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LEPTON MAGNETIC MOMENT
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Pauli equation for lepton in electromagnetic field:

Lepton magnetic moment:

[W. Pauli,1927]

Quantum corrections induce anomalous magnetic moment:
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A
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µ(x)−∂µα(x),(3.15)

foranarbitraryscalarclassicalfieldα(x),leavesphysicsinvariant.
Themotionoftheleptonintheexternalfieldisdescribedbyasimultane-

ousexpansioninthefinestructureconstantα=
e2

4πandintheexternalfield
Aext

µassumingthelattertobeweak
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Inthefollowingwewillusethemorecustomarygraphicrepresentation

⊗⇒

oftheexternalvertex,justasanamputatedphotonlineatzeromomentum.
Thegyromagneticratioofthemuonisdefinedbytheratioofthemagnetic

momentwhichcouplestothemagneticfieldintheHamiltonianandthespin
operatorinunitsofµ0=e!/2mµc

µ=gµ
e!

2mµc
s;gµ=2(1+aµ)(3.16)

andasindicatedhasatreelevelpart,theDiracmomentg
(0)
µ=2[2],anda

higherorderpartthemuonanomalyoranomalousmagneticmoment

aµ=
1
2
(gµ−2).(3.17)

Ingeneral,theanomalousmagneticmomentofaleptonisrelatedtothe
gyromagneticratioby

aℓ=µℓ/µB−1=
1
2
(gℓ−2)(3.18)

wheretheprecisevalueoftheBohrmagnetonisgivenby

µB=
e!

2mec
=5.788381804(39)×10−11

MeVT−1
.(3.19)

HereTasaunitstandsfor1Tesla=104Gauss.Itistheunitinwhichthe
magneticfieldBusuallyisgiven.InQEDaµmaybecalculatedinperturba-
tiontheorybyconsideringthematrixelement

M(x;p)=⟨µ−(p2,r2)|j
µ
em(x)|µ−(p1,r1)⟩

oftheelectromagneticcurrentforthescatteringofanincomingmuonµ−(p1,r1)
ofmomentump1and3rdcomponentofspinr1toamuonµ−(p2,r2)ofmo-
mentump2and3rdcomponentofspinr2,intheclassicallimitofzeromo-
mentumtransferq2=(p2−p1)2→0.Inmomentumspace,byvirtueof
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MEASURING THE MUON G-2
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As illustrated in Fig. 3.1, when polarized muons travel on a circular orbit in
a constant magnetic field, then aµ is responsible for the Larmor precession of
the direction of the spin of the muon, characterized by the angular frequency
ωa. At the magic energy of about ∼ 3.1 GeV, the latter is directly proportional
to aµ:

ωa =
e

m

[
aµB −

(
aµ − 1

γ2 − 1

)
β × E

]E∼3.1GeV

at “magic γ”

≃ e

m
[aµB] . (3.24)

Electric quadrupole fields E are needed for focusing the beam and they
affect the precession frequency in general. γ = E/mµ = 1/

√
1 − β2 is the

relativistic Lorentz factor with β = v/c the velocity of the muon in units of
the speed of light c. The magic energy Emag = γmagmµ is the energy E for
which 1

γ2
mag−1 = aµ. The existence of a solution is due to the fact that aµ is a

positive constant in competition with an energy dependent factor of opposite
sign (as γ ≥ 1). The second miracle, which is crucial for the feasibility of the
experiment, is the fact that γmag =

√
(1 + aµ)/aµ ≃ 29.378 is large enough

to provide the time dilatation factor for the unstable muon boosting the life
time τµ ≃ 2.197×10−6 sec to τin flight = γ τµ ≃ 6.454×10−5 sec, which allows
the muons, traveling at v/c = 0.99942 · · · , to be stored in a ring of reasonable
size (diameter ∼ 14 m).

This provided the basic setup for the g−2 experiments at the Muon Storage
Rings at CERN and at BNL. The oscillation frequency ωa can be measured
very precisely. Also the precise tuning to the magic energy is not the major
problem. The most serious challenge is to manufacture a precisely known con-

µ

⇒
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momentum

Storage
Ring

ωa = aµ
eB
mc

actual precession × 2
Fig. 3.1. Spin precession in the g − 2 ring (∼ 12◦/circle)

[F. Jegerlehner]

Larmor precession of muon in magnetic field:
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FIG. 8: Inclusive hadronic cross section ratio versus centre-of-
mass energy in the continuum region below theDD threshold.
Shown are bare BES data points [48], with statistical and sys-
tematic errors added in quadrature, the data average (shaded
band), and the prediction from massive perturbative QCD
(solid line—see text).

count for the uncertainty in �S (we use �S(M2
Z) =

0.1193±0.0028 from the fit to the Z hadronic width [55]),
the truncation of the perturbative series (we use the full
four-loop contribution as systematic error), the full dif-
ference between fixed-order perturbation theory (FOPT)
and, so-called, contour-improved perturbation theory
(CIPT) [56], as well as quark mass uncertainties (we use
the values and errors from Ref. [51]). The former three
errors are taken to be fully correlated between the vari-
ous energy regions (see Table II), whereas the (smaller)
quark-mass uncertainties are taken to be uncorrelated.
Figure 8 shows the comparison between BES data [48]
and the QCD prediction below the DD threshold be-
tween 2 and 3.7 GeV. Agreement within errors is found.7

Muon magnetic anomaly. Adding all lowest-
order hadronic contributions together yields the estimate
(this and all following numbers in this and the next para-
graph are in units of 10�10)

ahad,LOµ = 692.3± 4.2 (21)

7 To study the transition region between the sum of exclusive mea-

surements and QCD, we have computed ahad,LO
µ in two narrow

energy intervals around 1.8 GeV. For the energy interval 1.75–
1.8 GeV we find (in units of 10�10) 2.74±0.06±0.21 (statistical
and systematic errors) for the sum of the exclusive data, and
2.53±0.03 for perturbative QCD (see text for the contributions to
the error). For the interval 1.8–2.0 GeV we find 8.28±0.11±0.74
and 8.31 ± 0.09 for data and QCD, respectively. The excellent
agreement represents another support for the use of QCD beyond

1.8 GeV centre-of-mass energy. Comparing the ahad,LO
µ predic-

tions in the energy interval 2–3.7 GeV, we find 26.5 ± 0.2 ± 1.7
for BES data, and 25.2± 0.2 for perturbative QCD.
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FIG. 9: Compilation of recent results for aSM
µ (in units of

10�11), subtracted by the central value of the experimen-
tal average [12, 57]. The shaded vertical band indicates
the experimental error. The SM predictions are taken from:
this work (DHMZ 10), HLMNT [58] (e+e� based, including
BABAR and KLOE 2010 �+�� data), Davier et al. 09/1 [15]
(⇥ -based), Davier et al. 09/1 [15] (e+e�-based, not including
BABAR �+�� data), Davier et al. 09/2 [10] (e+e�-based in-
cluding BABAR �+�� data), HMNT 07 [59] and JN 09 [60]
(not including BABAR �+�� data).

which is dominated by experimental systematic uncer-
tainties (cf. Table II for a separation of the error into
subcomponents). The new result is �3.2 · 10�10 below
that of our previous evaluation [10]. This shift is com-
posed of �0.7 from the inclusion of the new, large photon
angle data from KLOE, +0.4 from the use of preliminary
BABAR data in the e+e� ⌅ ⇥+⇥�2⇥0 mode, �2.4 from
the new high-multiplicity exclusive channels, the reesti-
mate of the unknown channels, and the new resonance
treatment, �0.5 from mainly the four-loop term in the
QCD prediction of the hadronic cross section that con-
tributes with a negative sign, as well as smaller other
di�erences. The total error on ahad,LOµ is slightly larger
than that of Ref. [10] owing to a more thorough (and con-
servative) evaluation of the inter-channel correlations.

Adding to the result (21) the contributions from higher
order hadronic loops, �9.79±0.09 [59], hadronic light-by-
light scattering, 10.5±2.6 [61] (cf. remark in Footnote 8),
as well as QED, 11 658 471.809± 0.015 [62] (see also [57]
and references therein), and electroweak e�ects, 15.4 ±
0.1had ± 0.2Higgs [63–65], we obtain the SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (22)

where the errors account for lowest and higher order
hadronic, and other contributions, respectively. The re-
sult (22) deviates from the experimental average, aexpµ =

[Davier et al., Eur.Phys.J. C71(2011) 1515]

The measured muon g-2 differs from	


its prediction in the standard model:
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MUON G-2 IN THE STANDARD MODEL

µ µ

hadrons
a

a

µ

µ µ

Z

a

µ

µ µ

i

a

W W
µ µ

H

a

µ

���6

aSMµ = aQED
µ

µ µ

Z

a

µ

�

+ ahadµ

+ aEW
µ

[10�11]

[Davier et al., Eur.Phys.J. C71(2011) 1515]

154(1)

�

2⇥
+ . . .

⇣�
⇥

⌘5
: 116584718.951(10)

aSM,tot
µ = 116591802(49)⇥ 10�11

6923(42)
�97.9(0.9)
105(26)

Leading order:	


Higher orders:	


Light-by-light sctg.:
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�aµ ⌘ aexpµ � aSMµ = (287± 80)⇥ 10�11 ⇠ aEW

µ

�aNP
µ ⇠ g2µ

m2
µ

M2
NP

Focus on mass range accessible in direct production at LHC:
LHCLEP

MNP
100GeV 1TeV

MNP > 100GeV
gµ = O(1)

[Jegerlehner, Nyffeler, arXiv:0902.3360]

[cf. Agrawal, Chacko, Verhaaren, arXiv:1402.7369]
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FIG. 3: One loop contributions to aµ involving a massive scalar S and massive fermion F .

In (a) the DM is fermionic while in (b) it is a scalar.

while from Fig. 2b we find

âF,Vµ = � ⇥

16�2r2

⇤
⇥(|a|2 + |b|2)
3(1� r2)4

�
5� 14r2 + 39r4 � 38r6 + 8r8 + 18r4 ln(r2)

⇥

� |a|2 � |b|2

(1� r2)3
�
1 + 3r4 � 4r6 + 6r4 ln(r2)

⇥⌅
+O(⇥3). (5)

The contributions from the scalar interactions in Figures 3a and 3b are respectively

âS,Fµ = � ⇥

16�2

⇤
⇥(|a|2 + |b|2)
3(1� r2)4

�
1� 6r2 + 3r4 + 2r6 � 6r4 ln(r2)

⇥

+
r(|a|2 � |b|2)
(1� r2)3

�
1� r4 + 2r2 ln(r2)

⇥⌅
+O(⇥3), (6)

âF,Sµ =
⇥

16�2

⇤
⇥(|a|2 + |b|2)
3(1� r2)4

�
1� 6r2 + 3r4 + 2r6 � 6r4 ln(r2)
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+
|a|2 � |b|2

(1� r2)3
�
1� 4r2 + 3r4 � 2r4 ln(r2)

⇥⌅
+O(⇥3). (7)

In all of the above relations the r dependent functions contained within the square brack-

ets are never negative and hence never change the sign of the contribution. Therefore, in

each case the sign of the correction to aµ is completely determined by the relative sizes of a

and b. An interesting feature pointed out by [73] in the context of supersymmetric theories,

but which is completely general, is that the contribution to aµ from a coupling to the muon

that respects chiral symmetry, a = ±b, is suppressed by order ⇥ relative to the results of an

interaction that violates this symmetry.

7
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e
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Need chiral symmetry breaking:
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Three classes of one-loop contributions to     :aµ
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Consider new fields:	


• spin 0,1/2,1 and integer electric charge	


• weak singlets, doublets, triplets (all color singlets)
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Real, perturbative 
couplings to leptons.

All interactions are minimally flavor-violating.
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FIG. 3: One loop contributions to aµ involving a massive scalar S and massive fermion F .

In (a) the DM is fermionic while in (b) it is a scalar.

while from Fig. 2b we find

âF,Vµ = � ⇥

16�2r2

⇤
⇥(|a|2 + |b|2)
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1 + 3r4 � 4r6 + 6r4 ln(r2)

⇥⌅
+O(⇥3). (5)

The contributions from the scalar interactions in Figures 3a and 3b are respectively
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In all of the above relations the r dependent functions contained within the square brack-

ets are never negative and hence never change the sign of the contribution. Therefore, in

each case the sign of the correction to aµ is completely determined by the relative sizes of a

and b. An interesting feature pointed out by [73] in the context of supersymmetric theories,

but which is completely general, is that the contribution to aµ from a coupling to the muon

that respects chiral symmetry, a = ±b, is suppressed by order ⇥ relative to the results of an

interaction that violates this symmetry.
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New fermions:	


vector-like weak interactions.

Weak multiplet members	


are degenerate in mass.
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B(µ ⇤ e�) ⇥ 6.34� 10�7

✓
1TeV4

⇥4
FV

◆
|�µe|2 < 2.4� 10�12

Strong experimental bound on flavor violation           :⇠ �µe

Muon mass protected: mµ = yµv(1 + �mµ)
µL µR

ψ±
µ ψD,µ

Y µµ
ψ

Z

MFV implications for g-2 scenarios:

[Cirigliano et al., Nucl.Phys.B728 (2005) 121]

µL µR

ψ±
µ

ψ±
µ

ψD,µY µµ
ψ

Z

γ

µL eR
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Oµ⇤ = gyµ�µ⇤H
†⇥R�

�⇥A�⇥µL

aµ µ ! e�

�µµ �µe

!
• Fermions in fundamental representation of                                 . 	


• Three flavor copies of new fermions.	


• (At least) one Yukawa suppression, here:              .

GF = SU(3)L � SU(3)e

�µµ ⇠ yµ mµ
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Figure 12: 95% confidence exclusion limit on λ131 = λ232 as a function of sneutrino mass mν̃ ,
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Exclude neutral vector boson and scalar doublet 
or scalar adjoint triplet as explanations of       .�aµ
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[OPAL coll., Eur.Phys.J. C13 (2000) 553]

[LEP colls., hep-ex/0612034]
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Global fit to LEP data: |�| . 0.03 [Aguila et al., PRD78 (2008) 013010]
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Two viable minimally flavor-violating scenarios:

(Here: charged singlet      and doublet     ) ±  D
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BOUNDS FROM ELECTRON MOMENT
(Here: charged singlet      and doublet     ) ±  D

Consider                          : ± =  D = (3, 1)

Electron g-2: aexpe � aSMe = (�1.06± 0.82)⇥ 10�12 [Aoyama et al., PRL 109 (2012)111807]
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Figure 4: Contributions to aµ from mixing vector leptons in the flavor scenario (3, 1). Regions
that accommodate �aµ at the 1� (2�) level are displayed in green (yellow). Gray regions
with dotted boundaries are excluded by ae at the 95% C.L. in the scenario (3, 1).

where either of the couplings to SM leptons is suppressed by the Yukawa coupling, Yi ⇠ y`,
depending on the chosen flavor representations for  

1

and  
2

. This leads to a quadratic
scaling of vector-lepton e↵ects on a` with the lepton masses, and in particular to �ae/�aµ =
m2

e/m
2

µ. However, LEP constraints on Yi are stronger than the MFV suppression Yi ⇠ y` for
masses below the TeV scale in the muon sector, but not in the electron sector. The maximal
e↵ect of mixing vector fermions in MFV therefore scales as

�ae
�aµ

=
m2

e

m2

µ

⇥max
h p

4⇡yµ/y⌧
|✏i|maxMi/v

, 1
i
⇡ m2

e

m2

µ

⇥max
h
8.6⇥

✓
0.03⇥ 200 GeV

|✏i|max ⇥Mi

◆
, 1
i
. (31)

In Figure 4, we show the parameter space of mixing vector leptons that can explain �aµ
at the 1� (green) and 2� (yellow) level in the flavor scenario 2. We choose the representation
(3, 1), where both vector leptons are triplets under SU(3)L, so that only the coupling YD of
 D to SM leptons is constrained by MFV. In the displayed parameter space, MFV bounds
are visible only for the scenario  D+ T as a kink in the one-sigma (two-sigma) region around

13

LEP bound	


decouples
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p
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One new field	


• charged vector singlet V ±

Two new fields	


•               : neutral scalar + charged fermion singlet	


•               : scalar doublet & fermion triplets (Y=0 and Y=-1)	


•               : scalar adjoint triplet & fermion triplet (Y=-1)	


!

!
!
•               : charged vector singlet & neutral fermion	


•               : vector adjoint triplet & fermion doublet
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Assumptions	


• Drell-Yan pair production (model-independent).	


• Two new fields: constrain the lighter one (no cascades).	


• If this is a SM singlet, look for cascade decays.	


• Decay dominantly (and flavor-universally) into leptons.

(Here: charged vector singlet & neutral fermion singlet)

q

q̄

Z, γ
V +

V −

ℓ+

νℓ

ℓ−

ν̄ℓ

MV < M� MV > M�
φ0

ψ−

ψ−
a)

ψ0

φ−

φ−
b)

φ− −
ψ−

ψ−
c)

ψ−

φ− −

φ− −
d)

φ−
ψ− −

ψ− −
e)

ψ− −

φ−

φ−
f)

V 
0

ψ−

ψ−
g)

ψ0

V 
−

V 
−

h)

V 
−

ψ− −

ψ− −
i)

ψ− −

V 
−

V 
−

j)

V ± + �0
q

q̄

Z, γ
V +

V −

ℓ+

ψ0

ℓ−

ψ0

W±

ℓ∓

W±

ℓ∓



RECAST SEARCHES BY ATLAS & CMS

���18

(charged vector singlet & neutral fermion singlet ctd.)

2 1 Introduction
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Figure 2: Chargino-neutralino and neutralino-neutralino pair production leading to on-shell W
or Z bosons with Emiss

T .
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Figure 3: Chargino and slepton pair production leading to opposite-sign lepton pairs with
Emiss

T . In part (a), each chargino can decay via either mode, giving four possible diagrams that
share the same final state. In part (b), the sleptons and thus the daughter leptons share the
same flavor.

taken to be the same for its sneutrino ⇥̃), parametrized in terms of a variable x�⇥ as:

m�⇥ = m��0
1
+ x�⇥ (m��±

1
� m��0

1
), (1)

where 0 < x�⇥ < 1. We present results for x�⇥ equal to 0.5 (i.e., the slepton mass equal to the
mean of the LSP and chargino masses) and in some cases for x�⇥ =0.05 and 0.95.

The interpretation of the result may further depend on whether the sleptons are the SUSY
partner �⇥L or �⇥R of left-handed or right-handed leptons. We consider two limiting cases. In
one case, �⇥R does not participate while �⇥L and �⇥ do: then both diagrams of Fig. 1 exist, and the
chargino and neutralino decay to all three lepton flavors with equal probability. Furthermore,
two additional diagrams with ��0

2 ⌅ ⇥�⇥ ⌅ ⇥ ⇥ ��0
1 replaced by ��0

2 ⌅ �⇥ ⇥ ⌅ ⇥ ⇥ ��0
1 reduce the

fraction of three-lepton final states by 50%. In the second case, in which �⇥R participates while
�⇥L and �⇥ do not, only the diagram of Fig. 1(b) exists, and there is no 50% loss of three-lepton
final states. Because the�⇥R couples to the chargino via its higgsino component, chargino decays
to �⇥R strongly favor the ⇤ as the lepton. For the leptonic decay products, we thus consider three
flavor scenarios:

• the “flavor-democratic” scenario: the chargino (��±
1 ) and neutralino (��0

2) both decay
with equal probability into all three lepton flavors, as expected for �⇥L;

• the “⇤-enriched” scenario: the chargino decays exclusively to ⇤ leptons as expected
for �⇥R, while the neutralino decays democratically;
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[CMS-PAS-SUS-13-006]

MV < M� :           slepton production

MV > M� :  multi-lepton search

B(�0 � W±⇥±) = 1 MV > 476GeV

MV > 373GeVB(�0 � W±⇥±) = 1/2

[ATLAS-CONF-2013-019]
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!
•     is weak singlet:	


!

•     part of weak doublet:
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PROSPECTS: ORIGIN OF G-2 ANOMALY?
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Error [20] [21] Future
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�aHLO
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�aHLbL

µ 26 26 25
�(aEXP

µ � aSMµ ) 80 80 40

Figure 9: Estimated uncertainties �aµ in units of 10�11 according to Refs. [20, 21] and (last
column) prospects for improved precision in the e+e� hadronic cross-section measurements.
The final row projects the uncertainty on the di⇥erence with the Standard Model, �aµ. The
figure give the comparison between aSMµ and aEXP

µ . DHMZ is Ref. [20], HLMNT is Ref. [21];
“SMXX” is the same central value with a reduced error as expected by the improvement
on the hadronic cross section measurement (see text); “BNL-E821 04 ave.” is the current
experimental value of aµ; “New (g-2) exp.” is the same central value with a fourfold improved
precision as planned by the future (g-2) experiments at Fermilab and J-PARC.
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!

• Current g-2 uncertainties:	


!
!

• Fermilab´s E989 and J-PARC:	


!
!

• Expected reduced SM error:

�aSMµ ⇥ ±49� 10�11�aexpµ ⇥ ±63� 10�11

�aexpµ ⇥ ±16� 10�11

�aSMµ ⇥ ±35� 10�11

Total uncertainty may be	


reduced by a factor of 2. 
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Figure 1: A compilation of WIMP-nucleon spin-independent cross section limits (solid

lines) and hints of WIMP signals (closed contours) from current dark matter experiments

and projections (dashed) for planned direct detection dark matter experiments. Also

shown is an approximate band where neutrino coherent scattering from solar neutrinos,

atmospheric neutrinos and di↵use supernova neutrinos will dominate [13].

results from other experiments. At this point, we do not have conclusive
evidence of a dark matter signal. Hence, it is necessary to have experiments
using several technologies and a variety of targets located in di↵erent loca-
tions to maximize the chances of discovery and to confirm any claimed dark
matter signal. Figure 1 presents the current limits and favored regions of
current experiments and projections of the parameter space we will be able
to explore with the next generation of experiments. As we look forward to
the next decade, it is clear that with a diverse portfolio we will be able to
explore parameter space all the way to the neutrino floor [13].

14

[Cooley, arXiv:1410.4960]

No observed dark matter scattering off nuclei:

`

⌘

�
Maybe dark matter interacts only with leptons:
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Figure 1: Feynman diagrams for the one-loop box contributions to four-lepton contact in-
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M
�

<
p
s additional operators may need to be included for a fully consistent description,

although their numerical impact is expected to be subdominant, as discussed in section 4. As
evident from Figs. 2, 3, 6 and 7, these conditions are only fulfilled for models with t-channel
mediator if the `-�-⌘ coupling is larger than about one. For smaller couplings, the EFT
treatment breaks down. Instead one would need to compare exact results for the relevant
box diagrams with the experimental data for the process e+e� ! `+`�. Such an analysis
is beyond the scope of this work. But our results provide an approximate indication of the
achievable limits in these weak-coupling scenarios.

7 Conclusions

In this work, we have investigated the sensitivity of e+e� ! `+`� interactions to minimal
models of leptophilic DM. We have considered scenarios with s- and t-channel mediation in
an EFT, where the mediator and DM fields do not appear as dynamical degrees of freedom.
The low-energy imprints of the dark sector are encoded in e↵ective four-lepton interactions,
which have been strongly constrained by LEP and can be tested at a future e+e� collider.

In models with s-channel mediation, four-lepton interactions are sensitive to the mediator
field and its coupling to SM leptons only. LEP bounds on these interactions limit the
coupling-to-mass ratio to g/M

⌘

< O(10�4) GeV�1 at the 90% C.L. S-channel mediators
with masses below the terascale are thus excluded by LEP, if their coupling to leptons is of
O(1).

Scenarios with t-channel mediation induce four-lepton interactions at the one-loop level,
involving both the mediator and the DM fields. We have focused on chiral interactions
with leptons, where e↵ects on four-lepton interactions can be expressed by one single chiral
vector-current operator O

LL

or O
RR

. Due to the loop suppression, LEP bounds on t-channel
mediated scenarios are rather weak for couplings g . 1. For larger couplings, thanks to the
g4/M2 scaling of the e↵ective four-lepton interaction, LEP bounds for scenarios with scalars
extend to masses of a few hundred GeV. In scenarios with complex vector bosons, the loop-
induced four-lepton interactions are gauge-dependent and thus require an embedding into a
complete theory at high energies. We have considered a framework with composite vector
bosons and implemented an energy cuto↵ by introducing a simple form factor. The resulting
bounds depend strongly on the compositeness scale ⇤

c

. With the conservative assumption
that ⇤

c

lies close above the vector-boson mass, LEP bounds on scenarios with composite
vectors are slightly stronger than for scalars.

At a future ILC, the sensitivity to leptophilic DM can be significantly enhanced due to
three main factors: a larger CM energy, higher luminosity and the possibility of polarized
beams. We have estimated the reach of ILC by rescaling the LEP bounds with respect to
these three factors. As a result, the ILC sensitivity to s-channel mediators increases by
one order of magnitude with respect to LEP, yielding g/M

⌘

< O(10�5) GeV�1. Similarly,
t-channel scenarios can be probed up to masses in the multi-TeV range for O(1–2) couplings.

It is interesting to compare these results with mono-photon signals e+e� ! ���, hitherto
considered one of the most e�cient observables to constrain DM at colliders. In weak-
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Figure 2: Four-lepton LEP limits on scenarios with scalars at 90% C.L. for g
R

= 1 (dark
green) and g

R

= 2 (light green). In gray regions, the validity of the EFT interpretation
or DM stability are not ensured. The 90% C.L. limits from mono-photon events [7] are
displayed for g

R

= 1 (g
R

= 2) as a dotted (dot-dashed) line.

line) and g
r

= 2 (dot-dashed line)1. For moderate couplings g . 1, the sensitivity to
DM e↵ects is comparable with four-lepton interactions. For larger couplings, four-lepton
interactions clearly yield stronger bounds than mono-photon searches, which are always
confined to M

�

< 100 GeV. For the other t-channel scenarios in Tab. 1, mono-photon limits
have not been obtained in Ref. [7], but are expected to be of similar strength.

SFr: For the case of real scalar DM, the contributions of the two diagrams in Figs. 1 (a)
and (b) cancel exactly in the EFT limit. Therefore no bound is obtained from LEP four-
lepton contact interactions. In this case, mono-photon searches are expected to provide the
strongest constraints from LEP.

1To account for chiral couplings, the limits from Ref. [7] were divided by a factor of
p
2.

7

gR = 1

gR = 2
��� For          ,	



4-lepton bounds exceed	


mono-photon searches in

gR & 1

e+e� ! ���
[Dreiner et al., arXiv:1211.2254]
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Improved sensitivity due to  1) higher collision energy	


   	

 	

 	

 	

 	

 	

 	

 	

 	

  2) higher luminosity	


   	

 	

 	

 	

 	

 	

 	

 	

 	

  3) beam polarization

electron/positron polarization degree is denoted by P�/P+, the signal rate is enhanced
by the factor r

S

= N
S

/Nunpol

S

= (1 + P�)(1 + P+) compared to the unpolarized
case.2 Similarly, for scalar and vector operators, the signal with optimal polarization
is enhanced by r

S

= (1 + P�P+).

• Polarization also changes the statistical uncertainty of the SM background e+e� !
�/Z ! µ+µ� by r

1/2

B

= (N
B

/Nunpol

B

)1/2. A background enhancement due to polariza-

tion thus reduces the statistical significance of the signal by r
�1/2

B

.

In summary, the expected reduction of the statistical uncertainty for constraining four-
fermion contact interactions at the ILC as compared to LEP leads to improved limits on the
Wilson coe�cients, given by

|C
LL,RR

|max

ILC

= |C
LL,RR

|max

LEP

⇥

s
ILC

s
LEP

⇥ L
ILC

L
LEP

��1/2

⇥
p
r
B

r
S

, (13)

where r
S,B

denote the signal and background enhancement due to beam polarization, respec-
tively, as defined in the items above. We consider the high-energy option of the ILC withp
s
ILC

= 1 TeV and a luminosity of L
ILC

= 500 fb�1. We further take
p
s
LEP

⇡ 200 GeV
as the approximate CM energy where most of the data were accumulated at LEP2 and
the combined luminosity of four LEP experiments, L

LEP

= 4 ⇥ 0.75 fb�1. We choose the
polarizations P� = 0.8 and P+ = 0.6. A polarization degree of 60% for positrons is very
optimistic, but we will use this value in our numerical analysis, so that we can compare
with the mono-photon results from Ref. [6]. Using the program CalcHEP [16], we have
estimated the background error variation due to beam polarization. For an e+

R

e�
L

(e+
L

e�
R

)
beam polarization, we find

p
r
B

⇡ 1.3 (1.2). Our numerical analysis will be performed in the
scenario e+

L

e�
R

with dominantly right-handed electrons and left-handed positrons, which leads
to the maximal statistical significance for the vector and right-handed benchmark scenarios
in four-lepton interactions and mono-photon searches (see Tab. VIII in Ref. [6]).

It is expected that the bulk of the experimental systematics for the measurement of
e+e� ! `+`� will go down in parallel with the statistical error, since the calibration and
determination of the experimental e�ciency is improved with more statistics. Systematic
uncertainties in the measurement of the polarization degree can be neglected, since they
contribute only at the percent level to the total background error, provided the polarization at
ILC is known to a precision of about 0.1%. Furthermore, we will assume that the theoretical
uncertainties will be reduced by future higher-order calculations, such that they do not limit
the precision of the four-fermion contact interaction bounds. In our numerical analysis,
systematic uncertainties will thus be treated by simply scaling the LEP limits with the
factor (13).

S-channel scenarios: The LEP limits on four-lepton contact interactions through s-
channel mediators from (1) and (3) are projected onto the polarized e+

L

e�
R

ILC setup using

2Here NS (NB) and Nunpol

S (Nunpol

B ) denote the total number of polarized and unpolarized signal (back-
ground) events, respectively.
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(rS,B = NS,B/N
unpol

S,B )
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Figure 6: ILC sensitivity to t-channel DM scenarios with scalars for
p
s = 1 TeV. Shown

are projected 90% C.L. regions from four-lepton interactions for g
R

= 1/g
R

= 1.5 in a
polarized setup (dark blue/light blue) and an unpolarized setup (thin dotted/thin dot-dashed
line). Bounds from mono-photon searches [6] are displayed in an unpolarized setup (thick
dotted/thick dot-dashed line).

by direct detection experiments.
For t-channel mediated models, the four-lepton bounds are comparable to mono-photon

bounds for M
�

. 500 GeV and couplings g & O(1). However, the four-lepton limits extend
also to larger DM masses, where they will be competitive with current and future direct
detection limits.

If the DM and mediator fields are part of large electroweak SU(2) gauge multiplets, the
additional states in these multiplets will also contribute to the four-lepton contact inter-
actions. For small SU(2) representations, such as doublets or triplets, the sum of extra
diagrams enhances the expected new-physics signal with respect to the minimal contribu-
tions studied in this work. Therefore, our results can still be used as conservative bounds for
simple non-minimal dark sectors. However, more complex dark sectors, for example involv-

13

s-channel mediation:
g/M⌘ < O(10�5)GeV�1

gR = 1.5

gR = 1

t-channel mediation: 

rS = (1 + 0.8)(1 + 0.6)

p
sILC = 1TeV, L = 500 fb�1
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Combined with LEP bounds, LHC run II will conclusively test	


all of our simplified models for g-2 but mixing fermions.	


!
In case Fermilab and J-PARC find indirect evidence of new	


particles in g-2, the LHC might provide the only way to	


discover them directly.	


!
!
Scenarios of leptophilic dark matter are constrained by	


four-lepton interactions at LEP; can be examined more at ILC.	


!
LEP also excludes large parts of dark matter scenarios	


explaining the muon g-2, apart from self-conjugate scalar DM.


