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Motivation

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Anomalous magnetic moment of the muon:

Figure 2: Lowest-order SM corrections to to aµ. From left to right: QED , weak and

hadronic.

where g is the gyromagnetic ratio, q = ±e is the electric charge of a given

charged particle, and m its mass. In classical quantum mechanics, g = 2.

However, loop corrections calculable in quantum field theories such as the SM

yield small corrections to this number, as shown in Fig. 2. These corrections are

parametrized in terms of aµ = (gµ � 2)/2, referred as the anomalous magnetic

moment which has been calculated since the 1950s [1]. Ever since, a great deal

of e↵ort has been put forth to determine the SM prediction including higher

orders of perturbation theory [5–13]. Considering SM contributions up to three

orders in the electromagnetic constant, one finds:

aSM
µ = 116591802(2)(42)(26)⇥ 10�11 [2]

aSM
µ = 116591828(2)(43)(26)⇥ 10�11 [14].

(2)

The di↵erence central values are due to di↵erent results found for the hadronic

vacuum polarization contributions. The three errors in parenthesis account for

electroweak, lowest-order hadronic, and higher-order hadronic contributions,

respectively [15].

Moreover, there is a great e↵ort ongoing to reduce the theoretical errors [16–

52]; however, calculating the SM contribution to aµ is still a burden with large

uncertainties arising [53, 54] most prominently from hadronic light-light correc-

tions [47, 55–60].

Since the SM prediction to the muon anomalous magnetic moment is pro-

portional to the electromagnetic constant, it is also important to measure the

latter to a high precision. Up to now the electromagnetic constant is obtained

through measurements of the electron magnetic moment [61–69]. In other words,
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Figure 3: Illustrative figure showing how experiments measure the muon anomalous

magnetic moment, using a beam of polarized muons and Larmor precession

physics.

and orbit plane is applied. Using a vertically focused quadrupole electric field
�!
E , one can find the frequency di↵erence between the spin precession (��!waµ) and

the the cyclotron motion [100],

��!waµ =
e

mµ



aµ
�!
B �

✓

aµ � 1

�2 � 1

◆

�!v ⇥�!
E

�

, (3)

where � = (1 � v2)�1/2, with v being the muon velocity. The fundamental

idea concerning the measurement of aµ consist of tuning the muon velocity such

that � = 29.3, removing the dependence on the electric field. This particular

value is known as “magic �” [101]. Next, one needs to measure the frequency

��!waµ with high precision and extract aµ. In Tab. 1 we present a comprehensive

historic perspective of aµ measurements going back to the first measurement in

1957. Interestingly, two Nobel prize winners (Leon Lederman, 1988 and Georges

Charpak, 1992) were at some point involved in the measurement of the muon

anomalous magnetic moment. In Fig. 4 one can easily see how the sensitivity

has improved with time.

The most recent measurement comes from BNL (2006) data which found

aexpµ = (116592089±63)⇥10�11, i.e. �aexpµ = 63⇥10�11, reaching unprecedented
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version of the BNL experiment.

If everything goes smoothly,the first results are expected to be announced

around the beginning of 2019 [106], which will be followed by two other publica-

tions, in the course of a few years, aiming to reduce the systematic uncertainties

by a factor of three and possibly achieve a ±0.1 ppm statistical precision [106].

An important cross-check will be performed by the J-PARC experiment, located

in Tokai, Japan, which initially plans to reach a statistical precision of 0.37 ppm,

and should start taking data around 2020-2022. Its final goal is similar to FNAL,

i.e. to reduce the statistical uncertainty down to a 0.1 ppm precision, as well as

the systematics by a factor of three. We highlight that J-PARC is a very dif-

ferent experiment though [107–111], because it uses incident muons with much

lower energies compared to FNAL [107, 112], a stronger magnetic field, and it

does not adopt the “magic �” approach, rather it will run with with zero electric

field. Consequently, its systematic errors are also distinct [113–115]. Anyway,

in the foreseeable these two flagship experiments will play an important role

in particle physics regardless which direction their measurement will point to,

but if indeed the central value remains roughly the same, the significance of the

anomaly will be around or over 5�, constituting a strong call for new physics [2],

which is the focus of the following section.

4. An Augury for New Physics: Muon Anomalous Magnetic Moment

Comparing the SM prediction with the recent measurement from Brookhaven

National Lab we find two values for the discrepancies depending on the value

used for the hadronic vacuum polarization [2],

�aµ = aexpµ � aSM
µ = (287± 80)⇥ 10�11 (3.6�),

�aµ = aexpµ � aSM
µ = (261± 78)⇥ 10�11 (3.3�),

(4)

which stands for the 3.6� and 3.3� deviations from the SM predictions, respec-

tively. The significance of the excess can be dwindled with the use of ⌧ data

in the hadronic contributions to 2.4� however [99]. Conversely, using recent
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Introduction

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Assumptions: 

• Theory-experiment discrepancy of muon g-2 hint of new physics (NP) 

• DM is a stable particle that is a thermal relic with ~ EW scale mass

Goal: 

• Building the simplest extensions of the SM that, at the same time,                               
(i) explain the muon g-2 anomaly, (ii) and provide a stable DM candidate 

• Studying phenomenological consequences and testability of such 
minimal models 

 

What is a “minimal” model? 

• Minimal field content 

• Minimal spin, weak isospin, and hypercharge quantum numbers



Introduction

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

 Single field extensions to address muon g-2: 

● Few successful examples, fulfilling all constraints:                                                        
certain scalar leptoquarks, 2HDMs, vector bosons, light ALPs 

● Basic coupling SM-SM'-NP → new particles decay to SM, no DM candidate  

We assume that only new particles run in the loop  

We need to introduce at least two new fields with couplings: SM-NP-NP'   

→ straightforward to introduce Z2 for DM stability   

Chakraverty et al. '01, Cheung '01 
Freitas et al. '14, Queiroz Sheperd '14, 
Broggio et al. '14, Biggio Bordone '14,  

EJ Chun et al '15, Cherchiglia et al. '16, 
Biggio et al. '16, Marciano et al. '16 

Coluccio Leskow et al ’16, …
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Generic setup

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

The goal is generating the usual dipole operator:

EW vev  from a Higgs insertion to provide gauge invariant chirality flip

(I) Higgs insertion on the external line: 
● Only two extra fields: a scalar and a vectorlike fermion 
● Suppression from muon Yukawa coupling



Generic setup

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

The goal is generating the usual dipole operator:

EW vev  from a Higgs insertion to provide gauge invariant chirality flip

(II) Higgs insertion inside the loop:  
● Three extra fields: Higgs couples either with scalars or fermions 
● No suppression from light Yukawas



Generic setup

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

The goal is generating the usual dipole operator:

EW vev  from a Higgs insertion to provide gauge invariant chirality flip

Unbroken Z2 : 

● New fields (Z2 odd) do not mix with SM fields (Z2 even) 

● Lightest new state stable, DM candidate if neutral
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Contributions to the muon g-2

We aim at: 
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Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

We aim at: 

 

“enhancement”



 

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Class I models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate: 

S and F must be colour singlet and contain at least one state with Q=0 



 

Class I models: external chirality flip

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Gauge quantum numbers constrained by our requirement of a DM candidate: 

S and F must be colour singlet and contain at least one state with Q=0 

Switching to Dirac fermions
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and simplifying notation as SR ! S we can write the general LL Lagrangian as a function

of n and Y (for the two choices n± 1)

LLL = L
kin

+ L
mass

+
�Ln±1

yuk

+ h.c.
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+ L

gauge
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C. Models compatible with DD and g - 2

We can now map the general formula for g�2 in Eq.(10) to the Lagrangian for the RR and

LL models (neglecting the mass splitting in SU(2) multiplets induced by loop corrections).

For RR we obtain

�aRR
µ = � nm2

µ

8⇡2M2

S

|�R|2
⇥
fS
LL + YFL

�
fS
LL + fF

LL

�⇤
. (43)

Since the loop functions fS
LL, f

F
LL are positive definite, we can discard models with YFL

� 0

since they give a negative contribution to �µ. Models with YFL
 �1 are always viable,

while models with YFL
= �1

2

are viable only if MF < MS.

In the case of LH muon couplings depending on whether nF = nS ± 1 = n± 1 we get to

be checked
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We can conclude that models with nF = nS ± 1 are not viable for YS � ±n+3

6

, always viable

for YS  ±n+1

6

and viable for YS = ±n+2

6

if MF < MS. Dropping the models with negative
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Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Class I models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate: 

S and F must be colour singlet and contain at least one state with Q=0 

(e.g. excludes ~ Bino-LH/RH smuon)
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Class I models: the two simplest examples

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

Singlet scalar S 
DM candidate

DM annihilation:
�L�R = 0):

(�v)C�scalar =
1
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where r = MS/MF < 1 and rF = MF/MS < 1.

C. DM Direct Detection

Direct detection experiments provide strong bounds on the available parameter space.

Since in our setup the DM candidate couples directly only to SM muons, it interacts with

nuclei only via gauge interactions. It is well-known that tree-level exchange of Z bosons

is excluded by current data, which implies that our new multiplets must have vanishing

hypercharge Y = 0, provided they don’t have sizable mixing with neutral states. Indeed

the spin-independent cross-section for DM-nucleus scattering in the case of DM scalars or

fermions with Y 6= 0 and no mixing is given by (see Ref. [? ? ])1:
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Fµ
2

�N

⇡
Y 2

⇥
N � Z

�
1� 4s2W

�⇤
2

, (22)

where µ�N is the reduced mass in the nucleus-DM system and Z(N) the number of protons

(neutrons). Direct detection experiments usually provide bounds on the spin-independent

cross-section for DM-nucleon scattering �SI

��p, that is related to �SI
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to be compared with the LUX bound �SI

��p . 10�44cm2. Since the factors on the RH are all

O(1), we conclude that the DM candidates must have vanishing hypercharge Y = 0.

1 I find the same coe�cient for scalar and (vector-like) fermion DM, in contrast to [? ] but in agreement with

[? ] [note that in the Witten paper the normalization of hypercharge is di↵erent to ours: Y Witten = 2YWe]
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Class I models: the two simplest examples

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

LHC production and decay:

(cf. searches for EW slepton 
production at the LHC)

Singlet scalar S 
DM candidate



Direct slepton searches at the LHC

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM

 ATLAS: arXiv:1403.5294 
CMS: arXiv:1405.7570
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 ATLAS-CONF-2017-039
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Additional constraints: 

● LFV processes (e.g. µ → e γ): small couplings to e (~10-5) and τ (~10-2) 
    or three F generations + alignment (flavour symmetry?)     

● EDMs do not arise at one loop (phase of coupling cancels in the penguin) 

Singlet scalar S 
DM candidate
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Only three parameters: MS , MF and λ :

LEP
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Only three parameters: MS , MF and λ :

LEP

micrOMEGAs
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Only three parameters: MS , MF and λ :

LEP

Madgraph5/Pythia/Delphes 
CheckMate: ATLAS-CONF-2013-49, 

 ATLAS arXiv:1403.5294
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Varying λ:
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Figure 3: Results for the LL1 model in the MF �MS plane for increasing values of the coupling to

leptons. In the dark (light) green region the total contribution to (g � 2)µ is compatible with the

experimental value at 1 (2)�, the red line indicate where the DM relic density is ⌦DMh2 = 0.12. The

yellow region is excluded by searches for heavy charged fermions at LEP. The blue region is

excluded by
p
s = 8 TeV LHC searches.

both of which involving a scalar singlet and a heavy vectorlike lepton, respectively SU(2)

doublet and singlet (see Table III for the general structure and Appendix A 1 for the explicit

Lagrangian). In the present subsection we present a more detailed quantitative discussion

of these models. In Figs. 3 and 4 we show our results for LL1 and RR1 respectively, in the

MF � MS plane for increasing values of the couplings to muons �L,R. In the dark (light)

green region the total contribution to (g � 2)µ is compatible with the experimental value
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A corner of the parameter space in the compressed mass region difficult to test 
at the LHC (even with soft leptons searches) but it’s easily accessible at CEPC
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What about the other models?

Weaker LHC bound 
(DY production larger 
for SU(2) doublet)

Simplest models disfavoured by LHC       
because too light states are required to 
overcome the chirality flip suppression
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Figure 6: DM annihilation modes.

the line runs close to the diagonalML = MR. In the second plot, we have a similar behaviour

for a light singlet, but then when DM mass approaches the scalar mass (in this case MS = 1

TeV, the annihilation to muons through t-channel scalar exchange starts dominating, so that

the ⌦
DM

h2 = 0.12 line looses its dependence on the doublet mass. The gray-shaded region

is excluded because it features a doublet scalar DM with Y 6= 0. The main annihilation

modes of a heavy F
0

DM are depicted in Fig. 6.

The blue region in Fig. 5 correspond to the bound from direct detection (blue). The

main contribution to the spin-independent DM-nucleon scattering cross section is through

a Higgs exchange, thus vanishes both in the limit of a pure singlet DM and pure doublet

DM, cf. Eq. (A.12). Furthermore, the resulting constraint can be reduced due to a partial

cancellation in the coupling of DM to h for �H1

/�H2

< 0 (a condition compatible to a

positive sign of the contribution to (g � 2)µ).

As we can see, this model can easily accommodate the correct DM relic density with a

solution of the (g � 2)µ puzzle, evading at the same time all bounds from DM experiments.

The given examples accomplish that with masses of the new particles of the order of 1 TeV

or more, thus easily evading the 8 TeV run LHC searches.

The same conclusion can be also drawn by inspecting the plots of Fig. 7, where another

slice of the parameter space is shown: the MS-MR plane setting ML = 5 TeV (left panel),

and the MS-ML plane with MR = 5 TeV (right panel).

[Lorenzo: I have not shown figures for the model FLR2 that is practically

identical to FLR1. Model FLR3 is quite di↵erent but the qualitative conclusions

are of course the same. Let me know if you think we should discuss it.]
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the relic density is approximately given by
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where g denotes the degrees of freedom of the DM particle.

In our scenario there are two main annihilation channels [also others?] for the DM

particle: 1) t-channel annihilation into muons and 2) t-channel annihilation into gauge

bosons. In general one has to take into account co-annhiliations if the mass splittings in

the DM SU(2) multiplet are small. In this case �v in Eq. (12) has to be replaced by an

e↵ective annihilation cross-section, which in the limit of negligible mass splitting (and s-wave

dominance?) becomes

�v ! (�v)
e↵

=
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X
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�ijv , (15)

where n is the dimension of the SU(2) representation and �ij is theXjXj ! SM annihiliation

cross-section. For the gauge channels we can take the result from Ref. [? ] which reads for

Y
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= 0 (anticipating the results of the next section)
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where gX = 2n, n, 4n, 2n for a complex scalar/real scalar/Dirac fermion/Majorana fermion.

The cross-section for the annhilation into muons is model-dependent and can be obtained

from the cross-section from the general Lagrangian
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Efficient annihilation, lower bound on DM mass to avoid under-production 
(cf. Higgsino or Wino DM in SUSY)        

Switching to Dirac fermions
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and simplifying notation as SR ! S we can write the general LL Lagrangian as a function
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C. Models compatible with DD and g - 2

We can now map the general formula for g�2 in Eq.(10) to the Lagrangian for the RR and

LL models (neglecting the mass splitting in SU(2) multiplets induced by loop corrections).

For RR we obtain
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We can conclude that models with nF = nS ± 1 are not viable for YS � ±n+3

6

, always viable

for YS  ±n+1

6

and viable for YS = ±n+2

6
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Maximizing the contribution to the g-2:

What about modes with DM in n>1, e.g. triplets? Is there a ‘cutoff’ on n ?

[ for Y=0 ]
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Figure 6: DM annihilation modes.

the line runs close to the diagonalML = MR. In the second plot, we have a similar behaviour

for a light singlet, but then when DM mass approaches the scalar mass (in this case MS = 1

TeV, the annihilation to muons through t-channel scalar exchange starts dominating, so that

the ⌦
DM

h2 = 0.12 line looses its dependence on the doublet mass. The gray-shaded region

is excluded because it features a doublet scalar DM with Y 6= 0. The main annihilation

modes of a heavy F
0

DM are depicted in Fig. 6.

The blue region in Fig. 5 correspond to the bound from direct detection (blue). The

main contribution to the spin-independent DM-nucleon scattering cross section is through

a Higgs exchange, thus vanishes both in the limit of a pure singlet DM and pure doublet

DM, cf. Eq. (A.12). Furthermore, the resulting constraint can be reduced due to a partial

cancellation in the coupling of DM to h for �H1

/�H2

< 0 (a condition compatible to a

positive sign of the contribution to (g � 2)µ).

As we can see, this model can easily accommodate the correct DM relic density with a

solution of the (g � 2)µ puzzle, evading at the same time all bounds from DM experiments.

The given examples accomplish that with masses of the new particles of the order of 1 TeV

or more, thus easily evading the 8 TeV run LHC searches.

The same conclusion can be also drawn by inspecting the plots of Fig. 7, where another

slice of the parameter space is shown: the MS-MR plane setting ML = 5 TeV (left panel),

and the MS-ML plane with MR = 5 TeV (right panel).

[Lorenzo: I have not shown figures for the model FLR2 that is practically

identical to FLR1. Model FLR3 is quite di↵erent but the qualitative conclusions

are of course the same. Let me know if you think we should discuss it.]
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where g denotes the degrees of freedom of the DM particle.

In our scenario there are two main annihilation channels [also others?] for the DM

particle: 1) t-channel annihilation into muons and 2) t-channel annihilation into gauge

bosons. In general one has to take into account co-annhiliations if the mass splittings in

the DM SU(2) multiplet are small. In this case �v in Eq. (12) has to be replaced by an

e↵ective annihilation cross-section, which in the limit of negligible mass splitting (and s-wave

dominance?) becomes
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=
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where n is the dimension of the SU(2) representation and �ij is theXjXj ! SM annihiliation

cross-section. For the gauge channels we can take the result from Ref. [? ] which reads for
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= 0 (anticipating the results of the next section)
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where gX = 2n, n, 4n, 2n for a complex scalar/real scalar/Dirac fermion/Majorana fermion.

The cross-section for the annhilation into muons is model-dependent and can be obtained

from the cross-section from the general Lagrangian
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Efficient annihilation, lower bound on DM mass to avoid under-production 
(cf. Higgsino or Wino DM in SUSY)        

→ no other model with external chirality flip can accommodate DM 
and muon g-2 at the same time 

→ we have to consider additional fields allowing mixing with the 
Higgs inside the loop

[ for Y=0 ]

What about modes with DM in n>1, e.g. triplets? Is there a ‘cutoff’ on n ?
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DM annihilation:

g-2:
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FERMI-LAT



Class II models: a working example
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Xenon1T

Common DM/g-2 explanation possible for masses unaccessible at colliders          
However large chirality and lepton flavour universality breaking, possibly 

testable by precision obs., e.g. Z-mu-mu
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● We systematically built minimal models addressing the muon g-2 
discrepancy and DM at the same time 

● Our approach covered several known (simplified) scenarios                                  
(e.g. SUSY, vectorlike letpons) 

● The simplest models, involving two new fields only, can simultaneously 
fit DM and g-2 only for fine-tuned choice of the parameters, mainly due 
to recent LHC searches for new physics 

● Large enhancement to the contribution to the muon g-2 is possible in 
models in which the new scalars or fermions couple to the SM Higgs 

● In this class of models we can account for both DM and g-2 with multi-
TeV new particles, easily evading collider/DM constraints
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Direct detection would exclude minimal hypercharged DM

�L�R = 0):

(�v)C�scalar =
1

4⇡M2

F

1

(1 + r2)2


�2

L�
2

R +
�4

L + �4

R

4

✓
m2

µ

M2

F

+
v2r2

3

◆�
, (18)

(�v)R�scalar =
1

⇡M2

F

1

(1 + r2)2


�2

L�
2

R +
�4

L + �4

R

4

✓
m2

µ

M2

F

+
v4r6

15(1 + r2)2

◆�
, (19)

(�v)D�fermion =
1

32⇡M2

S

r2F
(1 + r2F )

2

�
�2

L + �2

R

�
2

, (20)

(�v)M�fermion =
1

8⇡M2

S

1

(1 + r2F )
2


r2F�

2

L�
2

R +
�4

L + �4

R

4

✓
m2

µ

M2

S

+
2v2r2F (1 + r4F )

3(1 + r2F )
2

◆�
, (21)

where r = MS/MF < 1 and rF = MF/MS < 1.

C. DM Direct Detection

Direct detection experiments provide strong bounds on the available parameter space.

Since in our setup the DM candidate couples directly only to SM muons, it interacts with

nuclei only via gauge interactions. It is well-known that tree-level exchange of Z bosons

is excluded by current data, which implies that our new multiplets must have vanishing

hypercharge Y = 0, provided they don’t have sizable mixing with neutral states. Indeed

the spin-independent cross-section for DM-nucleus scattering in the case of DM scalars or

fermions with Y 6= 0 and no mixing is given by (see Ref. [? ? ])1:

�SI

��N =
2G2

Fµ
2

�N

⇡
Y 2

⇥
N � Z

�
1� 4s2W

�⇤
2

, (22)

where µ�N is the reduced mass in the nucleus-DM system and Z(N) the number of protons

(neutrons). Direct detection experiments usually provide bounds on the spin-independent

cross-section for DM-nucleon scattering �SI

��p, that is related to �SI

��N by

�SI

��p =
µ2

�p

µ2

�N

1

A2

�SI

��N , (23)

where µ�p is the reduced mass in the nucleus-DM system and A = Z +N . We then have

�SI

��p =
2G2

Fµ
2

�p

⇡
Y 2


N � Z (1� 4s2W )

A

�
2

⇡ 3.4 · 10�38cm2

⇣ µ�p

GeV

⌘
2

Y 2

✓
N

A

◆
2

, (24)

to be compared with the LUX bound �SI

��p . 10�44cm2. Since the factors on the RH are all

O(1), we conclude that the DM candidates must have vanishing hypercharge Y = 0.

1 I find the same coe�cient for scalar and (vector-like) fermion DM, in contrast to [? ] but in agreement with

[? ] [note that in the Witten paper the normalization of hypercharge is di↵erent to ours: Y Witten = 2YWe]

9

Vector coupling to Z → huge tree-level DM-nuclei cross section:
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Scattering with nuclei:

Singlet scalar S 
DM candidate

→ S must be real or O(100) keV real/
imaginary part splitting

with

A
tot

(Z) = T 3

eAtot

|�RR!0

� s2WQeAtot

. (B.73)

For a real scalar one has an additional diagram with exchanged vertices. The result of

this diagram can be formally obtained from A�
tot

with the replacement p ! �p0, p0 ! �p.

Summing up the two diagrams, the total contribution vanishes. This is expected as for a

real scalar there is no operator describing SS� couplings. Instead for the complex scalar

this operator is

L = @µS @⌫S
⇤F µ⌫ . (B.74)

Appendix C: Possible electroweak representations

In this appendix we explain how the viable electroweak representations for the models in

Section ?? were obtained. We start with the case where only the LH muon couples to the

new states, Eq. (2). Fixing the quantum numbers of FR ⇠ (nF )YF
determines

YS =
1

2
� YF , nS = (nF � 1) or (nF + 1) . (C.1)

There are only two general possibilities for the values of YF , given nF , such that the model

has a DM candidate:

• F contains a neutral state for YF = �nF�1

2

,�nF�1

2

+1, . . . , nF�1

2

. This gives nF possible

YF assignments, and for each two possible nS choices (only one for nF = 1).

• F contains no neutral state but S does. In this case one has the single possibility

YF = nF+1

2

and nS = nF + 1.

In all other cases FR and SR do not have a neutral component. Therefore, for nF > 1 we

have exactly 2nF +1 possible assignments (for nF = 1 we have nF +1 = 2 possible choices).

They are listed in Table ?? for nF  3, nS  3. The fields that contain a neutral state are

indicated by a ?.

For the models in Eq. (3) where the new fields couple only to the RH muon, fixing the

representation for FL ⇠ (nF )YF
determines uniquely the scalar quantum numbers

YS = �1� YF , nS = nF . (C.2)

Again there are only two general possibilities for assigning YF given nF :

39
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Singlet-Doublet DM

Lorenzo Calibbi (ITP)Minimal models for muon g-2 and DM
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Figure 3: The same as before for y = 1. Additional excluded regions that appear are
the following. Green: exclusion from direct detection limits on �SD

p�

[27]. Purple: region
excluded by h�vi

tt

[26].

much below the thermal relic cross section. However, due to the helicity suppression of dark

matter annihilation to light fermion in our model, the cross section is generally smaller:

h�vi
⌧⌧

. 3.5⇥10�28 cm3 s�1, h�vi
bb

. 5⇥10�27 cm3 s�1. For this reason there are currently

no bounds from these channels.

The annihilation to two photons or a photon and a Z boson is maximised for �

that is mostly doublet. Similar to the supersymmetric case of a pure Higgsino DM,

the thermally averaged annihilation cross section reaches a constant maximal value of

h�vi
��,Z�

⇠ 10�28 cm3 s�1 in the limit of large m
�

while the full non perturbative calcula-

tion includes resonances that can increase this value by several orders of magnitude for a

small mass splitting between � and the charged state  + [18, 19, 20, 21, 22]. However, in

13

fields in the gauge basis is

�1 = U11�+ U12 
0
1 + U13 

0
2, |U11|2 + |U12|2 + |U13|2 = 1. (6)

The dark sector interacts with the SM via couplings to the W, the Z and the Higgs

bosons. Written in the mass eigenstate basis and standard 4-component notation,4 they

are given by

L � �hX
n

(c
h�

m

�

n

P
L

+ c⇤
h�

m

�

n

P
R

)X
m

� Z
µ

X
m

�µ(c
Z�

m

�

n

P
L
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Z�

m

�

n

P
R

)X
n

� gp
2
(U

n3W
�
µ

X
n

�µP
L

 + � U⇤
n2W

�
µ

X
n

�µP
R

 + + h.c.) , (7)

where

c
Z�

m

�

n

=
g

4c
W

(U
m3U

⇤
n3 � U

m2U
⇤
n2) , c

h�

m

�

n

=
1p
2
(y1U

⇤
m2U

⇤
n1 + y2U

⇤
m3U

⇤
n1) . (8)

The couplings of the DM candidate then take the simple form

L
�1 � �c

h��

2
hX1X1 � c

Z��

Z
µ

X1�
µ�5X1

� gp
2
(U13W

�
µ

X1�
µP

L

 + � U⇤
12W

�
µ

X1�
µP

R

 + + h.c.) , (9)

where c
h��

and c
Z��

can be written as

c
h��

= � (2y1y2mD + (y21 + y22)m1)v

m2
D + (y21 + y22)

v

2

2 + 2mS m1 � 3m2
1

, (10)

c
Z��

= � m
Z

v(y21 � y22)(m
2
1 �m2

D)

2(m2
1 �m2

D)
2 + v2 (4y1 y2 m1 mD + (y21 + y22)(m

2
1 +m2

D))
. (11)

We note that m1 here can have either sign. From these expressions we observe that there

are corners of the parameter space where the above couplings vanish. Such “blind spots”

of the Higgs [8, 7] and Z boson couplings to dark matter occur for

sin(2✓)mD +m1 = 0 =) c
h��

= 0 ; (12)

|y1| = |y2| or |m1| = mD =) c
Z��

= 0 . (13)

Regarding the coupling to the Z boson, the blind spot at |y1| = |y2| is easily understood by

4
We have Xn =

�
�n↵ �↵̇

n

�T
and  

+
=

✓
 +
2↵  �

1

↵̇
◆T

.
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D. LHC Phenomenology

E. Direct Searches

F. Indirect Signals

The models with internal Higgs insertion will lead to a modification of the Higgs couplings

to muons, which arises from a triple internal Higgs insertion leading to the e↵ective operator

L =
cHHH

⇤2

µLµRH
†HH + h.c. (25)

The modification of the Higgs coupling to muons is then given by (check)

yµ
ySMµ

= 1 +
3

2
p
2

v2

⇤2

cHHH , (26)

with v = 246 GeV. In turn the Wilson coe�cient is related to the model parameters in

LFLR and LSLR as (calculated in the mass insertion approximation) (check)

cHHH

⇤2

⇡ ��µ�µc

32⇡2

f(yF , ỹF ,MS,ML,MR). (27)

In the limit ML = MR = MF , yF = ỹF = y the loop function is given by

f(y,MF ,MS) =
y3

M2

F

22x3 + 6x2 � 30x+ 2� 6(x2 + 6x+ 1)x log x

(1� x)4
, (28)

with x = M2

S/M
2

F and f = y3/M2

F for x = 1.

IV. MODELS WITHOUT HIGGS INSERTION

In this section we restrict to models without Higgs insertion, i.e. the diagrams contribut-

ing to �aµ having a chirality flip on the external lines.

A. General Structure of RR Models

The schematic Lagrangian is of the form

LR = (�µcµcFLSL �MFL
FLF

c
L + h.c.)�M2

SL
S⇤
LSL , (29)

where µc = 1
1

, FL = nY , F c
L = n�Y and SL = n�Y�1

. We label the SU(2) component

fields by their U(1)
em

charge as (essentially we write fields in n as S =
P

T3
ST3+Y |n�1

2

, T
3

>
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