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Magnetic Moment of Muon
• g-factor: interaction of spin-magnetic field
- tree level (Dirac equation): g = 2
- radiative correction: aμ = (g-2)/2
• Experiment: Brookhaven E821 Larmor Precession

B

spin

Calorimeter

Number of events
at calorimeter

electron/positron emitted
towards μ spin direction

Positron	Sme	spectrum	in	BNL	E821�

ÛÚ�

aμ	=	11	659	208.9	(6.3)	x	10-10			
0.46ppm	(stat.)	+	0.28ppm	(syst.)	=	0.54ppm	
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Magnetic Moment of Muon

l g-factor : Int. btw Spin-B (Magnetic field)

ü Classical (Dirac Eq.) à g=2

ü Quantum à g=2(1+a𝜇) [ a𝜇=(g-2)/2 ]

l Experiment : BNL E821

l New Expt : FNAL E989 has been started
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Results KNT18 update

KNT18 aSMµ update [KNT18: arXiv:1802.02995, PRD (in press)]

2011 2017

QED 11658471.81 (0.02) �! 11658471.90 (0.01) [arXiv:1712.06060]

EW 15.40 (0.20) �! 15.36 (0.10) [Phys. Rev. D 88 (2013) 053005]

LO HLbL 10.50 (2.60) �! 9.80 (2.60) [EPJ Web Conf. 118 (2016) 01016]

NLO HLbL 0.30 (0.20) [Phys. Lett. B 735 (2014) 90]

————————————————————————————————————————
HLMNT11 KNT18

LO HVP 694.91 (4.27) �! 693.27 (2.46) this work

NLO HVP -9.84 (0.07) �! -9.82 (0.04) this work
————————————————————————————————————————
NNLO HVP 1.24 (0.01) [Phys. Lett. B 734 (2014) 144]

————————————————————————————————————————

Theory total 11659182.80 (4.94) �! 11659182.05 (3.56) this work

Experiment 11659209.10 (6.33) world avg

Exp - Theory 26.1 (8.0) �! 27.1 (7.3) this work
————————————————————————————————————————
�aµ 3.3� �! 3.7� this work

Alex Keshavarzi (KNT18) The muon g � 2: HVP 20th June 2018 12 / 14Mainz
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publication plan
Planning on three generations of g-2 publications: 

• 1-2 x BNL (~400 ppb) collected in FY18 and aiming for publication in 2019. 

• 5-10 x BNL (~200 ppb) collected over FY18+FY19 with publication by end 
of 2020. 

• 20+ x BNL (~140 ppb) collected by end of FY20 with final publication at end 
of 2021 or early 2022 

Muon EDM and CPT/LV physics results in at least two generations. 
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New Physics

Multi-Higgs Sep. 4-7, 2018 Koji Tsumura (Kyoto U.)

> 3σ deviation

Standard Model Prediction
Exp (E821)Exp (E821) 116 592 089          (63)     [10-11]

QED  (α5, Rb)QED  (α5, Rb) 116 584 718.951   (0.080)

EW (W/Z/HSM, NLO)EW (W/Z/HSM, NLO)               154.0       (1.0)

Hadronic
(leading)

[HLMNT]            6 949.1       (43)*

           6 923          (42)
Hadronic
(leading) [DHMZ]

           6 949.1       (43)*

           6 923          (42)

Hadronic (α higher)Hadronic (α higher)               -98.4        (0.7)

Hadronic 
(LbL)

[RdRV]               105          (26)*

              116          (39)
Hadronic 

(LbL) [NJN]

              105          (26)*

              116          (39)

�

had

had

X
New Particle

gnew gnew



New Physics

Multi-Higgs Sep. 4-7, 2018 Koji Tsumura (Kyoto U.)

> 3σ deviation

Standard Model Prediction
Exp (E821)Exp (E821) 116 592 089          (63)     [10-11]

QED  (α5, Rb)QED  (α5, Rb) 116 584 718.951   (0.080)

EW (W/Z/HSM, NLO)EW (W/Z/HSM, NLO)               154.0       (1.0)

Hadronic
(leading)

[HLMNT]            6 949.1       (43)*

           6 923          (42)
Hadronic
(leading) [DHMZ]

           6 949.1       (43)*

           6 923          (42)

Hadronic (α higher)Hadronic (α higher)               -98.4        (0.7)

Hadronic 
(LbL)

[RdRV]               105          (26)*

              116          (39)
Hadronic 

(LbL) [NJN]

              105          (26)*

              116          (39)

�

had

had

X
New Particle

gnew gnew

To fit the observed discrepancy

gnew ≈ gweak and MX ≈ MW

(gnew ≈ 10-3 and MX ≈ M𝜇)

gnew

MX

Strong-heavy

Weak-light



U(1)𝜇-𝜏 Model
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Gauged U(1)Lμ-Lτ model

• A minimal extension of the SM

• Anomaly free

• Large neutrino mixing (approx.)

le eR lµ µR l⌧ ⌧R
Lµ 0 0 1 1 0 0
L⌧ 0 0 0 0 1 1

The Lagrangian

+g0Z0
µ(µ̄�

µµ + ⌫̄µ�
µ⌫µ � ⌧̄ �µ⌧ � ⌫̄⌧�

µ⌫⌧ )

new interactions for μ, τ and ν

Lnew = �
1

4
Z0

µ⌫Z
0µ⌫ +

m2
Z0

2
Z0

µZ
0µ +

✏

2
Bµ⌫Z

0µ⌫

Kinetic mixing with SM gauge boson

He, Joshi, Lew, Volkas, PRD (1991) ,

R. Foot, Mod.Phys.Lett. (1991)

Choubey, Rodejohann, Eur.Phys.J, (2005)

Ota, Rodejohann, Phys.Lett. (2006)

Asai, Hamaguchi, Nagata, 1705.00419

From Shimomura’s slide @ NHWG20
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à This Z’ boson can give a sufficient amount of Baek, Deshpande, He, Ko (01)
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Flavor Changing X

l Flavor Changing Interactions

l Muon g-2
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> 3σ deviation

Standard Model Prediction
Exp (E821)Exp (E821) 116 592 089          (63)     [10-11]

QED  (α5, Rb)QED  (α5, Rb) 116 584 718.951   (0.080)
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corresponding 90% CL upper limits on the coupling
parameter g0 in the scenario with equal magnitude vector
couplings to muons, taus, and the corresponding neutrinos
are shown in Fig. 5, together with constraints derived from
neutrino experiments [29]. Upper limits down to 7 × 10−4

near the dimuon threshold are set.
In summary, we report the first search for the direct

production of a new muonic dark force boson, providing a
model-independent test of theories with new light particles
coupled to muons. For identical coupling strength to
muons, taus, and the corresponding neutrinos, we exclude
all but a sliver of the remaining parameter space preferred

by the discrepancy between the calculated and measured
anomalous magnetic moment of the muon above the
dimuon threshold [29], and we set the strongest bounds
for nearly all of the parameter space below ∼3 GeV.
Because this search relies only on the Z0 coupling to
muons, the result can also be interpreted giving powerful
constraints on other new vectors and scalars that interact
exclusively with muons.
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and machine conditions that have made this work possible.
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(Italy), the Foundation for Fundamental Research on
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Norway, the Ministry of Education and Science of the
Russian Federation, Ministerio de Economía y
Competitividad (Spain), the Science and Technology
Facilities Council (United Kingdom), and the Binational
Science Foundation (U.S.-Israel). Individuals have received
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So far, No Higgs ...
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𝜇-𝜏 Mass Degeneracy
l Yukawa sector
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𝜇-𝜏 Mass Degeneracy
l Yukawa sector

l Flavor Adjoint Higgs

l Flavor Fundamental SM singlet Higgs S𝛼
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Symmetry Breaking Sector

l Scalar Potential
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Symmetry Breaking Sector

l Scalar Potential

l Classification of Scalar fields (Assume CP inv. Scalar sector for simplicity)
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Flavor Changing Scalar

l New interactions
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Slepton Search

l Pair Production of Charged Higgs
H± has the same quantum charge with left-handed slepton
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𝜏 Michel Decay
l Charged Scalar interactions

l Lepton Universality
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𝜏 Michel Decay
l Charged Scalar interactions
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Chirality Suppressed Interference

= ��� = ���

α�=π/�

����

��± > ��� ���>������

��± /��± = �

102 103 104
100

101

102

103

�[���]

��
�β

= ���
= ���

α�=����π

����

��± > ��� ���>������

��± /��± = �

102 103 104
100

101

102

103

�[���]

��
�β



Collider Signature

l Flavor conserving 𝜇-𝜏 Specific Higgs bosons

l Flavor changing Scalar bosons

Multi-Higgs Sep. 4-7, 2018 Koji Tsumura (Kyoto U.)

NG NG

NG
NG

SM HiggsSinglet

EW production

EW production

H, A, H±

h±, H±, 𝜙±

𝛾, Z, W±

𝛾, Z, W±

Chiang, KT, Ujjal, working progress



Implication for Neutrinos
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Witten Anomaly ?

l Odd Number of Weyl Fermions à Witten Anomaly
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Witten Anomaly ?

l Odd Number of Weyl Fermions à Witten Anomaly

l Sign ambiguity 
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Sign is not invariant unde the topologically non-trivial transf.

No such theory after path integral of gauge fields

è A simple solution : introduce a flavor doublet NR



Neutrino Mass

l v Dirac Yukawa

l Majorana Mass
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Neutrino Mass

l v Dirac Yukawa

l Majorana Mass

l Minimal Extension  
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However, Det(MN)=0 ⬄No MN-1

v mass and mixing are predicted in a specific parameter region
[ The prediction is the same as in the U(1)𝜇-𝜏 model ]

Asai-Hamaguchi-Nagata (17)



Predictions on Neutrino Mass

l Seesaw Relation : (Mv)-1 = -(MD
-1) MN MD

-1
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Figure 2: The prediction for the Dirac CP phase � in the minimal gauged U(1)Lµ�L⌧ model.
The red lines show the CP phase � against ✓23. ✓23 is varied in the 2� range, and the 1� range
is in between the vertical thin dotted lines. The dark (light) red bands show the uncertainty
coming from the 1� (2�) errors in the parameters ✓12, ✓13, �m2, and �m

2. We also show the
1� (2�) favored region of � in the dark (light) horizontal green bands.

parameter region predicts a value of
P

imi which is below the present limit, though a part of
the parameter region has already been disfavored by the Planck limit. We however note that
this bound relies on the standard cosmological history, and thus if some new physics e↵ects
modify the cosmological evolution, then this bound may significantly be relaxed. In any case,
our model predicts a rather large value of the sum of the neutrino masses,

P
imi ' 0.14–0.22 eV

(0.12–0.40 eV) at 1� (2�), which may be probed in future cosmological observations.
These relatively large values of mi open up a possibility of testing this model in neutrinoless

double-beta decay experiments. The rate of neutrinoless double-beta decay is proportional to
the square of the e↵ective Majorana neutrino mass hm��i, which is given by

hm��i ⌘

�����
X

i

U
2
eimi

����� =
���c212c213m1 + s

2
12c

2
13e

i↵2m2 + s
2
13e

i(↵3�2�)
m3

��� . (28)

It should be emphasized that, in the minimal gauged U(1)Lµ�L⌧ model, not only the neutrino
masses mi but also the Majorana phases ↵2,3 are uniquely determined as functions of the other
neutrino oscillation parameters. Thus, the value of the e↵ective mass hm��i is also predicted
unambiguously. Note also that this quantity has reflection symmetry with respect to � ! ��

and thus depends only on cos �. In Fig. 4, we show hm��i as a function of ✓23, where the
dark (light) red band shows the uncertainty coming from the 1� (2�) errors in the parameters
other than ✓23. Currently, the KamLAND-Zen experiment gives the strongest bound on hm��i:
hm��i < 0.061–0.165 eV [69] where the uncertainty stems from the estimation of the nuclear
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Figure 3: (a) The prediction for the neutrino masses in the minimal gauged U(1)Lµ�L⌧ model.
The neutrino masses mi are shown as functions of ✓23. The other four parameters (✓12, ✓13,
�m

2, and �m
2) are fixed to their best-fit values. (b) The sum of the neutrino masses as a

function of ✓23. The dark (light) red band shows the uncertainty coming from the 1� (2�)
errors in the parameters ✓12, ✓13, �m2, and �m

2. The entire region is within the 2� range of
✓23, while its 1� range is between the thin vertical dotted lines. We also show in the black
dashed line the present limit imposed by the Planck experiment:

P
imi < 0.23 eV (Planck

TT+lowP+lensing+ext) [68].

matrix element for 136Xe. We also show in Fig. 4 the most severe bound from KamLAND-
Zen, hm��i < 0.061 eV, in the black dashed line [69]. As can be seen, most parameter region
predicts a value of hm��i lower than the strongest bound. At 1� (2�) level, this model predicts
hm��i & 0.024 eV (0.017 eV)—this can be within the reach of future neutrinoless double-beta
decay experiments [70].

4 Implications for Leptogenesis

In this section, we discuss the implications of our results for the leptogenesis scenario [71], which
is one of the most attractive mechanisms to explain the origin of the baryon asymmetry of the
Universe. The minimal gauged U(1)Lµ�L⌧ model has three right-handed neutrinos coupled to
the Standard Model leptons, and therefore it contains enough ingredients for the leptogenesis:
the CP-violating decay of the right-handed neutrino in the early universe can generate the lepton
asymmetry, which is converted to the baryon asymmetry via the sphaleron process [72].

As we have seen in the previous sections, the light neutrino mass matrixM⌫L ' U
⇤diag(m1,m2,m3)U †

in the minimal gauged U(1)Lµ�L⌧ model is uniquely determined for a given set of neutrino os-
cillation parameters ✓12, ✓23, ✓13, �m

2
, �m

2, and sign(sin �). Therefore, the mass matrix of
the right-handed neutrino, MR ' �MDM

�1
⌫LMD, is also tightly constrained, having only three

additional free parameters, �e, �µ and �⌧ . Note that these neutrino Yukawa couplings can be
taken to be real and positive by field redefinitions. Therefore, there is no additional phase pa-
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the parameter region has already been disfavored by the Planck limit. We however note that
this bound relies on the standard cosmological history, and thus if some new physics e↵ects
modify the cosmological evolution, then this bound may significantly be relaxed. In any case,
our model predicts a rather large value of the sum of the neutrino masses,

P
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(0.12–0.40 eV) at 1� (2�), which may be probed in future cosmological observations.
These relatively large values of mi open up a possibility of testing this model in neutrinoless

double-beta decay experiments. The rate of neutrinoless double-beta decay is proportional to
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It should be emphasized that, in the minimal gauged U(1)Lµ�L⌧ model, not only the neutrino
masses mi but also the Majorana phases ↵2,3 are uniquely determined as functions of the other
neutrino oscillation parameters. Thus, the value of the e↵ective mass hm��i is also predicted
unambiguously. Note also that this quantity has reflection symmetry with respect to � ! ��

and thus depends only on cos �. In Fig. 4, we show hm��i as a function of ✓23, where the
dark (light) red band shows the uncertainty coming from the 1� (2�) errors in the parameters
other than ✓23. Currently, the KamLAND-Zen experiment gives the strongest bound on hm��i:
hm��i < 0.061–0.165 eV [69] where the uncertainty stems from the estimation of the nuclear
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matrix element for 136Xe. We also show in Fig. 4 the most severe bound from KamLAND-
Zen, hm��i < 0.061 eV, in the black dashed line [69]. As can be seen, most parameter region
predicts a value of hm��i lower than the strongest bound. At 1� (2�) level, this model predicts
hm��i & 0.024 eV (0.017 eV)—this can be within the reach of future neutrinoless double-beta
decay experiments [70].

4 Implications for Leptogenesis

In this section, we discuss the implications of our results for the leptogenesis scenario [71], which
is one of the most attractive mechanisms to explain the origin of the baryon asymmetry of the
Universe. The minimal gauged U(1)Lµ�L⌧ model has three right-handed neutrinos coupled to
the Standard Model leptons, and therefore it contains enough ingredients for the leptogenesis:
the CP-violating decay of the right-handed neutrino in the early universe can generate the lepton
asymmetry, which is converted to the baryon asymmetry via the sphaleron process [72].

As we have seen in the previous sections, the light neutrino mass matrixM⌫L ' U
⇤diag(m1,m2,m3)U †

in the minimal gauged U(1)Lµ�L⌧ model is uniquely determined for a given set of neutrino os-
cillation parameters ✓12, ✓23, ✓13, �m

2
, �m

2, and sign(sin �). Therefore, the mass matrix of
the right-handed neutrino, MR ' �MDM

�1
⌫LMD, is also tightly constrained, having only three

additional free parameters, �e, �µ and �⌧ . Note that these neutrino Yukawa couplings can be
taken to be real and positive by field redefinitions. Therefore, there is no additional phase pa-
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