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�• Anomalous Magnetic Moment

• Magnetic moment (macroscopic)

• Possible to define for a fundamental particle

• Relativistic quantum mechanics prediction
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• State of affairs

Muon g − 2 Theory Initiative

1. Muon Anomalous Magnetic Moment

 

T. Aoyama et al., Phys. Rept. 887 (2020) 1-166
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(⇠ 14%)

En-Hung Chao et al., 
e-Print: 2104.02632

“It now appears conclusive 
that the HLbL contribution 
cannot explain the current 
tension between theory and 
experiment for the muon g-2”

1. Muon Anomalous Magnetic Moment

• State of affairs
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April’s

Announcement 
based on Run 1


(Data set comparable

to BNL)

1. Muon Anomalous Magnetic Moment

• State of affairs
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aµ(exp) = 116 592 061(41)⇥ 10�11

Muon g-2 Collaboration (BNL),

Phys. Rev. D 73 (2006) 072003
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Lett. 126 (2021) 14, 141801
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1. Muon Anomalous Magnetic Moment

• State of affairs
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If new physics is confirmed, 
what comes next?

1. Muon Anomalous Magnetic Moment

• What if?
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EW breaking 
insertion!

Chiral flip 
insertion!

• Ingredients for (g-2)μ

2. BSM Physics of (g-2)μ at MuC
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2. BSM Physics of (g-2)μ at MuC

Rodolfo Capdevilla, Perimeter Institute and University of Toronto
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Figure 1: The philosophy of our “model-exhaustive” analysis. Traditional model-independent anal-
yses express the new physics contribution to (g�2)µ as a non-renormalizable operator, either in the
low-energy theory after EW symmetry breaking (left) or in the full SM gauge invariant formulation
(middle). This makes no assumptions about the new physics but is limited to indirect signatures
of the new physics produced by the same operator. Since we want to probe direct signatures of the
BSM physics which solves the (g � 2)µ anomaly, we add the single assumption of perturbativity to
the traditional model-independent analysis, which resolves the new �aµ contributions into explicit
loop diagrams of new states { i} carrying specific SM quantum numbers (right). If the Higgs inser-
tion lies on the external muon, �aµ is suppressed by yµ, while �aµ can be significantly enhanced
if the Higgs couples to new particles in the loop. By exhaustively analyzing all possible choices of
new states, we can derive predictions for direct signatures that are as universal as the traditional
model-independent predictions for indirect signatures.

The idea of a model-exhaustive analysis is not, of course, a new one. However, the
challenge lies in systematically covering all possibilities of BSM particles, or at least those
possibilities relevant to answering a specific phenomenological question. We now explain
how to perform this analysis for the (g�2)µ anomaly, with an eye towards direct signatures
at future muon colliders.6

We limit ourselves to those perturbative BSM scenarios where the required �aµ is
generated at one-loop order. There are certainly many possibilities for BSM physics that
solves the (g � 2)µ puzzle by generating only new higher-loop contributions [4, 75, 76], but
the mass scale of new physics in those scenarios is necessarily much lower (by roughly some
power of a loop factor) than the highest mass scale possible in BSM scenarios that generate
�a

obs
µ at one-loop.
Our exhaustive coverage of candidate BSM theories for (g � 2)µ is informed by the

characteristic experimental signatures available in each class of scenarios. For this reason,
we divide up the space of possibilities into two classes, illustrated schematically in Figure 2:

1. Singlet Scenarios: defined as BSM solutions to the (g � 2)µ anomaly in which the
6For a philosophically similar approach to the Hierarchy Problem, see [74].
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(Introduce only SM singlets into the loop)
“Singlet scenarios”

(Introduce at least one new charged state)
“Electroweak scenarios”

• Simple Models • Complicated Models

Produce singlets - Muon coupling

• Phenomenology can be tricky • Easy Phenomenology

Focus lightest charged state!

• Singlet and EW Scenarios

Capdevilla, Curtin, Kahn, Krnjaic,

ArXiv:2006.16277

ArXiv:2101.10334
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(Introduce only SM singlets into the loop)
“Singlet scenarios”

(Introduce at least one new charged state)
“Electroweak scenarios”

• Simple Models • Complicated Models

Produce singlets - Muon coupling

• Phenomenology can be tricky • Easy Phenomenology

Focus lightest charged state!

Particularly relevant for a Muon Collider:


• For singlet scenarios, can couple to singlet via 
same coupling that makes g-2


• For EW scenarios, can reach high energies 
and discover "all" charged particles with 
masses < Ecm/2

• Singlet and EW Scenarios

2. BSM Physics of (g-2)μ at MuC
Capdevilla, Curtin, Kahn, Krnjaic,

ArXiv:2006.16277

ArXiv:2101.10334



MICE Collaboration, PoS EPS-HEP2019 (2020) 025

MICE Collaboration, Nature 578 (2020) 7793, 53-59

MAP and MICE Collaborations, EPJ Web Conf. 95 (2015) 03019

Cooling - Proof of concept!

K. Long et al., e-Print: 2007.15684 [physics.acc-ph]

J. P. Delahaye et al., e-Print: 1901.06150 [physics.acc-ph]

2. BSM Physics of (g-2)μ at MuC
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Perturbative Unitarity

Scalar Vector

Contours for g-2

Neutral singlets!

• Singlet scenarios

2. BSM Physics of (g-2)μ at MuC
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Holst, Hooper, Krnjaic, ArXiv: 2107.09067Kahn, Krnjaic, Tran, Whitbeck, JHEP 09 (2018) 153

2. BSM Physics of (g-2)μ at MuC

• Singlet scenarios
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BaBar Collaboration, Phys. Rev. D 94 (2016) 1, 011102

2. BSM Physics of (g-2)μ at MuC

Kahn, Krnjaic, Tran, Whitbeck, JHEP 09 (2018) 153

• Singlet scenarios
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Direct production of the singlet

Reasonable to assume ?

µ+

Rodolfo Capdevilla, Perimeter Institute and University of Toronto

Dominant decay mode

2. BSM Physics of (g-2)μ at MuC

• Singlet scenarios
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Low E Experiments

A 3 TeV Muon Collider 
can probe all Singlet 
explanations for g-2

Rodolfo Capdevilla, Perimeter Institute and University of Toronto

“Singlet scenarios”

Capdevilla, Curtin, Kahn, Krnjaic,

ArXiv:2006.16277

ArXiv:2101.10334
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Scalar Singlets Vector Singlets

2. BSM Physics of (g-2)μ at MuC

Luminosity goal 
for a 3 TeV MuC
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• Is it possible to discover all BSM solutions to the (g−2)μ anomaly?

“Electroweak scenarios”

EW breaking 
enhancement!

Chiral 
enhancement!

Note that one could in principle consider extensions of the SM Higgs sector with additional
scalar contributing to EWSB. In that case, the  and y1,2 terms in the above Lagrangians
could arise from coupling to these new scalars rather than a SM-like Higgs doublet, which
might change the allowed EW representations of the BSM states. However, current con-
straints already dictate that most of the observed EWSB arises from the VEV of a single
doublet [85, 86], which means that relying only on BSM scalars to generate the required
EWSB insertions in the above Lagrangians would lead to smaller effective mixings and
hence smaller �aµ and BSM masses. We therefore do not have to consider such extended
scenarios to perform the maximization of the lightest new charged particle mass over BSM
theory space.

In both SSF and FFS models, the choices of representations must satisfy

1 ⇢ R
A

⌦ R ⌦ 2 (2.8)
R

B = R̄

Y
A = �

1

2
� Y

Y
B = �1 � Y,

with Y chosen to make the electric charges integer-valued. We will explore all choices of
representations involving SU(2)L singlets, doublets and triplets, and all choices of Y that
ensure that all electric charges satisfy |Q|  2. As we discuss, this is sufficient to perform
the above maximization. The possibility of a high multiplicity of new BSM states is again
taken into account by considering the trivial generalizations where there are NBSM identical
copies of the above fields contributing to �aµ.

The Lagrangians in Eq. (2.5) and Eq. (2.6) only show the interactions necessary to
form new one-loop contributions to (g � 2)µ. Depending on the choice of SU(2)L ⌦ U(1)Y
representations, additional couplings between the new fermions/scalars and the muon or
Higgs may be allowed by gauge invariance. However, these couplings will not contribute
to (g � 2)µ at leading order, at most supplying a small correction to the leading terms
generated by the couplings in Eqns. (2.5) and (2.6), or slightly modifying the mass spectrum
of the fermions/scalars that couple to the Higgs after EWSB by . TeV, which does not
meaningfully affect our results or discussion. We can therefore neglect these additional
couplings in our analysis. We also assume that the new BSM states do not couple to
any other SM fermions (except when discussing leptonic flavour violation bounds). Both of
these assumptions are conservative in that they minimize additional experimental signatures
arising from the new physics responsible for the (g � 2)µ anomaly.

Depending on the choice of representations, some of the EW Scenarios we consider
were previously studied in Refs. [45–48, 87–89]. There have also been previous attempts
to define simplified model dictionaries for generating �a

obs
µ [41, 42, 45, 47, 48, 90–93], but

none took our completely model-exhaustive approach and none aimed to find the highest
possible mass of new BSM charged states that could account for �a

obs
µ . We also make no

assumptions about e.g. the existence of a viable DM candidate, or any couplings of the
new degrees of freedom (dof’s) that are not required for resolving the (g � 2)µ anomaly
(except optionally considering flavour). Other possible simplified models for (g � 2)µ that

– 13 –

SM gauge 
invariance:

can just list off 
all such representations 
up to some maximum Q 

(we take Q <= 2)

Capdevilla, Curtin, Kahn, Krnjaic,

ArXiv:2006.16277

ArXiv:2101.10334

2. BSM Physics of (g-2)μ at MuC
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How about LHC?
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Tight cuts

3. Singlets: Hadron colliders + EW Precision
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How about LHC?
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3. Singlets: Hadron colliders + EW Precision



35
Rodolfo Capdevilla, Perimeter Institute and University of Toronto

3. Singlets: Hadron colliders + EW Precision

<latexit sha1_base64="rMqM17d1Ahw2u2Intcu+5jZM0rk=">AAAB+nicbVC7TsMwFL3hWcorhZHFokJiqhKEgLGChYGhqPQhtSFyXKe1aieR7YCq0k9hYQAhVr6Ejb/BaTNAy5Hu1dE598rXJ0g4U9pxvq2l5ZXVtfXCRnFza3tn1y7tNVWcSkIbJOaxbAdYUc4i2tBMc9pOJMUi4LQVDK8yv/VApWJxdKdHCfUE7kcsZARrI/l2qe/XUR11RerfZP2e+HbZqThToEXi5qQMOWq+/dXtxSQVNNKEY6U6rpNob4ylZoTTSbGbKppgMsR92jE0woIqbzw9fYKOjNJDYSxNRRpN1d8bYyyUGonATAqsB2rey8T/vE6qwwtvzKIk1TQis4fClCMdoywH1GOSEs1HhmAimbkVkQGWmGiTVtGE4M5/eZE0TyruWcW5PS1XL/M4CnAAh3AMLpxDFa6hBg0g8AjP8Apv1pP1Yr1bH7PRJSvf2Yc/sD5/AMobkw4=</latexit>

gSSµLµ
c

Scalar Singlets

Need UV 
completions!

<latexit sha1_base64="GbDYOwiDluh33/CCKK9bwzFMYDI="></latexit>

L � �y1LH
†
�
c � y2µ

c
�S

<latexit sha1_base64="m7bBwxgxr4SMVO2+vMnm1uR6870="></latexit>

L � �y1L 
c
S � y2µ

c
H

† 
<latexit sha1_base64="sgCTRkCzE7yZJwZP+R6waOGag2Y="></latexit>

L � �yL�†
µ
c � SH

†�

<latexit sha1_base64="UjikuGzUVU6fOZ98a7rAkg7esJY="></latexit>

O ⇠
y

M2
H

†
Lµ

c
S

<latexit sha1_base64="5qiojXwsk/SUp/Ad1z0CAGeUwWU="></latexit>

O ⇠
y1y2

M
H

†
Lµ

c
S

<latexit sha1_base64="p2tmexqMQ3n/jSjEZXpDK6J7zs0=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCyCq5IUUTdC0Y0boaJ9QFvCZDpph04ezEwKIWTjxl9x40IRt/6DO//GaZuFth64cDjnXu69x404k8qyvo3C0vLK6lpxvbSxubW9Y+7uNWUYC0IbJOShaLtYUs4C2lBMcdqOBMW+y2nLHV1P/NaYCsnC4EElEe35eBAwjxGstOSYhwPnHl2iricwSRPHRolTRWNnmKW3GXLMslWxpkCLxM5JGXLUHfOr2w9J7NNAEY6l7NhWpHopFooRTrNSN5Y0wmSEB7SjaYB9Knvp9IsMHWulj7xQ6AoUmqq/J1LsS5n4ru70sRrKeW8i/ud1YuVd9FIWRLGiAZkt8mKOVIgmkaA+E5QonmiCiWD6VkSGWAeidHAlHYI9//IiaVYr9lnFujst167yOIpwAEdwAjacQw1uoA4NIPAIz/AKb8aT8WK8Gx+z1oKRz+zDHxifP25rl0M=</latexit>

gS =
y1y2vh
M

<latexit sha1_base64="7xiFRLb+A332geZf+R8P47bmV2U=">AAACCHicbVBNS8NAEN3Ur1q/oh49uFgETyUpol6EohcvQkXbCk0Mm+2mXbrZhN1NIYQcvfhXvHhQxKs/wZv/xm2bg7Y+GHi8N8PMPD9mVCrL+jZKC4tLyyvl1cra+sbmlrm905ZRIjBp4YhF4t5HkjDKSUtRxch9LAgKfUY6/vBy7HdGREga8TuVxsQNUZ/TgGKktOSZ+33vFp5DJxAIZyl0hiiOERx5gzy7fqjn0DOrVs2aAM4TuyBVUKDpmV9OL8JJSLjCDEnZta1YuRkSimJG8oqTSBIjPER90tWUo5BIN5s8ksNDrfRgEAldXMGJ+nsiQ6GUaejrzhCpgZz1xuJ/XjdRwZmbUR4ninA8XRQkDKoIjlOBPSoIVizVBGFB9a0QD5DOROnsKjoEe/bledKu1+yTmnVzXG1cFHGUwR44AEfABqegAa5AE7QABo/gGbyCN+PJeDHejY9pa8koZnbBHxifPxVBmMA=</latexit>

gS =
yvh
M2

<latexit sha1_base64="TJyGmEiHhqSsnCdZ1+J4Gwu7DFU=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwVZIifeyKbly4qGBtoTMMmTRtQzOZIckUytA/ceNCEbf+iTv/xkxbQUUPBA7n3Ms9OWEiuDYIfTiFtfWNza3idmlnd2//wD08utdxqijr0FjEqhcSzQSXrGO4EayXKEaiULBuOLnK/e6UKc1jeWdmCfMjMpJ8yCkxVgpc14uIGVMispt54NExD9wyqiCEMMYwJ7heQ5Y0m40qbkCcWxZlsEI7cN+9QUzTiElDBdG6j1Fi/Iwow6lg85KXapYQOiEj1rdUkohpP1skn8MzqwzgMFb2SQMX6veNjERaz6LQTuY59W8vF//y+qkZNvyMyyQ1TNLloWEqoIlhXgMccMWoETNLCFXcZoV0TBShxpZVsiV8/RT+T+6rFVyroNuLcutyVUcRnIBTcA4wqIMWuAZt0AEUTMEDeALPTuY8Oi/O63K04Kx2jsEPOG+fCQiT7w==</latexit>

L�



36
Rodolfo Capdevilla, Perimeter Institute and University of Toronto

3. Singlets: Hadron colliders + EW Precision
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3. Singlets: Hadron colliders + EW Precision

Minimal

Mixing!

Loops!

SM@LO (solid)

LEP (dashed)δRμe = 0.3%
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Improved measurement 
of Z decay modes at 
FCC-ee will move the 

vertical lines to the left!

Top-left exclusion regions 
will increase at higher 

energy hadron colliders 
like FCC-hh
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“Electroweak scenarios”

Capdevilla, Curtin, Kahn, Krnjaic,

ArXiv:2006.16277

ArXiv:2101.10334

Heaviest states at 


A 20 TeV Muon Collider 
can probe Electroweak 

scenarios under the 
assumptions of MFV and 

Naturalness



41
Rodolfo Capdevilla, Perimeter Institute and University of Toronto

Buttazzo and Paradisi, ArXiv:2012.02769

4. EW Scenarios: Indirect signals at a MuC

Fixed by the (g-2)μ 
measurement!
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Buttazzo and Paradisi, ArXiv:2012.02769

a 30 TeV collider would be able to reach a sensitivity to the 
electromagnetic dipole operator comparable to the present 

value of ∆aµ

4. EW Scenarios: Indirect signals at a MuC
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

The LR piece maps 
into the dipole 

operator!
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

Cross section at

 ECOM = 30 TeV 


~ 0.7 ab

mA = 20 TeV
mB = 40 TeV
mF = 86 TeV
κ = 257 TeV
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

Replace the photon by 
another Higgs!

This replaces a factor of alpha 
by a factor of kappa^2 in the 

cross section!
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

Flat in energy for 
larger masses

mA = 40 TeV
mB = 80 TeV
mF = 66 TeV
κ = 604 TeV
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Slightly grows for 
smaller masses
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

mA = 40 TeV
mB = 80 TeV
mF = 66 TeV
κ = 604 TeV

σtot
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σLL
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Costantini, DeLillo, Maltoni, Mantani, 
Mattelaer, Ruizb, Zhaob, arXiv:2005.10289

[TeV]

Signal competes with 
background from VBF 

processes!
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

[TeV]

s = 30 TeV

mA = 40 TeV
mF = (31-91) TeV
κ = (164-800) TeV
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Small complication!


kappa is small

at the dip
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“Electroweak scenarios”

4. EW Scenarios: Indirect signals at a MuC

[TeV]
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Can a 30 TeV muon collider produce both indirect and 
direct signals from the BSM physics of (g-2)μ?

Reducing the couplings reduces the max-mass 
surface. How small the masses mA, mB, mF should 

be in order to suppress the HH signal?

Max-mass surface
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Summary
1. Measurements of the anomalous magnetic moment of fundamental particles are 

important laboratories for high precision tests of the SM. The most perverse BSM 

scenarios point at a scale of M ~100 TeV.


2. A muon collider is in a privileged position:  It collides the particles of the anomaly and it 

can reach high COM energies. A 30 TeV muon collider is guaranteed to detect 

deviations in H+gamma from the BSM physics of (g-2)μ.


3. A combination of hadron colliders and precision EW measurements can probe the 

parameter space for (g-2)μ in the context of Singlet Scenarios. Alternatively, a 3 TeV 

muon collider can also probe this parameter space.


4. A 10 TeV muon collider can probe the max-mass surface in the parameter space of the 

Electroweak Scenarios via HH production. (Is a 30 TeV muon collider guaranteed to 

produce both indirect and direct signals from the BSM physics of (g-2)μ?)
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Thanks!

Rodolfo Capdevilla, Perimeter Institute and University of Toronto


