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Outline

The Standard Model: reminders and notations

Model-independent, bottom-up approach to physics BSM

The gauge sector: Grand Unification

The EW sector: Composite Higgs and extra-dimensions



The SM 
as a renormalizable theory



An extremely successful synthesis of particle physics

in compact notations

i = 1,2,3: family index

+ neutrinos mass operator: LLHH
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µ⇥F aµ⇥ gauge

Lren
SM = +⇥ij�i�jH + h.c. flavor

+|DµH|2 � V (H) symmetry breaking

few ‰

few %

? (indirect)

The (ren) Standard Model lagrangian



e,μ,τ, νe,νμ,ντ, d,s,b, u,c,t  (Dirac spinors)

(notation: ei ↔ e,μ,τ, νei ↔ νe,νμ,ντ, di ↔ d,s,b, ui ↔ u,c,t)

A 4-component Dirac spinor Ψ has two                            
2-components with definite chirality (γ5):

A gauge symmetry can mix fields with same Lorentz quantum 
numbers (in particular it can act differently on ΨL, ΨR):

The SM fermions
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Vocabulary

Example: most general mass term with ψ1,...,ψn 

�1�2 = ⇤c
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Note: every theory written in terms of Dirac spinors can be 
written in terms of Weyl spinors, but not viceversa (e.g. if the 
number of Weyl spinors is odd) 

Theorem: a gauge theory written in terms of Weyl spinors can 
be written in terms of Dirac spinors (without L and R 
projections) if it is Parity invariant and there is no fermion in a 
real representation of the gauge group

QED and QCD are parity invariant (Dirac spinors are an 
historical accident)



The gauge sector

SU(3)c SU(2)L U(1)Y

li

eci

qi

uci

dci

1 2 -1/2

1 1 1

3 2 1/6

3* 1 -2/3

3* 1 1/3

Y

GSM = SU(3)c x SU(2)L x U(1)Y

L-handed
2-component

spinors

i = 1,2,3
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A nice property

The fermion content is chiral

I.e. no explicit (GSM symmetric) fermion mass term is allowed

A puzzle or what expected?

Extra heavy fermions should be vectorlike                              
(unless they get mass through EWSB) 



Another nice property

Anomaly cancellation

Is Tijk ≡ Tr (τi {τj, τk}) = 0?     τi = TA, Ta, Y

(nice, but why??)

SU(3)

3
vectorlike

SU(3)

2 ⇥ SU(2) Tr(⇥a) = 0

SU(3)

2 ⇥ U(1) 2 Yq + Yuc
+ Ydc

= 0

SU(3)⇥ (not SU(3))

2
Tr(�A) = 0

SU(2)

2 ⇥ U(1) Yl + 3Yq

U(1)

3
2Y 3

l + 6Y 3
q + 3Y 3

uc + 3Y 3
dc + Y 3

ec = 0

grav. anomaly 2Yl + 6Yq + 3Yuc
+ 3Ydc

+ Yec
= 0



SM gauge interactions

From

e = gsW = g0cW =
gg0p

g2 + g02
T± = T1 ± iT2

Dµ = @µ + i
gp
2
W+

µ T+ + i
gp
2
W�

µ T� + ieQAµ + i
g

cW
(T3 � s2WQ)Zµ + igsg

A
µ T

A
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Tree level tests of the gauge sector

Fermion gauge interactions:

Gauge boson self-interactions: from

in terms of mass eigenstates:

W a
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The flavour sector

The flavour sector allows to tell the 
three families: gauge interactions are 
U(3)5 symmetric

1 2 3

l

ec

q

uc

dc

l1 l2 l3

(ec)1 (ec)2 (ec)3

q1 q2 q3

(uc)1 (uc)2 (uc)3

(dc)1 (dc)2 (dc)3

gauge irreps
(vertical)

well understood

family number
(horizontal)

not understood
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Lren
SM = +⇥ij�i�jH + h.c. flavor

+|DµH|2 � V (H) symmetry breaking
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Lren
SM = +�ij i jH + h.c. flavor

+|DµH|2 � V (H) symmetry breaking

Family replication ↔ the gauge lagrangian cannot tell families ↔ is U(3)5 invariant:

(U(3)5 → U(3) in SO(10) gauge-unified models)

U(3)5 :

Li � UL
ijLj

ec
i � Uec

ij ec
j

Qi � UQ
ij Qj

uc
i � Uuc

ij uc
j

dc
i � Udc

ij dc
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⇥ Lgauge
SM � Lgauge

SM

U(3)5
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Lflavor

SM
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i ljH

† + �D
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c
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c
iqjH + h.c.

U(3)5

The flavour (Yukawa) lagrangian is is not U(3)5 invariant (unless λij=0)

U(3)5 :

li � U l
ij lj

ec
i � Uec

ij ec
j

qi � Uq
ijqj

uc
i � Uuc

ij uc
j

dc
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ij dc
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ec�EUL
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dc�DUQ
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uc�UUQ

Lgauge
SM � Lgauge

SM

LSB
SM � LSB

SM

⇤h⌅ � ⇤h⌅
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+|DµH|2 � V (H) symmetry breaking



The flavour lagrangian breaks U(3)5 x U(1)H to                                  
U(1)e x U(1)μ x U(1)τ x U(1)B x U(1)Y

In an appropriate flavour basis (i.e. through U(5)5 transformation)

Le Lμ Lτ: individual lepton numbers

L = Le + Lμ + Lτ: (total) lepton number - arises automatically! (at ren level)

B: Baryon number - arises automatically! (at ren level)

(neutrino masses and mixing are a source of LFV; here they are likely to be 
associated to the NR part of the lagrangian)

Accidental symmetries (ren lagrangian)
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Fermion masses: 

In terms of mass eigenstates: 

H =

�

⇤
0

v +
h�
2

⇥

⌅ (unitarity gauge)

No tree level FCNC
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Anomalously small loop-induced FCNC

Expect:

Instead: 106 smaller

Because of peculiar flavour structure of the SM, or 
approximate U(2)5 symmetry of SM lagrangian

Challenge for new physics at TeV scale

W+

W+

ujui

d

s
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~

K0 - K0 oscillations
_

1

M2
W

⇥ g4

(4⇡)2



Experimental values

In an appropriate basis

(the top Yukawa coupling is O(1); the bottom and tau 
Yukawas are also small but can be large in the MSSM)

In particular,

λ1,2 « λ3 

VCKM = 

� =

�

⇤
0 0 0
0 0 0
0 0 �33

⇥

⌅ + small (U , D, E)

�

⇤
1 0 0
0 1 0
0 0 1

⇥

⌅ + small



Approximate flavour symmetry

The flavour lagrangian is approximately U(2)5                      
flavour symmetric (exactly symmetric in the limit                                  
which also implies V = 13)

This (or equivalently the smallness of λ1,2 and Vij i≠j) is the 
origin of the anomalously small FCNC processes in the SM (and 
the origin of the flavour problem)

� =

�

⇤
0 0 0
0 0 0
0 0 �33

⇥

⌅



� � 10�6 experiment

Anomalously small loop-induced FCNC

Because of the approximate U(2)5 (GIM)

                                             

i = 3: f = O(1), |VtdVts| « 1

i = 1,2: |VidVis| = O(1), f « 1

Same for CP-violating effects
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)

K0 - K0 oscillations
_

Challenge for new physics at TeV



Electroweak symmetry breaking
“Observed” fields: 

Gauge bosons:

Femions: 

“3/4” of the Higgs field:      (long. part of massive gauge bosons, 
Goldstones of the spontanously broken gauge symmetry)

SM masses arise from the symmetry breaking scale v = 174 GeV 
(Ga decay constant)

Mission #1 of the LHC: what is the mechanism underlying EWSB?    
Or where do the Ga and v = 174 GeV come from?

Mission accomplished: SM Higgs doublet

 Ga + h  →                                 ≈ (1,2,½)      at least approximately

Ga

Qi uc
i dc

i Li ec
i

gA
µ W a

µ Bµ

H =

�

⇤
G+

v +
h + iG0

�
2

⇥

⌅



The Higgs sector
Most general gauge invariant ren. lagrangian for H: 

λH > 0

μ2 < 0 ⇒ <H> ≠ 0 ⇒ electroweak symmetry breaking

(μ2 > 0 ⇒ still electroweak symmetry breaking, but at Λ ≈ mπ)

LH = (DµH)†(DµH)� V (H†H)

V (H†H) = µ2H†H +
�H

2
(H†H)2



QED unbroken

Fix the Higgs quantum numbers from fermion masses. Then the 
electric charge is automatically conserved

3 broken generators ↔ 3 massive vectors ↔ 3 unphysical 
Goldstone bosons ↔ 1 real physical Higgs particle

⇧H⌃ =
�

0
v

⇥
, v > 0, v2 =

|µ2|
�H

⇥ (174 GeV)2

T = aY + baTa, a, ba real, Ta =
⇤

2
, Y =

1
2

0 = T ⇧H⌃ =
v

2

�
b1 � ib2

a� b3

⇥
⇤ T ⌅ Q

m2
H = 2�H(v2) v2



Constraints on the Higgs mass I                              
Avoiding the strong coupling regime: mH < O(TeV)

A(WLWL → WLWL) = ∑l al Al,  al = partial wave amplitude

Unitarity bound: |a0| ≤ 1

Tree level, no Higgs:              , s = (p1+p2)2, v ≈ 174 GeV

Unitarity bound saturated at s ≈ (1.2 TeV)2 

Bad behaviour of a0 due to the longitudinal part of the W 
propagator ∼ pμpν/(MW)2, cancelled by Higgs exchange

a0 �
s

16�v2

7/23/09 2:09 PM#math223# WW WW scattering
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Constraints on the Higgs mass II           
Triviality and stability

Assume that the SM holds up to the scale Λ:

λH(Λ) finite (perturbative) ⇒ upper limit on mH

λH(Λ) > 0 ⇒ lower limit on mH

(if λH(Λ) < 0, the absolute minimum of the effective potential 
resides at or above  Λ)

λH(Λ)V(h)

Λ

V (h) � µ2(h)
2

h2 +
�H(h)

8
h4



The lower limit can be relaxed if we live in a metastable vacuum

Λ » v introduces a naturalness problem

mt = 175 GeV
αs(MZ) = 0.118

allowed

[Hambye, Riesselmann]
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What the LHC tells us
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Constraints on the Higgs mass III           
Experiment

Indirect upper limit from EW                                   
precision tests (see below):             
161 GeV @ 95% CL (assumes no new 
physics contributions)

Direct experimental limit (within SM):                              
122 GeV < mH < 128 GeV @ 99% CL                     
or mH > 600 GeV (trivial combination). 
And actually: mH = (125.5±0.5) GeV

G. Tonelli, CERN/INFN/UNIPI                                          HIGGS_CERN_SEMINAR                                         December 13 2011           !38!

Freshly squeezed EWK plots 

mH (GeV)



Tests of the gauge (electroweak) sector

The gauge sector (fermion gauge interactions) is the best 
tested part of the SM

Wide range of predictions:   ↔                                          

g, g’, v ↔ (α), sW, v ↔ QED, W&Z masses, their self-

interactions and all fermion gauge interactions (tree level)

Measurements at the ‰ level: sensitivity to quantum 
corrections (mt, mH)

Good agreement with the experiment



High energy tests

At LEP II, LEP I, SLC, Tevatron

MZ, ΓZ,

Z resonance in e+e-→ff

Nν = 2.9841±0.0083: 3 light neutrinos + anomaly 
cancellation = 3 families

MW, ΓW from e+e-→W++W- at LEP II

σh,l 

WWγ, WWZ couplings ∝	 e, gcW

 

AFB ...

-

Af
LR =

�(Z ⇥ fLf̄R)� �(Z ⇥ fRf̄L)
�(Z ⇥ fLf̄R) + �(Z ⇥ fRf̄L)



Accuracy in most cases is at the  ‰ 
level → sensitivity to 1-loop corrections, 
which involve 

g, g’, v 

mt, αs(MZ), Δαhad(MZ)

mh

and bring together 

the gauge sector: g2/(4π)2, g’2/(4π)2

the flavour sector: λ2/(4π)2

the EW-breaking sector:                 
g2/(4π)2 log(mh/MW)

The agreement works for relatively low 
values of mh

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01643
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1480
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1480
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.025 80.378
ΓW [GeV]ΓW [GeV] 2.098 ± 0.048 2.092
mt [GeV]mt [GeV] 173.1 ± 1.3 173.2

March 2009

LEP EW WG



Custodial symmetry

 

Not guaranteed by gauge invariance nor by the breaking 
pattern

Peculiar of EW breaking by a doublet (triplets ruled out) 

Reminder

θW = Weinberg angle

W+
µ ⇥

W 1
µ � iW 2

µ⇤
2

, Zµ ⇥ cW W 3
µ � sW Bµ,

�
cW ⇥ cos �W = g/

⇥
g2 + g�2

sW ⇥ sin �W = g�/
⇥

g2 + g�2

Dµ = ⇥µ + igW a
µ

�a

2
+ i

g�

2
Bµ

⇥ � M2
W

M2
Z cos2 �W

= 1 (tree level)



ρ ≈ 1 ↔ (approximate) custodial SU(2)

ρ = 1 if in the g’ = 0 limit W1,2,3 have equal mass

I.e. if a SO(3) ≈ SU(2) symmetry rotates the real fields W1,2,3 

The custodial symmetry in the Higgs sector: the Higgs 
lagrangian is SO(4) symmetric, as 
& & & & & & & & & & & & & &  .
SO(4) is spontaneously broken to SO(3) by <h2R> ≠ 0

The custodial symmetry in the fermion sector:                
SO(4) ≈ SU(2)L x SU(2)R, where SU(2)R acts on the right-
handed fields

The symmetry is exact in the limit g’ = 0, λU = λD → loop 
corrections to ρ = 1

|H|2 = h2
1R + h2

1I + h2
2R + h2

2I



Direct searches



Experimental status
A new resonance “h” observed 

CMS: mH = (125.3±0.6) GeV @ 5σ

Atlas: mH = (126.2±0.7) GeV @ 5σ

)µSignal strength (

        
  -1   0    1

   

Combined

 llllA (*) ZZAH 

aa AH 

ili lA (*) WWAH 

oo AH 

 bbAW,Z H 

-1Ldt = 4.6 - 4.8 fb0 = 7 TeV:  s

-1Ldt = 5.8 - 5.9 fb0 = 8 TeV:  s

-1Ldt = 4.8 fb0 = 7 TeV:  s

-1Ldt = 5.8 fb0 = 8 TeV:  s

-1Ldt = 4.8 fb0 = 7 TeV:  s

-1Ldt = 5.9 fb0 = 8 TeV:  s

-1Ldt = 4.7 fb0 = 7 TeV:  s

-1Ldt = 4.7 fb0 = 7 TeV:  s

-1Ldt = 4.6-4.7 fb0 = 7 TeV:  s

)<1 Intervalsµ(h-2ln 2011 + 2012 Data

-0.3
+0.3 = 1.2 µ

ATLAS Preliminary

and hV → bb (ll,lν,νν) from CDF/D0



“h” has S = 0 (or 2)

“h” is SU(3)c x U(1)em neutral

“h” is a singlet under the custodial symmetry

“h” compatible with SM Higgs despite some deviations 

deviations from SM not expected to be large given what we knew



All production and decay processes are 
tree-level except

main production process gg → h

cleanest decay channel h → γγ

Let those two rates free [Giardino et 
al, Buckley and Hooper, ...]

Mild preference for enhanced γγ, 
suppressed gg

SM looks marginal but 

χ2 ≈ 19 with 16 dofs (expect n±n1/2)

QCD uncertainties [Baglio et al]

Deviations from SM Higgs? (1)
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partner



Deviations from SM Higgs? (2)

Fit “h” couplings

This assumes: SM fermions and gauge bosons + “h” and nothing else 

contributing to the signal (e.g. heavier H)

entering production and decay (same production and detection 
channels with modified couplings)

CMS:                                                    (CF < 0? Atlas?)
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Figure 5: Left: fit of the Higgs boson couplings assuming common rescaling factors a and c with

respect to the SM prediction for couplings to vector bosons and fermions, respectively. Right:

fit to the t-quark and to b-quark and ⌧ -lepton Yukawa couplings assuming the SM couplings to

gauge bosons. The point marked as ‘SM’ is the Standard Model; the point marked as ‘FP’ is

the fermiophobic case, and ‘0t’ denotes the top-phobic case.

3 Conclusions

The new particle with mass 125.5± 0.5 GeV discovered at the LHC looks like the Higgs boson.

We performed a fit to all available collider data in order to test its couplings. We find that

the couplings to the W and the Z are in reasonable agreement with the SM Higgs boson

expectations, suggesting that the discovered state is, indeed, the Higgs boson. However, the

excess in �� indicates potential non-standard physics in the loop level process h ! �� (see

e.g. [25]). Combining all �� channels and all experiments, this enhancement is at the 2.5�

level.

As long as this excess persists, it can be fitted by a non-standard (possibly negative) Yukawa

couplings of the Higgs boson to the top quark, or explained by new particles contributions to

the loop level process h ! �� and maybe gg ! h. Indeed, allowing for a reduction of gg ! h

further improves the global fit.

We will update this paper on arXiv when new data will be presented.
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Figure 1: The constraints on the couplings (a, c) of the Higgs candidate h with mass ⇠
125 GeV obtained from our global analysis of the available CMS, ATLAS, CDF and D0
data. The Standard Model is represented by a black star, and the yellow lines represent
various composite Higgs models described in the text, which are disfavoured if they deviate
strongly from the Standard Model.

Figures 1, 2, 3 and 4 display our main results. They quantify the extent to which the h

particle walks like a Higgs and quacks like a Higgs.

Fig. 1 shows the result in the (a, c) plane of our global fit to data on the h couplings from

the Tevatron experiments and from the combined 7 and 8-TeV event samples of ATLAS

and CMS. We see good consistency with the Standard Model prediction, though the best fit

corresponds slightly to a > 1 and c < 1, as seen also in the marginalized one-dimensional

likelihoods of our fit result projected on the a and c axes shown in Fig 2. On the other

hand, the region with c < 0 that was marginally favoured in our previous analysis [21]

is now somewhat disfavoured. As we discuss in more detail below, Figs. 1 and 2 impose

important constraints on composite Higgs models, disfavouring several such models unless

their predictions resemble those of the Standard Model.

Fig. 3 displays the result of our global fit in the (✏,M) plane, where we see excellent

consistency with the Higgs hypothesis: M = v, ✏ = 0. This is also seen in Fig. 4, which

displays the marginalized one-dimensional likelihood projections of our fit result on the M

and ✏ axes. The couplings of the h particle are clearly inconsistent with any mass-independent

2

Rt < 1?


