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B+ → K+νν̄



Reappraisal of SM



SM
• Poincare symmetry :   

conservations & Boost


• Local gauge symmetry 



• SM fermions: chiral ( )


• Global symmetries ( ) : 
Accidental symmetry of the 
SM  Reasons for longevity 
of proton and very small 
neutrino masses

E, ⃗P , ⃗J

SU(3)C × SU(2)L × U(1)Y

L ≠ R

B, Li, L

→

• Gauge interaction: Universality


• Schematically looks like this!



SM for particle physics
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The New Minimal Standard Model

Hooman Davoudiasl, Ryuichiro Kitano, Tianjun Li, and Hitoshi Murayama∗
School of Natural Sciences, Institute for Advanced Study, Einstein Drive, Princeton, NJ 08540, USA

(Dated: May 11, 2004)

We construct the New Minimal Standard Model that incorporates the new discoveries of physics beyond
the Minimal Standard Model (MSM): Dark Energy, non-baryonic Dark Matter, neutrino masses, as well as
baryon asymmetry and cosmic inflation, adopting the principle of minimal particle content and the most general
renormalizable Lagrangian. We base the model purely on empirical facts rather than aesthetics. We need only
six new degrees of freedom beyond the MSM. It is free from excessive flavor-changing effects, CP violation,
too-rapid proton decay, problems with electroweak precision data, and unwanted cosmological relics. Any
model of physics beyond the MSM should be measured against the phenomenological success of this model.

The last several years have brought us revolutionary new
insights into fundamental physics: the discovery of Dark En-
ergy, neutrino masses and bi-large mixings, a solid case for
non-baryonic Dark Matter, and mounting evidence for cosmic
inflation. It is now clear that the age-tested Minimal Standard
Model (MSM) is incomplete and needs to be expanded.

There exist many possible directions to go beyond the
MSM: supersymmetry, extra dimensions, extra gauge symme-
tries (e.g., grand unification), etc. They are motivated to solve
aesthetic and theoretical problems of the MSM, but not nec-
essarily to address empirical problems. It is embarrassing that
all currently proposed frameworks have some phenomenolog-
ical problems, e.g., excessive flavor-changing effects, CP vio-
lation, too-rapid proton decay, disagreement with electroweak
precision data, and unwanted cosmological relics.

In this letter, we advocate a different and conservative ap-
proach to physics beyond the MSM. We include the minimal
number of new degrees of freedom to accommodate convinc-
ing (e.g., > 5σ) evidence for physics beyond the MSM. We do
not pay attention to aesthetic problems, such as fine-tuning,
the hierarchy problem, etc. We stick to the principle of min-
imality seriously to write down the Lagrangian that explains
everything we know. We call such a model the New Minimal
Standard Model (NMSM). In fact, the MSM itself had been
constructed in this spirit, and it is a useful exercise to follow
through with the same logic at the advent of the major dis-
coveries we have witnessed. Of course, we require it to be a
consistent Lorentz-invariant renormalizable four-dimensional
quantum field theory, the way the MSM was constructed.

We should not forget that the MSM is a tremendous success
of the twentieth century physics. It is a gauge theory based
on the SU(3)C × SU(2)L × U(1)Y gauge group, has three
generations of quarks and leptons, one doublet Higgs boson,
and a completely general renormalizable Lagrangian one can
write down. We also add classical gravity for completeness.
The Lagrangian can be written down in a few lines (we omit
the metric factor

√
−g):

LMSM = −
1

2g2
s

TrGµνGµν −
1

2g2
TrWµνWµν

−
1

4g′2
BµνBµν + i

θ

16π2
TrGµνG̃µν + M2

PlR

+|DµH |2 + Q̄iiD̸Qi + ŪiiD̸Ui + D̄iiD̸Di

+L̄iiD̸Li + ĒiiD̸Ei −
λ

2

(

H†H −
v2

2

)2

−
(

hij
u QiUjH̃ + hij

d QiDjH + hij
l LiEjH + c.c.

)

.(1)

Here, MPl = 2.4× 1018 GeV is the reduced Planck constant,
H̃ = iσ2H∗, and i, j = 1, 2, 3 are generation indices. It
is quite remarkable that the nineteen physically independent
parameters in these few lines explain nearly all phenomena
we have observed in our universe.

Using the principle of minimal particle content, we attempt
to construct the NMSM. It is supposed to be the complete the-
ory up to the Planck scale unless experiments guide us oth-
erwise. What is such a theory? We claim we need only four
new particles beyond the MSM to construct the NMSM, two
Majorana spinors and two real scalars, or six degrees of free-
dom. Note that all components we add to the MSM had been
used elsewhere in the literature. What is new in our model is
that (1) it is inclusive, namely it covers all the recent impor-
tant discoveries listed below, and (2) it is consistent, namely
that different pieces do not conflict with each other or with the
empirical constraints. Even though the latter may not appear
an important point, it is worth recalling that incorporating two
attractive ideas often leads to tensions and/or conflict, e.g.,
supersymmetry and electroweak baryogenesis because of the
constraints from the electric dipole moments, axion dark mat-
ter and string theory because of the cosmological overabun-
dance, leptogenesis and supersymmetry because of the grav-
itino problem, etc. We find it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conflicts which we will verify explicitly in the letter.

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6

−0.4 ×
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non-baryonic Dark Matter, and mounting evidence for cosmic
inflation. It is now clear that the age-tested Minimal Standard
Model (MSM) is incomplete and needs to be expanded.
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everything we know. We call such a model the New Minimal
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constructed in this spirit, and it is a useful exercise to follow
through with the same logic at the advent of the major dis-
coveries we have witnessed. Of course, we require it to be a
consistent Lorentz-invariant renormalizable four-dimensional
quantum field theory, the way the MSM was constructed.

We should not forget that the MSM is a tremendous success
of the twentieth century physics. It is a gauge theory based
on the SU(3)C × SU(2)L × U(1)Y gauge group, has three
generations of quarks and leptons, one doublet Higgs boson,
and a completely general renormalizable Lagrangian one can
write down. We also add classical gravity for completeness.
The Lagrangian can be written down in a few lines (we omit
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+L̄iiD̸Li + ĒiiD̸Ei −
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Here, MPl = 2.4× 1018 GeV is the reduced Planck constant,
H̃ = iσ2H∗, and i, j = 1, 2, 3 are generation indices. It
is quite remarkable that the nineteen physically independent
parameters in these few lines explain nearly all phenomena
we have observed in our universe.

Using the principle of minimal particle content, we attempt
to construct the NMSM. It is supposed to be the complete the-
ory up to the Planck scale unless experiments guide us oth-
erwise. What is such a theory? We claim we need only four
new particles beyond the MSM to construct the NMSM, two
Majorana spinors and two real scalars, or six degrees of free-
dom. Note that all components we add to the MSM had been
used elsewhere in the literature. What is new in our model is
that (1) it is inclusive, namely it covers all the recent impor-
tant discoveries listed below, and (2) it is consistent, namely
that different pieces do not conflict with each other or with the
empirical constraints. Even though the latter may not appear
an important point, it is worth recalling that incorporating two
attractive ideas often leads to tensions and/or conflict, e.g.,
supersymmetry and electroweak baryogenesis because of the
constraints from the electric dipole moments, axion dark mat-
ter and string theory because of the cosmological overabun-
dance, leptogenesis and supersymmetry because of the grav-
itino problem, etc. We find it remarkable and encouraging that
none of the elements we add to the MSM cause tensions nor
conflicts which we will verify explicitly in the letter.

What physics do we need to incorporate into the NMSM
that is lacking in the MSM? Here is the list:
• Dark Matter has been suggested as a necessary ingredient
of cosmology for various reasons. There is now compelling
evidence for a non-baryonic matter component [1].
• Dark Energy is needed based on the concordance of data
from cosmic microwave anisotropy [1], galaxy clusters (see,
e.g., [2]), and high-redshift Type-IA supernovae [3, 4].
• Atmospheric [5] and solar neutrino oscillations [6] have
been established, with additional support from reactor anti-
neutrinos [7], demonstrating neutrino masses and mixings.
• The cosmic baryon asymmetry η = nB/s = 9.2+0.6

−0.4 ×

QFT + conservation laws (symmetries): 
-  + Special Relativity : Poincare sym
- Exact charge conservation : local gauge sym
- No global symmetries imposed : accidental

E, ⃗p, ⃗J

+  # of higher dim (nonrenormalizable) operators 
(why neutrinos are light, proton lives very long)
∞

Renormalizable part



• Only Higgs (~SM) and Nothing Else so 
far at the LHC 


• Yukawa & Higgs self couplings to be 
measured and tested


• Nature is described by Quantum Local 
Gauge Theories


• Unitarity and gauge invariance played 
key roles in development of the SM

Current Status of SM



Building Blocks of SM

• Lorentz/Poincare Symmetry


• Local Gauge Symmetry : Gauge Group 
+ Matter Representations from Exp’s


• Higgs mechanism for masses of  weak 
gauge bosons and SM chiral fermions


• These principles lead to unsurpassed 
success of the SM in particle physics



Accidental Sym’s of SM
• Renormalizable parts of the SM Lagrangian conserve baryon #, 

lepton # : broken only by dim-6 and dim-5 op’s “longevity 
of proton” and “lightness of neutrinos” becoming Natural 
Consequences of the SM (with conserved color in QCD)


• QCD and QED at low energy conserve P and C, and flavors


• In retrospect, it is strange that P and C are good symmetries of 
QCD and QED at low energy, since the LH and the RH fermions 
in the SM are independent objects


• What is the correct question ? “P and C to be conserved or not 
?” Or “LR sym or not ?”

⟶



How to do Model Building
• Specify local gauge sym, matter contents 

and their representations w/o any global sym


• Write down all the operators upto dim-4


• Check anomaly cancellation


• Consider accidental global symmetries 


• Look for nonrenormalizable operators that 
break/conserve the accidental symmetries of 
the model



• If there are spin-1 particles, extra care 
should be paid : need an agency which 
provides mass to the spin-1 object


• Check if you can write Yukawa couplings 
to the observed fermion


• You may have to introduce additional 
Higgs doublets with new gauge 
interaction if you consider new chiral 
gauge symmetry (Ko, Omura, Yu on chiral 
U(1)’ model for top FB asymmetry)


• Impose various constraints and study 
phenomenology



Motivations for BSM



Pheno’cal Motivations
• Neutrino masses and mixings


• Baryogenesis


• Inflation (inflaton)


• Nonbaryonic DM


• Origin of EWSB and Cosmological 
Const ?

Leptogenesis

Starobinsky & Higgs Inflations

Many candidates

Can we attack these problems ?

?



Theoretical Motivations 
• Fine tuning problem of Higgs mass parameter : SUSY, RS, ADD, etc.


• Critical comments in the Les Houches Lecture by Aneesh Manohar 
(arXiv:1804.05863)


• Standard arguments :


- Electron self-energy in classical E&M vs. QED


-  without/with charm quark


-   without/with  mesons


- They are simply wrong !

ΔmK

Δm2 = m2
π± − m2

π0 ρ



No-lose theorem for LHC
• Before the Higgs boson discovery, rigorous arguments for LHC due to 

the No-Lose theorem


• W/o Higgs boson,  scattering violates unitarity, which is 
one of the cornerstones of QFT


• Unitarity will be restored by 


- Elementary Higgs boson


- Infinite tower of new resonances (KK tower)


- New resonances for strongly interacting EWSB sector


- Higgs is there, but not observable if it decays into DM (2007,2011,..)

WLWL → WLWL



My Personal Viewpoints
• Traditionally, Fine Tuning or Naturalness problem 

was the driving force for many BSM, and predicted 
many signatures @ LHC


• No signatures @ LHC means that the traditional 
motivation is not that well motivated


• Mathematical and Theoretical Consistency : more 
important for BSM model buildings


• Unitarity is one of the Holy Grails in EFT approach



Flavor Physics for 
(B)SM



Energy vs. Intensity 
Frontiers: Complementary

Direct Production

Of new heavy particles

Indirect Quantum Effects of 

new heavy particles



What is “Flavor”?

• https://en.wikipedia.org/wiki/Flavour_(particle_physics)


In particle physics, flavour or flavor refers to the species of an elementary particle. The Standard 
Model counts six flavours of quarks and six flavours of leptons. They are conventionally 
parameterized with flavour quantum numbers that are assigned to all subatomic particles. They 
can also be described by some of the family symmetries proposed for the quark-lepton 
generations.

• Flavor is defined in the mass eigenstate basis for quarks 
and charged leptons

• Neutrino flavors: SU(2) partners of charged leptons

https://en.wikipedia.org/wiki/Flavour_(particle_physics)
https://en.wikipedia.org/wiki/Particle_physics
https://en.wikipedia.org/wiki/Elementary_particle
https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Quark
https://en.wikipedia.org/wiki/Lepton
https://en.wikipedia.org/wiki/Quantum_number
https://en.wikipedia.org/wiki/Subatomic_particle
https://en.wikipedia.org/wiki/Family_symmetries


Key Roles in Shaping SM

• Discoveries of muon, tau, charm, bottom, top, etc.


• Parity and C-conjugation violation (Maximal) in Charged 
Current Weak Interactions (T.D.Lee and C.N. Yang,1956)


• CP violations in the mixing (  , ) (Cronin, Fitch, 
1964) and decay (  , ) (NA31, 1993) 


• Chiral structures and universality in charged current weak 
interactions  Basis for the SM (with CKM)

KL → 2π ϵK
K2 → 2π Re(ϵ′ /ϵK)

→



Periodic Table for SM

DM can be considered as another flavor, since its property 


is the same as the neutrinos (upto mass and spin). 



Mass Spectra

• Can we understand this mass spectra ?


• Why neutrinos are much lighter than other charged particles ?


• Photon, gluon, graviton: massless

W±, Z0
H



CKM Mixing

• CKM: 3X3 Unitary Matrix : 


•  , 


• 3 mixing angles and 1 CPV phase 


•

V†V = VV† = 1

∑
k=1,2,3

|Vik |2 = ∑
k=1,2,3

|Vkj |
2 = 1 ∑

k=1,2,3

VikV*jk = 0

≃

Wolfenstein parametrization



CKMology

Unitarity Triangle Cabibbo Angle Anomaly

Strong Constraints on BSM @ TeV Scale



(P)MNS Mixing

• Pattern is very different from CKM. Why ?


• Neutrino masses ? Mass ordering ? Majorana or Dirac ?



Flavor Problems
• Who ordered muon ? Why 3 families of SM fermions ?


• What determine flavor mixings (CKM vs. MNS) ?


• Origin of masses and mixings (including neutrinos) ?


• Flavor (or family) dependent gauge interaction ?


• Proton decays ? Neutron lifetime puzzle ?


• Many unanswered questions out there, with many 
suggestions and creative ideas ! (FN, Flavor Symmetry, etc.)

ArXiv:2309.07788 with S. Baek, J. Kersten, L. Vellasco-Sevilla



GIM, Flavor/CPV in 
Quarks and Charged 

Lepton Sectors



Before GIM (1970)FCNC and GIM
If there were only three familes with

(
uL

dL cos θC + s sin θC

)

, uR, dR, sR,

there would be huge contribution to K0 → µ+µ−

mediated by W 0 gauge boson of SU(2)L

Precition vs. Data:

Γ(KL → µ+µ−)

Γ(K+ → µνµ)
= O(1), vs. ∼ 3× 10−7(Data)

In nature (in the kaon system), FCNC is highly
suppressed
What is wrong ? How to cure the theory ?

Beyond Standard Model – p.127/138

(1970)



GIM (1970)GIM
GIM introduced another quark called “charm” (≡ c) with
the orthogonal coupling to the down type quarks
(

uL
dL cos θC + s sin θC

)

,

(
cL

−dL sin θC + s cos θC

)

, uR, dR, sR

Then W 0 coupling is flavor diagonal, and no tree level
contribution to KL → µµ

FCNC processes can occur only at one-loop or higher
loops
mc ∼ 1.5 GeV will explain ∆mK (Gaillard, Lee, Rosner
1974)
Charm quark discovered in 1975
→ “Triumph of Theoretical Physics”

Beyond Standard Model – p.128/138



In retrospect, large FCNC is a wrong 
prediction of anomalous gauge theory 
for 3 quark flavors, which is not a 
healthy theory [ABJ anomaly in 1969]



GIM Mechanism
• No tree level flavor-changing neutral current (FCNC) 


• FCNC generated at loops in the SM, and sensitive to particle 
masses in the loop


• FCNC Amplitude for   


 if  independent of  


  

i → j ∝ ∑
k=1,2,3

VikV*jk f(m2
k )

= 0, mk = m0 k

= ∑
k=1,2,3

VikV*jk [ f(m2
k ) − f(m2

1)] ∝ Δm2
k1



GIM
• Larger loop amp for FCNC of down-type quarks, since the 

quarks in the loop are up-type,  


• Smaller loop amp for top FCNC, since the quarks in the loop 
are down-type,  


• Top FCNC is highly suppressed in the SM  A nice probe of 
BSM with large FCNC [T. Kim’s talk]


• B FCNC is not that much suppressed in the SM  Nice test 
grounds of the SM at loops, and BSM since new particles 
also appear at one loop order [Y. Kwon’s talk]

∝ m2
t

∝ m2
b

→

→



Tree-level FCNC ?
• Severely constrained by exp data


• General 2HDM models have large FCNC problem 
mediated by neutral (pseudo)scalar bosons 


• Glashow-Weinberg proposed a way out of this, by 
assuming …….  Type I, II, X, Y , by imposing softly 
broken  symmetry ( )


•  : Ko, Omura, Yu (2012)  New window 
open for 2HDM model buildings

→
Z2 H1 → H1, H2 → − H2

Z2 → U(1)H →



Muon g-2 
[M. Lee’s talk]



Magnetic Moment in 
Classical E&M
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Magnetic Moment in QFT
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How to measure it ?

������

Speculative extentions like SUSY also have a potentially large contribution given
by [1]

aµ(SUSY) = sgn(µ) × 13 × 10−10
[
100GeV

mSUSY

]2

tan β (2)

with sgn(µ) the sign of the SUSY (µ) parameter and tanβ the ratio of the vacuum
expectation values of the two Higgs doublets.

Muon g-2: Experimental Method

There are three major components of the muon g-2 experimental method [2]:

• Polarize: Using the parity violating decay π− → µ− + ν̄µ

• Interact: Precess in a uniform magnetic field

• Analyze: Using the parity violating decay µ− → e− + ν̄e + νµ

Pions are produced by colliding energetic protons onto a fixed target. Pions of
a certain momentum range are collected and directed into a pion decay channel.
The muons resulting from the pion decay can be highly polarized (of the order of
95%) when a small muon momentum bite of 1% is used. These longitudinally
polarized muons are directed into a large super-conducting magnet of 7.11m radius.
The magnetic field is vertical and has a strength of 1.5T. The radius and strength
of this magnet are very specific and driven by the requirement to use muons of a
specific momentum 3.1GeV/c, a.k.a. magic momentum, with γ ≈ 29.3 [3].

For the non-relativistic case the g-2 principle is just the difference between the
momentum precession and the spin precession of the muon. The cyclotron (angular)
frequency is

ωc =
eB

m
(3)

while the spin precession is

ωs =
g

2

eB

m
(4)

and their difference

ωa = ωs − ωc = (
g

2
− 1)

eB

m
=

g − 2

2

eB

m
⇒ ωa = a

eB

m
(5)

It turns out that this equation is also valid in the relativistic case when taking into
account Thomas’ precession of the accelerated system. For a positive a, like it is the
case with the muon, it means that the spin vector gets ahead of the momentum vector
in every turn. In order to be able to determine the anomalous magnetic moment a
with high accuracy we need to determine with at least the same accuracy ωa, e/m
and B. The last requirement places severe restrictions on the possible magnetic field
configurations, with the simplest being that of a high uniformity. A highly uniform
magnetic field is not very efficient in storing a large number of muons because of the
absence of vertical focusing. This vertical focusing is provided for by an electrical

������������	���	
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and later we will denote by

CL =
3

∑

k=1

A(2L)
k , (46)

the total L–loop coefficient of the (α/π)L term. The present precision of the experimental result [16,92]

δaexp
µ = 63 × 10−11 , (47)

as well as the future prospects of possible improvements [111], which are expected to be able to reach

δafin
µ ∼ 10 × 10−11 , (48)

determine the precision at which we need the theoretical prediction. For the n–loop coefficients multiplying
(α/π)n the error Eq. (48) translates into the required accuracies: δC1 ∼ 4 × 10−8, δC2 ∼ 1 × 10−5, δC3 ∼
7×10−3, δC4 ∼ 3 and δC5 ∼ 1×103 . To match the current accuracy one has to multiply all estimates with
a factor 6, which is the experimental error in units of 10−10.

3.1. Universal Contributions

• According to Eq. (70) the leading order contribution Fig. 8 may be written in the form (see below)

a(2) QED
ℓ =

α

π

1∫

0

dx (1 − x) =
α

π

1

2
, (49)

which is trivial to evaluate. This is the famous result of Schwinger from 1948 [52].

γ

γ

ℓℓ

Fig. 8. The universal lowest order QED contribution to aℓ.

• At two loops in QED there are the 9 diagrams shown in Fig. 9 which contribute to aµ. The first 6 diagrams,
which have attached two virtual photons to the external muon string of lines contribute to the universal
term. They form a gauge invariant subset of diagrams and yield the result

A(4)
1 [1−6] = −279

144
+

5π2

12
− π2

2
ln 2 +

3

4
ζ(3) .

The last 3 diagrams include photon vacuum polarization (vap / VP) due to the lepton loops. The one with
the muon loop is also universal in the sense that it contributes to the mass independent correction

A(4)
1 vap(mµ/mℓ = 1) =

119

36
− π2

3
.

The complete “universal” part yields the coefficient A(4)
1 calculated first by Petermann [112] and by Som-

merfield [113] in 1957:

A(4)
1 uni =

197

144
+

π2

12
− π2

2
ln 2 +

3

4
ζ(3) = −0.328 478 965 579 193 78... (50)

where ζ(n) is the Riemann ζ–function of argument n (see also [114]).

21

1) 2) 3)

4) 5) 6)

7) 8) 9)
γ γµ e τ

µ

γ

Fig. 9. Diagrams 1-7 represent the universal second order contribution to aµ, diagram 8 yields the “light”, diagram 9 the
“heavy” mass dependent corrections.

• At three loops in QED there are the 72 diagrams shown in Fig. 10 contributing to g − 2 of the muon. In
closed fermion loops any of the SM fermions may circulate. The gauge invariant subset of 72 diagrams where

all closed fermion loops are muon–loops yield the universal one–flavor QED contribution A(6)
1 uni. This set

has been calculated analytically mainly by Remiddi and his collaborators [115], and Laporta and Remiddi
obtained the final result in 1996 after finding a trick to calculate the non–planar “triple cross” topology
diagram 25) of Fig. 10 [116] (see also [117]). The result turned out to be surprisingly compact and reads

A(6)
1 uni =

28259

5184
+

17101

810
π2 − 298

9
π2 ln 2 +

139

18
ζ(3) +

100

3

{

Li4(
1

2
) +

1

24
ln4 2 − 1

24
π2 ln2 2

}

− 239

2160
π4 +

83

72
π2ζ(3) − 215

24
ζ(5) = 1.181 241 456 587 . . . (51)

This famous analytical result largely confirmed an earlier numerical calculation by Kinoshita [117]. The
constants needed for the evaluation of Eq. (51) are given in Eqs. (A.13) and (A.14).

The big advantage of the analytic result is that it allows a numerical evaluation at any desired precision.
The direct numerical evaluation of the multidimensional Feynman integrals by Monte Carlo methods is
always of limited precision and an improvement is always very expensive in computing power.
• At four loops there are 891 diagrams [373 have closed lepton loops (see Fig. 11), 518 without fermion
loops=gauge invariant set Group V (see Fig. 12)] with common fermion lines. Their contribution has been
calculated by numerical methods by Kinoshita and collaborators. The calculation of the 4–loop contribution
to aµ is a formidable task. Since the individual diagrams are much more complicated than the 3–loop ones,
only a few have been calculated analytically so far [118]–[120]. In most cases one has to resort to numerical
calculations. This approach has been developed and perfected over the past 25 years by Kinoshita and his
collaborators [121]–[125] with the very recent recalculations and improvements [108,126,39]. As a result of
the enduring heroic effort an improved answer has been obtained recently by Aoyama, Hayakawa, Kinoshita
and Nio [108] who find

A(8)
1 = −1.9144(35) (52)

where the error is due to the Monte Carlo integration. This very recent result is correcting the one published

before in [127] and shifting the coefficient of the
(

α
π

)4
term by – 0.19 (10%). Some error in the cancellation

of IR singular terms was found in calculating diagrams M18 (−0.2207(210)) and M16 (+0.0274(235)) in the

22
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1) 2) 3) 4) 5) 6) 7) 8)

9) 10) 11) 12) 13) 14) 15) 16)

17) 18) 19)             20) 21) 22) 23) 24)

25) 26) 27) 28) 29) 30) 31) 32)

33) 34) 35) 36) 37) 38) 39) 40)

41) 42) 43) 44) 45) 46) 47) 48)

49) 50) 51) 52) 53) 54) 55) 56)

57) 58) 59) 60) 61) 62) 63) 64)

65) 66) 67) 68) 69) 70) 71) 72)

Fig. 10. The universal third order contribution to aµ. All fermion loops here are muon–loops. Graphs 1) to 6) are the light–by—
light scattering diagrams. Graphs 7) to 22) include photon vacuum polarization insertions. All non–universal contributions follow
by replacing at least one muon in a closed loop by some other fermion.

set of diagrams Fig. 12. The latter 518 diagrams without fermion loops also are responsible for the largest
part of the uncertainty in Eq. (52). Note that the universal O(α4) contribution is sizable, about 6 standard
deviations at current experimental accuracy, and a precise knowledge of this term is absolutely crucial for
the comparison between theory and experiment.
• The universal 5–loop QED contribution is still largely unknown. Using the recipe proposed in Ref. [37],
one obtains the following bound

A(10)
1 = 0.0(4.6) , (53)

for the universal part as an estimate for the missing higher order terms.
As a result the universal QED contribution may be written as

auni
ℓ = 0.5

(α

π

)

− 0.328 478 965 579 193 78 . . .
(α

π

)2

+1.181 241 456 587 . . .
(α

π

)3
− 1.9144(35)

(α

π

)4
+ 0.0(4.6)

(α

π

)5
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(1) (2x3=6) (15+3=18) (15) ((3+1)x2x7=56) (7)

(3x50=150) (3x6) (8x6) (10x6) (6) (2x6)

Fig. 11. Some typical eight order contributions to aℓ involving lepton loops. In brackets the number of diagrams of a given type
if only muon loops are considered. The latter contribute to the universal part.

M01 M02 M03 M04 M05 M06 M07

M08 M09 M10 M11 M12 M13 M14

M15 M16 M17 M18 M19 M20 M21

M22 M23 M24 M25 M26 M27 M28

M29 M30 M31 M32 M33 M34 M35

M36 M37 M38 M39 M40 M41 M42

M43 M44 M45 M46 M47

Fig. 12. 4-loop Group V diagrams. 47 self-energy-like diagrams of M01 – M47 represent 518 vertex diagrams [by inserting the
external photon vertex on the virtual muon lines in all possible ways]. Reprinted with permission from [108]. Copyright (2007)
by the American Physical Society].

(18) (18) (2072) (120) (18) (2)

Fig. 13. Typical tenth order contributions to aℓ including fermion loops. In brackets the number of diagrams of the given type.

= 0.001 159 652 176 30(43)(10)(31)[54] · · · (54)

The three errors given are: the error from the uncertainty in α, given in Eq. (43), the numerical uncertainty
of the α4 coefficient and the error estimated for the missing higher order terms.

As we already know, the anomalous magnetic moment of a lepton is an effect of about 0.12%, gℓ/2 ≃
1.00116 · · ·. It is remarkable that in spite of the fact that this observable is so small we know ae and aµ more

precisely than most other precision observables. Note that the first term a(2)
ℓ ≃ 0.00116141 · · · contributes

the first three significant digits of the full result.
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Standard Model Prediction for Muon g − 2

QED contribution 11 658 471.809 (0.016) ×10−10 Kinoshita & Nio

EW contrib. 15.4 (0.2) ×10−10 Czarnecki et al

Hadronic contrib.

LO hadronic 689.4 (4.0) ×10−10 HLMNT09

NLO hadronic −9.8 (0.1) ×10−10 HLMNT09

light-by-light 10.5 (2.6) ×10−10 Prades, de Rafael & Vainshtein

Theory TOTAL 11 659 177.3 (4.8) ×10−10

Experiment 11 659 208.9 (6.3) ×10−10 world avg

Exp − Theory 31.6 (7.9) ×10−10 4.0 σ discrepancy

(Numbers taken from HLMNT09 (arXiv:1001.5401))
n.b.: hadronic contributions:

. .

. .

had.

LO

µ

had.

NLO

µ

!
had.

l-by-l

µ
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LO Hadronic Contribution

The diagram to be evaluated:

.

.

.

.

had.
µ

pQCD not useful. Use the dispersion
relation and the optical theorem.

.

.

.

.

had.
=

∫
ds

π(s−q2)
Im

had.

2 Im
had.

=
∑

dΦ

∫ 2

had.

ahad,LO
µ =

m2
µ

12π3

∫ ∞

sth

ds
1
s
K̂(s)σhad(s)
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• Weight function K̂(s)/s = O(1)/s =⇒
Lower energies more important
• We have to rely on exp. data for σhad(s)
=⇒ Good data crucial
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T.Teubner, talk at Phipsi09, Oct, 2009
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SUSY Contributions?

Is the 4.0σ deviation due to SUSY?

Dominant SUSY contributions:

.

.

µ
˜χ
±

˜ν
.

.

µ
˜µ

˜χ
0

which is, very roughly, given by

aSUSY
µ = (sgn µ)

α(MZ)
8π sin2 θW

m2
µ

m̃2
tanβ,

where m̃ is the SUSY scale.

Numerically,

aSUSY
µ =(sgnµ) × 13 × 10−10

×
(

100GeV
m̃

)2

tanβ

In order for this to be 15.8 ≤ aSUSY
µ ×

1010 ≤ 47.4 (2 σ range),

m̃ = 170 − 640 GeV

for tanβ = 10 − 50. (Rough estimates)
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Example with light dark 
sector for light DM, muon 

g-2 and Belle II B+ → K+νν̄

Based on arXiv:2204.04889, arXiv:2401.10112 



 in the SM𝐵+ → 𝐾+𝜈�̄�
• The  process is known with high accuracy in the SM: 

•  

•

𝐵+ → 𝐾+𝜈�̄�
𝐵𝑟(𝐵+ → 𝐾+𝜈�̄�) = (4.97 ± 0.37) × 10−6

50

HPQCD, PRD 2023



Measurement of B+ → K+νν̄
•Challenges in reconstructing the events 

• Searches for  have only been performed 
at the B factories Belle and BaBar 

•Using the same techniques in Belle, BaBar 
• Semileptonic tagged analyses 
• Hadronic-tagged analyses 

• Inclusive tag analysis (Belle & BelleⅡ ) 
• Allow one to reconstruct inclusively the decay 

 from the charged kaon

𝐵 → 𝐾(∗)𝜈�̄�

𝐵+ → 𝐾+𝜈�̄�

51



•  
• Significance of observation is   
•  tension with the SM prediction  

•  
• Indicate not only the presence of NP in the  
transitions but even the presence of new light states 
(particles in dark sector?)

𝐵𝑟(𝐵+ → 𝐾+𝜈�̄�) = (2.4 ± 0.7) × 10−5

3.6𝜎
2.8𝜎

𝐵𝑟(𝐵+ → 𝐾+𝐸miss)𝑁𝑃 = (1.9 ± 0.7) × 10−5

𝑏 → 𝑠𝜈�̄�
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Questions ?
• Can we explain this mild excess in terms of new physics 

with light particles ? 


• Light DM ? Something that decays mostly into neutrinos ?


• New light d.o.f. may have connections with other puzzles in 
particle physics and cosmology…. 


• Muon g-2, Hubble tension, etc.


• Answer : Yes, within  models with light complex 
scalar DM and light dark Higgs boson 

U(1)Lμ−Lτ



mDM /mγ′ 

mDM /mϕ

0

Dark sector parameter space for a fixed mDM

1/2

1/2

1

1
 : dark matter 
 : dark photon 
 : dark Higgs

χ
γ′ 

ϕ

χ + χ → SM + SM χ + χ → γ′ + γ′ 

χ + χ → ϕ + ϕ

χ + χ → ϕ + γ′ 

χ + χ → ϕ + γ′ 

DM EFT, including 
Higgs portal DM EFT

Models w/o dark Higgs 
Along the x-axis

P-wave annihilation 
For fermion DM χ

P-wave annihilation 
For scalar DM χ

These two channels are possible for light DM, 
only if we include dark Higgs boson !

Higgs Portal DM 
Along the y-axis



 -charged DM 

:  only vs. 

U(1)Lμ−Lτ

Z′ Z′ + ϕ
arXiv:2204.04889 [hep-ph] 

With Seungwon Baek, Jongkuk Kim



SM+  gauge symU(1)Lμ−Lτ

• He, Josh, Lew, Volkas, PRD 43, 22; PRD 44, 2118 (1991) 


• One of the anomaly free gauge groups without extension 
of fermion contents


• The simplest anomaly free U(1) extensions that couple to 
the SM fermions directly


• Can affect the muon g-2, PAMELA  excess, (and B 
anomalies with extra fermions : Not covered in this talk) 

e+



Muon g-2

2

Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

The Muon g-2 Collaboration, 2104.03281

Excellent example for graduate students  
• Relativistic E&M (spinning particle in EM fields) 
• Special relativity (time dilation) 
• (V-A) structure of charged weak interaction



Muon (g-2) in  ModelU(1)μ−τ
Baek, Deshpande, He, Ko : hep-ph/0104141 

Baek, Ko : arXiv:0811.1646 [hep-ph]The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any further, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [18]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx

2(1− x)

x2m2
µ + (1− x)M2

Z′

≈
α

′

2π

2m2
µ

3M2
Z′

(2.6)

The second approximate formula holds for mµ ≪ MZ′ . In Fig. 1, shown in the blue band

is the allowed region of MZ′ and α
′

which is consistent with the BNL data on the muon

(g − 2)µ within 3 σ range. There is an ample parameter space where the discrepancy

between the BNL data and the SM prediction can be explained within the model.

3. Dark matter : Relic density and (In)direct signatures

3.1 Thermal relic density

In our model, the Dirac fermion ψD and its antiparticle ψD are CDM candidates. The

thermal relic density of ψD and ψD is achieved through the DM annihilations into muon,

tau leptons or their neutrinos through s-channel Z ′-exchange. They can also annihilate

into the real Z ′ pairs when kinematically allowed.

ψDψ̄D → Z
′∗ → l+l−, νlν̄l (l = µ, τ),

ψDψ̄D → Z
′

Z
′

. (3.1)

We modified the micrOMEGAs [24] in order to calculate the relic density of the U(1)Lµ−Lτ

charged ψD CDM. It is easy to fulfil the WMAP data on ΩCDM for a wide range of the DM

mass, as shown in Fig. 1. The black curves represent constant contours of Ωh2 = 0.106

in the (MZ′ ,α)-plane for MψD
= 10, 100, 1000 GeV (from below). We can clearly see the

s−channel resonance effect of Z
′

→ ψDψ̄D near MZ′ ≈ 2MψD
. The blue band is the

allowed region by the (g − 2)µ at the 3 σ level. We also show the contours for the Z ′

production cross sections at various colliders: B factories (1fb, red dotted), Tevatron (10fb,

green dot-dashed), LEP(10fb, pink dotted), LEP2(10fb, orange dotted) and LHC (1 fb,

10 fb and 100 fb in blue dashed curves). The cross sections in the parentheses except the

LHC case roughly correspond to the upper bounds that each machine gives. Therefore the

left-hand sides of each curve is ruled out by the current collider data. Note that a larger

parameter space can be accessed by the LHC. These issues and other collider siugnatures

are covered in the next section.

The current experimental mass bound of SM-like Z ′ is 923 GeV from the search for

a narrow resonance in electron-positron events [25]. We emphasize, however, that in our

model the Z ′ boson as light as ∼ 10 GeV is still allowed by present data from various
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FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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FIG. 2. ∆aµ on the a vs. mZ′ plane in case b). The lines from left to right are for ∆aµ away

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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Figure 5: Thick solid red curves (thick dashed blue curves) are predictions of the neutrino-induced
up-going muon flux from the annihilation of dark matter with masses 3, 2, 1.5, 1 TeV from above,
for the NFW (isothermal) dark matter profile. The thin solid line is the superkamiokande bound.

The lower DMs are allowed with the NFW profile. However, if the isothermal profile is

used, all the DM are allowed because this profile is flat near the Galactic center and the

neutrinos are not much produced.

Fig. 6 shows the predictions for the gamma-ray flux from the Galactic center (0.1◦

region from the GC) [36] and the Galactic Center ridge (|b| < 0.3◦, |l| < 0.8◦) [37]. We can

see that the constraints on the DM annihilation for the NFW profile become more severe

than in the neutrino case. That is the NFW predicts too much gamma-ray, exceeding

even the current data for the massive DM. However, if more flat profile like the isothermal

profile is used, the predictions are below the current data.

4. Collider Signatures

New particles in this model are Z
′

, s (the modulus of φ) and ψD. Z
′

couples only to muon,

tau or their neutrinos, or the U(1)Lµ−Lτ charged dark matter. The new scalar s can mix

with the SM Higgs boson hSM, affecting the standard Higgs phenomenology.

Let us discuss first the decay of Z
′

gauge boson and its productions at various colliders.

In the broken phase with MZ′ ̸= 0, Z
′

can decay through the following channels:

Z
′

→ µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge

interaction, the branching ratios are completely fixed once particle masses are specified. In
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ′ ≫ mµ,mτ ,MDM. The total decay rate of Z
′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ′ × 4(3) ≈

4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ′

100GeV

)

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντ ν̄τZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ′ ≫ mµ,mτ ,MDM. The total decay rate of Z
′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ′ × 4(3) ≈

4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ′

100GeV

)

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντ ν̄τZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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I. INTRODUCTION

Recently experiment from BNL [1] has measured the muon anomalous magnetic dipole
moment with aexpµ = (g−2)/2 = (11659202±14±6)×10−10. This value differs the Standard
Model (SM) prediction in Ref. [2,3] by 2.6σ,

∆aµ = aexpµ − aSMµ = (42.6± 16.5)× 10−10. (1)

At present the experimental errors are still too large to claim a real deviation. There are
also uncertainties from theoretical calculations, in particular contributions from hadrons at
loop levels are not well determined [4]. Improvements from both experimental measurements
and theoretical calculations are needed. If this difference is true, it is an indication of new
physics beyond the SM. Many authors have discussed possible implications for new physics
beyond the SM [5]. Some interesting constraints have been obtained. In this paper we study
the implications of a large ∆aµ on models with gauged Lµ − Lτ . Here Li is the i lepton
number.

Lµ − Lτ gauge models are some of the simplest models beyond the SM which contain
an additional Z ′ boson. Without enlarging the fermion contents in the SM, there are only
three types of U(1) symmetries which can be gauged from anomaly cancellation requirement.
These symmetries are

i) U(1)Le−Lµ; ii) U(1)Le−Lτ ; iii) U(1)Lµ−Lτ . (2)

Some experimental consequences of these models have been studied in Refs. [6,7]. There
are stringent constraints on the parameters of models based on i) and ii) because the Z ′

couple to electrons. It is difficult to generate a large enough value for ∆aµ in eq. (1). On
the other hand, for models based on iii) there are limited data available to constrain relevant
parameters. It is possible to have a large ∆aµ.

In U(1)Lµ−Lτ models, only the second and third generations of leptons are affected,
whereas all other SM particles are not. The transformation properties of leptons under the
SU(3)C × SU(2)L × U(1)Y SM gauge group and the U(1)Lµ−Lτ gauge group are

Le
L : (1, 2,−1)(0) eR : (1, 1,−2)(0)

Lµ
L : (1, 2,−1)(2a) µR : (1, 1,−2)(2a)

Lτ
L : (1, 2,−1)(−2a) µR : (1, 1,−2)(−2a).

(3)

where the numbers in the first and the second brackets indicate the transformation properties
under the SM gauge group and the U(1)Lµ−Lτ group, respectively. The numbers in the second
bracket will be indicated as Y ′. The covariant derivative in terms of the photon field Aµ,
the Zµ field, and the Z ′

µ field is given as

Dµ = ∂µ + ieQAµ + i
e

sW cW
(I3 − s2WQ)Zµ + i

e

cW

Y ′

2
Z ′

µ, (4)

where sW = sin θW , cW = cos θW . We have normalized the Z ′ coupling to the U(1)Y charge
coupling e/cW .

The U(1)Lµ−Lτ may be an exact symmetry or broken at some scale which may or may not
be related to the electroweak breaking scale. One can classify three types of models based on
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There are already many papers available studying the implications of the PAMELA data

in different models and/or context [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,

24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39].

The simplest model for the leptophilic (or hadrophobic) gauge interaction is to gauge

the global U(1)Lµ−Lτ symmetry of the standard model (SM), which is anomaly free [40,

41, 42, 43]. Within the SM, there are four global U(1) symmetries which are anomaly free:

Le − Lµ, Lµ − Lτ , Lτ − Le, B − L

One of these can be implemented to a local symmetry without anomaly. The most popu-

lar is the U(1)B−L, which can be easily implemented to grand unified theory. Two other

symmetry involving Le are tightly constrained by low energy and collider data. On the

other hand, the Lµ −Lτ symmetry is not so tightly constrained, and detailed phenomeno-

logical study is not available yet. Only the muon (g−2)µ and the phenomenology at muon

colliders have been discussed [43, 44]. This model can be extended by introducing three

right-handed neutrinos and generate the neutrino masses and mixings via seesaw mecha-

nism [41]. Also U(1)Lµ−Lτ can be embedded into a horizontal SU(2)H [41] acting on three

lepton generations. This may be related with some grand unification.

In this paper, we extend the existing U(1)Lµ−Lτ model by including a complex scalar

φ and a spin-1/2 Dirac fermion ψD, with U(1)Lµ−Lτ charge 1. There is no anomaly

regenerated in this case, since we introduced a vectorlike fermion. The complex scalar φ

gives a mass to the extra Z
′

by ordinary Higgs mechanism. And the Dirac fermion ψD

plays a role of the dark matter, whose pair annihilation into µ or τ explains the excess of

e+ and no p̄ excess as reported by PAMELA [2, 3]. Then we study the phenomenology of

the U(1)Lµ−Lτ model with Dirac fermion dark matter in detail.

In Sec. 2, we define the model and discuss the muon (g − 2)µ in our model. In Sec. 3,

we calculate the thermal relic density of the CDM ψD, and identify the parameter region

that is consistent with the data from cosmological observations. In Sec. 4, we study the

collider signatures of the model at various colliders (Tevatron, B factories, LEP(2), the Z0

pole and LHC), including production and decay of Z
′

and Higgs phenomenology. Then our

results are summarized in Sec. 5. We note that this model was discussed briefly in Ref. [4]

in the context of the muon (g − 2)µ and the relic density. In this paper, we present the

quantitative analysis on these subjects in detail, as well as study the collider signatures at

colliders.

2. Model and the muon (g − 2)µ

The new gauge symmetry U(1)Lµ−Lτ affects only the 2nd and the 3rd generations of leptons.

We assume li=2(3)
L , li=2(3)

R (i: the generation index) carry Y
′

= 1(−1). We further introduce

a complex scalar φ with (1, 1, 0)(1) and a Dirac fermion ψD with (1, 1, 0)(1), where the first

and the second parentheses show the SM and the U(1)Lµ−Lτ quantum numbers of φ and

ψD, respectively. The covariant derivative is defined as

Dµ = ∂µ + ieQAµ + i
e

sW cS
(I3 − s2

W Q)Zµ + ig
′

Y
′

Z
′

µ (2.1)

– 2 –

The model lagrangian is given by 1

LModel = LSM + LNew (2.2)

LNew = −
1

4
Z

′

µνZ
′µν + ψDiD · γψD − MψD

ψDψD + Dµφ∗Dµφ (2.3)

−λφ(φ∗φ)2 − µ2
φφ∗φ − λHφφ∗φH†H.

In general, we have to include renormalizable kinetic mixing term for U(1)Y and U(1)Lµ−Lτ

gauge fields, which will lead to the mixing between Z and Z
′

. Then the dark matter pair

can annihilate into quarks through Z − Z
′

mixing in our case, and the p̄ flux will be

somewhat enhanced, depending on the size the Z − Z
′

mixing. However, electroweak

precision data and collider experiments give a strong constraint on the possible mixing

parameter, since the mixing induces the Z
′

coupling to the quark sector. Furthermore, if

one assumes that the new U(1)Lµ−Lτ is embedded into a nonabelian gauge group such as

SU(2)H or SU(3)H , then the kinetic mixing term is forbidden by this nonabelian gauge

symmetry [41]. In this paper, we will assume that the kinetic mixing is zero to simplify the

discussion and to maximize the contrast between the positron and the antiproton fluxes

from the dark matter annihilations.

In this model, there are two phases for the extra U(1)Lµ−Lτ gauge symmetry depending

on the sign of µ2
φ :

• Unbroken phase: exact with ⟨φ⟩ = 0, µ2
φ > 0 and MZ

′ = 0,

• Spontaneously broken phase: by µ2
φ < 0, nonzero ⟨φ⟩ ≡ vφ ̸= 0, and MZ

′ ̸= 0

In the unbroken phase, the massless Z
′

contribute to the muon (g − 2)µ as in QED up to

the overall coupling:

∆aµ =
α

′

2π
. (2.4)

Currently there is about 3.4σ difference between the BNL data [47] and the SM predic-

tions [48] in (g − 2)µ:

∆aµ = aexp
µ − aSM

µ = (302 ± 88) × 10−11. (2.5)

The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any more, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [43]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx2(1 − x)

x2m2
µ + (1 − x)M2

Z
′

≈
α

′

2π

2m2
µ

3M2
Z

′

(2.6)

1Similar idea for the DM was considered in [45, 46] in the context of Stueckelberg U(1)X extension of

the SM model.

– 3 –

Here we ignored kinetic mixing for simplicity
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0

1

2

3

4

5

6

7

8

9

10

0 200 400 600 800 1000 1200

a

MZ’ (GeV)
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from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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colliders. It is mainly because the production cross section at the Tevatron is suppressed

since Z ′ should be produced from the couplings to the 2nd and 3rd family leptons.

In the range 100 GeV ! MψD
! 10 TeV, α " 10−3 and 100 GeV ! MZ′ ! 1 TeV, the

relic density and ∆aµ constraints can be easily satisfied simultaneously while escaping the

current collider searches. We note that if the (g−2)µ constraint is not considered seriously

or if we assume there are other sector which saturate the (g − 2)µ upper bound, then all

the region in the right-hand side of the blue band is also allowed.

MΨD"10GeV

MΨD"100GeV

MΨD"1000GeV

1fb

10fb

100fb

1fb

10fb

0 1 2 3 4
#6

#5

#4

#3

#2
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log10!MZ’ "GeV#

log
10
!Α
’ #

Figure 1: The relic density of CDM (black), the muon (g − 2)µ (blue band), the production cross
section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink
dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z0 decay
width (2.5 ×10−6 GeV, brown dotted) in the (log10 α

′

, log10 MZ
′ ) plane. For the relic density, we

show three contours with Ωh2 = 0.106 for MψD
= 10 GeV, 100 GeV and 1000 GeV. The blue band

is allowed by ∆aµ = (302± 88)× 10−11 within 3 σ.

3.2 Direct detection rates

Since we ignored the kinetic mixing between the new U(1) gauge boson and the SM U(1)Y
gauge boson Bµ, there would be no signal in direct DM detection experiments in this

model. The messenger Z
′

does not interact with electron, quarks or gluons inside nucleus.

Also there would be no excess in the antiproton flux in cosmic rays in this case, while one

could have an excess in the positron signal in a manner consistent with the PAMELA/Fermi

data. However there would be a small kinetic mixing between two U(1) gauge field strength

tensor. If we assume a small kinetic mixing θ(∼ 10−3 = 10−2) between the Z
′

µ and photon,

– 5 –

Neutrino trident puts strong  
constraints on this model

2

N N
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µ�

�
�

k1
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p�

q

k Z �

�

FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W±/Z exchange. In order to gain
insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ+µ�) =

Z
�(⌫µ� ! ⌫µµ

+µ�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z2e2

4⇡2

ds

s

dq2

q2
F 2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ+µ�).
Computations of the full ⌫µN ! ⌫µNµ+µ� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ+µ� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|
2

1

A G2

F
e2

2
, (4)

where GF =
p

2g2/(8M2

W
) is the Fermi constant. The

3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v
d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ+µ� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ+µ� rest-frame,
v =

p
1 � 4m2/` is the velocity of each muon in that

frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1

2

X

pol

|M1M2|
2

⌘ 512 |MV�A|
2

' 512 ⇥

 
(6)

(k1 · p+)(q · k2)(q · p�)

A2
+

(k2 · p�)(q · k1)(q · p+)

B2

+
2(k1 · p+)(k2 · p�)(p+ · p�)

AB
�

(k2 · p�)(p+ · p�)(q · k1)

AB

�
(k1 · p+)(p+ · p�)(q · k2)

AB
�

(k1 · p+)(k2 · p�)(q · p�)

AB

+
(k1 · p+)(k2 · p+)(q · p�)

AB
+

(k1 · p�)(k2 · p�)(q · p+)

AB

�
(k1 · p+)(k2 · p�)(q · p+)

AB

!
,

where A = (p� � q)2 � m2 and B = (q � p+)2 � m2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,

1

2

X

pol

|M1M2|
2 = 512 |MV�A|

2
⇥

1

2

 
C2

V
+ C2

A
(7)

�2CVC
(Z

0
)

V

m2

Z0

k2 � m2

Z0
+

✓
C(Z

0
)

V

m2

Z0

k2 � m2

Z0

◆2
!

.

Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2
+

2 sin2 ✓W , CA = 1

2
, with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C(Z
0
)

V
= 4

M2

W

m2

Z0

g02

g2
=

v2
SM

v2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0/g0.

3

Next we consider the phase-space integration. The to-
tal cross-section is obtained by integrating over the entire
solid angle ⌦0, ` < t < s, and 4m2 < ` < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ` (see also ref. [23]). Keeping only
leading log terms in the muon mass we find the following
expression for the inclusive SM cross-section,

�(SM)
'

1

2

�
C2

V
+ C2

A

� 2G2

F
↵ s

9⇡2

✓
log

⇣ s

m2

⌘
�

19

6

◆
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

In general we can write

�(SM+Z
0
) = �(SM) + �(inter) + �(Z

0
) , (10)

where the second term is the interference between the
SM and the Z0 contributions. In the heavy mass limit,
mZ0 �

p
s this can be expressed concisely as [13]

�(SM+Z
0
)

�(SM)
'

1 +
⇣
1 + 4 sin2 ✓W + 2v2

SM
/v2

Z0

⌘2

1 +
�
1 + 4 sin2 ✓W

�2 . (11)

This expression also holds for the di↵erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z0, mZ0 ⌧
p
s the expression is

more complex. In the leading log approximation, the
interference term is given by

�(inter)
'

GF
p

2

g02CV↵

3⇡2
log2

⇣ s

m2

⌘
. (12)

The Z0 contribution alone, for m ⌧ mZ0 ⌧
p
s, is

�(Z
0
)
'

1

m2

Z0

g04↵

6⇡2
log

✓
m2

Z0

m2

◆
, (13)

while for mZ0 ⌧ m ⌧
p
s it is

�(Z
0
)
'

1

m2

7g04↵

72⇡2
log

✓
m2

m2

Z0

◆
. (14)

As can be expected, at high mZ0 the Z0 contribution is ad-
ditive with respect to the SM one (as shown in Eq. (11))
and decouples as m�2

Z0 . For light Z0, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌫µN ! ⌫µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in 4m2 < s < 2E⌫q and 4m2/(2E⌫) <
q < 1, with the q integral regulated by the form fac-
tor . Using a simple exponential form factor, we find
good agreement between our results from the EPA and
a direct numerical calculation of the full process follow-
ing [19]. As a cross check we also reproduced the trident
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Hg-2Lm ±2s

ZÆ4mûLHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9± 1.8)⇥ 10�9 to the theoretical value [26].

cross sections reported in [19, 22], for V-A theory and
for the SM, for various neutrino energies, using both the
EPA and the numerical calculation. For large mZ0 the
relative size of the Z0 contribution is independent of the
neutrino energy. For low mZ0 on the other hand, lower
neutrino energies lead to an enhanced sensitivity to the
Z0. Since the experimental searches employed a variety
of kinematical cuts, in determining the sensitivity to the
{g0,mZ0} parameter space we use full numerical results
for the phase-space integration rather than analytic ap-
proximations and keep the full dependence on the muon
mass.

Neutrino trident production has been searched for in
several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⌫ ⇠ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⌫ ⇠ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

�CHARM�II/�SM = 1.58 ± 0.57 , (15)

�CCFR/�SM = 0.82 ± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di↵erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⌧ model, and more gen-
erally any new force that couples to both muons and

Altmannshofer et al. 
arXiv:1406.2332 [hep-ph]

Seungwon Baek, Pyungwon Ko, 
arXiv:0811.1646, JCAP(2009) 

about PAMELA  excesse+

One can evade the neutrino trident constraint, if one introduces  
New fermions and generate muon g-2 at loop level w/ new fermions ! 



Z’ Only
• Consider light Z’ and  for the muon g-2. Then


•  : dominant annihilation channel


•  is too small for  to be effective for 


•  with the s-channel  resonance for the correct relic 
density


• Many recent studies on this case:

gX ∼ (a few) × 10−4

χχ̄ → Z′ * → fSM f̄SM

gX ∼ 10−4 χχ̄ → Z′ Z′ Ωχh2

mZ′ ∼ 2mDM Z′ 

- Asai, Okawa, Tsumura, 2011.03165

- Holst, Hooper, Krnjaic, 2107.09067

- Drees and Zhao, arXiv:2107.14528

- And some earlier papers



CAU seminar

Leptophilic  model + DM𝑍′ 

•  : dominant annihilation channels 
•  with the s-channel  resonance only gives the correct relic density

• Large DM charges

𝜒�̄�(𝑋�̄�) → 𝑍′ 
∗ → 𝜈�̄�

𝑀𝑍′ ~2𝑀𝜒 𝒁′ 

63

I. Holst. D. Hooper, G. Krnjaic, PRL 2022 M. Drees,  W. Zhao, PLB 2022

Asai, Okawa, Tsumura,  JHEP 2021

P. Foldenauer, PRD 2019
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FIG. 1. Regions inside the yellow and Green shaded areas
by the �aµ are allowed at 1� and 2� C.L.. Cyan, black, and
orange regions are excluded by other experimental bounds.
Above green solid line is ruled out by the Borexino experi-
ment. Region inside the orange area can resolve the Hubble
tension. We take two Benchmark Points (BP) (MZ0 , gX) as
BPI =(11.5MeV, 4⇥10�4) and BPII = (100MeV, 8⇥10�4).

following U(1)
X

charge assignments:

QX(µ, ⌫µ, ⌧, ⌫⌧ , X,�,�) = (1, 1,�1,�1, QX , Q�, Q�),
(2)

where X and � are complex scalar and Dirac fermion
DM [81], and � is dark Higgs that breaks U(1)X sponta-
neously with its nonzero VEV: �(x) = 1p

2
(v� + �(x)).

The model Lagrangian and various formulae in the inter-
action and mass bases are given in Appendix A.

In this model, the Z 0 contribution to �aµ at one-loop
is given by [29–31, 41]

�aµ =
↵X

2⇡

Z
1

0

dx
2M2

µ
x2(1� x)

x2M2
µ
+ (1� x)M2

Z0
, (3)

where ↵X = g2
X
/4⇡ with the gX being the U(1)X gauge

coupling constant. Taking gX ⇠ (4� 8)⇥ 10�4, Eq. (3)
can resolve the discrepancy in Eq. (1) in the MZ0 < Mµ

limit. The region for heavier MZ0 is excluded by the neu-
trino trident events in the muon-neutrino scattering with
a nucleus N , ⌫µN ! ⌫µNµ+µ� [45]. Data measured by
CHARM-II [82] and CCFR [83] Collaborations provide a
stringent constraint, which basically excludes the param-
eter region with MZ0 > O(1) GeV [31] [84]. In our study,
we take 2� exclusion limit from the CCFR data. There
are also constraints on (MZ0 , gX) plane from BaBar and
LHC searches for the 4µ channel, Borexino neutrino os-
cillation data, and �Ne↵ , which are summarized in the
Appendix B.

Considering all of the experimental bounds, the re-
maining parameter space for the �aµ in case of light
Z 0 is depicted in Fig. 1. In the following, we shall take
two benchmark points (11.5MeV, 4 ⇥ 10�4) [BPI] and
(MZ0 , gX) = (100MeV, 8⇥ 10�4) [BPII]. Note that the
Hubble tension can be relaxed in case of [BPI] with the
help of light Z 0 contributing to some amount of dark ra-
diation [85, 86]. In the main text, we show the results for
[BPI] only, relegating those for [BPII] in Appendix C.

SCALAR DM (X)

Generic Case: QX/Q� 6= ±1,±1/2,±1/3, etc.

Let us first consider complex scalar DM with a generic
QX/Q�. Then the gauge invariant and renormalizable
scalar DM Lagrangian is given by

LDM = |DµX|
2
�m2

X
|X|

2
� �HX |X|

2

✓
|H|

2
�

v2
H

2

◆
� ��X |X|

2

✓
|�|2 �

v2
�

2

◆
(4)

where DµX = (@µ + igXQXZ 0
µ
)X. Here we assume that

QX = 1, and Q� is chosen in such a way that there
are no gauge invariant operators up to dim-5 that would
make the DM X decay into the SM particles, so that
DM particle would be stable or long-lived enough [87,
88]. This case we call “generic” [89]. The ��H allows
the CP -even neutral components of � and H, � and
h respectively, to mix. The dark(SM)-Higgs-like mass
eigenstate is denoted as H1(2). Using the mixing angle
↵ 2 [�⇡/4,⇡/4], they are written as H1 = � cos↵ �

h sin↵, H2 = � sin↵ + h cos↵. In this work we assume
MH1 < MH2(= 125GeV). See Appendix A for more
details.

In Fig. 2, we depict the Feynman diagrams relevant

to the thermal relic density of complex scalar DM X. In
this case, the important channels for the correct DM relic
abundance turn out to be XX†

! H1H1, Z 0Z 0. Note
that the channels with H1 in the final states [Fig. 2, (Bot-
tom)] or in the s-channel propagator [Fig. 2, (Top) (b)]
would be possible only if the dark Higgs is included. Since
the U(1)X gauge coupling gX is small, the XX†

! Z 0Z 0

with t, u-channel [Fig. 2 (c),(d) or the contact interaction
(a)] would not be e�cient enough to dilute away DM par-
ticles, as noticed in previous works. The large enhance-
ment of the annihilation cross sections is possible either
by producing longitudinally polarized Z 0 [Fig. 2 (Top)
(b)] involving the s-channel dark Higgs boson propaga-
tor [90], or by taking large value of ��X [Fig. 2 (Bot-



 -charged DM 

:  only vs. 

U(1)Lμ−Lτ

Z′ Z′ + ϕ

cf: Let me call  ,  gauge boson,  
“dark photon”, since it couples to DM  

Z′ U(1)Lμ−Lτ



Models with Φ

• Physics depends on  ,  and 


•  need special cares, since there are extra 
gauge invariant op’s that break  after  is 
spontaneously broken by nonzero VEV of  

QΦ QX Qχ

QΦ = 2QX(χ) and 3QX
U(1) → Z2 , Z3 U(1)

Φ

TABLE I: U(1) charge assignments of newly introduced particles and SM particles. The other SM

particles are singlet.

Field Z
0
µ X(�) � Lµ = (⌫Lµ, µL), µR L⌧ = (⌫L⌧ , ⌧L), ⌧R

spin 1 0 (1/2) 0 1/2 1/2

U(1) charge 0 QX(Q�) Q� +1 -1

II. U(1)Lµ�L⌧ MODEL WITH DARK HIGGS

The minimal model set-up is based on an SU(3)
c
⇥ SU(2)

L
⇥ U(1)

Y
⇥ U(1)

Lµ�L⌧
gauge

theory. This U(1)
Lµ�L⌧

gauge theory is anomaly-free without introducing additional chiral

fermions [15, 16]. The model lagrangian is written by

L = LSM �
1

4
Z 0µ⌫Z 0

µ⌫
� gX

�
¯̀
µ�

µ`µ � ¯̀
⌧�

µ`⌧ + µ̄R�
µµR � ⌧̄R�

µ⌧R
�
Z 0

µ

+ Dµ�
†Dµ�� ��

✓
�†��

v2
�

2

◆2

� ��H

✓
�†��

v2
�

2

◆✓
H†H �

v2

2

◆
+ LDM, (1)

where gX is the U(1)
Lµ�L⌧

gauge coupling, Dµ = @µ + igXQ�Z 0
µ
, � is new scalar.

The phase where U(1) symmetry is spontaneously broken is described by

�(x) =
1
p
2
(v� + �(x)) ,

where v� is vev of dark Higgs (see Table I). The Z 0 boson mass is given by

MZ0 = gX |Q�|v�. (2)

In the neutral two scalar bosons, we can define the mixing matrix O which is defined by
0

@ �

h

1

A = O

0

@ H1

H2

1

A ⌘

0

@ c↵ s↵

�s↵ c↵

1

A

0

@ H1

H2

1

A , (3)

where s↵(c↵) ⌘ sin↵(cos↵), �, h are the interaction eigenstates and Hi (i = 1, 2) are the

mass eigenstates with masses Mi, respectively. The mixing angle ↵ is defined by

tan 2↵ =
2��Hv�vH

2�Hv2H � 2��v2�
, (4)

where vH = 246 GeV is the vev of the SM Higgs.

3

We Consider Both Complex Scalar ( ) and Dirac Fermion DM ( )X χ



Complex Scalar DM (generic 
with )QΦ ≠ QX, etc

3

FIG. 2. (Top) Feynman diagrams for Complex scalar DM
annihilating to a pair of Z0 bosons. (Bottom) Feynman di-
agrams for Complex scalar DM annihilating to a pair of H1

bosons.

FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.

tom)]. Light dark Higgs boson H1 also contributes to
DM scattering on nucleons, and the stringent bounds
from various direct detection experiments should be im-
posed. Explicit expressions and detailed discussions on
h�viZ0Z0,H1H1 and �SI are given in AppendixC1.

In the Top of Fig. 3, we show the DM relic abundance
⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
XX†

! Z 0Z 0. For BPI, the relic density is determined
mainly by XX†

! H1H1, Z 0Z 0 below MH1 ⇠ 2MX . And
above theH1 resonance ,MH1 > 2MX , the relic density is
mostly determined by XX†

! Z 0Z 0 since XX†
! H1H1

channel is kinematically forbidden. As we can see from
Eqs. (33) and (34), the dominant terms of the annihila-
tion cross sections are not very sensitive to the change
of MH1 for MH1 < 2MX , while h�vreliZ0Z0 / �2

�X
/M4

H1

for MH1 > 2MX . These facts account for the behav-
ioral change in the plot below and above the resonance.
Similar plots for the [BPII] are shown in AppendixC1,
Fig. 7.

Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as

µ
�
X2�† +H.c.

�
=

1
p
2
µv�(X

2

R
�X2

I
)

✓
1 +

�

v�

◆
, (6)

where X = (XR + iXI) /
p
2. This term gives rise to the

mass splitting between XR and XI :

M2

R
= M2

X
+
p
2µv�, M2

I
= M2

X
�
p
2µv�. (7)

Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous

  and  (dark Higgs)H2 ≃ H125 H1 ≃ ϕ
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FIG. 2. (Top) Feynman diagrams for Complex scalar DM
annihilating to a pair of Z0 bosons. (Bottom) Feynman di-
agrams for Complex scalar DM annihilating to a pair of H1

bosons.
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FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of ��X for [BPI] for MX = 1, 10, 100, 1000GeV,
respectively. We assumed Q� = 1.1, MH1 = 1GeV, and
sin↵ = 10�4. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (MH1 ,��X) plane
for �HX = 0.

tom)]. Light dark Higgs boson H1 also contributes to
DM scattering on nucleons, and the stringent bounds
from various direct detection experiments should be im-
posed. Explicit expressions and detailed discussions on
h�viZ0Z0,H1H1 and �SI are given in AppendixC1.

In the Top of Fig. 3, we show the DM relic abundance
⌦DMh2 as functions of ��X in case of [BPI], for MX = 1

(Red), 10 (Blue),100 (Purple), 1000 (Brown) GeV. The
gray horizontal line corresponds to ⌦DMh2 = 0.12. The
solid (dashed) region is allowed (excluded) by DM direct
detection experiments. In the Bottom of Fig. 3, we show
the contours for ⌦DMh2 = 0.12 in the (MH1 ,��X) plane
for the same choices of MX . Note that there is ample pa-
rameter space for DM mass beyondMZ0 ⇠ 2MX that can
reproduce the correct thermal relic density, which is one
of the main findings of this work. Notice that (Top)(b) of
Fig. 2 contributes dominantly to the total cross section of
XX†

! Z 0Z 0. For BPI, the relic density is determined
mainly by XX†

! H1H1, Z 0Z 0 below MH1 ⇠ 2MX . And
above theH1 resonance ,MH1 > 2MX , the relic density is
mostly determined by XX†

! Z 0Z 0 since XX†
! H1H1

channel is kinematically forbidden. As we can see from
Eqs. (33) and (34), the dominant terms of the annihila-
tion cross sections are not very sensitive to the change
of MH1 for MH1 < 2MX , while h�vreliZ0Z0 / �2

�X
/M4

H1

for MH1 > 2MX . These facts account for the behav-
ioral change in the plot below and above the resonance.
Similar plots for the [BPII] are shown in AppendixC1,
Fig. 7.

Local Z2 scalar DM: (QX , Q�) = (1, 2)

Now let us consider a special case Q� = 2 and QX = 1.
In this case, DM Lagrangian would have one more gauge
invariant operator at renormalizable level:

�LDM = �µ(X2�† +H.c.) (5)

to the generic case, Eq. (4). Then U(1)X will be broken
into its subgroup Z2 (X ! �X) after � gets nonzero
VEV, á la Krauss-Wilczek mechanism [91]. Such local
Z2 scalar DM model with dark photon has been studied
in the context of GC �-ray excess [66, 92] and XENON1T
excess [75], respectively. After the U(1) symmetry is bro-
ken by v� 6= 0, the µ�term is written as

µ
�
X2�† +H.c.

�
=

1
p
2
µv�(X

2

R
�X2

I
)

✓
1 +

�

v�

◆
, (6)

where X = (XR + iXI) /
p
2. This term gives rise to the

mass splitting between XR and XI :

M2

R
= M2

X
+
p
2µv�, M2

I
= M2

X
�
p
2µv�. (7)

Assuming µ > 0, we will take the lighter state XI as
DM. The mass splitting is represented by dimensionless
quantity, � ⌘ (MR �MI)/MI . Notice that dark photon
interaction with DM is o↵-diagonal(or inelastic):

L � gXZ 0µ (XR@µXI �XI@µXR) . (8)

For the benchmark point [BPI], there are two dom-
inant DM annihilation channels: XIXI ! Z 0Z 0, H1H1,
similarly to the generic case discussed in the previous
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FIG. 7. The (Top) plots show the relic abundance of complex scalar DM for Q� = 1.1 as functions of dark Higgs mass
MH1 for [BPI] (Left) and [BPII] (Right). The (Bottom) plots show the relic density as functions of ��X (Left) and the
preferred parameter space in the (MH1 ,��X) plane for �HX = 0 (Right) for [BPII] . We take four di↵erent DM masses,
MX = 1, 10, 100, 1000GeV, respectively. Solid (Dashed) lines represent the region where bounds on DM direct detection are
satisfied (ruled out).

where S is symmetric factor. The thermal averaged cross section of XX†
! Z 0Z 0 is

h�vrel(XX†
! Z 0Z 0)i =

1

32⇡s
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4M2
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s

◆1/2

. (34)

The Z 0
L
Z 0
L
final state gives the dominant contribution:
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where

1 = 6�HvHs3
↵
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The thermal DM can be detected by DM direct detection searches. Spin-independent DM-nucleon scattering cross
section is given by

�SI =
µ2

N
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, (38)

where fN = 0.327 [104, 105], MN is the nucleon mass, and µN = MXMN/(MX +MN ). For MDM � 1GeV, The most
stringent bound comes from CRESST [106], DarkSide-50 [107] and XENON1T [108, 109], which can be evaded by
choosing small enough sin↵ and �HX ⇡ 0.

In the top panel of Fig. 7, we show the ⌦h2 as functions of MH1 for two [BP]’s. The bottom panel is for the
[BPII]: (Left) ⌦h2 as a function of ��X , and (Right) the allowed parameter space in the (MH1 ,��X). Solid (Dashed)

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′ ∼ 2mDM



Complex Scalar DM: 
 ( )U(1)Lμ−Lτ

→ Z2 QΦ = 2QX

69
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FIG. 8. (Top) Feynman diagrams for local Z2 scalar DM annihilatiing to a pair of Z0 bosons. (Bottom) Feynman diagrams
for local Z2 scalar DM annihilatiing to a pair of H1 bosons, which is mostly dark Higgs-like.

lines represent the region where bounds on DM direct detection are satisfied (ruled out). It is found that the scalar
DM can be thermal WIMP in wide mass ranges, outside MZ0 ⇠ (2 � 3)MX due to the contributions from the dark
Higgs � ' H1 that opens new contribution to Z 0Z 0 and new annihilation channel into H1H1.

C2. Local Z2 Scalar DM

Feynman diagrams for local Z2 scalar DM model are depicted in Fig. 8:
The thermal averaged cross section annihilating to a pair of Z 0 is

h�vrel(XIXI ! Z 0Z 0)i ⇡
1
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(39)

with
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where �1 =
�
��Xv� �
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c↵��HXvHs↵ and �2 =
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��Xv� �
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�
s↵+�HXvHc↵. Again the longitudinal Z 0

L
pair

will give the dominant contributions here. Neglecting Z 0 mass in the final states, the thermally averaged annihilation
cross sectionaround freeze-out temperature is
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Note that one can see the longitudinal enhancement e↵ect.
If kinematically allowed, the DM annihilation cross section into the dark Higgs boson is also possible:

h�vrel(XIXI ! H1H1)i ⇡
1

32⇡s

�
��Xc2

↵
+ �HXs2

↵

�2
s

1�
4M2

H1

s
(42)

In the local Z2 scalar DM case, there are two processes in DM direct detection. One is elastic scattering and the
other is inelastic scattering process. In our interesting parameter space where � � O(100)keV, inelastic scattering
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FIG. 9. (Left) Relic abundance of local Z2 scalar DM in case of [BPII]. We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the lines satisfy the DM direct detection bound. (Right) Relic abundance of local Z2 scalar DM in the (MH1 ,��X) plane.

process does not happen. Thus, we will concentrate on elastic scattering process mediated by both the dark and the
SM Higgs bosons. In this case, the spin-independent elastic DM-nucleon scattering is given by

�SI =
µ2

N

4⇡

✓
MN

MI

◆2 c4
↵

M4

H1

f2

N

" 
��X �

p
2µ

v�

!
v�
vH

t↵

✓
1�

M2

H1

M2

H2

◆
� �HX

✓
t2
↵
+

M2

H1

M2

H2

◆#2
. (43)

We choose small enough sin↵(' tan↵) and �HX in order to avoid the strong constraints from direct detections.

C3. Local Z3 scalar DM : (QX , Q�) = (1, 3)

There is another special case for the complex scalar DM: Q� = 3 and QX = 1, for which U(1)
X

! Z3 [65, 110] by
Krauss-Wilczek mechanism. The relevant Lagrangian is given by

LDM = DµX†DµX �m2

X
X†X � �HXX†X

✓
H†H �

v2
H

2

◆
� ��XX†X

✓
�†��

v2
�

2

◆
+ �3

�
X3�† +H.c.

�
.

In this case there appears a new mechanism, semi-annihilations XX ! X†H1, X†Z 0 in addition to the usual anni-
hilation channels XX†

! Z 0(�, h) ! (SM particles) [110]. Thus the mass scale of the complex scalar DM X can
be in a wide range, evading the mass relation, MZ0 ⇠ (2 � 3)MX , that was derived in the case with Z 0 only and
without H1. In Fig. 10, we show for di↵erent choices of ��X ⌦h2 as functions of �3 which controls the strength
of semi-annihilation. Since gX ⇠ O(10�4) is very small, the channel XX ! X†Z 0 is not important compared to
XX ! X†H1. Therefore the parameter �3 controlling the channel XX ! X†H1 becomes most important. This is
why two plots in the left and the right are almost identical for our choice of parameters. Once again, we observe that
the dark Higgs can modify DM phenomenology significantly and the allowed mass range for the complex scalar DM
X can be very far from MZ0 ⇠ 2MX for a special choice of dark charges, QX = 1 = Q�/3.

C4. Fermion DM: Generic Case

Generic Case: Q� 6= 2Q� = 2

For the generic case of Dirac fermion DM, the DM Lagrangian is given by

LDM = �(i /D �m�)�. (44)

In this case there is no direct renormalizable interactions between � and � for generic Q� (except for Q� = 2), which
is in sharp contrast to the scalar DM cases we discussed earlier. If we assume gX ⇠ O(10�4) for the muon (g � 2),
DM pair annihilation cross sections for ��̄ ! Z 0Z 0, Z 0H1 are ⇠ O(g4

X
). Therefore they are too small for the correct
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FIG. 4. Top: Relic abundance of local Z2 scalar DM as func-
tions of ��X for [BPI] and di↵erent values of mass splittings
(�). We take �HX = 0, MH1 = 10GeV, and s↵ = 10�4.
All the curves satisfy the DM direct detection bound. Bot-

tom: The preferred parameter space in the (MH1 ,��X) plane
for di↵erent values of �. The gray area is excluded by the
perturbative condition.

subsection. The corresponding Feynman diagrams are
similar to those in Fig. 2 with appropriate change of
X fields. The corresponding Feynman diagrams are de-
picted in Fig. 8 of Appendix C2, along with the relevant
expressions for h�vi.

In Fig. 4, we show the DM relic density as func-
tions of ��X for the [BPI] for MI = 1, 10, 102, 103GeV
and � = 1, 0.1, 0.01 with fixed MH1 = 10GeV and
sin↵ = 10�4. The new parameter µ makes the pre-
diction for the relic density significantly di↵erent from
the generic case we considered in the previous section.
For the light DM we can obtain the correct relic density
via XIXI ! Z 0Z 0 while for the heavy DM the chan-
nel XIXI ! H1H1 becomes relevant as well. In Top of
Fig. 4, as � increases the DM coupling with H1 becomes
stronger, reducing the relic abundance. Note also that we
can see bump-like shape. This happens due to the can-
cellation between ��Xv� and µ. In Bottom of Fig. 4, we
again see that the XIXI ! H1H1, Z 0Z 0 dominates below

the resonance region MH1 ⇠ 2MX while XIXI ! Z 0Z 0

takes over above the resonance. Near the resonance re-
gion co-annihilation XIXR ! Z 0H1 contributes to the
relic density. However, this e↵ect is sub-dominant. If we
took even smaller � such as � < 10�3, we could get the
correct relic density for the heavier DM upto a few TeV
through XIXI(XRXR) ! H1H1, Z 0Z 0 channels.

For the DM direct detection, there are two processes in
this case: one is elastic scattering and the other is inelas-
tic scattering process. In the parameter space yielding
the correct DM relic density, one has � � O(100)keV, so
that inelastic scattering process does not happen. Thus,
we consider only the Higgs-mediated elastic scattering
process, the cross section of which is given in Appendix
C2. It turns out that the parameters chosen in Fig. 4
satisfy the bounds on the DM direct detections.

Another special case for the scalar DM case is for Q� =
3QX = 3, for which U(1)X ! Z3. In this case too, one
can accommodate both �aµ and thermal WIMP DM for
MZ0 ⇠ (10 � 100) MeV, gX ⇠ 10�4 with a much wider
range of DM mass due to the semi-annihilation channels,
XX ! X†H1, as well as XX†

! H1H1. More detailed
discussion on this case can be found in Appendix C3.

LOCAL Z2 FERMION DM: Q� = 2Q� = 2

For Dirac fermion DMmodel [93], let us consider a spe-
cial case Q� = 2Q� = 2, for which the DM Lagrangian
at renormalizable level is modified as

LDM = �(i /D �m�)��

⇣
y��C��† +H.c.

⌘
. (9)

Again the symmetry breaking pattern is U(1)X ! Z2 (lo-
cal Z2 fermion DM) due to the nonzero v�. This model
is a dark gauge model for inelastic fermion DM, and has
been studied in the context of DM bound state forma-
tion in Ref. [68] and the XENON1T excess in Ref. [75],
respectively. In this model the light dark Higgs contribu-
tion to the DM self-interaction and the relic density has
been considered in [94].

After U(1)X symmetry breaking with nonzero y�, the
original Dirac fermion � is decomposed into two Majo-
rana fermions (�R and �I) with mass splitting / v�:

� ⌘ MR �MI = 2y�v�. (10)

Assuming y� > 0, we have � > 0, and the lighter state
�I becomes Majorana fermion DM, with �R being its
excited state. Then the Lagrangian of DM is written as

LDM =
1

2

X

i=R,I

�̄i (i@µ�
µ
�Mi)�i � i

gX
2
Z 0
µ
(�̄R�

µ�I � �̄I�
µ�R)�

1

2
y� (c↵H1 + s↵H2) (�̄R�R � �̄I�I) . (11)

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′ ∼ 2mDM



Dirac fermion DM: 
 ( )U(1)Lμ−Lτ

→ Z2 QΦ = 2Qχ

71

5

FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).

First let us consider thermal relic density within the
standard freeze-out mechanism. Note that the new sin-
glet scalar � plays a crucial role for the fermionic DM in
this model to be thermal WIMP. And DM mass can be
very heavy up to ⇠ O(a few) TeV. This result is in sharp
contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
ilar to the local Z2 scalar DM case (see Appendix C5 for
the detail). Imposing this constraint, we get the plots in
the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
MI ⇠ MZ0/2 ⇠ O(10� 100)MeV.

In the Top of Fig. 6, we plot ⌦DMh2 as functions of
� in case of the [BPI], for MH1 = 5GeV and di↵erent
DM masses MI = 1, 10, 102, 103GeV. The most domi-
nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
the contours of ⌦h2 = 0.12 in the (MH1 ,�) plane for
the same choices of MI . Similar plots for the [BPII] are
shown in AppendixC5, Fig. 11.

FIG. 6. Top: Dark matter relic density as functions of mass
splitting � for [BPI] and for di↵erent values of DM mass,
MI = 1, 10, 100, 1000GeV. Solid (Dashed) lines denote the re-
gion where bounds on DM direct detection are satisfied (ruled
out). Bottom: Preferred parameter space in the (MH1 ,�)
plane for di↵erent DM masses. The gray region is ruled out
by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not
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FIG. 11. (Top) Dark matter relic density as functions of dark Higgs mass MH1 for [BPI] (Left) and [BPII] (Right) (Bottom-

Left) Dark matter relic density as functions of � for [BPII], and (Bottom-right) Preferred parameter region in the (�,MH1)
plane. Solid (Dashed) lines denote the region where bounds on DM direct detection are satisfied (ruled out).
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FIG. 5. Feynman diagrams of local Z2 fermion DM (co-
)annihilating into a pair of Z0 bosons and H1 bosons (Top),
and Z0 +H1 (Bottom).

First let us consider thermal relic density within the
standard freeze-out mechanism. Note that the new sin-
glet scalar � plays a crucial role for the fermionic DM in
this model to be thermal WIMP. And DM mass can be
very heavy up to ⇠ O(a few) TeV. This result is in sharp
contrast with the results obtained in the literature where
the Z 0 mass is assumed to be generated by Stückelberg
mechanism, ignoring the dark Higgs boson. In particular
the (co-)annihilation channel involving H1 plays a dom-
inant role in determining the relic density. Note that
these annihilation channels are completely missing in the
usual approach. The corresponding Feynman diagrams
are described in Fig. 5.

DM direct detection in local Z2 fermion DM case sim-
ilar to the local Z2 scalar DM case (see Appendix C5 for
the detail). Imposing this constraint, we get the plots in
the bottom of Fig. 6, where the dashed lines are excluded
by DM direct detection experiments. Still there is am-
ple parameter space for heavy DM mass MI , far beyond
MI ⇠ MZ0/2 ⇠ O(10� 100)MeV.

In the Top of Fig. 6, we plot ⌦DMh2 as functions of
� in case of the [BPI], for MH1 = 5GeV and di↵erent
DM masses MI = 1, 10, 102, 103GeV. The most domi-
nant contribution comes from �I�I ! Z 0Z 0, H1H1 and
�I�R ! H1Z 0. Solid lines denote the region which sat-
isfy the DM direct detection bounds. Note that the
smaller splitting � is required for heavy fermion DM
to satisfy the relic abundance. In case of [BPI], co-
annihilation is important when DM is heavy and the mass
splitting is small, since the t-channel diagram of the co-
annihilation also has y� coupling. In case of [BPII],
co-annihiation is not that important for the correct ⌦h2,
since v� is large. In the (Bottom) of Fig. 6, we show
the contours of ⌦h2 = 0.12 in the (MH1 ,�) plane for
the same choices of MI . Similar plots for the [BPII] are
shown in AppendixC5, Fig. 11.
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FIG. 6. Top: Dark matter relic density as functions of mass
splitting � for [BPI] and for di↵erent values of DM mass,
MI = 1, 10, 100, 1000GeV. Solid (Dashed) lines denote the re-
gion where bounds on DM direct detection are satisfied (ruled
out). Bottom: Preferred parameter space in the (MH1 ,�)
plane for di↵erent DM masses. The gray region is ruled out
by the perturbativity condition on ��.

CONCLUSIONS

In this work, we considered the �aµ and thermal
dark matter, both scalar and Dirac fermion DM, in the
U(1)Lµ�L⌧ extensions of the SM. �aµ can be accom-
modated for MZ0 ' O(10)MeV and gX ' 10�4, for
which thermal DM could be achieved near the Z 0 res-
onance region only with MZ0 ⇠ 2MDM, if we do not
include the dark Higgs boson. A noble feature of this
work is that we have included the contributions of the
dark Higgs boson which were ignored in the earlier lit-
erature. Details of the DM phenomenology depend on
the U(1) charge assignments to the DM and the dark
Higgs (�) fields. U(1)Lµ�L⌧ symmetry can be broken
generically or in a special way into Z2 (inelastic scalar
or fermion DM models) or Z3 scalar DM model. New
DM (co-)annihilation channels involving the dark Higgs
boson can open DM + DM ! H1H1, H1Z 0 as well as
DM + DM ! H1 ! Z 0Z 0. In the latter process, there
is an enhancement in the longitudinal Z 0 pair produc-
tion. Thanks to these newly open channels, the DM
mass range becomes much wider from GeV to O(a few)
TeV, dissecting the tight correlation between MZ0 and
MDM: MZ0 ⇠ 2MDM. Our analysis clearly shows that
DM phenomenology with a massive dark photon can not

DM mass : much wider range than  
due to dark Higgs boson contributions

mZ′ ∼ 2mDM



Summary of this part
• DM physics with massive dark photon can not be complete without 

including dark gauge symmetry breaking mechanism, e.g. dark 
Higgs field , which have been largely ignored by DM community 
(or some ways other than dark Higgs to provide dark photon mass) 


• Many examples show the importance of  in DM phenomenology,  
astroparticle physics and cosmology


• Once  is included, can accommodate the muon g-2 and thermal 
DM without the s-channel resonance condition  


•  : essentially free, whereas  MeV and 
 can explain the muon (g-2)

ϕ

ϕ

ϕ
mZ′ ∼ 2mDM

mDM mZ′ ∼ O(10 − 100)
gX ∼ O(10−4)



On Recent Belle II 
data on B+ → K+νν̄

arXiv:2401.10112 
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 in the SM𝐵+ → 𝐾+𝜈�̄�
• The  process is known with high accuracy in the SM: 

•  

•

𝐵+ → 𝐾+𝜈�̄�
𝐵𝑟(𝐵+ → 𝐾+𝜈�̄�) = (4.97 ± 0.37) × 10−6
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Measurement of B+ → K+νν̄
•Challenges in reconstructing the events 

• Searches for  have only been performed 
at the B factories Belle and BaBar 

•Using the same techniques in Belle, BaBar 
• Semileptonic tagged analyses 
• Hadronic-tagged analyses 

• Inclusive tag analysis (Belle & BelleⅡ ) 
• Allow one to reconstruct inclusively the decay 

 from the charged kaon

𝐵 → 𝐾(∗)𝜈�̄�

𝐵+ → 𝐾+𝜈�̄�
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•  
• Significance of observation is   
•  tension with the SM prediction  

•  
• Indicate not only the presence of NP in the  
transitions but even the presence of new light states 
(particles in dark sector?)

𝐵𝑟(𝐵+ → 𝐾+𝜈�̄�) = (2.4 ± 0.7) × 10−5

3.6𝜎
2.8𝜎

𝐵𝑟(𝐵+ → 𝐾+𝐸miss)𝑁𝑃 = (1.9 ± 0.7) × 10−5

𝑏 → 𝑠𝜈�̄�
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CMB constraints
•Dominant DM annihilation channel

•Before resonance,  
•Near resonance,  
•After resonance,  

•  dominantly decays into a pair of either 
 or DM (kinematically open when 

)
•We can avoid the stringent CMB bound 
thanks to invisible decay of both  and 

𝑋𝑋∗ → 𝑍′ 𝑍′ , h1h1
𝑋𝑋∗ → 𝑍′ h1
𝑋𝑋∗ → 𝑍′ 𝑍′ 

h1
𝑍′ 

𝑚h1
> 2𝑚𝑋

h1 𝑍′ 
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CAU seminar

Belle II anomaly: two-body decay
• When , two-body decay   
•  

𝑚𝐻1
< 𝑚𝐵 − 𝑚𝐾

𝑏 → 𝑠𝐻1

79

𝑯𝟏

𝑾



Belle II anomaly: three-body decay
• When ,  is off-shell  three-body decay 

• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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 𝑋𝑋∗ → 𝑍′ 𝑍′ 𝐻1𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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@ resonance
 𝑋𝑋∗ → 𝑍′ 𝑍′ , 𝑍′ 𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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 𝑋𝑋∗ → 𝑍′ 𝑍′ , 𝑍′ 𝐻1

Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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Belle II anomaly: three-body decay



• When ,  is off-shell  three-body decay 
• Two-body decay:  (  
• Three-body decay:  (

𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾 𝐻2

𝑚𝑋 ≲ 6.5GeV 𝑚𝐻1
= 2GeV)

20MeV < 𝑚𝑋 ≲ 60MeV 𝑚𝐻1
> 𝑚𝐵 − 𝑚𝐾)
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Phase-space suppression
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Conclusion
• Belle II data shows a mild excess of  over the 

SM prediction


• This mild excess can be interpreted as  + dark 
sector particles through a dark Higgs portal: a pair of 
scalar DM, a pair of Z’ decaying into a pair of neutrinos, 
both of which are invisibles in  models with 
complex scalar DM 


• Can accommodate the muon g-2, and relax the tension in 
the Hubble parameter with extra dark radiation

B+ → K+νν̄

B+ → K+

U(1)Lμ−Lτ



Back Up



Local dark gauge symmetry
• Better to use local gauge symmetry for DM stability 

(Baek,Ko,Park,arXiv:1303.4280 )

• Success of the Standard Model 
of Particle Physics lies in “local 
gauge symmetry” without 
imposing any internal global 
symmetries 


• Electron stability : U(1)em gauge 
invariance, electric charge 
conservation, massless photon


• Proton longevity : baryon # is an 
accidental sym of the SM


• No gauge singlets in the SM ; all 
the SM fermions chiral

• Dark sector with (excited) dark 
matter, dark radiation and force 
mediators might have the same 
structure as the SM


• “(Chiral) dark gauge theories 
without any global sym”


•Origin of DM stability/longevity 
from dark gauge sym, and not 
from dark global symmetries, as 
in the SM


• Just like the SM (conservative)



In QFT,
• DM could be absolutely stable due to  

unbroken local gauge symmetry (DM with 
local Z2, Z3 etc.) or topology (hidden sector 
monopole + vector DM + dark radiation)


• Longevity of DM could be due to some 
accidental symmetries (Strongly 
interacting hidden sector (DQCD), dark  
pions and dark baryons : Ko et al (2007))


• Kinematically long-lived if DM is very light 
(axion, sterile  , etc..)νs



Old wine in a new bottle: 
Flavored multi-Higgs 

doublet models



Flavor (or Family) dependent 
Gauge Interactions ?

• What if there is a flavor(family) dependent new gauge 
interactions ? 


• For example, what if the RH quarks couple to new 
massive spin-1 particle (  ) ?


• What would be the minimal setup for such model, 
mathematically / theoretically consistent and realistic ?


• As an example, I will discuss an extra U(1) model  that 
couples only to  in the interaction basis [Top FBA]

Z′ 

tR



Top Charge Asym in QCD (Muller@ICHEP2012)

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

1.2 Top-Antitop Charge Asymmetry 

NLO QCD:  interference of higher order diagrams leads to asymmetry for tt produced  
       through qq annihilation:  

Top quark is emitted preferentially in direction of the incoming quark 
Antitop quark opposite 
Production through new processes may lead to different asymmetries  

 

At Tevatron: define forward-backward asymmetry   
 

 

At LHC: define asymmetry in the widths of rapidity distributions of t, t 
 

 

- 
- 



ICHEP 2012 : Top FBA (Muller’s talk) 

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

Asymmetries at the Tevatron 

AFB det = 0.092 ± 0.037 (stat+syst) 

MC@NLO: AFB det = 0.024 ± 0.007 

Measured asymmetry on detector 
level after bkg subtraction: 

Measured asymmetry on parton level:  
 
AFB = 0.196 ± 0.065 (stat+syst) 

D0 results in the di-lepton channel: 
 
AFB = 0.118 ± 0.032 

Summary: 

y in the lepton-jets channel 

Both CDF and D0 see significant asymmetry 
in tt production in all channels with strong 
dependence on mtt, in conflict with the SM 

- 



ICHEP 2012 : Top C Asym (Muller’s talk)

      Thomas Müller, Institut für Experimentelle Kernphysik, KIT                                                     ICHEP 2012, Melbourne 

Asymmetries at the LHC 

ATLAS:  Ac = 0.029 +- 0.018 (stat.) +- 0.014 (syst.) 
 
 CMS: Corrected:  Ac = 0.004 +- 0.010 (stat.) +- 0.011 (syst.)  

   
Theory (Kühn, Rodrigo): Ac = 0.0115 +- 0.0006  

 
 

ATLAS-CONF-2012-057  

CMS PAPER TOP-11-030 



11 

•  flavor dependent. 

•  challenging to  
construct a realistic 
model. 
   - anomaly free,  
renormalizable, and 
realistic Yukawa  
couplings.  

, ,Z W φ" "

New physics models for top AFB 

Ko et al (2009), (2010); 
Degrande et al (2010); etc.



•  severely constrained by the same
  sign top pair production. 
   - the t-channel scalar exchange   
     model has a similar constraint.  

Z’ model 
•  assume large flavor-offdiagonal coupling and
 small diagonal couplings. 

•  In general, could have different couplings to  
  the top and antitop quarks. 

•  light Z′ is favored from the Mtt  
  distribution.  

Jung, Murayama, Pierce, Wells, PRD81



Same sign top pair production at LHC 

Aguilar-Saavedra, TOP2011

CMS: σ(pp→tt(j))<17 pb at 95C.L. 
ATLAS: σ(pp→tt(j))<4 pb at 95C.L. 
CMS, JHEP1108; ATLAS-CONF-2011-169

•  the t-channel Z′ or scalar exchange models are excluded? – No. 

Same sign top pair production at LHC 

CMS: σ(pp→tt(j))<17 pb at 95C.L. 
ATLAS: σ(pp→tt(j))<2 pb at 95C.L. 
CMS, JHEP1108; ATLAS, 1202.5520

•  the t-channel Z′ or scalar exchange models are excluded? 

•  the answer is NO. 
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Is the Z’ model for top FB 
asym excluded by the same 
sign top pair production ?



Is the Z’ model for top FB 
asym excluded by the same 
sign top pair production ?

NO !

NOT YET !



However, the story is not so simple 
for models with vector bosons that 
have chiral couplings with the SM 
fermions !

Chiral U(1)’ model (Ko, Omura, Yu)

(1) arXiv:1108.0350, PRD (2012) 
(2) arXiv:1108.4005, JHEP 1201 (2012) 147
(3) arXiv:1205.0407, EPJC 73 (2013) 2269
(4) arXiv:1212.4607, JHEP 1303 (2013) 151



What is the problem of the 
original Z’ model ?

• Z’ couples to the RH up type quarks : 
leptophobic and chiral : ANOMALY ?

• No Yukawa couplings for up-type quarks : 
MASSLESS TOP QUARK ?

• Origin of Z’ mass 

• Origin of flavor changing couplings of Z’ 



What is the problem of the 
original Z’ model ?

LY = �Y
U
ij QLiH̃URj � Y

D
ij QLiHDRj +H.c.

Gauge invariant : OK!
Not gauge 
invariant

No Yukawa’s for up-type quarks: 
MASSLESS TOP QUARK !

How to cure this problem ?

This problem is independent of top FCNC



Answer : Extend Higgs sector

LY = �Y
U
ij QLiH̃URj � Y

D
ij QLiHDRj +H.c.

LY = �Y
U
ijkQLiH̃kURj � Y

D
ij QLiHDRj +H.c.

Hk : U(1) charged

Gauge invariant : OK!
Not gauge 
invariant

Mandatory to extend Higgs sector!
Z’ only model does not exist!

# of U(1)’-charged new Higgs doublets depend on 
U(1)’ charge assigments to the RH up quarks



•  Charge assignment : SM fermions 

LH quarks and RH down-type  
quarks have universal couplings. 

Flavor-dependent 

Higgs 

Flavor-dependent U(1)′ model 



•  Charge assignment : Higgs fields 

•  The U(1)′ is spontaneously broken by U(1)′ charged complex scalar Φ. 

•  introduce three Higgs doublets charged under U(1)′ in addition to the S
M Higgs which is not charged under U(1)′. 

Flavor-dependent U(1)′ model 
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•  Anomaly cancelation requires extra fermions I: SU(2) doublets 

one extra 
generation 

vector-like 
pairs 

SU(2)L
2·U(1)′ ! 

U(1)′ 2·U(1) 

a candidate for CDM 

Flavor-dependent U(1)′ model Anomaly Cancellation : Sol.1
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•  Anomaly cancelation requires extra fermions II: SU(3)c triplets 

a candidate for CDM 

•  introduce the singlet scalar X to the SM in order to allow the decay of th
e extra colored particles. 

Flavor-dependent U(1)′ model 
Anomaly Cancellation : Sol. 1I
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•  Gauge coupling in the mass base 

- Z′ interacts only with the right-handed up-type quarks 

- The 3 X 3 coupling matrix       is defined by   
biunitary matrix diagonalizing the
 up-type quark mass matrix 

Flavor-dependent U(1)′ model 

g
0
Z

0µ
X

i=1,2,3

uiU
0
Ri�µU

0

Ri



•  2 Higgs doublet model : 

∝ the fermion mass 

1 2 3( , , ) (0,0,1)u u u =

Flavor-dependent U(1)′ model 



•  3 Higgs doublet model: 1 2 3( , , ) ( ,0, )u u u q q= −

Flavor-dependent U(1)′ model 
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•  Gauge coupling in the mass base 

- Z′ interacts only with the right-handed up-type quarks 

- The 3 X 3 coupling matrix       is defined by   
biunitary matrix diagonalizing the
 up-type quark mass matrix 
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g
0
Z

0µ
X

i=1,2,3

uiU
0
Ri�µU

0

Ri



•  Yukawa coupling in the mass base (2HDM) 

-  lightest Higgs h: 

-  lightest charged Higgs h+: 

-  lightest pseudoscalar Higgs a: 

Flavor-dependent U(1)′ model 



1. Z′ dominant scenario 

2. Higgs dominant scenario 

3. Mixed scenario 

cf. Babu, Frank, Rai, PRL107(2011)

cf. Jung, Murayama, Pierce, Wells, PRD81(2010) , ,Z h a!

Z !

2( ) , ,
4

u
aRut

X tu tu
g g Y Yα
π

#
=

Top-antitop pair production 

Destructive interference 
between Z’ and h,a for the 
same sign pair production 
(Ko, Omura, Yu)



•  decay into W+b in SM : Br(t→Wb)~100%.  

•  If the top quark decays to          or         , Br(t→Wb) might significantly be 
  changed.    

Z u!+ h u+

•  requires Br(t →non-SM)<5% .  

•  choose either               or             .   ' tZ
m m< h tm m<

Top quark decay 



•  D0 

•  CMS 

D0, 1105.2788

CMS, 1106.3052

( ) 2.90 0.59 pbpp tbqσ → = ±

( ) 83.6 29.8 3.3 pbpp tbqσ → = ± ±

In the SM, 

2.1 1.5
0.7 1.7( ) 64.3  pbpp tbqσ + +
− −→ =

( ) 2.26 0.12 pbpp tbqσ → = ±

Single top quark production 



•  D0 

•  CMS 

D0, 1105.2788

CMS, 1106.3052

( ) 2.90 0.59 pbpp tbqσ → = ±

( ) 83.6 29.8 3.3 pbpp tbqσ → = ± ±

In the SM, 

2.1 1.5
0.7 1.7( ) 64.3  pbpp tbqσ + +
− −→ =

( ) 2.26 0.12 pbpp tbqσ → = ±

, ,Z h a!

Single top quark production 

⇒ no b quark or W boson 
    in the final state 



Z′ dominant case 

= similar to Jung, Murayama, Pierce, Wells’ model (PRD81) 

Favored region 



Scalar Higgs (h) dominant case 

= similar to Babu, Frank, Rai’s model (PRL107) 

Favored region 



Z′+h+a case 

145 GeVZm ! =

180 GeVhm =

300 GeVam =

1.1a
tuY =

Favored region 

•  destructive interference between Z and Higgs bosons in the same signe top
  pair production. 

•  consistent with the CMS bound, but not with the ATLAS bound. 



145 GeVZm ! =

180 GeVhm =

300 GeVam =

0.01xα =

mixed case 

Only Z′ case 

1.0tuY =

1.1a
tuY =

145 GeVZm ! =

0.029xα =

Invariant mass distribution 



AFB versus σtt 

145 GeVZm ! =

180 GeV< 1 TeVhm <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.5<Y 1.5tu <

0.5<Y 1.5a
tu <

Have a trouble with new CMS data < 0.39 pb



AFB versus AC
y 

145 GeVZm ! =

180 GeV< 1 TeVhm <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.5<Y 1.5tu <

0.5<Y 1.5a
tu <

Have a trouble with new CMS data < 0.39 pb



AFB versus σtt 

126 GeVhm =

180 GeV< 1.5 TeVZm ! <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.1<Y 0.5tu <

0.1<Y 1.5a
tu <

Still OK with new CMS data < 0.39 pb



mZ' versus σtt 

126 GeVhm =

180 GeV< 1.5 TeVZm ! <

180 GeV< 1 TeVam <

0.005< 0.025Xα <

0.1<Y 0.5tu <

0.1<Y 1.5a
tu <

Still OK with new CMS data < 0.39 pb



Conclusions
• We constructed realistic Z’ models with additional 

Higgs doublets that are charged under U(1)’ : Based 
on local gauge symmetry, renormalizable, anomaly 
free and realistic Yukawa

• New spin-one boson (Z’) with chiral couplings to 
the SM fermion requires a new Higgs doublet that 
couples to the new Z’ 

• This is also true for axigluon, flavor SU(3)_R, W’, etc. 

• Our model can accommodate the top FB Asym @ 
Tevatron, the same sign top pair production, and the 
top CA@LHC 



• Meaningless to say “The Z’ model is excluded 
by the same sign top pair production.”

• Important to consider a minimal consistent 
(renormalizable, realistic,  anomaly free) in 
order to do phenomenology

• Flavor issues in B and charm systems were 
also studied (w/ Yuji Omura and C. Yu)

• Top longitudinal pol (which is zero in QCD 
because of Parity) could be another 
important tool for resolving the issue (Ko et 
al, Godbole et al, Degrande et al, etc)


