
Colliders, CLFV, and New Physics

Bhupal Dev
(bdev@wustl.edu)

Washington University in St. Louis

The 4th International Conference on Charged Lepton Flavor Violation
Physikalisches Institut, Universität Heidelberg

June 22, 2023



Outline

Why LFV at colliders?

LFV decays of heavy SM particles

Hint of LFV Higgs?

LFV Z′ at future colliders
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How do we know LFV exists?

LFV is forbidden in the SM due to an accidental global
symmetry: U(1)B × U(1)Le × U(1)Lµ × U(1)Lτ .

Observed neutrino oscillations already imply LFV.

But we don’t see LFV in the charged lepton sector.

Negligible in the SM(+neutrino mass):

`α → `β : 3α
32π

∣∣∣∣∣∑
i

U∗βiUαi
m2
νi

m2
W

∣∣∣∣∣
2

. O(10−54)

Opportunity for new physics: m2
ν/m

2
W → m2

F /Λ2.

Could be enhanced by orders of magnitude over the SM.
[see talk by S. Davidson]
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Figure 11. The one-loop Feynman diagrams for the charged-lepton-flavor-violating

�� ! ↵� + � decays mediated by (a) the light Majorana neutrinos ⌫i and (b) the

heavy Majorana neutrinos Ni (for i = 1, 2, 3), where ↵ and � run over the e, µ and ⌧

flavors and m� > m↵ holds.

decays �� ! ↵�+� (for ↵, � = e, µ, ⌧ and m� > m↵) at the one-loop level as illustrated

by Figure 11. In comparison, the dominant tree-level decay modes �� ! ↵� + ⌫↵ + ⌫�
are insensitive to the tiny masses of three active neutrinos, so the ratios

⇠↵� ⌘ �(�� ! ↵� + �)

�(�� ! ↵� + ⌫↵ + ⌫�)
(6.1)

should automatically vanish when the neutrino masses and lepton flavor mixing e↵ects

are switched o↵. Focusing only on the contributions from the three active and light

Majorana neutrinos ⌫i (for i = 1, 2, 3) and assuming the 3 ⇥ 3 PMNS matrix U to be

exactly unitary, one may calculate the ratio of the decay rate of µ� ! e� + � to that

of µ� ! e� + ⌫e + ⌫µ as a typical example and arrive at a formidably suppressed result

as follows [16, 191, 192, 193, 194, 195, 196]:

⇠eµ =
3↵em

32⇡

�����
3X

i=1

U⇤
µiUei

m2
i

M2
W

�����

2

=
3↵em

32⇡

�����
3X

i=2

U⇤
µiUei

�m2
i1

M2
W

�����

2

. O
�
10�54

�
, (6.2)

where ↵em is the fine structure constant of electromagnetic interactions, MW is the W -

boson mass, and a numerical estimate has been made by using the experimental data

listed in Table 2. It becomes obvious that this decay mode will be completely forbidden

if the neutrino masses are vanishing as in the SM. Note that the rate of µ� ! e� + �

obtained in Eq. (6.2) is roughly forty orders of magnitude smaller than the sensitivity of

today’s measurements [7], so it will be hopeless to observe such charged-lepton-flavor-

violating processes unless their reaction rates can be significantly enhanced by a kind

of new physics beyond the SM [189, 190].

Now that the canonical seesaw mechanism introduced in section 2.4 is the most

popular theoretical framework for neutrino mass generation based on a most reasonable

and economical extension of the SM, let us take a look at the contributions of those

heavy Majorana neutrinos Ni to the radiative decay modes �� ! ↵� + � and discuss

the constraints of µ-⌧ reflection symmetry on them. As shown in Figure 11, the flavor

mixing factors U↵iU
⇤
�i and R↵iR

⇤
�i are associated with the flavor-changing neutral current

processes �� ! ↵� + � mediated respectively by ⌫i and Ni (for i = 1, 2, 3). Thanks

to the unitarity condition UU † + RR† = I given in Eq. (2.31) and the huge mass

Low-energy experiments are doing a great job.

High-energy colliders provide a powerful complementary
probe of LFV (e.g. in the Higgs sector).

Connection to g − 2, EDM, neutrino mass, dark matter,
baryogenesis, ... [Universe special issue on CLFV, eds. Bernstein and Echenard]
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LFV decays of heavy SM particles

Process Current bound on BR Future sensitivity
(Snowmass review 2205.10576)

h→ e±µ∓
4.4× 10−5

(CMS 2305.18106) 2× 10−5
(ILC)6.1× 10−5

(ATLAS 1909.10235)

h→ e±τ∓
2.0× 10−3

(ATLAS 2302.05225) 2× 10−4
(ILC)

2.2× 10−3
(CMS 2105.03007) 5× 10−4

(HL-LHC)

h→ µ±τ∓
1.5× 10−3

(CMS 2105.03007) 2× 10−4
(ILC)

1.8× 10−3
(ATLAS 2302.05225) 5× 10−4

(HL-LHC)

Z → e±µ∓ 2.62× 10−7
(ATLAS 2204.10783)

O(10−9) (FCC-ee)Z → e±τ∓ 5.0× 10−6
(ATLAS 2105.12491)

Z → µ±τ∓ 6.5× 10−6
(ATLAS 2105.12491)

t→ eµu 7.0× 10−8
(CMS 2201.07859)

O(10−8) (HL-LHC)t→ eµc 8.9× 10−7
(CMS 2201.07859)

t→ µτq 1.1× 10−6
(ATLAS-CONF-2023-001)

[see talks by G. Pezzullo and A. Lusiani for details]
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Comparison with low-energy probes

[Calibbi, Marcano, Roy, 2107.10273 (EPJC ’21)] 5



Comparison with low-energy probes
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HL-LHC Prospects for h(125)→ µ±τ∓

[Barman, BD, Thapa, 2210.16287 (PRD ’23)]
7



HL-LHC Prospects for BSM Higgs H → µ±τ∓

[Barman, BD, Thapa, 2210.16287 (PRD ’23)]
8



Leptophilic Higgs

[BD, Mohapatra, Zhang, 1711.08430 (PRL ’18)]
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Leptophilic Higgs

[BD, Mohapatra, Zhang, 1711.08430 (PRL ’18)]
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Leptophilic Higgs@LHC?
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Explaining the CMS eµ excess in a leptophilic 2HDM
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Explaining the CMS eµ excess in a leptophilic 2HDM

CMS-excess (1σ)
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ATLAS exclusion

CMS-excess (1σ)
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How about muon g − 2?
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BMW fits better than WP
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LEP dimuon constraint
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Muonium-antimuonium oscillation is the killer
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Can be evaded for a degenerate scalar spectrum
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LFV in the Higgs sector, but no CLFV at tree level
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LFV vector boson

A simplified model: −L ⊃ g′L(µ̄γαPLτ + ν̄µγ
αPLντ )Z′α + g′R(µ̄γαPRτ)Z′α+H.c.

[Altmannshofer, BD, Chen, Soni, 1607.06832 (PLB ’16)]

[Altmannshofer et al., 2205.10576]
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LFV Z ′ in U(1)Lα−Lβ : Current constraints

L ⊃ g′Z′µ(L̄αγµLα + ēR,αγ
µeR,α − L̄βγµLβ − ēR,βγµeR,β).
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LFV Z ′ in U(1)Lα−Lβ : Future collider prospects

L ⊃ g′Z′µ(L̄αγµLα + ēR,αγ
µeR,α − L̄βγµLβ − ēR,βγµeR,β).
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Conclusion

LFV is a ‘smoking gun’ signal of BSM physics.

High-energy colliders provide a powerful probe of LFV (from heavy BSM physics),
complementary to the low-energy CLFV searches.

Cover the possibility of LFV originating from the Higgs (or top) or BSM sectors.

The recent CMS eµ excess should be carefully scrutinized.

A flavorful way to BSM physics?
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