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3.1 The need of going beyond SM
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The SM is a beautiful and successful model to describe strong and electroweak 
interactions. But how good is it and is there indications that is may not be the 
complete theory addressing all problems facing particle physics? 

Yes, there are many hints. Some of the prominent phenomenological ones are:

The neutrino mass problem. Neutrino oscillations observed requires some of 
the neutrinos (at least two of them) to have non-zero masses. To give a mass 
to a fermion in the SM, one needs to pair up a left and right handed partners, 
example up, down quarks and charged leptons

In the minimal SM, there is not right handed neutrinos in model available, 
therefore need to introduce them.

Need to introduces R in the model. Then one has 

Then m = Y v/sqrt[2]!    Problem: m/me = Y/Ye < 10-6  
Why such a small number?



Solutions 
Seesaw models

And models of generating neutrino masses at loop levels.

If only confined to leptons, flavor physics and CP violation will be 
affected in the lepton sector.

Cosmological evidences:  Dark matter, Dark energy 
and matter-antimatter asymmetry
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SNe Ia

LSS

CMB

Concordance region:

Cosmological scale Galaxy cluster scale Galactic scaleObservations 
support Dark 
Matter at

☞
☝



More theoretical ones

The hierarchy problem: Why electroweak scale ~ v~ 300 GeV is so much 
lower than the Planck scale ~ mPlanck ~ 1019 GeV.

Cosmological constant problem, very small but none zero.

Strong CP problem, why  <10-10is so small?

Unification of all forces: 
a) Grand unification of strong and electroweak interaction
b) Theory of Everything, unification of strong, electroweak and gravity

Too many free parameters in the theory? Possible to reduce them?
Why there are just 3 generations
…

102



The strong CP problem and neutron EDM
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 Why is small is the strong CP problem.
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Crewther, Di Vecchia, Veneziano and Witten, PLB88, 13,(1979)

He, McKellar and Pakvasa, IJMP A4, 5011 (1989))



Solutions to the strong CP problems

1. One of the quark mass is zero, since Dn is proportional to mumdms. But 
all quarks have non-zero masses!

2. Making the theory left-right symmetric (parity conservation,  is zero 
to start with) and quark mass matrices Hermintian (Arg(M) = 0).

3. Spontaneous CP violation, making  equal to zero first. Need to check 
whether after symmetry breaking, is not generated.

4. Dynamic solution driving  small by imposing an additional chiral 
symmetry, the Peccei-Quinn symmetry. This solution leads to Axion 
which has not been discovered.  
See Appendix D for PQ symmetry and Axion.
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PQ symmetry



One then needs to show that the corresponding potentials are minimal to 
have a stable solution. More discussions in Appendix D.
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3.2 Anomalies in flavor physics 

There are also a few anomalies in flavor physics which show some deviations 
from SM predictions at some level, but not up to 5yet. 

But they have generated a lot of concerns and people are trying to provide 
solutions to them. Here I discuss a few related to flavor physics.

The unitarity of CKM matrix; The g-2 muon anomaly; 
B ->  K(*), D(*) …

CKM unitarity:                                   

|Vub|2 ~ 10-5 negligible, so usually study 
= |Vud|2+|Vus|2-1

Zoom in superallowed 0+ -> 0+ nuclei transition and 
K ->  l show about 3 level deviation

aeXiv:2208.11707
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Muon g-2 anomaly

The energy of a particle with magnetic dipole interact with a magnetic field B is 

given by: H = - .B

Classically, a particle of charge q moving in circle in magnetic field 

with angular momentum L, the magnetic dipole: L = qL/2m.

Quantum mechanically, a Dirac particle has an intrinsic magnetic dipole moment: 
= qS/m which can be written as = g qS/2m, ------- g=2.  
g is called the g-factor. (Dirac)

In quantum field theory, there is correction at loop level making a = (g-2)/2 not 
zero. This is the anomalous dipole moment of a particle. At one loop 
for charge leptons, i = e, ai = /2Schwinger)

In the SM, including QEC, Strong and electroweak 
contributions, a has been calculated to very high precision.
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Muon ahas also been measured to high precision.

BNL experiment (1997 – 2001) final result
for a = a(exp) – a(SM) at 2.7 larger than zero.

FNL experiment first result announce in April, 2021, confirm BNL result but with a 
high confidence level at 3.3

Combining BNL and FNL results, a =251(59)x10-11 . 
The deviation away from SM is at 4.2level!

Recent Lattice calculation indicate the deviation is only
at one level.  More accurate theory calculations and 
Experimental measurement needed to confirm this anomaly.

Even the anomaly itself still needs to be confirmed, but a lot of efforts have been 
made to explore the anomaly through beyond SM physics to match data. 
Z’, leptoquark, higgs….
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Z’ contribution to muon g-2, a U(1) example

The simplest version has Z’ coupling to  and  in 
diagonal form. An additional anomalous a will be 
generated at one loop level

In the large mz’ >>mlimit, 

To explain the muon g-2 anomaly: 

One must check if the above region is ruled out by other processes.

The trident neutrino scattering data come in and rule out the above solution
For large Z’ mass indicated above! 
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arXiv: 2112.0992



Small Z’ Mass Solution for Muon g-2

The trident neutrino constraint

Normalize SM contribution to 
experimental measurement,  expSM.

If data agree with SM, (SM) = 1.

Experimental data: 
from CHARM-II, CCFR and NuTeV.

With Z’ contribution: 

Using central value for 2.66x10-5 GeV-2  for               one obtains

The model is ruled out as a solution for muon g-2 anomaly for large Z’ mass!
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Small Z’ solution

What about small mass  mz’ << m
In this region, the previous result for trident neutrino scattering is not valid
because the q2 exchange by Z’ is 
comparable, the heavy Z’ mass limit
Cannot be applied!

More involved numerical calculations
obtain the results shown in the figure
On the right.

It is a folklore that in U(1)L-Lin order
to explain muon g-2 anomaly, 
mZ’ must be less than 300 MeV!

There are model which can invade this folklore, example arXiv:2112.09920
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SM prediction

...Others....

4 effects!

RD(*) anomalies in B -> D(*) 
Before 2019



arXiv:1904.0879

Still 3.6 to 3.1 sigma effect 
for world average. 

New physics?

117



B -> K(*) anomalies
Before 2019
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All these processes are induced by b -> s ll interaction. 
Consistently lower than SM predictions. Combined effects are now about 4 !

New data on Bs ->  from 
LHCb, lowered the differences

 LHCb arXiv:1705.03274



 What’s new since 2019?
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Bs ->  from ATLAS
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arXiv:1904.002440



LHCb data still show a 3.1 deviation from SM prediction

New physics?

All the anomalies need further experimental confirmation! But one can explore 
possible directions new physics may come in.
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What  Anomalies tell us?

B decays and muon g-2 that are different from SM predictions and therefore not 
satisfactory.

These anomalies might be some hints of something more that just SM.

Will these anomalies stand with time??? More Data!!!
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–Cambridge Dictionary



b -> s ll induced anomalies
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B -> s ll in the SM and beyond



Latest fit:  J. Aebischer et a;., arxiv:1903.1043
Older fits: arXiv:1307.5683, 1510.04239, 1703.09189
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b -> c  

M. Blanke et al., arXiv:1901811.09603
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Similar work: P. Asadi and D. Shih, arXiv: 1905.03311



Model building with new gauge bosons and new fermions         

Quantum field theory with chiral fermion fields, have triangle anomalies 
generated as shown in the figure with three gauge fields as external ones and 
the chiral fermion in the loop. These anomalies if exist in a theory, ward 
identities will be destroyed and cannot be an consistent theory at quantum loop 
level.  They must be cancelled – gauge anomaly cancellation.

Normalizing the contributions by right handed 1+5 chiral 
fermion in the loop to be positive proportional to the couplings, 
then left handed 1-5 chiral fermion in the loop will be negative. 
The total sign also depends on the couplings g1T1 g2T2 g3T3 .

The cancellation  can happen by summing up left and right handed 
Fermion with appropriate couplings contributions. If vector fermion, no 
anomalies generated.
This is a powerful tool for model building with new fermions and gauge bosons.
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3.3 Model buildings for FPCP beyond SM 



Gauge anomaly cancellation in the SM

Type of anomalies:  
GGG (3 grkuons): automatically zero, because under SU(3)C all fermions are vector like.
WWW: also automatically zero, because Ti = i  Tr(ijjik)=0
GGW, WWG, BBG, BBW, GWB all are zero due to trace of one single Ti is zero. 
Nonzero ones: GGB, WWB, BBB, and ggB for individual fermion in the loop
Two gravitation gg and a B
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One generation of SM fermion contributions to gauge anomalies

         uR            dR           uL           dL          eR          L         eL            sum
GGB       2/3          -1/3       -(1/6)     -(1/6)         0           0          0              0

WWB       0              0        -3(1/6)    -3(1/6)       0       -(-1/2)     -(-1/2).       0

BBB       3(2/3)3.    3(-1/3)3.   -3(1/6)3 .  -3(1/6)3.      (-1)3    -(-1/2)3      -(-1/2)3       0

ggB         2/3         -1/3       -(1/6)    -(1/6)         -1       -(-1/2)     -(-1/2)       0

All anomalies are automatically cancelled!

One of the reasons for having two Higgs doublets H1 (1,2)(-1/2) and H2(1,2)(1/2)
Because Higgsino is a chiral fermion, it produce gauge anomalies
WWB   -1/2 + 1/2= 0;   BBB    (-1/2)3 + (1/2)3 = 0;    ggB.  (-1/2) + (1/2) = 0!
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Another example: SU(3)CxSU(2)LxU(1)YxU(1)
(PRD 43 (1991) R22; PRD 44(1991) 2118)

U(1)charges: 0 for uR, dR, uL dL and eR eL,   
                       +1 for R, L, L,       -1 for R L, L

New anomalies (indicate U(1) gauge boson as Z’)

              R           L           L           R         L,           L          sum      
WWZ’      1            -1           -1            -1        -(-1)         -(-1)          0

BBZ’      (-1)2x1   -(-1/2)2x(1)   -(-1/2)2x(1).   (-1)2x(-1)  -(-1/2)2x(-1)   -(-1/2)2x(-1)   0

Z’Z’B      (1)2x(-1)    -12(-1/2)       -12(-1/2)       (-1)2x(-1)  -(-1)2(-1/2)   -(-1)2(-1/2)    0

Z’Z’Z’       13           -13          -13          (-1)3.      -(-1)3      -(-1)3.              0

ggZ’        1            -1           -1            -1        -(-1)         -(-1)          0

Gauge anomaly free. The simplest model with a new Z’ model!
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Models for muon g-2, RD(*) and RK(*) anomalies
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Many theoretical models have been proposed to solve the muon g-2, RD(*) and 
RK(*) anomalies discussed previously.

Multy Higgs, SUSY, Z’, Leptoquarks…

Some of them dealing with only for muon g-2, or R(D(*)) or R(K(*))
Relatively easy. 

When want to solve two of them, the constrain become more stringent
When want to take on three of them together, the task becomes more difficult
But efforts have been made and possible!
I now discuss some examples.



A gauge model solving RD(*) and RK(*) anomalies

Exchange Wh solve RD(*)!  
Exchange ZH solve RK(*)!
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S. Bouncenna et al., arxiv:1604.03088                                                                                                  
C-W. Chiang, X-G He, G. Valencia,PRD93,074003. 

SE small limit works well !Similar for Zh and Wh interactions with leptons.

SU(2)l for 1st generation SU(2)h for 2nd and 3rd generations SU(2)L



   Triplet vector and SU(3)CxSU(2)lxSU(2)hxU(1)Y 

D. Buttazzo et al., arXiv: 1706.07808,     Cheng-Wei Chiang, X-G He and G. Valencia                  

X: (3,1)(0)  This is the Wh in SU(3)CxSU(2)lxSU(2)hxU(1)Y 
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Exchange X obtains

133

For RD(*)

For RK(*)



The model can have reasonable solution for both RD(*) and RK(*) anomalies. 
However, difficult to get muon g-2 right.
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Leptonquark solution to RD(*), RK(*) and muon g-2 anomalies
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The S3 case: problem with RD(*)
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The S1 case: tree and one loop level

Solution to R(D(*))       Solution to b-> sinducedanomalies                 Solution to (g-2)
M. Bauer and M. Neubert, arXiv: 1511.01900;     X-G. He and N. Deshpande, arXiv: 1608.04817

If R-parity violating interaction, exchange sd-quark, the last line is absent. That is the reason why 
R-parity cannot solve R(D(*)) and b -> s anomalies (Deshpande and He)

Also why Baur&Neubert, and Becrivic et al could not work, neglect last term contributions to 
R(D(*)) and lead to conflict for b -> s when other constraints are included, important one B -> 
K(*) (R = B(B -> K(*) exp B(B -> K(*) SM < 4.3!   (Becirevic et al.)

K-> B-> K(*)  D->

R(D(*)), B->D(*)  l Bc -> 

D-> R(D(*)), B->D(*)  l Bc -> 



Combining S1 and a + to also solve KM unitarity anomaly
D. Marzocca and s. Trifinopoulos, arXiv: 2104.0573

S1: (3*, 1)(1/3); + (1,1)(1).  New contributions
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Muon g-2, RD(*) , RK(*) and KM unitarity anomalies can all be addressed! 



Beyond SM CP Violation

What is the origin of CPV? Is there other ways CPV can present in a model?

There are many ways CPV can show up when going beyond SM:

Superweak model, CP is only violated in S=2 current-current interactions. 
Too small ’Ruled out by data.

In left-right SU(3)CxSU(2)LxSU(2)RxU(1)B-L symmetric model, there are 
similar mixng matrix VR

KM charged current for right-handed fermions by 
exchanging WR. More phases, only two generations can have CPV.

Seesaw Model, there are new phases in Right-handed neutrino mass matrix.
…

CP violated by vacuum? Not explicitly violated as that in SM, T-D Lee, 
spontaneous CP violation.
…
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Spontaneous CP violation in two Higg doublet model
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5. Where new FCNC come in?
Neutral Higgs H and A coupling to both 1 and 2

Can avoid FCNC, then need more Higgs doublets, Weinberg Model, 3 Higgs doublets.
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Forbidden FCNC by symmetry principle

The previous Two has Higgs doublet model has FCNC. If want does not want such 
FCNC to mediated by the new neutral Higgs bosons H and A, what can one do? 
Usual practice by symmetry principle.

Example: Z2 symmetry: H1 -> H1, H2 -> - H2, UR -> UR, DR -> -DR, QL -> QL 
others no changes, require Lagrangian L does not change under this transformation, 
the Yukawa and Higgs potential term on L are given by

Removing Goldstone bosons ‘eaten’ by W and Z,
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h, H and A have no FCNC
Interaction!

But because 2
12,21, 1, 

and 2 are zero, no 
spontaneous CP violation!

Type II THDM



A practice model solving all the problems

S-L. Chen, Deshpand, X-G He, J. Jiang and L-H Tsai, Eur. Phys. J. C53,  607(2008)

Solve strong CP problem, implement PQ symmetry,

Identify spontaneous CP breaking phase as KM phase,

Making Axion invisible,

Three doublets and a singlet.
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Is there any solution exist! Yes!

Work with Md is diagonal example.

VR = I        

There is solution to identify KM phase with spontaneous CP violating phase!
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Consequence？ large fermion EDMs

One loop                               Weinberg operator          Barr-Zee, Gunion-Wyler
Review, He et al.                               PRL63, 2333, (1989)                BZ, PRL 65, 21(1990)
IJMPA, A4, 5011(1989)                      Braaten, C-S Li, T-C Yuan          GW, PLB 248, 170(1990)
                                                       PRL 64, 1709(1990)
                                                       Correct CD running

Neutron and electron EDMs can be as large as experimental bounds.
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Reducing model parameters and Grand Unified theory

Grand Unification: Unify the 3 gauge groups into a single

Looking for a gauge group which contains SU(3)xSU(2)xU(1) as subgroups
The minimal one SU(5). Georgi and Glashaw  Reduce 3 gauge couplings into 1. 
Unification scale is about 1016 GeV!

The  Fermions

Higgs:       

                                                                   vev breaks SU(5) -> SU(3)xSU(2)xU(1)

                                                 vev give masses to fermions and breaks SM symmetry. 
Relate quark and lepton masses… me = md, m=ms, m=mb at gut scale, 
at low energy mb ~ 3 mgood), but not good for the other two!
Smoking gun prediction: Proton decay. Not yet discovered!   
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non-susy.          susy



SO(10) gut model

Gauge boson in 45 representation
Fermions in 16
Higgs fields 10 and 120, anti-126, 210…
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16 contains the SM one generation of 
fermions plus a right handed neutrino!

Naturally have neutrino mass and also 
natural Seesaw mechanism.



Model has only 11 real parameters plus 7 phases

Babu, Mohapatra (1993)
Fukuyama, Okada (2002)
Bajc, Melfo, Senjanovic, Vissani (2004)
Fukuyama, Ilakovac, Kikuchi, Meljanac, 
Okada (2004)
Aulakh et al (2004)

Bertolini, Frigerio, Malinsky (2004)
Babu, Macesanu (2005)
Bertolini, Malinsky, Schwetz (2006)
Dutta, Mimura, Mohapatra (2007)
Bajc, Dorsner, Nemevsek  (2009)
Jushipura, Patel (2011).             

SO(10) Predictions

Minimal SO(10) Model without 120 

Good prediction for  
Away from Tobe tested!!



Homework

Problem 1
Work out the masses (mass matrices) for h+, h, H and A for the two Higgs 
doublet potential given in the lecture.

Problem 2
Show that SU(3)CxSU(2)LxU(1)YxU(1)B-L is gauge anomaly free.
In this model all quarks have B = 1/3 and all leptons have L = 1 (with also 3 
generation of right handed neutrinos).

Problem 3
Work out the Z’ gauge boson of the U(1)B-L couplings to quarks 
and Leptons.
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Appendix A: Lagrangian under P, C, T transformation (examples)
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An outline for CTP theorem proof
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Particle and anti-Particle masses and lifetimes
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Appendix B: Measurement of DM in meson oscillations
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Appendix C: The need of asymmetric e+e- collider for B factories
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This is the principle for Belle and Babar to measure CP violation



One then needs to show that the corresponding potentials are minimal to 
have a stable solution.
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Appendix D:  PQ symmetry and Axion 
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QCD global anomaly make Axion mass non-zero.
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A lot of interestgin physics related to Axion: find the Axion, applicatin to 
astrophysics, cosmology and etc.!!!
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Thank you all for listen to my lectures
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