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Quest for
a New fundamental force

with an emphasis on “Dark gauge interaction”



Dark gauge boson : a gauge boson with very small mass and very small coupling, 
with motivations from the Dark matter physics [e.g. positron excess] and others [e.g. 
gµ-2 anomaly]. 

Dark gauge boson

- Roughly, MeV - GeV scale     
- Extremely weak couplings to the SM particles

         Z’ 
(Dark Force carrier)

(Ex: Dark Photon)



Typical searches for Dark Force exploit the small Z’ coupling to the SM particles 
                                                               (not necessarily using the DM particles). 

Particularly attractive feature: New physics scenario that can be tested 
                                                at both High-E & Low-E experimental facilities. 
  
[Dark force carrier Z’ scale (~GeV)  ≈  1/1000 × Typical new physics scale (~TeV)]

“LHC”“various Low-E Labs”

Dark Force searches in the Labs

Many searches for Dark Force in the Labs around the world (ongoing/proposed).

VEPP (Russia)

KEK (Japan)

BES (China)

Mainz (Germany)
GSI (Germany)

CERN (Europe)
INFN (Italy)

FNAL (USA)
BNL (USA)

JLab (USA)
SLAC (USA)

Orsay (France)



Fundamental forces (interactions) in nature: 
(1) Gravity [Newton, ... in 17C] 
(2) Electromagnetic force [Maxwell, ... in 19C] 
(3) Weak nuclear force [Fermi, Glashow, … in 20C] 
(4) Strong nuclear force [Yukawa, Han & Nambu, … in 20C] 
 ...

Each and every fundamental force made huge 
impact in understanding physical world. 

Discovery of another fundamental force will do 
the same, and bring the revolutionary effects 
in our life.

Hunt for New fundamental force
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Hunt for New fundamental force

New force discovery often followed New matter particle discovery.



(i) Neutrino (to explain energy spectrum in beta decay) [Pauli 1930]


 → Weak Force [Fermi 1934]



(ii) Quark (to explain plethora of hadrons) [Gell-Mann, Zweig 1964]


 → Strong Force of gauged SU(3) [Han & Nambu 1965]



(iii) Dark Matter (to explain galaxy rotation curve) [Rubin 1970’s]


 → Dark Force?



New force may help understanding the New matter particles better.
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Dark Force Models



Kinetic mixing portal (vector portal) to Dark sector

Dark sector gauge symmetry  U(1)dark  
: it may interact with DM, but SM particles have zero charges.

Z’ can couple to SM particles through kinetic mixing of U(1)Y & U(1)dark. 
                                                                                                    [Holdom (1986)]

Lkin = �1

4

Bµ⌫Bµ⌫
+

1

2

"

cos ✓W
Bµ⌫Z 0µ⌫ � 1

4

Z 0
µ⌫Z 0µ⌫

Bµ = cos ✓W Aµ � sin ✓W Zµ

(no direct coupling)

X (couples through SM gauge bosons)
(mixing)

SM

SM

SM

SM

SM

Z’

Z’



(i) Popular Model: “Dark Photon” 

• mass = MeV - GeV 
• coupling = ε×(Photon coupling)

f
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Z ′Z
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Z ′γ

×
ε Types of Dark Force

(ii) New Model: “Dark Z” 

• mass = MeV - GeV        (cf.  Z mass = 91 GeV) 
• coupling = ε×(Photon coupling) + εZ×(Z coupling)

[Davoudiasl, LEE, Marciano (2012)]  

[Arkani-Hamed, Finkbeiner, Slatyer, Weiner 
(2008); and others]

Z’ : couplings to the SM particles are 
        suppressed by small mixing.

(model-dependent)

inherits properties of Z boson like parity violation. 
(different couplings for left/right-handed particles)

[Arkani-Hamed et al (2008); and others]
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Model-dependence in coupling comes from how Z’ gets a mass  (or Higgs sector). 
- Dark Photon: (Example) additional Higgs singlet gives mass to Z’ 

                 coupling = ε×(Photon coupling) 

- Dark Z: (Example) additional Higgs doublet (+ singlet) gives mass to Z’ 
                 coupling = ε×(Photon coupling) + εZ×(Z coupling) 

    (Example) Dark Photon case 
    : Z-Z’ kinetic mixing is cancelled by Z-Z’ mass mixing (which is “induced by 
      kinetic mixing”) at Leading Order. 

                                                       

Higgs structure matters

Dark Force couplings depend on “Higgs sector”. 

( ) (Kinetic mixing diagonalization)
 (Z-Z’ mass matrix diagonalization)

(for Higgs singlet)(depends on Higgs sector)
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Effects of New Model (Dark Z)

‧．   Dark Z        =  Dark Photon with more general coupling. 
‧．Dark Photon  =  a special case of Dark Z  (εZ = 0 limit). 

Some experiments irrelevant to Dark Photon searches become relevant to 
Dark Z searches. They include
  (1) Rare Higgs decay  (Z-Z’ mixing),
  (2) Rare Top decay  (with H± → W Z’s as the dominant H± decay),
  (3) Low-Q2 parity violation  (in Polarized electron scattering),
  (4) Different properties in FCNC meson decays.

ε

Z’ mass

ε
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(Dark Photon) (Dark Z)

Parameter space (Z’ mass and coupling to the SM) is extended from 2D to 3D.

εZ  (Z-Z’ mixing) : parity violating
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Typical Dark Force Searches 
(in Low-energy experiments)



𝑎µ = (gµ - 2) / 2 : Always an important motivation/constraint for New Physics. 

- One of the major motivations for the light Dark gauge boson (Z’). 
- Unlike other motivations, it is independent of the unknown DM properties. 
- It is independent of the Z’ decay BR.
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Green band: explains the 3.6σ deviation in 𝑎µ 
(possibly early hint of Dark Force) 

[Gninenko, Krasnikov (2001); Pospelov (2008)]
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Mostly from the Z’ → 𝓁+𝓁− searches

Constraints on the Parameter Space

With 2014 results: whole green band 
(gµ-2 favored) is excluded now. 
[CERN NA48/2 preliminary (1412.8053)] 

(i) Electron, Muon g-2 
(ii) Beam-dumps 
(iii) Meson (quarkonium) decays 
(iv) e+e- collision (radiation) 
(v) Fixed target experiments

[Dark Photon & Dark Z boson]

[ current constraints]

The claim by BNL PHENIX (1409.0851) 
was withdrawn. 

We need to keep probing the other 
parameter space.
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“Dark gauge boson” physics is a rapidly-developing field. 

Constraints on the Parameter Space

-210 -110 1

-1010

-910

-810

-710

-610

-510

-410

BaBar

MAMI
KLOE

ea

Test
APEX

Full

HPSE774

E141

E137

DarkLight

VEPP3

 A' is 'welcome'
µa

 A' is excluded
µa

 (GeV)Um
-210 -110 1

α'/
α

-1010

-910

-810

-710

-610

-510

-410

[ 2011 constraints and plans] [ current constraints]

Fixed Targets:


dedicated dark photon searches



(3 JLab, 1 Russia) 
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Text

FEL: DarkLight

Hall A: APEX Hall B: HPS

A B C

Free Electron Laser

Dark Photon 
Bremsstrahlung

“Dark Photon” searches


(Fixed target experiments)      

Continuous


Electron Beam 


(up to 12 GeV)

Z’
e

fixed target

Dark Force searches at Jefferson Lab 
                                                         Nuclear/Hadronic Physics Lab

BDX

3 Bump searches (visible) 
+ 1 Beam-dump (invisible)



New Fixed target (Tantalium Z=73) experiment designed for direct Dark Photon 
production/detection.

Example:  A’ Experiment (APEX) at JLab - Hall A
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[APEX Collaboration]

SM bkg
signal

Dark Photon 
Bremsstrahlung

Z’
e

fixed target

Z’ ➞ e+e- narrow resonance at Z’ mass 
(Direct bump search at Low-energy facility). 

The High Resolution Spectrometers (HRS) 
at Hall A are used.



[DarkLight Collaboration]

Free Electron Laser facility at Jefferson Lab 
(e-beam: 100 MeV, 10 mA, 1 MW)

Example:  DarkLight Experiment at JLab - FEL

US Navy’s effort to transition particle accelerator technology to defense system

US Navy’s effort to 
transition particle 

accelerator technology to 
defense system

Electrons incident on 
Gaseous Hydrogens



Beam-dump Experiments

Lsh Ldec

ta
rg
et

shield

d
et
ec
to
r

Ltot

E0

e−
γ ′

Eγ′

e−

e+

    Z’ is produced via Dark Photon bremsstrahlung (like Fixed target experiments). 
    Z’ decays after shield (long-lived Z’: very small mass, very small coupling). 

(Ex) SLAC E141 (1986): 9 GeV e- beam, 10-12cm tungsten shield, 35m decay 
chamber, to search for high-E e+ (from Z’ or Axion) at 0º angle with spectrometer. 
     (Photon converter (using Primakoff effect) can be used for axion->photon.)

In most beam facilities, 
beams are dumped to thick shield 
at the end of the experiments.

[Andreas, Niebuhr, Ringwald (2012)]

Sensitive to beam-dumps


(Long-lived Z’)



Typical Dark Force searches in meson decays are performed in flavor-conserving 
ones with quarkoniums (qqbar-type mesons). 

d

d̄
π

γ

e+

e−γ Z ′
×
ε

Meson decays into Light Z’

π(dd)  ➞  ɣ Z’  ➞  ɣ + dilepton-resonance

Flavor-conserving meson decays 
 π(dd), η(dd) ➞ ɣ Z’ (WASA, HADES, PHENIX, NA48/2) 
 𝝓(ss) ➞ η Z’ (KLOE) 
Υ(bb) ➞ ɣ Z’ (BABAR) 

: Important searches for the Dark Force



Invisibly decaying Dark gauge boson



Z’ → 𝓁+𝓁− is the major decay 
mode in an ordinary scenario.

Visible/Invisible decay of Dark gauge boson

Z’ → 𝝌𝝌 is the major decay mode, 
if 𝝌 (very light dark sector particle) exists.

(i) “Dilepton Resonance” search  (typical search)

(ii) “Missing Energy” (or invisible) search

2 main categories of Dark force search (in terms of the dominant decay modes) : 
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BR(Z’ → MET) ≈ 1 is taken.

[Batell, Pospelov, Ritz (2009)] 
[Falkowski et al (2010)]

Whole green band (gµ-2 favored) is excluded.
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(ii) Missing Energy (Z’ → 𝝌𝝌) searches
a e
!2Σ"

aΜ

aΜ explai
ned

E787#E949

BR!Zd$missing" % 1

Izaguirre et al.
Essig et al.

5 10 50 100 500 10001&10'7

5&10'7

1&10'6

5&10'6

1&10'5

5&10'5

1&10'4

Zd mass #MeV$

!2

[Dark Photon]

In Dark Photon model, small portion of the green band survives the constraints.

Invisibly decaying Dark gauge boson 

(i) K+ → π+ + nothing  (BNL E787+E949)

(ii) e+e− → 𝛾 + nothing  (BABAR)

More constraints through 𝝌 interaction at detectors in some beam-dump experiments 
    are possible, but they depend on the 𝝌 coupling (αD).  (will come back to this later)

[Izaguirre et al (2013); Essig et al (2013)]  

[Pospelov (2009); and others]  
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[Dark Photon] [Dark Z boson]

In Dark Z model, because of the additional term (εZ term), there can be a sizable 
interference in the flavor-changing meson decays. 
The “K ➞ π + Z’ (nothing)” constraints (orange) can be much weaker (1/7 times).

Invisibly decaying Dark gauge boson 

[Davoudiasl, LEE, Marciano (2014)]  
(ii) Missing Energy (Z’ → 𝝌𝝌) searches

More green band survives


in the Dark Z case
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(i) Test experiment at JLab Hall D with low current (0.2 µA). 
(ii) Full experiment at JLab Hall A or C with high current (100 µA).  EOT ~ 1012. 
(iii) Signals: nucleon/electron recoils. 
(iv) 2 scatterings are required to produce and detect. 
(v) BKG from comic rays (neutrons, muons).
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BDX 1000
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Nucleon Scattering Erec > 1 MeV , aD = 0.1 , mc = 10 MeV

scattering to produce Z’


(promptly decaying to 𝝌)

scattering to detect 𝝌


(via Z’)
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Example:  JLab BDX (Beam-Dump eXperiment)
[BDX Collaboration]

(plastic scintillator)
12 GeV

unknown DM coupling

JLab experiment


to test invisibly decaying Z’  

αD



(i) Primarily e-beam (10-300 GeV).  EOT ~ 1012. 
(ii) Detector is hermetic (catching all SM particles except for neutrinos) and 

measures total energy deposit. 
(iii) Test “energy loss” (Missing E) by invisibly decaying Z’.  (Essentially BKG free.) 
(iv) Does not depend on unknown αD (DM coupling). 
(v)  Can search for the visibly-decaying Z’ as well.

Example:  P348 (beam-dump for dark gauge boson) at CERN SPS
[P348 Collaboration]
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Example:  Proton beam-dumps

Originally designed for other purposes (sterile neutrinos, neutrino oscillations), 
but can also search for the dark gauge bosons.

(ii) Fermilab MiniBooNE (Short-baseline neutrino oscillation).    invisible Z’ decays

(i) SHiP (Search for Hidden Particles) at CERN SPS.    visible Z’ decays



Dark force searches through 
Low-Energy Parity Test 

(applying to Dark Z)



- Sensitive only to Low-Q2 (momentum transfer).  

- Low-Q2 Parity-Violating experiments (measuring             ) are good place to look.

Dark Z modifies the effective Lagrangian of Weak Neutral Current scattering. 

“Dark Z” effects on Weak Neutral Current phenomenology

Dark Z effectively changes the weak neutral current scattering 
(including parity), but only for the “Low” momentum transfer (Q).
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 [Davoudiasl, LEE, Marciano (2012)] 
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← Theory Center 


& etc.

Low-Q2 polarized electron scatterings 

“Dark Z” searches


(2 more experiments relevant to Dark Force searches)    
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Low-Q2 polarized electron scatterings 

“Dark Z” searches


(2 more experiments relevant to Dark Force searches)    
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Free Electron Laser
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3 Bump searches (visible) 
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Dark Force searches at Jefferson Lab 
                                                         Nuclear/Hadronic Physics Lab

BDX
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JLab Qweak, Moller experiments: 
 originally proposed as an economic way (compared to High-E experiments) 

for precision test of the SM parity violation (             ). 

Our works [PRD 85 (2012), PRL 109 (2012)] first pointed out 
Low-Q2 polarized electron scatterings (Qweak, Moller, ...) can be used 

to search for a certain type of Dark Force. 
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For the Low-Q2 Parity Test (measuring Weinberg angle), we can use 
(i) Atomic Parity Violation  (Cs, Ra+, …) 
(ii) Low-Q2 Polarized Electron Scattering  (E158, Qweak, MESA P2, Moller, …) 

  independent of Z’ decay BR  (good for both visibly/invisibly-decaying Z’).

Deviations from the SM prediction (due to Dark Z) 
can appear “only” in the Low-E experiments.
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(Example) 
For invisibly-decaying Dark Z. 

Colored regions are predictions 
for the Weinberg angle shift by 
the 𝝙𝑎µ solution (green band).

 [Davoudiasl, LEE, Marciano (2014)] 



Implications for the LHC 
(High-E searches for a New light particle)



Size: 27 km circumference (about 100 m underground) 
Cost: about 10 billion dollars + 1 billion / year 
Manpower: over 10,000 scientists and engineers

Dark Force at Large Hadron Collider (LHC)? 
in Geneva, Switzerland

SM-like Higgs boson (mass ~ 125 GeV) was discovered 
at the LHC experiments (in 2012) using 13b dollars. 
Next step: Precision study (detailed decay modes, ...) F. Englert  (Belgium)  and  P. Higgs (UK)

2013 Nobel prize winners

SPS 
(400 GeV)
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(Ex) Looking for displaced “Lepton-Jet” 
objects (from boosted Z’ → 𝓁+𝓁−) in a 
Hidden sector model.

 [ATLAS 1409.0746] 
(Lepton-Jet: Highly collimated leptons in a small cone R < 0.1 
                    without nearby hadronic activity)

Dark force searches at the LHC

 [Falkowski et al (2014)] 
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Dark force searches at the LHC
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(Ex) Dark Z produced via decays of heavy particles.

(i) Look for a narrow dilepton resonance or LJ (for visibly-decaying Z’),


or (ii) Employ a kinematic method (for invisibly-decaying Z’).

 [KC Kong, LEE, M Park (2014)]  [D Kim, LEE, M Park (2014)] 
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‧．Signal:  H ➞ Z Z’ ➞ 4-leptons                                                                                                   
‧．Major BKG:  Z ɣ*,  H ➞ Z Z* 

The LHC can search for Dark 
Force too (even without producing 
Dark sector particles).

[ Higgs ➞ Z Z’   in Dark Z model ]

[ Reconstructed Z’ events after some cuts ] 

“signal peak”

“BKG”

mℓℓ (GeV)

H

Z

Z ′

Z ×
εZ

             
[Davoudiasl, LEE, Lewis, Marciano (2013)] 

 (Z-Z’ mixing)

Higgs-to-Dark decay at the LHC

(125 GeV)



              [KC Kong, LEE, M Park (2014)] 
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W +

 Good chance of New physics in Top (173 GeV) decay.  
  [Current top decay BR have O(10%) uncertainty.] 

 Top may decay into Z’ (through a light charged Higgs) 
 t ➞ bH+ ➞ bW + Z’s   (on-shell decay) 
  : dominant top decay products (bW) + elusive Z’s 
      [easily mis-identifiable as t ➞ bW]
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(Ex) With Lepton-jet analysis 
        for BR(t ➞ bW + Z’) = 10-3 and 
             BR(Z’  ➞ℓℓ) = 0.2 

We suggest re-analysis of the existing 
8 TeV t tbar data (Ltot = 20 fb-1) may give 
you a discovery (at 15σ level) now! 

Top-to-Dark decay at the LHC



             
 [D Kim, LEE, M Park (2014)] 

Top-to-Dark decay at the LHC (invisibly-decaying case)
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To search for the invisibly-decaying Z’, one can use a kinematic method.

(ex) M2 method: (i) Apply kinematic variables 
designed for symmetric events. (ii) It evokes a 
contradiction for asymmetric events.
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(i) g-2 : 3.6σ deviation in 𝑎µ may be explained by the Dark gauge boson (Green band). 

(ii) Z’ → 𝓁+𝓁− : Direct bump searches.  (Green band is closed now.) 

(iii) Z’ → invisible : Requires light Dark particles (m𝝌 ≲ mZ’/2).  (Green band survives.) 

(iv) Low-Energy Parity Test  (APV, Polarized Electron Scattering) :  
                                    Another excellent probe.  It is independent of Z’ decay BR 
                                    and a small axial coupling may be present (Dark Z model). 
(v) LHC searches : Decay from heavy particles (more model-dependent).

“Dark gauge boson (MeV-GeV scale) searches” include
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Some other aspects



Extended range of parameters (of Dark Photon )

Limited area


discussed



in this talk

[Jaeckel (2013)]
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(i) Extremely light Z’ 
    (invisible)

(iii) Heavy Z’ 
      (traditional)

(ii) Typical Dark photon 
      (MeV - GeV)

Different regions of parameter space require different kinds of experiments to explore.



Long-range lepton flavor interactions and neutrino oscillations
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Recent results from the MINOS accelerator neutrino experiment suggest a possible difference between

!" and !!" disappearance oscillation parameters, which one may ascribe to a new long-distance potential

acting on neutrinos. As a specific example, we consider a model with gauged B! Le ! 2L# number

that contains an extremely light new vector boson mZ0 < 10!18 eV and extraordinarily weak coupling

$0 & 10!52 (or larger mZ0 if cosmology bounds on neutrino decay apply). In that case, differences

between !" ! !# and !!" ! !!# oscillations can result from a long-range potential due to neutrons in the

Earth and the Sun that distinguishes !" and !# on Earth, with a potential difference of "6# 10!14 eV,
and changes sign for antineutrinos. We show that existing solar, reactor, accelerator, and atmospheric

neutrino oscillation constraints can be largely accommodated for values of parameters that help explain

the possible MINOS anomaly by this new physics, although there is some tension with atmospheric

constraints. A long-range interaction, consistent with current bounds, could have very pronounced effects

on atmospheric neutrino disappearance in the 15–40 GeV range that will be studied with the IceCube

DeepCore array, currently in operation, and can have a significant effect on future high-precision long-

baseline oscillation experiments that aim for $1% sensitivity, in !" and !!" disappearance, separately.

Together, these experiments can extend the reach for new long-distance effects well beyond current

bounds and test their relevance to the aforementioned MINOS anomaly. We also point out that long-range

potentials originating from the Sun could lead to annual modulations of neutrino data at the percent level,

due to the variation of the Earth-Sun distance. A similar phenomenology is shown to apply to other

potential new gauge symmetries such as L! 3L# and B! 3L#.

DOI: 10.1103/PhysRevD.84.013009 PACS numbers: 14.60.Pq, 12.60.!i, 13.15.+g

I. INTRODUCTION

Neutrino flavor oscillation experiments have provided
some of the most direct and robust indications of physics
beyond the standard model (SM). Solar, atmospheric, re-
actor, and accelerator data all point to the conclusion that at
least two active neutrinos have tiny but nonzero masses of
up to order 0.1 eV, whose generation requires extending the
SM. We refer the interested reader to Refs. [1,2] for a
review of the extensive literature on neutrino oscillation
physics. Given the smallness of neutrino mass differences,
even minute perturbations to the time evolution of flavor
eigenstates, caused by feeble differences of interactions
of neutrinos with background sources, can produce
measurable departures from vacuum oscillations. For ex-
ample, these effects can be caused by the short-distance
electroweak interactions of neutrinos with solar or
terrestrial electrons, referred to as the Mikheev-Smirnov-
Wolfenstein (MSW) effect [3,4]. The sensitivity of
neutrino oscillations to such small effects makes them a
good probe of new physics that violates !e ! !" ! !#

universality [5]. Hence it is interesting to look for
unexpected effects in neutrino data.

Recently, measurements at the MINOS experiment [6]
have resulted in different inferred values for differences of
squared masses and mixing angles

j"m2
23j ¼ 2:35þ0:11

!0:08 # 10!3 eV2; sin2ð2%23Þ ¼ 1:00

(1)

[where sin2ð2%23Þ ¼ 1:00 is the best fit value, while
sin2ð2%23Þ> 0:91 at 90% confidence level] and

j" !m2
23j ¼ 3:36þ0:45

!0:40 # 10!3 eV2;

sin2ð2 !%23Þ ¼ 0:86$ 0:11 (2)

in !" and !!" disappearance, respectively. The above
MINOS results have revived some interest in long-range
interactions (LRIs) [7] that can cause disparities between
neutrinos and antineutrinos. For other related works on the
MINOS anomaly, see, for instance, Refs. [8–10].
The possibility of new long-range forces was discussed

in the pioneering work of Ref. [11], and subsequently
considered as an alternative way to explain apparent CP
violating effects in K meson decays [12,13]. Note that the
disparity in the oscillation parameters for neutrinos
and antineutrinos, as suggested by the MINOS results (1)
and (2), can be ascribed to an apparent violation of CPT
[14]. However, in what follows we will assume that CPT is
conserved in vacuo and consider the possibility that the
MINOS result could be a hint of a new LRI. Eötvös-type
[15] tests of gravity place stringent bounds on these
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Extremely light Z’ case

An extremely light Z’ with a flavor-dependent interaction


to explain the 2010 MINOS anomaly in neutrino oscillation. 𝛎

anti-𝛎

[MINOS  2010]
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We suggest a U (1)′ gauge symmetry as an alternative to the usual R-parity of supersymmetric standard
models, showing that it can also work as a common source of stabilities of proton and dark matter
in addition to other attractive features. The residual discrete symmetries of a single U (1)′ can provide
stabilities to both the MSSM sector (proton) and the hidden sector (new dark matter candidate, LUP).
The LUP can expand the viability of many models such as R-parity violating models and gauge mediation
models regarding dark matter issue.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

It is now an established fact that matters in our Universe is
composed of visible world as well as dark world. Large scale struc-
tures of both worlds depend on stabilities of building blocks such
as proton and dark matter.

TeV scale supersymmetry (SUSY) is a well-motivated new
physics scenario which resolves the gauge hierarchy problem of
the Standard Model (SM). Mere supersymmetrization of the SM
allows lepton number (L) and baryon number (B) violations at
renormalizable level, and there is no guaranteed stabilities for pro-
ton and dark matter candidate. Further, the µ-problem associated
with two Higgs doublets arises [1]. While a complete solution to
theses issues may exist only at higher scale physics such as grand
unified theory, it would be worth seeking if a stand-alone TeV scale
physics model can be constructed describing the world without ap-
parent problems. We take this bottom up approach and discuss the
SUSY companion symmetry manifest at TeV scale that can resolve
the problems of SUSY models.

R-parity is a strong candidate for this companion symmetry
since it addresses stabilities of building blocks of both worlds with
one discrete symmetry, and the R-parity conserving Minimal Su-
persymmetric Standard Model (MSSM) has been the most popular
TeV scale SUSY model. However, R-parity lacks some features to
be a fulfilling TeV scale SUSY companion symmetry. While the R-
parity provides absolute stability to the lightest superparticle (LSP)
dark matter candidate, it still allows too fast proton decay with
dimension five operators (such as Q Q Q L and U c U c Dc Ec) [2]. Fur-
ther, it forbids both L violating and B violating terms completely
at renormalizable level, which would be unnecessary if the dark
matter is not the LSP.

E-mail address: hlee@phys.ufl.edu.

TeV scale Abelian gauge symmetry U (1)′ [3] may be a phe-
nomenologically more attractive companion symmetry for the TeV
scale SUSY model. The µ-problem can be solved very naturally [4],
and it can further prevent dimension five proton decay operators.
Though one can adopt both the R-parity and the U (1)′ together, it
would be more economical and desirable if one symmetry can ad-
dress all aforementioned issues. While the R-parity itself may be
embedded in the TeV scale U (1)′ , we will consider the R-parity
violating case to contrast the U (1)′ with the R-parity and to fully
exploit the experimentally allowed possibilities.

R-parity violating terms are allowed while ensuring the proton
stability among the MSSM fields due to the automatic LV–BV sep-
aration found in the model, which prevents coexistence of the L
violating terms and B violating terms [5]. When a U (1)′ gauge
symmetry is introduced, it may bring two other things: residual
discrete symmetries and exotic fields for anomaly cancellation. The
exotics in general may regenerate fast proton decay [2], but with
help of the residual discrete symmetries of the model identified in
Ref. [6], the proton stability can be ensured even with TeV scale
exotics. However, decay of the LSP in the absence of the R-parity
may be a serious shortcoming of the model since the dark world
stability is not guaranteed.

In Ref. [7], a residual Z2 discrete symmetry (U -parity) of the
U (1)′ was proposed as a discrete symmetry among the fields
which are singlet under the GSM = SU (3)C × SU (2)L × U (1)Y . The
lightest U -parity particle (LUP) is stable, and is a new dark mat-
ter candidate. An independent R-parity was assumed in Ref. [7] for
the proton stability at renormalizable level on top of the U -parity.
It was numerically illustrated that this multiple (LSP and LUP) dark
matters scenario can explain both relic density and direct detection
constraints easily.1

1 For another example of multiple dark matters analysis, see Ref. [8].

0370-2693/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2008.03.065

R-parity (dual role): stable proton & stable LSP DM

TeV-scale Z’ case

introduced to solve µ-problem



Review of selected topics in Z′

Annihilation channels for the Hidden sector DM under Z6 = B3 × U2

1. DM+DM→ Z ′ → ff̄

2. DM+DM→ Z ′ → f̃ f̃ ∗ → SM particles (no R-Parity)

Hidden sector DM connected by Z ′ can satisfy both the relic density and direct
detection constraints. (More annihilation channels open as more superpartners
are kinematically allowed.)

KIAS Phenomenology Workshop (2011) Hye-Sung Lee

Typical hidden sector DM with Z’ 
[LEE, Matchev, Nasri (2007)] 

DM mass (GeV)

DM mass (GeV)

DM mass (GeV)

LUP dark matter 
(with mZ’ ~ TeV-scale)



Collider searches of Heavy Z’

The heavy Z’ search using Drell-Yan process is a 
standard program at High-E collider experiments. 

Current ATLAS, CMS bounds: mZ’ > 2.5 - 2.9 TeV. 
(assumption: Z’ coupling size ~ SM coupling size.)

[ATLAS 1405.4123] 

Current lower bounds on Z’ mass



Extended range of parameters (of Dark Photon )

[Jaeckel (2013)]
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O($10b) search



What does our world look like?

Do we know what the world looks like, leaving some directions unexplored?

Concluding remarks



- Thank you -

We don’t know what the world looks like


before we explore all directions.

What does our world look like?
Concluding remarks


