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LEPTON ANOMALOUS MAGNETIC MOMENTS

[Aoyama et al., PRL 109 (2012) 111807]aSMe = 1.15965218178(77)⇥ 10�3

[Hanneke, Fogwell, Gabrielse, PRL 100 (2008) 120801]

     fine structure constant ��1 = 137.035999174(35)

(�/⇥)5SM prediction including emg. corrections up to          : 

Electron anomalous magnetic moment measured at Harvard:

[BNL Muon g-2 collaboration, PRD73, 072003 (2006)]

Muon anomalous magnetic moment measured at Brookhaven:
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aexpe = 1.15965218073(28)⇥ 10�3 (0.24 ppb)

aexpµ = 1.16592080(54)(33)⇥ 10�3 (0.54 ppm)



MUON G-2 IN THE STANDARD MODEL
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aSMµ = aQED
µ

µ µ

Z
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�

+ ahadµ

+ aEW
µ

[10�11]

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

154(1)
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+ . . .
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⌘5
: 116584718.951(10)

aSM,tot
µ = 116591802(49)⇥ 10�11

6923(42)
�97.9(0.9)
105(26)
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THEORY VERSUS BNL MEASUREMENT
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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]

Discrepancy between standard model and experiment         :⇠ 3�

�aµ ⇤ aexpµ � aSMµ = (287± 80)⇥ 10�11



NEW PHYSICS IN G-2
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�aµ = O(aEW
µ )

!
•                         compatible with new particles at EW scale.	


!
!
• Need source of chiral symmetry breaking.	


   Standard model:  	


!
!
!
!
!
•      is more sensitive to NP effects than     , despite being 	


   less precisely known experimentally.
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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)

⇥

+
|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.
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PROMINENT EXAMPLES
Supersymmetric Standard Model

Here: dark scalar plus fermion mediator 
[e.g. Gninenko 2001, Fayet 2007, Pospelov 2008, Agrawal, Chacko, Verhaaren, arXiv:1402.7369]
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enhancement from muon Yukawa couplingtan�

aµ ⇠ m2
µtan� µM

yµ =
mµ

v
tan�
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Figure 2. Five sample mass-insertion diagrams. Vertices and mass insertions
are denoted by dots, and the interaction eigenstates corresponding to each line are
displayed explicitly. The external photon has to be attached in all possible ways to
the charged internal lines. The one-loop diagrams (C), (N1), (N2) have been discussed
also in [44]. The loop functions F in the results are different in the five cases and
depend on different masses.
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also in [44]. The loop functions F in the results are different in the five cases and
depend on different masses.
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[see, for instance, Stöckinger, J.Phys.G34 (2007) R45]
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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
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⇥(|a|2 + |b|2)
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+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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Light dark matter (MS . MF ⇠ 1GeV)

�aµ favors MF /� . 100GeV



MODEL-INDEPENDENT APPROACH
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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)



GENERAL PARTICLE FEATURES
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!
•                      : sizeable couplings     observable at LHC.	


!
• Weak multiplet members are degenerate in mass.	


!
• Real, perturbative couplings to leptons.	


!
• New fermions have vector-like weak interactions.	


!

• All interactions are minimally flavor violating.

M > 100GeV



MINIMAL FLAVOR VIOLATION
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B(µ ⇤ e�) ⇥ 6.34� 10�7

✓
1TeV4

⇥4
FV

◆
|�µe|2 < 2.4� 10�12

Strong exp. constraints on flavor-violating couplings           :⇠ �µe

µL µR

ψ±
µ

ψ±
µ

ψD,µY µµ
ψ

Z

γaµ

µL eR

ψ±
µ

ψ±
µ

ψD,eY µe
ψ

Z

γµ ! e�
Oµ⇤ = gyµ�µ⇤H

†⇥R�
�⇥A�⇥µL

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

Minimal flavor violation:

µL µR

ψ±
µ ψD,µ

Y µµ
ψ

Z

�mµ

!
• Fermions in fundamental repres. of                               . 	


• Three flavor copies of new fermions.	


• Yukawa mixing             or             (           neutrino mixing).

GF = SU(3)L � SU(3)e

Y ⇠ Y` �µe ⇠Y ` ⇠ Y`

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



ONE NEW BOSON: LEP BOUNDS
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[OPAL coll., Eur.Phys.J. C13 (2000) 553]

[LEP colls., hep-ex/0612034]
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ONE NEW FERMION: LEP BOUNDS
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Two viable minimally flavor-violating scenarios:
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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

�0 +  ±

�D +  A,T

�A +  T

V ± + �0

VA + �D

V
0

µ−

µ−
a)

ν
V 

−

V 
−

b)

φ0

µ−

µ−
c)

ν

φ−

φ−
d)

φ− −
µ−

µ−
e)

µ−
φ− −

φ− −
f)

Z

ψ−

ψ−
g)

ψ0

W 
−

W 
−

h)

H

ψ−

ψ−
i)

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)

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)

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)

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)

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)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)

One-loop LEP bounds optional;	


may be relaxed by tree-level NP.



DIRECT TESTS AT THE LHC

���17

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)
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(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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25

  [GeV]µ
150 200 250 300 350 400

  [
pb

]
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

-110

1

10
   95% C.L. CLs Limits

l + 3l + 4j2lobserved 2
σ 1 ±expected median 

j2lobserved 2
l + 3lobserved 4

σ 1 ± NLOσ

-1 = 19.5 fbint = 8 TeV, LsCMS Preliminary   

miss
TGMSB  ZZ+E

 = 2β  tan
 = 1 TeV2 = M1  M

Figure 19: Interpretation of the Z + dijet and four-lepton analyses in the GMSB model dis-
cussed in the text. The observed and expected cross section upper limits are indicated as a
function of the mass parameter µ, and are compared to the theory cross section. The region
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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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!

• Assuming similar experimental efficiency, rescale event yield	


!
!
!

• LHC14 can test       in almost all scenarios at the     level.	


!

• Bounds expected to tighten when searches are optimized to 	


   scenarios for       .  	


!

• Combined with LEP bounds, LHC14 will conclusively test all 	


   these simplified models.

N14(300 fb
�1) = N8(20 fb

�1)
�(14TeV)

�(8TeV)

�aµ 2�

�aµ



PROSPECTS: ORIGIN OF G-2 ANOMALY?
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Error [20] [21] Future
�aSMµ 49 50 35
�aHLO

µ 42 43 26
�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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Scenario Production LHC8 LHC14

V ± pp ⇥ V +V � MV > 398 GeV MV > 676 GeV

⇥0 + ⇤± M⇤ < M⇥: pp ⇥ ⇤+⇤� – �
M⇤ > M⇥: pp ⇥ ⇤+⇤� ⇥ �+⇥0 ��⇥0 � �

⇥0 + ⇤D M⇤ < M⇥: pp ⇥ ⇤±⇤0 � �
M⇤ > M⇥: pp ⇥ ⇤+⇤� ⇥ �+⇥0 ��⇥0 � �

⇥D + ⇤± M⇤ < M⇥: pp ⇥ ⇤+⇤� – �
M⇤ > M⇥: pp ⇥ ⇥±⇥0 � �

⇥D + ⇤A M⇤ < M⇥: pp ⇥ ⇤±⇤0 � �
M⇤ > M⇥: pp ⇥ ⇥±⇥0 � �

⇥D + ⇤T M⇤ < M⇥: pp ⇥ ⇤±⇤0 M⇤ > 258 GeV M⇤ > 420 GeV

M⇤ > M⇥: pp ⇥ ⇥±⇥0 M⇥ > 380 GeV �

⇥A + ⇤T M⇤ < M⇥: pp ⇥ ⇤±⇤0 M⇤ > 258 GeV �
M⇤ > M⇥: pp ⇥ ⇥±⇥0 � �

V ± + ⇤0 MV < M⇤: pp ⇥ V +V � MV > 398 GeV MV > 676 GeV

MV > M⇤: pp ⇥ V +V � ⇥ �+⇤0 ��⇤0 MV > 373 GeV MV > 716 GeV

V ± + ⇤D MV < M⇤: pp ⇥ V +V � MV > 398 GeV MV > 676 GeV

MV > M⇤: pp ⇥ V +V � ⇥ �+⇤0 ��⇤0 MV > 476 GeV MV > 903 GeV

VA + ⇤D MV < M⇤: pp ⇥ V +V � MV > 398 GeV �
MV > M⇤: pp ⇥ ⇤±⇤0 M⇤ > 296 GeV �

Decay ⇥0 ⇥ �+�� V 0 ⇥ �+�� ⇤0 ⇥ �Z, �H, �±W⇤

⇥± ⇥ �±� V ± ⇥ �±� ⇤± ⇥ �±Z, �±H, �W±

Table 2: LHC production (top) and typical decay process (bottom) for the new particles
in the one- and two-field scenarios that can explain the muon magnetic moment anomaly.
Cases that are excluded at two sigma by 8-TeV LHC data or can be probed conclusively at
14 TeV are marked by a cross. Wherever the two-sigma range of �aµ is not fully covered,
we display the lower mass bounds as obtained from the analyses described in the text.

21


