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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
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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 / 14
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(leading)
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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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To fit the observed discrepancy

gnew ≈ gweak and MX ≈ MW
(gnew ≈ 10-3 and MX ≈ M!)

gnew

MX

Strong-heavy

Weak-light
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Lagrangian Kinetic mixing w/ SM gauge boson

New gauge int. for # and $
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l Z’ can give a sufficient amount of 
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Baek, Deshpande, He, Ko (01)

> 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)
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(LbL)

[RdRV]               105          (26)*

              116          (39)
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(LbL) [NJN]

              105          (26)*

              116          (39)

�
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X
New Particle

gnew gnew

FIG. 1. The parameter region which explains the muon anomalous magnetic moment within the

1� (red) and the 2� (pink) ranges. The dark blue, gray and cyan shaded regions are excluded by

the neutrino trident production experiments [38], neutrino-electron scattering experiments [12, 13]

and µ+µ�
pair production searches associated with Z 0

decaying into µ+µ�
[39] (Similar figure is

given in [46].), respectively.

In Fig. 1, we show the parameter region which explains the muon anomalous magnetic mo-

ment within the 1� range as a red band. The figure shows that the discrepancy of the

muon anomalous magnetic moment can be resolved for gZ0 ⇠ 5 ⇥ 10�4 for mZ0 ⌧ mµ and

gZ0 ⇠ 5⇥ 10�3(mZ0/1GeV) for mZ0 � mµ.

In what follows, we summarize constraints on the Lµ � L⌧ gauge theory. Most of them

are listed in Ref. [46] although we update constraints from the neutrino interactions.

B. Neutrino Trident Production

The results of the searches for the neutrino trident production, ⌫µ+N ! ⌫µ+N+µ++µ�,

put severe constraints on the Lµ � L⌧ model where N denotes a target nucleus [38]. In the

SM, the neutrino trident production is mediated by the W and Z boson exchanges. Simi-

larly, the Z 0 exchanges also contribute to the neutrino trident production. The production

5

Ibe, Nakano, Suzuki (16)

“weakly” interacting low mass Z’
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Global U(1)!-" ?
l No Z’ boson
l Flavor charged scalars?
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New scalars

Chirality enhancement!!



Global U(1)!-" and a!
l No Z’ boson
l Flavor charged scalars?
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#$% #%$
New scalars

U(1) breaking is NOT necessary!!
Chirality enhancement!!



Global U(1)!-" and Mv
l Large neutrino mixing

FLASY, Jul. 22-27, 2019 Koji Tsumura (Kyoto U.)

Choubey, Rodejohann (05)
Ota, Rodejohann (06)



Global U(1)!-" and Mv
l Large neutrino mixing

l Symmetry breaking by S
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Global U(1)!-" and Mv
l Large neutrino mixing

l Symmetry breaking by S
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Choubey, Rodejohann (05)
Ota, Rodejohann (06)

ü Fit with v oscillation data
ü Massless NGB Explicit U(1)!-" breaking : Zn



Zn flavor symmetries
Zn subgroup of U(1)!-"

FLASY, Jul. 22-27, 2019 Koji Tsumura (Kyoto U.)

For n≧5, global U(1)!-" is  recovered



Zn flavor symmetries
Zn subgroup of U(1)!-"
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Φ and Φ are identical

Candidates for the Minimal Model
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Zn conserving Yukawa int.
Structure of Yukawa int.
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No distinction btw H and Φ
(Φ tends to have VEV)

Source of LFV

Candidates 
for the Minimal Model



Minimal Model

FLASY, Jul. 22-27, 2019 Koji Tsumura (Kyoto U.)



Z4 model
l Z2 symmetric 2HDM
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Z4 model
l Z2 symmetric 2HDM

l Positive mass square for Φ
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$, %



Z4 model and a!
l Muon g-2
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"#$ "$#

%, &

'( = *++ ,-.
/0 = +. 2, /4 = +. 2
"#$ = +. *, "$# = +. *

Muon g-2

ü Chirality Enhancement
ü Mass splitting btw ρ and η
ü Large Yukawa (w/ heavy scalar)



Z4 model @ LHC
l EW pair production and
(Slepton mass bound w/ massless neutralino)
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!" = $%% &'(
)* = %. ,, ). = %. ,
/01 = %. $, /10 = %. $

Muon g-2
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Figure 7: Observed and expected exclusion limits on SUSY simplified models for chargino-pair production with
(a) W boson mediated decays and (b) slepton/sneutrino mediated decays, and (c) for slepton-pair production. The
observed (solid thick red line) and expected (thin dashed blue line) exclusion contours are indicated. The yellow band
corresponds to the ±1� variations in the expected limit, including all uncertainties except theoretical uncertainties in
the signal cross-section. The dotted lines around the observed limit illustrate the change in the observed limit as the
nominal signal cross-section is scaled up and down by the theoretical uncertainty. All limits are computed at 95% CL.
The observed limits obtained by ATLAS in previous Run-1 and Run-2 searches are also shown (grey areas) [23, 24].
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Mφ ≳ 700 GeV



Z4 model and EW precision Test
l Peskin-Takeuchi’s T parameter
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EWPT

Muon g-2 (favored)

!5=+!4!5=-!4

ü EWPT favors mass degeneracy



Z4 model and Theory constraints
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Triviality

Λ = 102TeV

Stability



LHC bound revisited
l Cascade decay 
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Slepton mass bound cannot be applied

!" = $%% &'(
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Low mass solution possible



Lepton Universality Violation

lτ Michel decay @ Tree

l Z decay @ 1-loop
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φ±
!

"#

"!

#

ਤ 24 Feynbman diagrams of the loop corrections to Z boson leptonic decays.

δgτL = aτL + s2W bτL, δgτR = aτR + s2W bτR (381)

aτL =
|yµτ |2

2(4π)2

[
−1

2
BZ(ξρ)−

1

2
BZ(ξη)− 2CZ(ξρ, ξη)

]
, (382)

bτL =
|yµτ |2

2(4π)2

[
BZ(ξρ) +BZ(ξη) + C̃Z(ξρ) + C̃Z(ξη)

]
, (383)

aτR =
|yτµ|2

2(4π)2

[
2CZ(ξρ, ξη)− 2CZ(ξφ, ξφ) + C̃Z(ξφ)−

1

2
C̃Z(ξρ)−

1

2
C̃Z(ξη)

]
(384)

bτR =
|yτµ|2

2(4π)2

[
BZ(ξρ) +BZ(ξη) + 2BZ(ξφ) + C̃Z(ξρ) + C̃Z(ξη) + 4CZ(ξφ, ξφ)

]
(385)

where ξa ≡ m2
a/m

2
Z and the loop functions BZ(ξ), C̃Z(ξ) and CZ(ξ1, ξ2) are defined by [10]

BZ(ξ) ≡− 1

4
+

1

2
log ξ, (386)

C̃Z(ξ) ≡
1

2
− ξ(1 + log ξ) + ξ2

[
log ξ log

(
1 + ξ

ξ

)
− Li2

(
−1

ξ

)]

− iπ

2

[
1− 2ξ + 2ξ2 log

(
1 + ξ

ξ

)]
, (387)

CZ(ξ1, ξ2) ≡− 1

2
lim
ϵ→0

∫ 1

0
dx

∫ 1−x

0
dy log(xξ1 + yξ2 − xy − iϵ). (388)

As the same way, we can derive the loop corrections to muon and Z-boson couplings, which is obtained by

replacing yµτ ↔ yτµ.

δgµL = aµL + s2W bµL, δgµR = aτR + s2W bµR, (389)

aµL =
|yτµ|2

2(4π)2

[
−1

2
BZ(ξρ)−

1

2
BZ(ξη)− 2CZ(ξρ, ξη)

]
, (390)

bµL =
|yτµ|2

2(4π)2

[
BZ(ξρ) +BZ(ξη) + C̃Z(ξρ) + C̃Z(ξη)

]
, (391)

aµR =
|yµτ |2

2(4π)2

[
2CZ(ξρ, ξη)− 2CZ(ξφ, ξφ) + C̃Z(ξφ)−

1

2
C̃Z(ξρ)−

1

2
C̃Z(ξη)

]
(392)

bµR =
|yµτ |2

2(4π)2

[
BZ(ξρ) +BZ(ξη) + 2BZ(ξφ) + C̃Z(ξρ) + C̃Z(ξη) + 4CZ(ξφ, ξφ)

]
(393)

C̃Z(ξ)ͷදࣜʹݱΕ͍ͯΔ Li2(z)͸ dilogarithmͰ͋Δɻؔ਺͸ɺ૯࿨Λ༻͍ͨදࣔͰ͸

Li2(z) =
∞∑

k=1

zk

k2
, (394)
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Constraints on Yukawa plane
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Muon g-2
(favored)

τdecay

Z decay
(1-loop)

Z decay
(1-loop)

!" = 0.01, !( = −1.00



Constraints on Yukawa plane
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Stability
(RGE w/ Λ=102TeV)

!" = 0.01, !( = −1.00



Signals ?
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Collider signature
l μ-τ specific scalar from EW pair production
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ρ, η, φ±!, Z, W±

Clear Mτμ signal with small LFV BG



Summary
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Summary
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à 3.7σ anomaly

à Z4 symmetry w/ 1 more scalar doublet

!"# !#"

$, %

ρ, η, φ±&, Z, W±

(Chirality enhancement)
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Z4 model and Mv
l Large neutrino mixing

l Symmetry breaking by S
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Choubey, Rodejohann (05)
Ota, Rodejohann (06)

Figure 7: Feynman diagrams for neutrino mass generation through seesaw mechanism

under the Z4 flavor symmetry.

Here, we take λ2 = λ3 = 0.5 at the Z boson mass scale as an initial condition of the

renormalization group equation. Note that if smaller couplings λ2 and λ3 are assumed,

the bound of the potential stability becomes stronger as we expect from Eq. (8).

In Fig. 6, we show the parameter space in the (yµτ , yτµ) plane by fixing the scalar

masses mρ, mη and mφ. The positive Yukawa coupling yµτ is chosen without loss of

generality. We here concentrate on the case with negative values of λ5, which is favored

by the muon g − 2 anomaly together with a positive value of yτµ. At the same time,

we assume a negative λ4 + λ5 for mφ = 200 GeV. This parameter choice allows the

cascade decay of the charged scalar to other scalars, and therefore we can avoid the

strong constraint on the charged scalar mass from the LHC slepton search. The purple

region can accommodate the muon g − 2 anomaly at 2σ CL, while the orange and light

blue region are excluded by the lepton universality of the Z boson decays and the charged

lepton decays, respectively. The constraint of the electroweak precision tests is satisfied

in all the plots, which does not depend on the Yukawa couplings. One can see from Fig. 6

that the constraint of the charged lepton decays (light blue) is always stronger than that

of the Z boson decay (orange) when the Yukawa couplings are same order (yµτ ∼ yτµ).

This is due to the the tree level correction given by Eq. (23). In contrast, when the

Yukawa couplings are hierarchical, one of the loop corrections for the charged lepton and

Z boson decays becomes stronger. The gray region surrounded by the dot-dashed line

shows the bounds of the potential stability. In fact, the potential stability bounds are

slightly stronger than the triviality bounds. This is because we take the negative quartic

couplings λ4 and λ5 at the electroweak scale, and the Yukawa couplings involved in the

βλ4 and βλ5 make λ4 and λ5 further negative at the cut-off scale if the Yukawa couplings

are O(1). As a result, it conflicts with Eq. (8) at the cut-off scale. Note that this bound

is relaxed if a smaller cut-off scale Λ is assumed.

13

Induced VEV for Φ



Muon EDM
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Im #$%#%$ = 1.00
(Depend of Imaginary Part, Not guaranteed)


