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The Standard Model: Theory

♠ Gauge symmetry: SU(3)C × SU(2)L × U(1)Y

L ⊃ −1

4
Fµνa Faµν︸ ︷︷ ︸
SU(3)C

−1

4
Wµν
i Wi µν︸ ︷︷ ︸
SU(2)L

−1

4
BµνBµν︸ ︷︷ ︸
U(1)Y

⇓ ⇓

Gµa |a=1,...8 W±µ , Zµ, Aµ



♠ The Higgs sector:

� The minimal choice H =

(
G+

(H + iG0)/
√

2

)
necessary for

SU(2)L × U(1)Y → U(1)EM .

L ⊃ (DµH)†DµH − V (H)

for Dµ ≡ ∂µ + igW i
µT

i + ig′ 12Y Bµ and

V (H) = µ2|H|2 + λ|H|4 with YH =
1

2

� If µ2 < 0 then 〈0||H|2|0〉 = −1
2
µ

2

λ ≡
v

2

2 (spontaneous symmetry
breaking, the origin of mass)

� Boson masses: mh =
√

2λv, m
W
± = 1

2gv and mZ = mW /cW , for

cW ≡ cos θW = g/(g2 + g′ 2)1/2



♠ Fermions
fermion T T3

1
2Y Q

νi L
1
2 +1

2 −1
2 0

li L
1
2 −1

2 −1
2 −1

ui L
1
2 +1

2
1
6

2
3

di L
1
2 −1

2
1
6 −1

3

li R 0 0 −1 −1

ui R 0 0 2
3

2
3

di R 0 0 −1
3 −1

3

νi R 0 0 0 0

i = 1, . . . , Nf = 3, ψL,R ≡ 1
2(1∓ γ5)ψ (parity violation), Q = T3 + 1

2Y
Neutrino masses:

� Dirac mass: fij L̄i Lνj R H̃ + H.c. for H̃ ≡ iτ2H
?

� Majorana mass: 1
2Mij νi R C νj R + H.c.



Gauge transformations:

ψ(x)→ exp

{
−igT iθi(x)− ig′ 1

2
Y β(x)

}
ψ(x)

Gauge interactions:

L ⊃
∑
ψ

ψ̄iγµDµψ for Dµ ≡ ∂µ + igW i
µT

i + ig′
1

2
Y Bµ

Yukawa interactions:

L ⊃ −
3∑

i,j=1

(
Γ̃ij ūi RH̃

†Qj L + Γij d̄i RH
†Qj L + H.c.

)

if H = 1√
2

(
0

v + h

)
then

Lq mass = −
3∑

i,j=1

(
ūi RM

u
ijuj L + d̄i RM

d
ijdj L + H.c.

)
forMu

ij = v√
2
Γ̃ij M

d
ij = v√

2
Γij



 u1

u2

u3


L,R

= UL,R

 u
c
t


L,R

 d1

d2

d3


L,R

= DL,R

 d
s
b


L,R

U †RM
uUL = diag(mu,mc,mt) D†RM

dDL = diag(md,ms,mb)

⇓

Γ̃,Γ diagonal (gf =
√

2
mf

v
) ⇒ no FCNC

� charged currents:
∑Nf

i=1 ūi Lγ
µdi L = (ū, c̄, t̄)L U

†
LDL︸ ︷︷ ︸

UCKM

γµ

 d
s
b


L

� neutral currents:
∑Nf

i=1 ūi Lγ
µui L,

∑Nf
i=1 d̄i Lγ

µdi L remain unchanged
upon UL,R, DL,R transformations



UCKM :

� unitary complex Nf ×Nf matrix,

qi L → eiαiqi L ⇒ 1
2(Nf − 1)(Nf − 2) phases in UCKM

� Nf ≥ 3 ⇒ CP violation in charged currents

♠ Masses in the SM: mV ∝ gv mh ∝ λ
1/2v mf ∝ gfv

Leptons:

mνe
<∼ 2.2 eV mνµ

<∼ 2.2 MeV mντ
<∼ 18 MeV

me = 0.5 MeV mµ = 105.5 MeV mτ = 1.78 GeV

Quarks:
mu ' 2 MeV mc ' 1.2 GeV mt ' 174 GeV
md = 5 MeV ms = 0.1 GeV mb = 4.3 GeV

Bosons:

m
W
± = 80.4 GeV mZ = 91.2 GeV mh = 125 GeV

Fine tuning:
mνe

mt

<∼ · 10−11 ⇒
gνe
gt

<∼ · 10−11



Very good agreement between the SM and the existing data



Outstanding problems of the SM

♠ Gauge-Higgs sector:

� The hierarchy problem - Radiative corrections to the Higgs mass

H H

t

t

gg tt

δm2
h ∝ −g

2
t

∫
d4k

(2π)4Tr

{
1

( 6 k −mt)
2

}
∝ Λ2

⇓

m2
h = m

(tree) 2
h − c ·Λ2

The problem: If Λ� v �ne tuning between m
(tree) 2
h and cΛ2 is needed



� Why is the scale of electroweak physics (102 GeV) so low compared to
the Planck mass (1019 GeV) - the scale of gravity?

� The strong CP problem

I symmetries of the SM allow for

Tr
(
F
µν
F̃
µν
)
≡ 1

2
ε
µναβ

Tr
(
F
µν
F
αβ

)
P−→ −Tr

(
F
µν
F̃
µν
)

I odd under CP

Lθ = θ
g2
s

32π2F
aµνF̃ aµν ⇒ neutron− EDM Dn ' 2.7 · 10−16θ e cm

⇓

data: Dn <∼ 1.1 · 10−25 e cm ⇒ θ <∼ 3 · 10−10

The strong CP problem: why is θ so small?



� What is the 750 GeV state observed at the LHC as a di-photon
excess?

I ATLAS Collaboration, �Search for resonances decaying to photon pairs
in 3.2 fb

−1
of pp collisions at

√
s = 13 TeV with the ATLAS detector�,

Tech. Rep. ATLAS-CONF-2015-081,
I CMS Collaboration, �Search for new physics in high mass diphoton

events in proton-proton collisions at
√
s = 13 TeV�, Tech. Rep.

CMS-PAS-EXO-15-004,
I CMS Collaboration, �Search for new physics in high mass diphoton

events in 3.3 fb
−1

of proton-proton collisions at
√
s = 13 TeV and

combined interpretation of searches at 8 TeV and 13 TeV�, Tech. Rep.
CMS-PAS-EXO-16-018,

I R. Franceschini et al., �What is the gamma gamma resonance at
750 GeV?�, JHEP 1603, 144 (2016), arXiv:1512.04933.



Table: Summary of the LHC di-photon excess at the invariant mass of
∼ 750 GeV from the ALTAS and CMS collaborations at energy√
s = 13 TeV (σ is the local statistical signi�cance).

ATLAS @
√
s = 13 TeV CMS @

√
s = 8 & 13 TeV

Excess 3.9σ 3.4σ

σ(pp→ γγ) (10± 3) fb (6± 3) fb



Figure from http://resonaances.blogspot.com/

L ⊃ csγγ
e2

4v
SFµνF

µν + csgg
g2
s

4v
SGaµνG

a µν



♠ The �avour sector:

� parity violation:

W+µ ūiγµ(1−γ5)dj
P−→ W+µ ūiγµ(1+γ5)dj

Maximal parity violation, why?

� Charge quantization, why qu = 2
3 , qd = −1

3 and ql = −1?

� Number of generations, why Nf = 3?

� Why is the top quark so heavy (mt ' 174 GeV while mb ' 4.3 GeV) ?

mt ' v = 〈0|H|0〉 ' 246 GeV

⇓

top quark is very di�erent (possibly sensitive to the spontaneous
symmetry breaking)



� Mixing angles and fermion masses - the �avour problem

L ⊃ −
3∑

i,j=1

(
Γ̃ij ūi RH̃

†Qj L + Γij d̄i RH
†Qj L + H.c.

)
⇓

Lq mass = −
3∑

i,j=1

(
ūi RM

u
ijQj L + d̄i RM

d
ijQj L + H.c.

)
for Mu

ij =
v√
2

Γ̃ij , M
d
ij =

v√
2

Γij u1

u2

u3


L,R

= UL,R

 u
c
t


L,R

 d1

d2

d3


L,R

= DL,R

 d
s
b


L,R

U †RM
uUL = diag(mu,mc,mt) D†RM

dDL = diag(md,ms,mb)

⇓∑
ūi Lγ

µdi L = (ū, c̄, t̄)L U
†
LDL︸ ︷︷ ︸

UCKM

γµ

 d
s
b


L

It is natural to expect that UCKM = UCKM (mq/m
′
q).



� B-meson anomalies

B(?) ≡ |b̄ . . . 〉, D(?) ≡ |c . . . 〉, K(?) ≡ |s · · · 〉

from http://www.quantumdiaries.org/tag/b-physics/



� B-meson anomalies

R(X) =
BR(B̄ → X τ ν̄)

BR(B̄ → X ` ν̄)

for ` = e, µ, B(?) ≡ |b̄ . . . 〉, D(?) ≡ |c . . . 〉

- R(D) R(D∗)

SM 0.297 ± 0.017 0.252 ± 0.005

Belle 0.375 ±0.064± 0.026 0.293 ±0.038± 0.015
BaBar 0.440 ±0.058± 0.042 0.332 ±0.024± 0.018
LHCb 0.336 ±0.027± 0.030

Expt. avg.: 0.408 ± 0.050 0.321 ± 0.021

Table: R(D) and R(D∗) anomalies.



� B-meson anomalies

B(?) ≡ |b̄ . . . 〉, K(?) ≡ |s · · · 〉

http://phys.org/news/2009-09-belle-hint-physics-extremely-rare.html

RK ≡
BR(B → Kµ+µ−)

BR(B → Ke+e−)
=

{
SM 1.0003± 0.0001

LHCb 0.745+0.090
−0.074 ± 0.036



� Flavour-changing Higgs decays

H → τ+µ− H → τ+e−

ATLAS CMS

BR(H → τ+µ−) (0.53± 0.51)%
(

0.84+0.39
−0.37

)
%

BR(H → τ+e−) (−0.3± 0.6)% -

MoriondEW, March 19, 2016



♠ Cosmology
Dark matter evidence:

� Galaxy rotation curves

� Galaxy clusters and gravitational lensing

� Cosmic microwave background

� Structure formation

SM has no candidate for dark matter

from http://earthsky.org/space/space-based-particle-detector-hints-at-dark-matter



� Galaxy rotation curves

from E. Corbelli; P. Salucci (2000), �The extended rotation curve and the dark matter halo of M33�, Monthly

Notices of the Royal Astronomical Society 311 (2), 441



� Dark matter direct detection

Enectali Figueroa-Feliciano  /  International Cosmic Ray Conference / 2015 

Sensitivity Projections: Spin-Independent Interactions
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CDMS II Ge  (2009) Xenon100 (2012)

CRESST

CoGeNT

(2012)

CDMS Si

(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

LUX (2013)

 DAMIC           (2012)

CDM
Slite (2013)

DarkSide-50 (2014)

CRESST (2015)

Xenon1T

LZ

LUX 300day

SuperCDMS SNOLAB

DEAP3600
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DarkSide-G2
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S

EDELW
EISS

CRESST

from P. Cushman et al., arXiv:1310.8327 [hep-ex]



� Dark matter publications
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� ΩΛ = ρΛ
ρc
' 0.7 ⇒ ρΛ ' 10−120M4

Pl = (10−3 eV)4 while

typical mass scale of the SM is O(100 GeV)! Explanation needed!

� In�ation: period of fast expansion of the very early Universe,

a(t) ' exp

(√
Λ
3 t

)
Again the SM has no means to explain the in�ation (no in�aton in the
SM). For a typical in�aton mϕ ∼ 1013 GeV and λ ∼ 10−13, so the SM
Higgs boson is not an in�aton.



� Baryogenesis and SM CP violation η ≡ nb−nb̄
nγ
' nb

nγ
' 6 · 10−10

The Sakharov's necessary conditions for baryogenesis:

I B number violation
I C and CP violation
I Departure from thermal equilibrium

SM:

I B number violation: OK
I C and CP violation: too weak CP violation ∝ =Q, for
Q ≡ U

ud
U
cb
U
?

ub
U
?

cd
(re-phasing invariant)

I Departure from thermal equilibrium: no electroweak phase transition
for m

h
>∼ 73 GeV

Conclusion: the SM doesn't explain the baryogenesis



♠ Parameters of the SM:

me mµ mτ mu mc mt

mνe
mνµ

mντ
md ms mb

g , g′︸ ︷︷ ︸
(αQED,sin θW )

, gs︸︷︷︸
(αQCD)

, mh, λ︸ ︷︷ ︸
(µ,λ)

, UCKM︸ ︷︷ ︸
θ1,2,3,δCP

, UPMNS︸ ︷︷ ︸
θ12,23,13,δ

(l)
CP

25 parameters for Dirac neutrinos!



♠ Summary of the SM puzzles

� lack of DM candidate

� mechanism of baryogenesis unknown (more CPV needed)

� the strong CP problem

� B-meson anomalies, the 750 GeV state, FCNC in Higgs decays, etc.



On the way beyond the SM

� The scalar sector weakly constrained

I Higgs-boson representation:

ρ ≡
m

2

W

m
2

Z
cos

2
θ
W

, SM ⇒ ρ = 1 +O(α)

for general Higgs multiplets: ρ =
∑

i[Ti(Ti+1)−T 2
i 3]v

2
i∑

i 2T
2
i 3v

2
i

data:

ρ = 1.0002

{
+0.0024
−0.0009

⇒ T = 1
2 (doublets are favored)

I Higgs-boson discovery by ATLAS and CMS at the LHC announced on
4 July 2012

m
h

= 125.09± 0.21(stat.)± 0.11(syst.) GeV



Higgs boson production

t/b

g

g

H

W/Z

W/Z

q̄′

q

q̄′

q

H
W/Z

q

q̄

W/Z

H

g

g

t̄/b̄

t/b

H

from G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 76, no. 1, 6 (2016)



Higgs boson decays

H

W,Z

W,Z

H

b̄, τ+, µ+

b, τ−, µ−

t/b

t̄/b̄

t/b

H

γ

γ/Z

W±

W−

W+

H

γ

γ/Z

W±

W±

H

γ

γ/Z

from G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 76, no. 1, 6 (2016)



H → γγ



µf ≡
σ(pp→ H)×BR(H → f)

σ(pp→ H)×BR(H → f)|SM



κi ≡
gHii

gHii|SM



♠ The simplest model of DM: Higgs portal interactions

O(N) : ~ϕ→ O~ϕ

Lscalar =
1

2
∂µ~ϕ∂

µ~ϕ+DµH
†DµH − V (H, ~ϕ)

V (H, ~ϕ) = −µ2
HH

†H + λH(H†H)2 +
1

2
µ2
ϕ~ϕ

2 +
1

4!
λϕ

(
~ϕ2
)2

+ λxH
†H~ϕ2

After the symmetry breaking the physical scalars have masses

m2
h = −µ2

H + 3λHv
2 = 2µ2

H , m2
ϕ = µ2

ϕ + λxv
2



Vacuum stability:

λH , λϕ > 0 ; λx > −
√
λϕλH

6
= −mh

2v

√
λϕ
3

Tree-level unitarity constraints emerge from the SM condition for VLVL
scattering and from the requirement that all possible scalar-scalar scattering
amplitudes are consistent with unitarity of the S matrix

m2
h <

8π

3
v2, λϕ < 8π and |λx| < 4π

Finally, the condition that the global O(N) symmetry remains unbroken
requires µ2

ϕ > 0 which leads to the very useful inequality:

m2
ϕ > λxv

2



Figure: Dark matter annihilation.



ΩN
DMh

2 = N
ρ1

DM

ρcrit
= 1.06× 109 Nxf√

g∗mPl 〈σv〉
1

GeV

where xf ≡ mϕ/Tf , and Tf is the freeze-out temperature given in the �rst
approximation by

xf = log

0.038
〈σv〉mPlmϕ√
g∗(Tf )xf





♠ Extra Higgs bosons

� SM single Higgs doublets quite unnatural, why only one?

� extra sources of CPV from the scalar sector (for baryogenesis)

� explanation of weak mixing angles through horizontal symmetries

L ⊃ −
NH∑
α=1

3∑
i,j=1

(
Γ̃αij ūi RH̃

α †Qj L + Γαij d̄i RH
α †Qj L + H.c.

)
Hα → HαβH

β , ui R → U
j
i uj R , di R → D

j
i dj R , Qi L → Q

j
iQj L

⇓

constraints on fermion mass-matrices:

Mu
ij =

NH∑
α=1

Γ̃αij
vα√

2
, Md

ij =

NH∑
α=1

Γαij
vα√

2

U †RM
uUL = diag(mu,mc,mt) D†RM

dDL = diag(md,ms,mb)

IfMu,d constrained, then UCKM ≡ U
†
LDL = UCKM (mq/mq

′)



� Multi-doublet models favored by the ρ measurement

� An example of extra Higgs boson scenario: the 2 Higgs Doublet Model:

V (φ1, φ2) = m2
1|φ1|

2 +m2
2|φ2|

2 +m2
3(eiδ3φ†1φ2 + e−iδ3φ†2φ1)+

+λ1(φ†1φ1)2 + λ2(φ†2φ2)2 + λ3(φ†1φ1)(φ†2φ2)+

+λ4(φ†1φ2)(φ†2φ1) + λ5

[
eiδ5(φ†1φ2)2 + H.c.

]
+

+λ6(φ†1φ1)
[
eiδ6φ†1φ2 + H.c.

]
+ λ7(φ†2φ2)

[
eiδ7φ†1φ2 + H.c.

]
where m2

i and δi real

under CP: φi(t, ~x)
CP−→ eiαiφ?i (t,−~x) for i = 1, 2

� explicit CP violation: δi 6= 0

φ†1φ2
CP−→ ei(α2−α1)φ†2φ1

� spontaneous CP violation (δi = 0)

〈φ1〉 =

(
0
v1√

2

)
〈φ2〉 =

(
0

v1e
iθ

√
2

)

cos θ = 2m
2
3−λ6v

2
1−λ7v

2
2

4λ5v1v2
⇒ SCPV if θ 6= 0, π



Di�culties/Advantages of extra-Higgs-boson scenarios:

� many new parameters (m2
i , λi, δi)

� tree-level FCNC to be or not to be suppressed

Mu
ij =

NH∑
α=1

Γ̃αij
vα√

2
, Md

ij =

NH∑
α=1

Γαij
vα√

2

♠ Extra gauge symmetries

� GUTs, e.g. SU(5): uni�cation of gauge couplings, . . .

� L−R symmetry, SU(2)L × SU(2)R × U(1): spontaneous parity
violation

� SU(2)L × U(1)× U(1)′: just extra Z ′



♠ Extra dimensions (more special dimensions)

� Warped extra dimensions (Randall and Sundrum): solution to the
hierarchy problem

RS I, D = 4 + 1

S =

∫
d4x

∫ +π

−π
dφ
√
−g(2M3R− Λ)+∫

d4x
√
−gvis(Lvis − Vvis) +

∫
d4x
√
−ghid(Lhid − Vhid)

⇓
√
−g(RMN −

1

2
GNMR) = − 1

4M3

[
Λ
√
−g gMN+

+Vvis

√
−gvis g

vis
µν δ

µ
Mδ

ν
Nδ(φ− π) + Vhid

√
−ghid g

hid
µν δ

µ
Mδ

ν
Nδ(φ)

]
⇓

ds2 = e−2σ(φ)ηµνdx
µdxν + r2

cdφ
2

with σ = rc|φ|
√
−Λ

24M
3 (Λ < 0) and

Vhid = −Vvis = 24M3k for Λ = −24M3k2



Seff ⊃ 2

∫
d4x

[∫ +π

−π
dφM3rce

−2krc|φ|
]√
−ḡ R̄+· · · for ḡµν(x) = ηµν+hµν(x)

⇓
To reproduce GR

M2
Pl = M3rc

∫ +π

−π
dφ e−2krc|φ| =

M3

k
(1− e−2krcπ)

The hierarchy problem within the RS I

Svis ⊃
∫
d4x
√
−gvis

{
gµνvisDµH

†DνH − λ(|H|2 − v2
0)2
}

gµνvis = gµν(x, π)

⇓ H → ekrcπH

v = e−krcπv0 = 246 GeV

� If ekrcπ ' 1016 (krcπ ' 40), then v0 could be O(MPl)

� One can assume that the 5d theory has a single scale 'MPl (so no
hierarchy), while the E-W scale is generated through the warping!



♠ Simplest (simplistic) solutions - pragmatic approach

problem solution

lack of DM candidate many options e.g. extra scalar
extra source of CPV needed for baryoge-
nesis

generic 2HDM, FCNC present

strong CP violations (why is FF̃ small?) Peccei-Quin axion model

lepton non-universality - B meson
anomalies

extra U(1) gauge symmetry with non-
universal leptonic charges

the 750 GeV state
Randall-Sundrum like 5-dim models: ra-
dion or graviton

FCNC in h→ τµ or τe
extra Higgs doublets, e.g. generic 2HDM
with FCNC

why v �MPl?
Randall-Sundrum 5-dim model with
warped geometry

the �avour problem, why Nf = 3?, θj ,
δ, mf ?

Randall-Sundrum 5-dim model with
warped geometry and fermions in the
bulk ?



Summary

� SM problems:

I dark matter
I baryogenesis
I the strong CP problem
I B-anomalies
I the 750 GeV state
I dark energy

� Attractive alternatives:

I The Randall-Sundrum model (warped extra dimensions)
I Multi-Higgs models e.g 2HDM


