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⼒はゲージ原理によって記述される

 ゲージ原理︓時空点に依存する場の変換に対して、理論が不変であるべし。

例︓スカラー場の量⼦電磁⼒学︓局所U(1)対称性



⼒はゲージ原理によって記述される

例︓スカラー場の量⼦電磁⼒学︓局所U(1)対称性

共変微分

 ゲージ原理︓時空点に依存する場の変換に対して、理論が不変であるべし。



⼒はゲージ原理によって記述される

例︓スカラー場の量⼦電磁⼒学︓局所U(1)対称性

共変微分

相互作⽤(⼒)の形を決定

局所対称性 ⇔ ゲージ粒⼦

 ゲージ原理︓時空点に依存する場の変換に対して、理論が不変であるべし。



量⼦電磁⼒学

Aoyama, Hayakawa, Kinoshita, Nio, PRL109 (2012)

g/2(theo) = 1.001 159 652 181 78 ± 0.000 000 000 000 77 
g/2(exp)  = 1.001 159 652 180 73 ± 0.000 000 000 000 28 

12672個のファインマン図の中の⼀部



⾃然界に存在する４つの⼒

強い⼒︓局所 SU(3)
グルーオン

電弱⼒︓局所 SU(2)L×U(1) Y

弱い⼒︓SU(2)（broken）
W±, Z

電磁気⼒︓局所 U(1)em

光⼦

重⼒︓局所ローレンツ対称性
（重⼒⼦）

Utiyama (1956)

対称性の⾃発的破れ

Glashow (1961); Weinberg (1967); 
Salam (1968)

Higgs (1964); 
Englert, Brout (1964)

素粒⼦の標準理論

第５の⼒は存在するのか︖
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New U(1) Symmetry

 Simplest possibility for the 5th force comes from a new local U(1) symmetry:

 Grand unified theories naturally introduce such a new U(1) symmetry
Hartmann, Kilian, Schunitter, 1401.7891

SO(10)

 U(1)new naturally introduces RHνs. 

Seesaw mechanism

 U(1)new breaking can be common origin 
of ν-masses, stability of DM and BAU.

Matsui, Nomura, KY, 2303.00417



Anomaly cancellation

 Gauge anomaly should be cancelled for the consistent QFT. 

p1

p2p3

=0
SU(3)c×SU(3)c×U(1)X

SU(2)L×SU(2)L×U(1)X

U(1)Y×U(1)Y×U(1)X

U(1)Y×U(1)X×U(1)X

U(1)X×U(1)X×U(1)X

Grav.×Grav.×U(1)X

3 of 4 equations are independent. 
→ 3 charges determined, e.g.,

U(1)X charges for SM fermions and RHN. 



Anomaly cancellation

 Gauge anomaly should be cancelled for the consistent QFT. 

p1

p2p3

=0
SU(3)c×SU(3)c×U(1)X

SU(2)L×SU(2)L×U(1)X

U(1)Y×U(1)Y×U(1)X

U(1)Y×U(1)X×U(1)X

U(1)X×U(1)X×U(1)X

Grav.×Grav.×U(1)X

*If no RHν, hypercharge (X = Y) 
or trivial case (X = 0) is allowed.
→ Non-trivial U(1)X requires RHν︕

U(1)X charges for SM fermions and RHN. 



Yukawa interactions

 We also need to care about the compatibility of the Yukawa interactions.

 If we further require the Majorana mass for RHNs, 
we need a SM singlet Higgs Φ and its Yukawa interaction: 



U(1)X charges

 All charges are expressed by 2 (3) free parameters in Majorana (Dirac) case.



U(1)X charges

 We can choose the Higgs charges as input. 

These U(1)X charges can also be expressed by the linear combination of 

 If we allow flavor dependent charges, we have the other possibilities: 

Qi (Li): i-th flavor of the quark (lepton) number



New gauge boson
 A new gauge boson Zʼ appears in models with new U(1) symmetry. 

Zʼ

Massless 
(Unbroken U(1) case)

Massive 

Stueckelberg mechanism 

Higgs mechanism 

Stueckelberg (1938)

e.g., U(1)B-L case → gB-L < 10-24
Heeck, 1408.6845

Special case of the Higgs mechanism 
(Higgs decoupled from the theory)

 Minimal Higgs sector: H + Φ (SM singlet)

Highly constrained by tests of the equiv. theorem

Zʼ Zʼ

<Φ> <Φ> <Φ> <Φ>

ΦΦPhenomenology with Zʼ and Φ is important!

Common origin
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U(1)X model

 Symmetry: SM gauge symmetry × U(1)X

 Particles: SM + νR + Φ + Zʼ

 Lagrangian:

where

Non-unitary transformation:
Holdom (1985)

with



Gauge sector
 Neutral gauge bosons: 2 of 3 get masses from <H> and <Φ> and mixed:

 Electroweak rho parameter: 

ρexp – 1 ~ 10-3 |δ| ≾ 0.01

Photon

 Dark photon limit: 

=Zμʼ Aμ



Scalar potential

 General potential

 Scalar mixing

 Parameters

SM-like 

The SM-like Higgs (h) couplings are universally suppressed by cos α.

~246 GeV ~125 GeV

c.f. 5 real + 8 comp. 
parameters in a model 
w/o U(1) symmetry. 



Higgs decays (for mh > mΦ)
 SM-like Higgs (New modes)

Zʼ 

Zʼ

h

Zʼ 

Z

Zʼ 

γ

h

∝ δ ∝ δ/16π2

Zʼ 

Zʼ

SM

SM

 New Higgs



B-L like vs. dark photon 

h

Zʼ 

Zʼ 

Zʼ h

Zʼ 

Zʼ 

Zʼ 

 B-L like scenario

 Dark photon scenario

Higgs decay is suppressed by the severe constraints on gX

Higgs decay is NOT suppressed, because gx is not constrained. 



Higgs decays

h

Gʼ

Gʼ

h

Equiv. theorem

Nomura, KY, 2407.20742 [hep-ph]



Higgs decays
Nomura, KY, 2407.20742 [hep-ph]
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Current constraints (Dark photon case)
2005.01515
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Current constraints (Dark photon case)
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Scenarios
Masses of Zʼ & Φ

100 GeV

1 GeV

10 MeV

h

Excluded by beam dump 
or cosmology

High mass region

Middle mass region

Low mass region



Low mass region
Masses of Zʼ & Φ

100 GeV

1 GeV

10 MeV

h

Excluded by beam dump 
or cosmology

High mass region

Middle mass region

Low mass region

h

Zʼ

Zʼ

h

Highly boosted → Multi-lepton jets



100 GeV

1 GeV

10 MeV

h

Excluded by beam dump 
or cosmology

High mass region

Middle mass region

Low mass region

W

Texono

NA62

Masses of Zʼ & Φ

h
X

X

Higgs decays into invisible or BSM 

2103.15389

0911.1597

2301.10731 (ATLAS)
2201.11585 (CMS)

Low mass region



Low mass region 
Nomura, KY, 2407.20742 [hep-ph]



Middle mass region
Masses of Zʼ & Φ

100 GeV

1 GeV

10 MeV

h

Excluded by beam dump 
or cosmology

High mass region

Middle mass region

Low mass region

Multi-lepton events

h h



Masses of Zʼ & Φ

100 GeV

1 GeV

10 MeV

h

Excluded by beam dump 
or cosmology

High mass region

Middle mass region

Low mass region

Higgs decays into 4l 2110.13673 (ATLAS)
2111.01299 (CMS)

X

X
h

Multi-lepton searches

2107.00404 (ATLAS)

Middle mass region



Middle mass region
Nomura, KY, 2407.20742 [hep-ph]



Summary on low and middle mass cases
Nomura, KY, 2407.20742 [hep-ph]



Lepton jet signatures

z(beam dir.)

x

y

Higgs boson generated



Lepton jet signatures
Li, Nomura, KY, Preliminary

h

Zʼ

Zʼ



h → 4Zʼ → 8e
Li, Nomura, KY, Preliminary



Selection rules

Sel. 1

Sel. 2

Sel. 3



Current limit at LHC 
Li, Nomura, KY, Preliminary



Future limit at HL-LHC
Li, Nomura, KY, Preliminary



Conclusion

 A new U(1) gauge symmetry appears in various new physics scenarios.  

 The Higgs boson can decay into 2Zʼ or 4Zʼ , which can be smoking gun 
for the new force. 

 O(1)% BRs are allowed in the dark photon model, 
where multi-lepton jets are expected at low mass (≲ GeV) region. 

 Lepton jet signatures can explore the Higgs BRs up to ~10-6 – 10-7

at HL-LHC. 


