y∆ = − ∆ = −

( 0) ( 0)
( 0) ( 0)FB tt

N y N yA A
N y N y

∆ > − ∆ <
≡ =

∆ > + ∆ <

( 0) ( 0)
( 0) ( 0)C

N y N y
A

N y N y
∆ > − ∆ <

=
∆ > + ∆ <

Tevatron: 
 
LHC: 

Data is now consistent with the SM 
(still 1.7 excess at CDF) 

Models predicting larger asymmetries don’t pass 
other phenomenological tests or are rather ad-hoc 

Kühn-Rodrigo, 1411.4675 

SM  predictions 
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TOP  MASS 

5 

1403.4427 

 Monte Carlo mass: 
( )MC 173.34 0.76 GeVtM = ±

 Cross section:             NNLO+NNLL           Czakon et al, Bärnreuther et al, Cacciari et al 

                                              Well-defined mass 
ttσ

ATLAS, 1406.5375 

Lacks a proper QCD definition: pole MC th
t t tM M M= + ∆

( )th O 1 GeVtM∆ ≈ Hoang-Stewart, 0808.0222 
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Possible Improvements: 

 Differential distribution in                              
         Alioli et al, 1303.6415  

 
 
 
 

 
 Weight function method:   Lepton energy distribution         
 Kawabata et al, 1405.2395 
 
 

   
     Hoang et al, Beneke et al, Ruiz-Femenía, Martínez-Miquel 
 

                    δmt  < 100 MeV 
 
 
 
 

Precision measurement needed to test the EW theory 
 

( )pole 1jet

1jet

1, tt
t

tt
s

s

d
R m

d
σ

ρ
σ ρ

+

+

≡

0 tt js m sρ +=

( )threshold
e e t tσ + − →

García-García 



A. Pich                                                                                    TH Status after ICHEP                                                                   7    

A New Higgs-like Boson 

( )  
 
 

ATLAS CMS
H H

+ 0.26 + 0.13
- 0.27 - 0.15

M = 125.36 ± 0.37 ± 0.18 GeV , M = 125.03 GeV

* 4 * 4H H Z Z l H H Z Z lγ γ γ γ→ → → → → →
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Beautiful  Discovery 
Boson   (J = 0 ) 

Fermions = Matter       ;       Bosons = Forces 

  Fundamental Boson:     New interaction which is not gauge 

  Composite Boson:         New underlying dynamics 

 If New Physics exists at ΛNP  

Which symmetry keeps MH away from ΛNP ? 

  Fermions:            Chiral Symmetry 
  Gauge Bosons:  Gauge Symmetry 
  Scalar Bosons:    Supersymmetry, Scale/Conformal Symmetry ... ?    

( )
NP

NP

22
2 2

2 2log
4

H
H

gM
M

δ
π

 Λ
Λ  

 

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Symmetries & Mass Scales 
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Symmetries & Mass Scales 
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Possible  Scenarios  
of  EWSB 

1.  SM scalar:                 Favoured by EW precision tests 

2.  Alternative perturbative EWSB: 

         Scalar Doublets and Singlets 

3. Dynamical (non-perturbative) EWSB: 

  Pseudo-Goldstone Boson 

  Scalar Resonance 

( )2 2

tree 2 2

2

2 2

v 1

2 v

k k k k
k

k k
k

W

Z W

T T YM
M c Y

ρ
 + − 

= =
∑

∑
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SM  Higgs 

Favoured by  
EW precision tests 
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SM  Scalar  Potential 
22 2

2 2 2
0 2

v 1( ) V 1
2 2 v 4vH

H HM Hλ
   

Φ − = Φ − = + +   
   

V

2

2125.14 0.24 0.13
2 v

λ= ± = =H
H

MM

( ) ( )
2 2

2 2 2
2

2 2 2 v 2 3 log
(4 )

2 ( ) v t
t tHM y y mλ λ

π
µ λ µ + + −= + 

Loop corrections: 

Vacuum stability:  λ(Λ) ≥ 0                                Meta-stable vacuum 

Λ = M Planck 
 
 
 

MH > 129.1 ± 1.5  GeV 
 

Mt < 171.53 ± 0.42  GeV 
 

  Buttazzo et al, 1307.3536 

SM interactions only                                                   Strong sensitivity to New Physics 
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H(125)  Couplings  are  SM-like 
SM

i i ig gκ ≡

Strong evidence 
for  H  coupling 

to  τ  and  b 



A. Pich                                                                                    TH Status after ICHEP                                                                   15    

Strong (indirect) evidence for H coupling to t 

Dominant  
Production Mechanism 

21 0.21Γ −

Direct (tree-level) sensitivity through   t t H
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Quark  Mixing 

2

2

11 0.351 0.014
2
11 0.132 0.023
2

η η λ

ρ ρ λ

 ≡ − = ± 
 
 ≡ − = ± 
 

0.821 0.012 ; 0.2254 0.0006A λ= ± = ±

UTfit 

* *
ud ub cd cbV V V V * *

td tb cd cbV V V V

* * * 0ud ub cd cb td tbV V V V V V+ + =

( )
2 3

2 2

3 2

4
1 /2 ( )

1 /2
(1 ) 1

A i
A

A i A

λ λ λ ρ η
λ λ λ

λ ρ η λ
λ

 − −
 − − 
 − − − 

= +V 

Successful CKM Mechanism  (Tree / Loop / CP-c / CP-v) 
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Bounds on New Flavour Physics 

Isidori, 1302.0661 

( )
( )

eff 4
4

SM
NP

D
Dk

kD
D k

cL L O−
>

= +
Λ∑ ∑

 Generic flavour structure  [cNP~O(1)]  ruled out at the TeV scale 

 ΛNP ~ 1 TeV  requires  cNP  to inherit the strong SM suppressions (GIM) 
 

Minimal Flavour Violation:    The up and down Yukawa matrices are the 
only source of quark-flavour symmetry breaking                 D’Ambrosio et al, Buras et al 
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Rare Decays 

SM 
 No tree-level contribution 

 Strong CKM suppression 

B → µ+µ-   sensitive to 
(pseudo) scalar contributions 

additional Higgs bosons 
Li-Lu-A.P., 1404.5865 

Albrecht 
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Bd → K*0µ+µ−  

P’5  Anomaly 

Phen.  analysis  with   
“clean observables” 

 (FF independent) 
Descotes-Genon et al 

Fit with “New Physics” effective operators 

 

  

2

2

7

2

9

(16 )

(16 )

Rb

Lb

eO m s P b F

eO m s P b

mn
mn

m
m

s
p

g g
p



  

Descotes-Genon et al, 1307.5683 

1304.6325 

Hofer 

Hadronic uncertainties? 
Jäger & Martín-Camalich,  Zwicky et al 

New Physics? 
Altmannshofer-Straub, Beaujean et al, 
Descotes-Genon et al,  Horgan et al.  
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Flavour-Violating  Higgs  Couplings 

 e eL R L R L RL h Y e Y e Ym mt tm t m t    
Blankenburg et al, Celis et al, 
Harnik et al,  Davidson-Verdier, 
Kopp-Nardecchia 

 Br 1.5 (7% 95% CL)H mt 

CMS PAS HIG-14-005 

Celis 
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Two-Higgs Doublet Models 
2 2
1 2 2 1v v v , tan v vβ= + =5 scalar fields:                                [ 3 x 3 mixing       ]  ( )0, , ,iH h H Aϕ± = i jR

CP-conserving potential: 
cos sin 0
sin cos 0
0 0 1

R
α α
α α

 
 − 
  

=
 

  0 0 1
SM sin ( )cos

VVi i iVVg g Rϕ ϕ β αα= ≡= −

Yukawas: 

Solutions:               (same for uR and {R Yukawas) 

 Natural Flavour Conservation:    Γ1 = 0  or  Γ2 = 0    (Z2 models)   Glashow-Weinberg... 

 Alignment:        Γ1 ∝ Γ2                                                                     AP-Tuzón 

 BGL Models:   “controlled” FCNC  (symmetries)                               Branco et al 

 1 1 2 2' 'Y L RL Q df f      1 2' '2 ' '
v dY L RdL Q M Y d     

EWSB 

M’f  &  Y’f   unrelated    (not simultaneously diagonal)                    FCNCs 

( )22 2 2 SM
HVVhVV hVVVVAg g g g+ + =

*
, , , ,d l d l d l u u uY M Y Mς ς= =
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Z2  2HDMs 
2 2
1 2 2 1v v v , tan v vβ= + =5 scalar fields:                                [ 3 x 3 mixing       ]  ( )0, , ,iH h H Aϕ± = i jR

CP-conserving potential: 
cos sin 0
sin cos 0
0 0 1

R
α α
α α

 
 − 
  

=
 

  00
SM

1 cos sin ( )
ϕϕ βα α= = ≡ −

iVVi iVVg Rg

( )
( )

0

0

, 1 2 3 ,

*
1 2 3

i

i

d l d l

u u

i i i

i i i

y R R i R

y R R i R

ϕ

ϕ

ς

ς

= + +

= + −

Type ζd ζu ζl 

I cot β cot β cot β 

II - tan β cot β - tan β 

X   (III, lepton specific) cot β cot β - tan β 

Y   (IV, flipped) - tan β cot β cot β 

Inert 0 0 0 

Yukawas:   (SM units) 
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Flavour Alignment    (Aligned 2HDM)      AP-Tuzón 

General setting without FCNCs 
&  new sources of CP violation 
 
 
 
 Rich phenomenology @ LHC 

   Many allowed possibilities 
   Search for light  H±, H, A 
 CP violation 

 Flavour constraints fulfilled 
                                                              Celis et al, Jung et al, Li et al   

 EDMs                          Jung-AP, 1308.6283 

 Usual Z2 models recovered in 
particular (CP-conserving) limits 

*
, , , ,d l d l d l u u uY M Y Mς ς= =

Celis-Ilisie-AP, 1302.4022, 1310.7941 

cos 0.8 (900 % CL)α >

Altmannshofer et al, Barger et al, Celis et al, 
Cervero-Gerard, López-Val et al... 
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ν  Oscillations 

NH 
 
 
 
 
 
 
 
IH 

Forero et al, 1405.7540 

Flavour mixing is 
 very different for 
 quarks & leptons 

González-García et al 
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Open Questions in ν Physics 
Mass Hierarchy Dirac / Majorana 

2β Nakamura-Petcov, PDG2014 

Mass Scale 

Sterile νR ? 

CP Violation 

Flavour Symmetries 

Leptogenesis 

Low-E  Effective Theory: 
 

          1  SU(2)L ⊗ U(1)Y  invariant  operator  with  d=5                 Weinberg   

4
d

SM dd
d

cL L O−= +
Λ∑

Small  Majorana Mass:     m ν > 0.05  eV                   Λ / cij  <  1015 GeV 

21h.c. h.c. ;
2

vL L
ij ij

i
t c c

i j i jj ijL
c

M ML
c

φ φ ν ν− → ≡
Λ

+
Λ

− +SSB
 

Blennow 
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Desperately  Seeking  SUSY   (Dulcinea) 

In all the world there is no 
maiden fairer than the 

Empress of  La Mancha, the 
peerless SUSY del Toboso 

Your worship should bear in mind 
that SUSY is badly broken; got 

heavy through anomaly mediation 
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Strong limits on SUSY partners 

( )2 2 2cos 2ZhM M εβ≤ +Tension with Higgs mass:    

( )
24 2 2

2 2 2 2 2 2
3 log 1

2 v sin 12
t S t t

t S S

Mm X X
m M Mπ β

ε
   

≈ + −   
     Djouadi, 1311.0720 

1 2

2
S t tM m m=

 

Decoupling   (MAMZ) 
cos2(2β) → 1  

Maximal stop mixing  Xt 

Improved higher-order calculations allow slightly larger values of  Mh         Heinemeyer et al 
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Which  SUSY? 

 Looks bad in CMSSM  (120 MSSM parameters reduced to 4 + 1 sign) 

 More freedom in the  Phenomenological MSSM  
 
 

 

 
 

 

 

 Many SUSY variants: NMSSM, Split, High-Scale, Stealth, 5D, 
                                                         Natural, Folded, Twin ... 

            Naturalness?                                                                                                         

120 MSSM parameters reduced to 19-20 
 

Many “models” consistent with data 
 

Data-driven search 

Cahill-Rowley et al, 1405.6716 

2 2
SUSYhM M∆ ∝
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Massive & dark SUSY 
states show up through 
a hidden portal from a 

warped dimension 

Look, your worship, it’s 
just the spectrum of the 

Standard Model 

Don Quixote and the Windmills 
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Effective Field Theory 
( )

(4) ( )
eff 4

4 NP

D
Dk

kD
D k

cL L O−
>

= +
Λ∑ ∑

  Most general Lagrangian with the SM gauge symmetries 

  Light  (m  ΛNP)  fields only 

  The SM Lagrangian corresponds to  D = 4 

         contain information on the underlying dynamics: 

 

  Options for  H(126): 

-  SU(2)L doublet  (SM) 
-  Scalar singlet 
-  Additional light scalars 

( ) ( ) ( )
2

NP 2
X

X L L L L L L
X

gL g q q X q q q q
M

µ µ
µ µγ γ γ

(D)
kc
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Custodial  Symmetry 

( ) [ ]
(0)* ( )

( ) (0)

1, v ( ) ,
2

( ) ( ) exp
vC H x iU UΣ ϕ ϕ

φ φ
φ φ

φ φ
σ ϕ

+

−

 
≡ =  −

 =  +


=
 



Chiral Goldstone Bosons:    SU(2)L ⊗ SU(2)R  →  SU(2)C 

( ) ( )

( ) ( )

† †

2 †

22

2† † 2

v( ) ( )
2

1 T

v Tr
4

r T

/

r

v

v
2 4

O H

D

U U

D

D D

D

Dµ µ

µ µ

µ
µφ φ φ λ φ φ

λ

 
= − − 

 

   = Σ Σ − Σ Σ − 

 =   
+

 



θ
H

  Invariant  under  global     SU(2)L ⊗ SU(2)R  ⊃  SU(2)L ⊗ U(1)Y 
 
 
 

  Same Lagrangian than QCD pions:     0 0 0v , , , ,L Lf W Wπ π π ϕ ϕ± ± ±→ → →

† , (2)X XL Rg g g SUΣ Σ→ ⋅ ⋅ ∈
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WL WL→ WL WL 

Deviations of the SM gauge couplings imply bad UV behaviours  

New states needed to restore unitarity 

 
2

2 2NLO

( 1)
8 vL L
aA W Wgg
p

   

Delgado et al 



A. Pich                                                                                    TH Status after ICHEP                                                                   36    

W W  Scattering  @  LHC Berryhill 

ATLAS, arxiv:1405.6241 

First  evidence  of  
W± W±  scattering (3.6 σ) 

CMS-PAS-SMP-13-015 



A. Pich                                                                                    TH Status after ICHEP                                                                   37    

Strongly-Coupled  Scenarios 

 Symmetry Breaking:       SU(2)L ⊗ SU(2)R  →  SU(2)C 

 Goldstone Dynamics                 Electroweak Effective Theory 

 Strong Electroweak Dynamics               Heavy Resonances 

 Many possibilities:  (Walking, Conformal) Technicolour, CFT, 

5D ... 

 Light Scalar Resonance  H(125) 

          Pseudo-Goldstone (composite) Higgs, Dilaton ... 
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Dark  Matter 

M. Carena 
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Hidden  Portals 

SM Dark 
Sector 

X Coupling to a hidden Dark Sector 
through new SM-singlet particles 

DM candidates in many BSMs            

Complementary experimental information 

 Higgs Portal:   

 Vector Portal: 

 Neutrino Portal: 

 Axion Portal: 5,a G G amn m
mn my g g y

† †2,H H H Hc c

L RL H N

V F mn
mn

DM 

DM 

SM 

SM 

Direct 
detection 

Colliders 

Thermal freeze-out 
Indirect detection 
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Inflation Paradigm Barenboim 

Guth 

1
4

4
1    

inf
16ρ = 2.2 10 GeV r

0.2
BICEP2 

Ω = 1.0010 ± 0.0065Planck 
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BICEP2  Data   &   Inflation Paradigm 

PRL 112, 241101 (2014) 

( )tensor / scalar0.070.020 0.05r += −

 Evidence of inflationary 
gravitational waves? 

 Foreground polarized 
dust emission?  

   Flauger et al 1405.7351, Mortonson-Seljak 1405.5857 
Planck 2014 
Milky Way’s (dust) magnetic fingerprint 
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Inflaton 
   Another scalar field? 

   Could “Higgs Inflation” work?  4 2 2
Pl

1
2GS d x g M R H Rx   

Bezrukov-Shaposhnikov, 1403.6078 Quantum effects:      MH > Mcrit ~ 129.6 GeV 
 
Close to Mcrit ,  n  and  r  strongly depend on  MH  and  mt 

 47000 0.97 , 0.003sn rx l  COBE
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Status & Outlook 

 The SM appears to be the right theory at the EW scale 

 The H(125) behaves as the SM scalar boson 

 The CKM mechanism works very well 

 Neutrinos do have (tiny) masses. Lepton flavour is violated 

 Different flavour structure for quarks & leptons 

 New physics needed to explain many pending questions: 
    Flavour, CP, baryogenesis, dark matter, cosmology... 

 How far is the Scale of New-Physics  ΛNP ? 

 Which symmetry keeps MH away from  ΛNP ? 
   Supersymmetry, scale/conformal symmetry... 

 Which kind of New Physics? 
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Let your worship be 
calm, senor. Maybe it's 
all enchantment, like 

the phantoms last night 

This, no doubt, Sancho, will be 
a most mighty and perilous 
adventure, in which it will be 
needful for me to put forth all 

my valour and resolution 
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