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Since its ‘Higgs days’ lets focus on LFV Higgs interactions

Tremendous exp. and theo. developments

[CMS-PAS-HIG-14-005]

[Chakraborty, Datta, Kundu ‘16]

[Pilaftsis ’92]
[Assamagan, Deandrea, Delsart ‘02]

[Arganda, Curiel, Herrero, Temes ’04]

[Diaz-Cruz, Ghosh, Dilip, Moretti ’08]

[Kanemura, Shinya, Tsumura ’09]

[Harnik, Kopp, Zupan ’12]

[Arhrib, Cheng, Kong ’12]

[Falkowski, Straub, Vicente ’13]

[Banerjee, Bhattacherjee, Mitra, MS ’16]

Many more 
[Heeck, Holthausen, Rodejohann, Shimizu ’15]
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Prospects for future searches:
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• each channel separated in 
0, 1 and 2 jet categories  
(GF, VBF H-production)

• Small excess near mH = 125 GeV
with significance of 
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• Best fit branching ratio
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• Constraint on BR at 95%CL
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ATLAS sees small excess in same range with
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• Though excess not reproduced in 13 TeV (2015) data

8 TeV data
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Lepton sector of SM:

mH [GeV] 300 400 500 600

� [fb] �S �B �S �B �S �B �S �B

selection 3.37/0.89 907.3 8.89/0.97 907.3 4.91/0.70 907.3 2.19/0.46 907.3

after analysis 0.29/0.12 0.39 2.02/0.24 3.97 1.11/0.18 3.33 0.46/0.12 1.97

S/B 1.03 0.57 0.39 0.30

S/
p
B10 2.0 3.6 2.2 1.3

selection 17.97/3.83 6200 46.18/4.64 6200 29.48/3.87 6200 15.08/2.90 6200

after analysis 1.34/0.48 2.10 8.96/1.07 19.21 6.32/1.00 18.01 3.15/0.77 11.83

S/B 0.87 0.52 0.41 0.33

S/
p
B10 4.0 7.2 5.5 3.6

Table 1: Signal and backgrounds for the semi-leptonic fat-jet analysis for a collider

energy of 7 TeV (upper) and 14 TeV (lower). The expected significance is calculated

for 10 fb

�1

. We show gluon fusion (left) and WBF (right) contributions separately

for the signal cross sections. For the numbers of the expected significance we take

both contributions into account.
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Interaction basis

assumed to be diagonal and real
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Yukawa inter. results in accid. symmetry

Lepton sector of SM, neither mixing nor CP violation

Boring!
To turn this around, observation of lepton flavor violation indicates new physics! 

Many models provide sources for LFV: (N)MSSM, Seesaw models, strongly coupled, …

Standard Model

Need to deform SM for signal, but not too much!

BSM with LFV

See Pedro’s talk
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ml = yl h�i (204)
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h (205)

Ly = ��ij

⇤

2

¯F i
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)H) + h.c. (206)

Ly = �mi
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i
R � Yij

¯f i
Lf

j
Rh+ h.c. (207)

Yij =
mi

v
�ij +

v2p
2⇤

2

�ij (208)

h ! eµ, µ⌧, ⌧e (209)

15

Measurements inferring 

EFT

UV Models
inv. Seesaw models Vector-like Quarks

RPV SUSY MSSM2HDM

ml = yl h�i (204)

ˆOij =
v2

⇤

2

NP

¯fL
i

fR
j

h (205)

15
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Due to absence of new resonances and generically tight 
limits on LFV interactions EFT approach warranted:

ml = yl h�i (204)
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15

The gauge invariant Lagrangian is extended 
by dim-6
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results after EWSB in non-diagonal Higgs interactions
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Eff. Yukawa

ml = yl h�i (204)

ˆOij =
v2

⇤

2

¯fL
i

fR
j

h (205)

Ly = ��ij

⇤

2

¯F i
LF

j
RH(H†

)H) + h.c. (206)

Ly = �mi
¯f i
Lf

i
R � Yij

¯f i
Lf

j
Rh+ h.c. (207)

Yij =
mi

v
�ij +

v2p
2⇤

2

�ij (208)

15

Flavor violating Higgs decays
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EFT Language to communicate between 
separated scales

The limits of my language 
are the limits of my world

Ludwig Wittgenstein

just 1 operator
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Low energy limits on Higgs LFV interactions

Same calculation as for scalar-mediated direct 
dark matter detection

triangle anomaly

[Dassinger, Feldman, Mannel, Turcyk ’07]

Searches Experimental limit on Limits on Yukawas

branching ratios

⌧ ! µ� 4.4⇥ 10�8 [70, 71] Yµ⌧ < 0.011

⌧ ! 3µ 2.1⇥ 10�8 [70, 71] Yµ⌧ < 0.176

Muon EDM �10⇥ 10�20e cm < �0.8 .
|dµ| |Im(Yµ⌧Y⌧µ)| . 1.0

< 8⇥ 10�20e cm [73]

Muon g � 2 � Re(Yµ⌧Y⌧µ) < (2.7± 0.75)⇥ 10�3

⌧ ! µ� (f) 10�9 [85] Yµ⌧ <0.0017

(Belle-II/super KEKB)

⌧ ! e� 3.3⇥ 10�8 [70, 71] Ye⌧ <0.0099

⌧ ! 3e 2.7⇥ 10�8 [70, 71] Ye⌧ < 0.085

Electron g � 2 � Re(Ye⌧Y⌧e) < [�2.1, 2.9]⇥ 10�3

Electron EDM |de|  0.105⇥ 10�26 e cm |Im(Ye⌧Y⌧e)| < 1.1⇥ 10�8

⌧ ! e� (f) 10�9 [85] Ye⌧ <0.00172

(Belle-II/super KEKB)

µ ! e� 5.7⇥ 10�13 [70, 71] Yµe < 1.24 ⇥10�6

µ ! 3e 1.0⇥ 10�12 [70, 71] Yµe < 2.19 ⇥10�5

Electron g � 2 � Re(YeµYµe) < [�0.019, 0.026]

Electron EDM |de|  0.105⇥ 10�26 e cm |Im(YeµYµe)| < 9.8⇥ 10�8

µ ! e conversion � Yµe < 8.49 ⇥10�6

M � M̄ oscillations � |Yµe + Y ⇤
eµ| < 0.079

µ ! e� (f) (MEG-II) 4⇥ 10�14 [84] Yµe <3.28 ⇥10�7

µ ! e� 5.7⇥ 10�13 Yµ⌧Ye⌧ <3.98 ⇥10�8

h ! ⌧µ (CMS) 1.51% [22] Yµ⌧ < 2.55⇥ 10�3

0.84% Yµ⌧ = 1.87⇥ 10�3

h ! ⌧µ (ATLAS) 1.43% [24] Yµ⌧ < 2.45⇥ 10�3

0.77% [25] Yµ⌧ = 1.79⇥ 10�3

h ! ⌧µ (CMS)+ µ ! e� 0.84%, 5.7⇥ 10�13 Ye⌧ < 2.13⇥ 10�5

h ! ⌧µ (ATLAS)+ µ ! e� 0.77%, 5.7⇥ 10�13 Ye⌧ < 2.23⇥ 10�5

h ! ⌧e (CMS) 0.69% [23] Ye⌧ < 1.69⇥ 10�3

h ! ⌧e (ATLAS) 1.04% [24] Ye⌧ < 2.08⇥ 10�3

h ! eµ (CMS) 3.6⇥10�2% [23] Yµe < 3.85⇥ 10�4

Table 1. The low energy flavour violating processes and upper limit on the Yukawa couplings.
For simplicity, we assume the Yukawas Y↵� = Y�↵. The index (f) refers to the prospective future
measurements.

• h ! µ+µ� : In Ref. [81], it is mentioned that by combining the gluon fusion and

weak boson fusion channels, it is possible to obtain a 3� significance for h ! µ+µ�

at an integrated luminosity of 300 fb�1. It is also projected by CMS and ATLAS

[82, 83] that for the 14 TeV run with an integrated luminosity of around 1200 fb�1,

one can observe the h ! µ+µ� mode with a 5� significance.

• h ! ⌧+⌧� : Future runs of the LHC and the ILC are expected to improve the sensi-

tivity of this coupling. From Ref. [16] one finds that the uncertainty on this coupling

measurement decreases to about 12.5% and about 1.5% respectively at future runs

of LHC and ILC.
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:

Searches Experimental limit on Limits on Yukawas

branching ratios

⌧ ! µ� 4.4⇥ 10�8 [70, 71] Yµ⌧ < 0.011

⌧ ! 3µ 2.1⇥ 10�8 [70, 71] Yµ⌧ < 0.176

Muon EDM �10⇥ 10�20e cm < �0.8 .
|dµ| |Im(Yµ⌧Y⌧µ)| . 1.0

< 8⇥ 10�20e cm [73]

Muon g � 2 � Re(Yµ⌧Y⌧µ) < (2.7± 0.75)⇥ 10�3

⌧ ! µ� (f) 10�9 [85] Yµ⌧ <0.0017

(Belle-II/super KEKB)

⌧ ! e� 3.3⇥ 10�8 [70, 71] Ye⌧ <0.0099

⌧ ! 3e 2.7⇥ 10�8 [70, 71] Ye⌧ < 0.085

Electron g � 2 � Re(Ye⌧Y⌧e) < [�2.1, 2.9]⇥ 10�3

Electron EDM |de|  0.105⇥ 10�26 e cm |Im(Ye⌧Y⌧e)| < 1.1⇥ 10�8

⌧ ! e� (f) 10�9 [85] Ye⌧ <0.00172

(Belle-II/super KEKB)

µ ! e� 5.7⇥ 10�13 [70, 71] Yµe < 1.24 ⇥10�6

µ ! 3e 1.0⇥ 10�12 [70, 71] Yµe < 2.19 ⇥10�5

Electron g � 2 � Re(YeµYµe) < [�0.019, 0.026]

Electron EDM |de|  0.105⇥ 10�26 e cm |Im(YeµYµe)| < 9.8⇥ 10�8

µ ! e conversion � Yµe < 8.49 ⇥10�6

M � M̄ oscillations � |Yµe + Y ⇤
eµ| < 0.079

µ ! e� (f) (MEG-II) 4⇥ 10�14 [84] Yµe <3.28 ⇥10�7

µ ! e� 5.7⇥ 10�13 Yµ⌧Ye⌧ <3.98 ⇥10�8

h ! ⌧µ (CMS) 1.51% [22] Yµ⌧ < 2.55⇥ 10�3

0.84% Yµ⌧ = 1.87⇥ 10�3

h ! ⌧µ (ATLAS) 1.43% [24] Yµ⌧ < 2.45⇥ 10�3

0.77% [25] Yµ⌧ = 1.79⇥ 10�3

h ! ⌧µ (CMS)+ µ ! e� 0.84%, 5.7⇥ 10�13 Ye⌧ < 2.13⇥ 10�5

h ! ⌧µ (ATLAS)+ µ ! e� 0.77%, 5.7⇥ 10�13 Ye⌧ < 2.23⇥ 10�5

h ! ⌧e (CMS) 0.69% [23] Ye⌧ < 1.69⇥ 10�3

h ! ⌧e (ATLAS) 1.04% [24] Ye⌧ < 2.08⇥ 10�3

h ! eµ (CMS) 3.6⇥10�2% [23] Yµe < 3.85⇥ 10�4

Table 1. The low energy flavour violating processes and upper limit on the Yukawa couplings.
For simplicity, we assume the Yukawas Y↵� = Y�↵. The index (f) refers to the prospective future
measurements.

• h ! µ+µ� : In Ref. [81], it is mentioned that by combining the gluon fusion and

weak boson fusion channels, it is possible to obtain a 3� significance for h ! µ+µ�

at an integrated luminosity of 300 fb�1. It is also projected by CMS and ATLAS

[82, 83] that for the 14 TeV run with an integrated luminosity of around 1200 fb�1,

one can observe the h ! µ+µ� mode with a 5� significance.

• h ! ⌧+⌧� : Future runs of the LHC and the ILC are expected to improve the sensi-

tivity of this coupling. From Ref. [16] one finds that the uncertainty on this coupling

measurement decreases to about 12.5% and about 1.5% respectively at future runs

of LHC and ILC.

– 7 –

Searches Experimental limit on Limits on Yukawas

branching ratios

⌧ ! µ� 4.4⇥ 10�8 [70, 71] Yµ⌧ < 0.011

⌧ ! 3µ 2.1⇥ 10�8 [70, 71] Yµ⌧ < 0.176

Muon EDM �10⇥ 10�20e cm < �0.8 .
|dµ| |Im(Yµ⌧Y⌧µ)| . 1.0

< 8⇥ 10�20e cm [73]

Muon g � 2 � Re(Yµ⌧Y⌧µ) < (2.7± 0.75)⇥ 10�3

⌧ ! µ� (f) 10�9 [85] Yµ⌧ <0.0017

(Belle-II/super KEKB)
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h ! ⌧µ (ATLAS) 1.43% [24] Yµ⌧ < 2.45⇥ 10�3
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Table 1. The low energy flavour violating processes and upper limit on the Yukawa couplings.
For simplicity, we assume the Yukawas Y↵� = Y�↵. The index (f) refers to the prospective future
measurements.

• h ! µ+µ� : In Ref. [81], it is mentioned that by combining the gluon fusion and

weak boson fusion channels, it is possible to obtain a 3� significance for h ! µ+µ�

at an integrated luminosity of 300 fb�1. It is also projected by CMS and ATLAS

[82, 83] that for the 14 TeV run with an integrated luminosity of around 1200 fb�1,

one can observe the h ! µ+µ� mode with a 5� significance.

• h ! ⌧+⌧� : Future runs of the LHC and the ILC are expected to improve the sensi-

tivity of this coupling. From Ref. [16] one finds that the uncertainty on this coupling

measurement decreases to about 12.5% and about 1.5% respectively at future runs

of LHC and ILC.
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Complex phases constrained by EDMs
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The Wilson coefficients at 1-Loop:
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2-loop contributions can be significant:
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contribution to g-2 arises from 
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⌧ ! 3e 2.7⇥ 10�8 [70, 71] Ye⌧ < 0.085

Electron g � 2 � Re(Ye⌧Y⌧e) < [�2.1, 2.9]⇥ 10�3

Electron EDM |de|  0.105⇥ 10�26 e cm |Im(Ye⌧Y⌧e)| < 1.1⇥ 10�8

⌧ ! e� (f) 10�9 [85] Ye⌧ <0.00172

(Belle-II/super KEKB)
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µ ! e� (f) (MEG-II) 4⇥ 10�14 [84] Yµe <3.28 ⇥10�7

µ ! e� 5.7⇥ 10�13 Yµ⌧Ye⌧ <3.98 ⇥10�8

h ! ⌧µ (CMS) 1.51% [22] Yµ⌧ < 2.55⇥ 10�3

0.84% Yµ⌧ = 1.87⇥ 10�3

h ! ⌧µ (ATLAS) 1.43% [24] Yµ⌧ < 2.45⇥ 10�3

0.77% [25] Yµ⌧ = 1.79⇥ 10�3
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Table 1. The low energy flavour violating processes and upper limit on the Yukawa couplings.
For simplicity, we assume the Yukawas Y↵� = Y�↵. The index (f) refers to the prospective future
measurements.

• h ! µ+µ� : In Ref. [81], it is mentioned that by combining the gluon fusion and

weak boson fusion channels, it is possible to obtain a 3� significance for h ! µ+µ�

at an integrated luminosity of 300 fb�1. It is also projected by CMS and ATLAS

[82, 83] that for the 14 TeV run with an integrated luminosity of around 1200 fb�1,

one can observe the h ! µ+µ� mode with a 5� significance.

• h ! ⌧+⌧� : Future runs of the LHC and the ILC are expected to improve the sensi-

tivity of this coupling. From Ref. [16] one finds that the uncertainty on this coupling

measurement decreases to about 12.5% and about 1.5% respectively at future runs

of LHC and ILC.
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Limits from direct searches

8 TeV searches
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[Harnik, Kopp, Zupan ’12]
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Limits on LFV

[Banerjee, Bhattacherjee, Mitra, MS ’16]

Summary

Already now, collider 
searches provide strongest 
limit for 

QL/R =

e

8⇡2

m⌧ (µ̄�
↵�PL/R⌧)F

↵�
(219)

c1loopL/R ⇠ 1

3m3

h

Y⌧⌧Y⌧µ

✓

�1 +

3

4

log

m2

h

m2

⌧

◆

(220)

c2loopL = Y ⇤
⌧µ(�0.082Ytt + 0.11)

1

(125GeV)

2

(221)

� =

↵m5

⌧

64⇡4

(|cL|4 + |cR|4) (222)

Y⌧µ (223)

⌧ ! 3µ (224)

µ ! e� =) Yµe, ⌧ ! e� =) Y⌧e (225)

Yµ⌧ , Ye⌧ (226)

li ! 3lj (227)

H ! e⌧ (228)

H ! µe (229)

BR(h ! ⌧µ) . 10

�4

(230)

BR(h ! ⌧µ) . 10

�5

(231)

BR(h ! ⌧µ) . 10

�2

(232)

h ! ⌧+µ�
(233)

h ! ⌧�µ+

(234)

16



Santander                     Higgs Days      Michael Spannowsky             21.09.2016                   12

HL-LHC prospects for direct LFV Higgs decay searches:
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• Following CMS analysis in electron channel

• Assuming 10% systematics

• Cut optimisation and MVA

• Allowing for all 3 tau decay modes

• Most sensitive channel

Channel S(B) (optimal) NEV optimal
BDT

eµ+ /ET

Signal 277

⌧⌧ + 1 jet 3859

V V 936

tt̄ 1585

single top 197

Total background 6577

Table 7. Same as in Table 5 for the h ! eµ + /ET channel after an optimal cut on the BDT
variable.

the MVA analysis improves the reach by a factor of ⇠ 1.28 for the eµ+ /ET final state. We

also note that in 3.2 we obtained the reach on BR(h ! µ⌧) with the CMS-like cuts. With

an MVA, however, we expect a similar improvement in this channel as in the e⌧ sector.

We also note that one can attain a 2� significance in the eµ + /ET channel with the

cut-based analysis for a branching ratio of 0.028% by using Eq. 3.2.

3.3 Prospect of eµ

Inspired by CMS’s direct search for the flavour violating decay h ! eµ [23], we study the

prospect of observing this channel at the HL-LHC. For this analysis, we apply the following

simple set of cuts :

• pT (e) > 40 GeV and pT (µ) > 40 GeV

• |⌘e| < 1.479 and |⌘µ| < 0.8 (in the barrel)

• /ET < 20 GeV

• 123 GeV < mh < 127 GeV.

Here also we compute the backgrounds at the orders specified in section 3.2. The

major backgrounds are eµ+ /ET (dominantly from WW production), Drell-Yan production

of ⌧⌧ , tt̄, e(µ)+ ⌧ + /ET (also dominantly from WW production), ⌧⌧ + /ET (mainly coming

from WW and ZZ) and single top (dominantly from the Wt production). In Table 8 we

list the number of signal and background events after all the selection cuts for the HL-LHC

at 3000 fb�1. Finally in Table 9, we show the prospective reach.

Here also we note that one can attain a 2� significance in the eµ channel with the this

analysis for as low a branching ratio of 1.65⇥ 10�3% by using Eq. 3.2.

4 h ! e⌧ at ILC

In the previous section, we discussed the prospects of observing a lepton flavour violating

Higgs in all the three possible channels at a 14 TeV LHC with an integrated luminosity

going up to 3000 fb�1. We saw that one can definitely expect improvements compared

to the 8 TeV results but due to the large backgrounds and huge uncertainties, these are
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• MET veto and rather small Higgs mass 
window

• Rec. straightforward

[Banerjee, Bhattacherjee, Mitra, MS ‘16]

Channel S(B) (CMS-like) NEV CMS
sc

eµ+ /ET

Signal 2421

⌧⌧ + 1 jet 38595

V V 18822

W + 2 jets 6517

tt̄ 25363

single top 1385

SM Higgs 1319

Total background 92001

Table 2. Signal events for BR(h ! µ⌧) = 0.1% after the CMS-like selection cuts. We also show
the corresponding background events for the same set of cuts. The number of events are computed
for L = 3000 fb�1.

Channel BR % (SCMS)

eµ+ /ET

0.76 (2�)

1.90 (5�)

Table 3. The lowest branching ratios BR(h ! µ⌧) that can be probed at 2� and 5� significance
at the 14 TeV LHC with L = 3000 fb�1.

3.2 Prospect of e⌧ channel

Here we consider the flavour violating Higgs decay to e⌧ , followed by the hadronic as well

as leptonic decays of ⌧ . For the 14 TeV e⌧ analysis we follow the proposal of Ref. [98]

and adopt a ⌧ tagging and mistagging e�ciencies of (40%, 0.2%)4. Here we consider the

following final states:

• pp ! h ! e⌧ ! ee+ /ET

• pp ! h ! e⌧ ! µe+ /ET

• pp ! h ! e⌧ ! e⌧had + /ET

The major SM backgrounds for the processes mentioned above are ⌧⌧+ jet (computed

at the next-to-next-to leading order (NNLO) [99]), V V (with V = W±, Z) (at the next-

to leading order (NLO) [100]), W+ jets (at NLO [101]), with W decaying leptonically

and one of the jets mistagged as a ⌧ -hadron, ee+jets (computed at NNLO [102]), tt̄ (at

next-to-next-to-next-to leading order (N3LO) [103]), single-top (at NLO [104]) and the

SM-Higgs backgrounds (also computed at NNLO), i.e. h ! ⌧+⌧�. For the single-top

background, the Wt mode has the dominant contribution for our scenario, whereas the

s- and t-channel contributions are negligible. So, for simplicity, we multiplied our leading

order (LO) cross-section by the NLO k-factor for the Wt mode. Besides these, there are

some fake backgrounds like QCD multi-jets, where the jets might fake leptons, and W�,

4Before performing the 14 TeV analysis for these three LFV decays, we validated the 8 TeV pp ! h !
µ⌧had numbers as reported in the CMS run-I [22] results.
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for L = 3000 fb�1.
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0.76 (2�)

1.90 (5�)

Table 3. The lowest branching ratios BR(h ! µ⌧) that can be probed at 2� and 5� significance
at the 14 TeV LHC with L = 3000 fb�1.

3.2 Prospect of e⌧ channel

Here we consider the flavour violating Higgs decay to e⌧ , followed by the hadronic as well

as leptonic decays of ⌧ . For the 14 TeV e⌧ analysis we follow the proposal of Ref. [98]

and adopt a ⌧ tagging and mistagging e�ciencies of (40%, 0.2%)4. Here we consider the

following final states:

• pp ! h ! e⌧ ! ee+ /ET

• pp ! h ! e⌧ ! µe+ /ET

• pp ! h ! e⌧ ! e⌧had + /ET

The major SM backgrounds for the processes mentioned above are ⌧⌧+ jet (computed

at the next-to-next-to leading order (NNLO) [99]), V V (with V = W±, Z) (at the next-

to leading order (NLO) [100]), W+ jets (at NLO [101]), with W decaying leptonically

and one of the jets mistagged as a ⌧ -hadron, ee+jets (computed at NNLO [102]), tt̄ (at

next-to-next-to-next-to leading order (N3LO) [103]), single-top (at NLO [104]) and the

SM-Higgs backgrounds (also computed at NNLO), i.e. h ! ⌧+⌧�. For the single-top

background, the Wt mode has the dominant contribution for our scenario, whereas the

s- and t-channel contributions are negligible. So, for simplicity, we multiplied our leading

order (LO) cross-section by the NLO k-factor for the Wt mode. Besides these, there are

some fake backgrounds like QCD multi-jets, where the jets might fake leptons, and W�,

4Before performing the 14 TeV analysis for these three LFV decays, we validated the 8 TeV pp ! h !
µ⌧had numbers as reported in the CMS run-I [22] results.
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@ 95% CL

Channel S(B) (optimal) NEV optimal
sc

eµ+ /ET

Signal 1600

⌧⌧ + 1 jet 21161

V V 7179

W + 2 jets 6517

tt̄ 12455

single top 923

SM Higgs 466

Total background 48701

ee+ /ET

Signal 1291

⌧⌧ + 1 jet 16636

V V 19135

ee+ 1 jet 17061

tt̄ 8605

single top 1077

SM Higgs 310

Total background 62824

e⌧had + /ET

Signal 1013

⌧⌧ + 1 jet 11578

V V 2372

W + 2 jets 81465

ee+ 1 jet 4981

tt̄ 2038

single top 1693

SM Higgs 388

Total background 104515

Table 5. Signal events for BR(h ! e⌧) = 0.1% after all selection cuts. The superscript “optimal”
signifies the number of events for the optimal pT cuts. We also show the corresponding background
events for the same set of cuts. The number of events are computed for L = 3000 fb�1.

Channel BR % (Soptimal)

eµ+ /ET

0.61 (2�)

1.53 (5�)

ee+ /ET

0.97 (2�)

2.44 (5�)

e⌧had + /ET

2.06 (2�)

5.17 (5�)

Table 6. The lowest branching ratios BR(h ! e⌧) that can be probed at 2� and 5� C.L.

We find that one can go down to as low as ⇠ 0.48% in order to achieve a 2� significance.

To achieve a 5� discovery one can not go below a branching ratio of 1.20%. We see that
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0.025 (no syst)
0.76 (10% syst)

0.028 (no syst)
0.61 (10% syst)
0.91 (10% syst)

2.06 (10% syst)

Channel S(B) NEV optimal
sc

eµ

Signal 1435

eµ+ /ET 2449

⌧⌧ 406

tt̄ 9511

e(µ) + ⌧ + /ET 152

⌧⌧ + /ET 5

single top 1231

Total background 13754

Table 8. Signal events for BR(h ! eµ) = 0.01% after the optimised selection cuts. We also show
the corresponding background events for the same set of cuts. The number of events are computed
for L = 3000 fb�1.

Channel BR % (S)
eµ

0.0193 (2�)

0.0482 (5�)

Table 9. The lowest branching ratios BR(h ! eµ) that can be probed at 2� and 5� significance
at the 14 TeV LHC with L = 3000 fb�1.

not so dramatic as one would like. We know that LHC is plagued with huge backgrounds

and hence we can expect better precision at lepton colliders. In this section, we repeat

the analysis for h ! e⌧ for centre of mass energies of
p
s = 250 GeV and 1 TeV at an

ILC machine. Here we just want to point out the improvement over the LHC. A similar

improvement can be expected for the h ! µ⌧ as well. For eµ, we do not expect a significant

improvement at ILC because in section 3.3, we already saw that the reach for the branching

ratio can be as low as 1.95⇥ 10�2%. The number of signal events are expected to be very

low at the ILC for such small branching ratios.

The two main topologies that we study here are the associated production of the Higgs

with a Z-boson and the Higgs produced in association with neutrinos through the t-channel

fusion diagram. At 250 GeV, the associated production with a Z-boson o↵ers the largest

cross-section with the Z decaying hadronically, whereas for the leptonic modes of Z, the

total cross-section is suppressed. Hence, we study in detail the Zh,Z ! qq̄ production forp
s = 250 GeV. For the 1 TeV study, we consider the /Eh channel which includes both the

t-channel contribution mediated by W -boson and an s-channel contribution from the Zh

topology. However, here the contribution coming from the latter is nominal. The di↵erent

final states that we study in this section can be summarised as :

• e+e� ! Zh, h ! ⌧e, with Z !� 2j and ⌧ ! e⌫, µ⌫ or ⌧ tagged as ⌧had

• e+e� ! /Eh, h ! ⌧e, with ⌧ ! e⌫, µ⌫ or ⌧ tagged as ⌧had.

– 16 –

0.0193 (10% syst)



Santander                     Higgs Days      Michael Spannowsky             21.09.2016                   13

ILC prospects for direct LFV Higgs decay searches:

[Chakrborty, Datta, Kundu ’16]

⇣ = gV V hh/g
SM
V V hh (482)

S/B ' 1/7.5 (483)

S/
p
B ' 1.66 (484)

H ! ⌧µ (485)

Njets � 2 (486)

e+e� (487)

µ+µ� (488)

e+e�/µ+µ�/⌧⌧ (489)

34

• Production WBF and HZ

p
s (GeV) Polarization Zh ,

Z ! qq
Zh ,
Z ! e+e�

Initial 250 P1
P2
P3
P4

551
125
24
18

25
6
1
1

Final 250 P1
P2
P3
P4

2203
500
96
72

102
23
5
3

Initial 500 P1
P2
P3
P4

103
70
15
11

16
11
3
3

Final 500 P1
P2
P3
P4

823
560
121
91

132
85
27
21

Table 2: Number of events assuming BR(h ! µ⌧) = 0.01 for di↵erent L and polarization options as mentioned
in the text.

The best results are obtained for µ⌧qq final states and for low-
p
s options of ILC. Our results are shown in

Table 3.

p
s (GeV) Polarization L (fb�1) BR(5,L) F

Initial 250 P1
P2
P3
P4

337.5
112.5
25
25

9.1⇥10�5

4.0⇥10�4

2.1⇥10�3

2.8⇥10�3

2.7⇥10�4

5.7⇥10�4

1.3⇥10�3

1.5⇥10�3

Final 250 P1
P2
P3
P4

1350
450
100
100

2.3⇥10�5

9.9⇥10�5

5.2⇥10�4

6.9⇥10�4

1.4⇥10�4

2.9⇥10�4

6.5⇥10�4

7.5⇥10�4

Initial 500 P1
P2
P3
P4

200
200
50
50

4.9⇥10�4

7.1⇥10�4

3.3⇥10�3

4.4⇥10�3

6.3⇥10�4

7.7⇥10�4

1.6⇥10�3

1.9⇥10�3

Final 500 P1
P2
P3
P4

1600
1600
400
400

6.1⇥10�5

8.9⇥10�5

4.1⇥10�4

5.5⇥10�4

2.2⇥10�4

2.7⇥10�4

5.8⇥10�4

6.7⇥10�4

Table 3: Reach of F in the µ⌧qq channel, for observing 5 events at the designed L and polarization options.

The reach in the e+e�µ⌧ channel is much worse compared to that of qqµ⌧ , even though both are background-
free channels, because of the lower BR of Z to e+e�. The results are displayed in Table 4. A comparative idea
of di↵erent channels can also be found in Fig. 1.

4 Summary

In view of the LFV channel h ! µ⌧ observed at the LHC at a significance of more than 3�, we investigate the
reach of ILC to probe the LFV coupling. The advantage of ILC is a relatively clean environment and much less

5

• Best sensitivity in Z-> jets :

QL/R =

e
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◆

(220)

c2loopL = Y ⇤
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2

(221)

� =

↵m5

⌧

64⇡4

(|cL|4 + |cR|4) (222)

Y⌧µ (223)

⌧ ! 3µ (224)

µ ! e� =) Yµe, ⌧ ! e� =) Y⌧e (225)

Yµ⌧ , Ye⌧ (226)

li ! 3lj (227)

H ! e⌧ (228)
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250 GeV  
250 ifb

1 TeV  
1000 ifb

• Overall improvement at 1 TeV small

• WBF important at 1 TeV

[Banerjee, Bhattacherjee, Mitra, MS ‘16]

• Production channels HZ and WBF

• Cut optimisation incl. ETmiss

Due to limited production cross 
section limited sensitivity

Channel S(B) (optimal) NEV optimal
sc

eµ+ /ET

Signal 1600

⌧⌧ + 1 jet 21161

V V 7179

W + 2 jets 6517

tt̄ 12455

single top 923

SM Higgs 466

Total background 48701

ee+ /ET

Signal 1291

⌧⌧ + 1 jet 16636

V V 19135

ee+ 1 jet 17061

tt̄ 8605

single top 1077

SM Higgs 310

Total background 62824

e⌧had + /ET

Signal 1013

⌧⌧ + 1 jet 11578

V V 2372

W + 2 jets 81465

ee+ 1 jet 4981

tt̄ 2038

single top 1693

SM Higgs 388

Total background 104515

Table 5. Signal events for BR(h ! e⌧) = 0.1% after all selection cuts. The superscript “optimal”
signifies the number of events for the optimal pT cuts. We also show the corresponding background
events for the same set of cuts. The number of events are computed for L = 3000 fb�1.

Channel BR % (Soptimal)
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1.53 (5�)

ee+ /ET

0.97 (2�)

2.44 (5�)

e⌧had + /ET

2.06 (2�)

5.17 (5�)

Table 6. The lowest branching ratios BR(h ! e⌧) that can be probed at 2� and 5� C.L.

We find that one can go down to as low as ⇠ 0.48% in order to achieve a 2� significance.

To achieve a 5� discovery one can not go below a branching ratio of 1.20%. We see that
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Table 2. Signal events for BR(h ! µ⌧) = 0.1% after the CMS-like selection cuts. We also show
the corresponding background events for the same set of cuts. The number of events are computed
for L = 3000 fb�1.

Channel BR % (SCMS)

eµ+ /ET

0.76 (2�)

1.90 (5�)

Table 3. The lowest branching ratios BR(h ! µ⌧) that can be probed at 2� and 5� significance
at the 14 TeV LHC with L = 3000 fb�1.

3.2 Prospect of e⌧ channel

Here we consider the flavour violating Higgs decay to e⌧ , followed by the hadronic as well

as leptonic decays of ⌧ . For the 14 TeV e⌧ analysis we follow the proposal of Ref. [98]

and adopt a ⌧ tagging and mistagging e�ciencies of (40%, 0.2%)4. Here we consider the

following final states:

• pp ! h ! e⌧ ! ee+ /ET

• pp ! h ! e⌧ ! µe+ /ET

• pp ! h ! e⌧ ! e⌧had + /ET

The major SM backgrounds for the processes mentioned above are ⌧⌧+ jet (computed

at the next-to-next-to leading order (NNLO) [99]), V V (with V = W±, Z) (at the next-

to leading order (NLO) [100]), W+ jets (at NLO [101]), with W decaying leptonically

and one of the jets mistagged as a ⌧ -hadron, ee+jets (computed at NNLO [102]), tt̄ (at

next-to-next-to-next-to leading order (N3LO) [103]), single-top (at NLO [104]) and the

SM-Higgs backgrounds (also computed at NNLO), i.e. h ! ⌧+⌧�. For the single-top

background, the Wt mode has the dominant contribution for our scenario, whereas the

s- and t-channel contributions are negligible. So, for simplicity, we multiplied our leading

order (LO) cross-section by the NLO k-factor for the Wt mode. Besides these, there are

some fake backgrounds like QCD multi-jets, where the jets might fake leptons, and W�,

4Before performing the 14 TeV analysis for these three LFV decays, we validated the 8 TeV pp ! h !
µ⌧had numbers as reported in the CMS run-I [22] results.
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@ 95% CL

0.63

0.22 all channels 
in quad

0.24 e+had tau

different polarisations and lumis

BR limit ~ O(0.1)%



Santander                     Higgs Days      Michael Spannowsky             21.09.2016                   14

Going beyond EFT to specific scenarios
UV theories can be matched onto EFT operators 

or go beyond validity of EFT

Large LFV contributions (i.e.                           ) 

⇣ = gV V hh/g
SM
V V hh (482)

S/B ' 1/7.5 (483)

S/
p
B ' 1.66 (484)

H ! ⌧µ (485)

Njets � 2 (486)

e+e� (487)

µ+µ� (488)

e+e�/µ+µ�/⌧⌧ (489)

H ! µ⌧e (490)

H ! µ⌧h (491)

2.4� (492)

Br(H ! µ⌧) = 0.84+0.39
�0.37% (493)

34

challenging: but doable:

• RPV SUSY

• Vec-like leptons

• Inverse Seesaw

• MSSM
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[Arana-Catania et al ’13]

[Arhrib et al ’13]
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[Falkowski et al ’14]
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 [Arganda et al ’14]

• 2HDM Type III

[Davidson, Grenier ’10]
[Harnik et al ’13]
[Kopp, Nardecchia ’14]
[Aristizabal, Sierra, Vicente ’14]
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2. Heavy Sterile Neutrinos at Colliders

The simplest renormalizable extension of the SM for understanding the smallness of the

LH neutrino masses is defined by the interaction Lagrangian

�LY = h`↵L̄`
e�NR↵ +H.c. , (1)

where e� = i�2�⇤ and NR↵ are SM singlet neutral fermions, also known as the sterile

neutrinos, since they cannot directly participate in the SM charged-current (CC) and

neutral-current (NC) interactions in the absence of any mixing with the active neutrino

sector. In (1), ↵ = 1, 2, · · · ,N is the sterile neutrino flavor index and h`↵ are the

dimensionless complex Yukawa couplings. From the structure of (1), we see that

the fermions N↵ must necessarily be right-chiral; hence, they are also known as RH

neutrinos. This distinction will be naturally justified in the LRSM (see Section 4.2).

Assuming that (1) is the only source of neutrino masses and oscillations, we need at

least two or three RH neutrinos, depending on whether the lightest active neutrino is

massless or not.‡
In the Higgs phase after EWSB, the term (1) generates a Dirac mass MD = hv.

Since the RH neutrinos carry no SM gauge charges, one can also write a Majorana mass

term

�LM =
1

2
(MN)↵�N̄

C
R↵NR� +H.c. , (2)

while preserving gauge invariance. The term (2) implies that the hypercharge of NR↵ is

zero, and therefore, from (1), we deduce that the hypercharges of the lepton and Higgs

doublets are the same. Thus, the requirement of cancellation of gauge chiral anomalies

implies charge quantization, provided that the neutrino mass eigenstates are Majorana

fields [58–61].§
The terms (1) and (2) together lead to the following neutrino mass matrix in the

flavor basis {⌫C
L`, NR↵}:

M⌫ =

 
0 MD

MT
D MN

!
. (3)

For kMDM
�1
N k ⌧ 1 (with kMk ⌘pTr(M †M) being the norm of matrix M), the light

neutrino masses and mixing are given by the diagonalization of the e↵ective mass matrix

M⌫ ' �MDM
�1
N MT

D , (4)

and the left-right neutrino mixing parameter is given by V`N↵ ⇠ MDM
�1
N . This is the

Type-I seesaw mechanism [11–15], as mentioned in Section 1.

‡ The current upper limits on the absolute active neutrino mass scale from the kinematics of tritium
�-decay [55, 56], as well as the cosmological bounds on the sum of neutrino masses [57] still allow for
three non-zero active neutrinos.
§ This is true regardless of the number of generations, in contrast with the SM (without RH neutrinos)
where anomaly cancellation implies charge quantization only in the one generation case [62, 63].
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specific textures to the Dirac and Majorana mass matrices in the seesaw formula (4). The

stability of these textures can in principle be guaranteed by enforcing some symmetries

in the lepton sector [121, 122, 128, 131, 132]. We will generically assume this to be

the case for our subsequent discussion on the collider signatures of low-scale minimal

seesaw, without referring to any particular texture or model-building aspects. Also,

unless otherwise specified, we will use a model-independent phenomenological approach,

parametrized by a single heavy neutrino mass scale MN and a single flavor light-heavy

neutrino mixing V`N , assuming that the mixing e↵ects in other flavors `0 6= ` are sub-

dominant. Although this assumption may not be strictly valid for a realistic seesaw

model satisfying the observed neutrino oscillation data, it enables us to derive generic

bounds on the mixing parameter, which could be translated or scaled appropriately in

the context of particular neutrino mass models (see e.g. [133]).

Another natural realization of a low-scale seesaw scenario with large light-heavy

neutrino mixing is the inverse seesaw model [31], where one introduces two sets of SM

singlet fermions {NR↵, SL⇢} with opposite lepton numbers, i.e. L(NR) = +1 = �L(SL).

In this case, the neutrino Yukawa sector of the Lagrangian is in general given by

�LY = hl↵L̄`
e�NR↵ + (MS)⇢↵S̄L⇢NR↵ +

1

2

⇥
(µR)↵�N̄

C
R↵NR� + (µS)⇢�S̄L⇢S

C
L�

⇤
+H.c. ,

(6)

where MS is a Dirac mass term and µR,S are Majorana mass terms. After EWSB,

the Lagrangian (6) gives rise to the following neutrino mass matrix in the flavor basis

{(⌫L`)C , NR↵, (SL⇢)C}:

M⌫ =

0

B@
0 MD 0

MT
D µR MT

S

0 MS µS

1

CA ⌘
 

0 MD

MT
D MN

!
, (7)

which has a form similar to the Type-I seesaw matrix (3), with MD = (MD,0) and

MN =

 
µR MT

S

MS µS

!
. Here we have not considered the dimension-4 lepton-number

breaking term L̄e�SC
L which appears, for instance, in linear seesaw models [134–137],

since the mass matrix in presence of this term can always be rotated to the form given

by (7) [138]. Also observe that the inverse seesaw model discussed originally in [31] set

the RH neutrino Majorana mass µR = 0 in (7). At the tree-level, the light neutrino

mass is directly proportional to the Majorana mass term µS for kµSk ⌧ kMSk:
M⌫ = MDM

�1
S µSM

�1T

S MT
D +O(µ3

S), (8)

whereas at the one-loop level, there is an additional contribution proportional to

µR [41,139], arising from standard electroweak radiative corrections [36]. The smallness

of µR,S is ‘technically natural’ in the ’t Hooft sense [140], i.e. in the limit of µR,S ! 0,

lepton number symmetry is restored and the light neutrinos ⌫L` are massless to all orders

in perturbation theory, as in the SM.
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. Here we have not considered the dimension-4 lepton-number

breaking term L̄e�SC
L which appears, for instance, in linear seesaw models [134–137],

since the mass matrix in presence of this term can always be rotated to the form given

by (7) [138]. Also observe that the inverse seesaw model discussed originally in [31] set
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mass is directly proportional to the Majorana mass term µS for kµSk ⌧ kMSk:
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whereas at the one-loop level, there is an additional contribution proportional to

µR [41,139], arising from standard electroweak radiative corrections [36]. The smallness

of µR,S is ‘technically natural’ in the ’t Hooft sense [140], i.e. in the limit of µR,S ! 0,

lepton number symmetry is restored and the light neutrinos ⌫L` are massless to all orders

in perturbation theory, as in the SM.
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Figure 1. Contours of the ratio of the average decay width of the heavy neutrinos to
their mass splitting in the inverse seesaw model. The LNV signal will be unobservable
in the shaded region with �N/�MN & 10.

The freedom provided by the small LNV parameter µS in (8) is the key feature of

the inverse seesaw mechanism, allowing us to fit the light neutrino data for any value

of light-heavy neutrino mixing, without introducing any fine-tuning or cancellations in

the light neutrino mass matrix (8) [141,142]. In essence, the magnitude of the neutrino

mass becomes decoupled from the heavy neutrino mass, thus allowing for a large mixing

V`N '
s

M⌫

µS
⇡ 10�2

s
1 keV

µS
. (9)

The heavy neutrinos NR and SL have opposite CP parities and form a quasi-Dirac state

with relative mass splitting of the order  = µS/MS. All LNV processes are usually

suppressed by this small mass splitting. For instance, in the one-generation case, the

light neutrino mass in (8) can be conveniently expressed as M⌫ ' V`NMD, in contrast

with V`NMD in the Type-I seesaw case [cf. (4)]. It should be noted here that the

approximately L-conserving models with quasi-degenerate heavy Majorana neutrinos

could provide a natural framework [143–146] for realizing the mechanism of resonant

leptogenesis [147–149], where the leptonic CP asymmetry is resonantly enhanced when

the mass splitting �MN is of the same order as the decay width �N .

As for the LNV signature at colliders, in a natural seesaw scenario with approximate

lepton number conservation, the LNV amplitude for the on-shell production of heavy

neutrinos at average four-momentum squared s̄ = (M2
N1

+M2
N2
)/2 can be written as

ALNV(s̄) = �V 2
`N

2�MN

�M2
N + �2

N

+O
✓
�MN

MN

◆
, (10)

for �MN . �N , i.e. for small mass di↵erence �MN = |MN1 �MN2 | between the heavy

neutrinos compared to their average decay width �N ⌘ (�N1 + �N2)/2. Thus, the LNV

LR mixings

small     lrg. active-sterile mixing and small masses
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violating

A similar pattern of neutrino mass eigenvalues occurs in the three generation case, with one
light and two nearly degenerate heavy neutrinos per generation. This can be illustrated clearly
in the limit µX ⌧ mD ⌧ MR, where the mass matrix M

ISS

can be diagonalized by blocks [42],
leading to the following 3⇥ 3 light neutrino mass matrix:

M
light

' mDM
T
R
�1

µXM�1

R mT
D , (7)

which is then diagonalized using the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
U
PMNS

[43]:
UT
PMNS

M
light

U
PMNS

= diag(m⌫1 ,m⌫2 ,m⌫3) , (8)

where m⌫1 , m⌫2 , and m⌫3 are the masses of the three lightest neutrinos.
Then, by defining a new 3⇥ 3 mass matrix by

M = MRµ
�1

X MT
R , (9)

the light neutrino mass matrix can be written similarly to the type I seesaw model as:

M
light

' mDM
�1mT

D . (10)

The mass pattern of the heavy neutrinos in the µX ⌧ mD ⌧ MR limit presents a similar behavior
to the one generation case. The heavy neutrinos form quasidegenerate pairs with a mass approxi-
mately given by the eigenvalues of MR, namely MR1,2,3 for the first, second, and third generation,
respectively, and with a splitting of order O(µX).

For our phenomenological purposes, and in order to implement easily the compatibility with
present neutrino data, we will use here the useful Casas-Ibarra parametrization [44] that can be
directly applied to the inverse seesaw model case, giving

mT
D = V †diag(

p
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M
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p
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, (11)

where V is a unitary matrix that diagonalizes M according to M = V †diag(M
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,M
2

,M
3

)V ⇤ and
R is a complex orthogonal matrix that can be written as
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where ci ⌘ cos ✓i, si ⌘ sin ✓i and ✓
1

, ✓
2

, and ✓
3

are arbitrary complex angles.
In summary, assuming µX = diag(µX1 , µX2 , µX3) and MR = diag(MR1 ,MR2 ,MR3) (hence,

diagonal M), the input ISS parameters that will have to be fixed for our forthcoming study of the
LFV rates are the following: m⌫1,2,3 , µX1,2,3 , MR1,2,3 , ✓1,2,3, and the entries of the U

PMNS

matrix.
For all the numerical analysis in this work, and in order to keep agreement with the experimental
neutrino data, we will choose the lightest neutrino mass, here assumed to be m⌫1 , as a free input
parameter and the other two light masses will be obtained from the two experimentally measured
mass di↵erences:

m⌫2 =
q

m2

⌫1 +�m2

21

, m⌫3 =
q

m2

⌫1 +�m2

31

. (13)

Similarly, the three light neutrino mixing angles will also be set to their measured values. For
simplicity, we will set to zero the CP-violating phase of the U

PMNS

matrix. Specifically, we have
used the results of the global fit [10] leading to
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= 0.306+0.012
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sin2 ✓
23

= 0.446+0.008
�0.008 , �m2

31

= 2.417+0.014
�0.014 ⇥ 10�3 eV2 , (14)

sin2 ✓
13

= 0.0231+0.0019
�0.0019 ,

where we have assumed a normal hierarchy. Regarding the input lightest neutrino mass, m⌫1 , we
have chosen it so that the e↵ective electron neutrino mass in � decay agrees with the upper limit
from the Mainz and Troitsk experiments [45, 46],

m� < 2.05 eV at 95% C.L. (15)

For the final numerical evaluation of the eigenvalues and eigenstates of the full 9 ⇥ 9 neutrino
matrix, we have used our private Mathematica code that solves this system numerically, using all
the previously mentioned input parameters and experimental data; and besides it also computes
the Yukawa coupling matrix entries by using eq. (11).

In order to illustrate the kind of generic neutrino spectra that one obtains in the ISS and that
indeed follow the previously commented pattern, we have chosen in this section to show three
examples of spectra whose most relevant parameters for the present work are collected in table 1.

We see clearly in these three examples that one typically gets the announced pattern of neutrino
masses: three light neutrinos compatible with data and six heavy ones, with their heavy masses
being degenerate in pairs to values close to MR1 , MR2 , and MR3 respectively, and their tiny mass
di↵erences given approximately by µX1 , µX2 , and µX3 . We also see in this table that one can get
sizable Yukawa couplings, in particular leading to large nondiagonal entries in flavor space, which
are the relevant ones for the present work on lepton flavor violation. It should also be noticed that
the heavy masses that are governing the size of these o↵ diagonal entries are not those of MR but
those of eq. (9), which are largely heavier, therefore leading in general to larger LFV rates in the

ISS than in the seesaw I. For instance, the chosen examples in this table lead to large |(Y⌫Y †

⌫ )
23

|
and |(Y⌫Y †

⌫ )
13

| in the O(1� 10) range. |(Y⌫Y †

⌫ )
12

| in these examples is slightly smaller,  O(1).
One way of checking the validity of the parametrization in eq. (11) is by comparing the input

light neutrino mass values in this equation with the lightest output mass values obtained as a
solution of eq. (3). We have checked that the error on the light neutrino masses estimated with this
parametrization, meaning the di↵erences between the input m⌫1,2,3 and the output mn1,2,3 masses, is
below 10% and that the rotation matrix U⌫ exhibits the required unitarity property. Furthermore,
since a given set of input parameters can generate arbitrarily large Yukawa couplings, we will enforce
their perturbativity by setting an upper limit on the entries of the neutrino Yukawa coupling matrix,
given by

|Yij |2
4⇡

< 1.5 , (16)

for i, j = 1, 2, 3. This particular perturbativity condition has been used in the literature (see,
for instance, SPheno version 2.0 [47]) but others more conservative than this have also been
used (see, for instance, SPheno version 3.1 [48]). In the absence of a concrete evaluation of the
next order corrections to the observable of interest (two-loop contributions to the LFVHD rates in
our present case, which are beyond the scope of this article), the perturbativity condition is not
uniquely defined and the choice of a specific criterion is an open issue. For instance, the use of a
more conservative condition like |Yij |2 < 4⇡ instead of eq. (16) will not qualitatively change our
results and will just lead to a decrease on the maximum LFVHD rates allowed by perturbativity2,
by roughly a factor of (1/5), as can be easily estimated with our approximate formulas that will
be presented later.
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We thank the referee for suggesting this other possible choice.
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where PL and PR are respectively the left- and right-chirality projectors, given by (1� �5)/2 and
(1 + �5)/2, and the coupling factors Blinj (i = 1, 2, 3, j = 1, . . . , 9) and Cninj (i, j = 1, . . . , 9) are
defined in terms of the U⌫ matrix of eq. (3) by
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ij , (18)
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3 Computation of the LFV decay widths

In the calculation of the LFV Higgs decay rates, we consider the full set of contributing one-loop
diagrams, drawn in fig. 1, and adapt to our present ISS case the complete one-loop formulas for the
�(H ! lk l̄m) partial decay width, taken from [39], which we include, for completeness, also here.
The relation between the form factors FL and FR given in the Appendix and the decay amplitude
F is given by
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is the ingoing Higgs boson momentum.
The width for the LFV Higgs decays is obtained from these form factors by
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In this work we focus on the decays H ! µ⌧̄ , e⌧̄ , eµ̄ and do not consider their related CP conjugate
decays H ! ⌧ µ̄, ⌧ ē, µē, which, in the presence of complex phases, could lead to di↵erent rates.

We have explicitly checked that the only divergent contributions to the LFV Higgs decays arise
from the diagrams (1), (8), and (10), and that they cancel among each other, in agreement with [39],
giving rise to a total finite result. All these formulas for the LFV Higgs form factors and the LFV
Higgs partial decay widths have been implemented into our private Mathematica code. In order to
get numerical predictions for the BR(H ! lk l̄m) rates we use mH = 126GeV and its corresponding
SM total width is computed with FeynHiggs [50–52] including two-loop corrections.

At the same time that we analyze the LFV Higgs decays, we also compute the one-loop lm ! lk�
decay rates within this same ISS framework and for the same input parameters, and check that
these radiative decay rates are compatible with their present experimental 90% C.L. upper bounds:

BR(µ ! e�)  5.7⇥ 10�13 [29] , (23)
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only loop induced

BR(⌧ ! e�)  3.3⇥ 10�8 [53] , (24)

BR(⌧ ! µ�)  4.4⇥ 10�8 [53] . (25)

In order to calculate these LFV radiative decay rates, which have been first computed in [54], we
use the analytical formulas appearing in [49] and [55] that have also been implemented in our code:
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where �lm is total decay width of the lepton lm, and
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where the sum above extends over the six heavy neutrinos, N
1,..,6 = n

4,..,9. Notice that in the above
formulas (26)-(27) the mass of the final lepton lk has been neglected.

Finally, we o↵er a few words summarizing the various constraints that we have also implemented
in our code. As we have already said, we have imposed the perturbativity constraint on the neutrino
Yukawa couplings given in eq. (16). Regarding the Higgs total width, it could be modified by the
presence of sterile neutrinos with a mass below the Higgs boson mass that could open new invisible
decays, as was studied in [56, 57]. However, in this work, we focus on the scenario where the new
fermionic singlets have a mass above 200GeV, thus escaping these constraints. If the right-handed
neutrinos provide a sizable contribution to LFV processes, a non-negligible contribution to the
lepton electric dipole moments (EDMs) could also be expected in the general case with complex
phases. Thus, to avoid potential constraints from EDMs, we assume in most of this work that all
mass matrices are real, as well as the PMNS matrix. The case of complex R matrix has also been
considered in this work, but as it will be shown later (see fig. 8) it is highly constrained by µ ! e�.
Additional constraints might also arise from lepton universality tests. However, in the scenario
that we consider where the sterile neutrinos are heavier than the Higgs boson, points that would
be excluded by lepton universality tests are already excluded by µ ! e�, as can be seen in fig. 8
of [19]. In the end, we found that the most constraining observable for our study is by far µ ! e�.

4 Numerical results for the LFV rates

In this section we present our numerical results for the LFV Higgs decay rates, BR(H ! µ⌧̄),
BR(H ! e⌧̄), and BR(H ! eµ̄), and we also compare them with the numerical results for the
related radiative decay rates, BR(µ ! e�), BR(⌧ ! e�), and BR(⌧ ! µ�). First, we consider
the simplest case of diagonal MR and µX matrices and study all these LFV rates as functions of
the more relevant ISS parameters, namely, MRi , µXi , m⌫i , and the R matrix angles, ✓i, trying
to localize the areas of the parameter space where the LFV Higgs decays can be both large and
respect the constraints on the radiative decays. The results of this first case will be presented in two
generically di↵erent scenarios for the heavy neutrinos: (1) the case of (nearly) degenerate heavy
neutrinos (first subsection), and (2) the case of hierarchical heavy neutrinos (second subsection).
In the last subsection, we then consider the most general case of nondiagonal µX and look for
solutions within the ISS that lead to the largest and allowed LFVHD rates. We will then present
our predictions for the maximal allowed BR(H ! µ⌧̄) and BR(H ! e⌧̄) rates and will provide
some specific examples for this kind of ISS scenarios.
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In this work we focus on the decays H ! µ⌧̄ , e⌧̄ , eµ̄ and do not consider their related CP conjugate
decays H ! ⌧ µ̄, ⌧ ē, µē, which, in the presence of complex phases, could lead to di↵erent rates.

We have explicitly checked that the only divergent contributions to the LFV Higgs decays arise
from the diagrams (1), (8), and (10), and that they cancel among each other, in agreement with [39],
giving rise to a total finite result. All these formulas for the LFV Higgs form factors and the LFV
Higgs partial decay widths have been implemented into our private Mathematica code. In order to
get numerical predictions for the BR(H ! lk l̄m) rates we use mH = 126GeV and its corresponding
SM total width is computed with FeynHiggs [50–52] including two-loop corrections.

At the same time that we analyze the LFV Higgs decays, we also compute the one-loop lm ! lk�
decay rates within this same ISS framework and for the same input parameters, and check that
these radiative decay rates are compatible with their present experimental 90% C.L. upper bounds:
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ported an upper limit of BR(h ! µ⌧) < 1.85⇥ 10�2

at 95% C.L. in agreement with the previous CMS re-
sult. Intriguingly, a small excess appears in one of the
signal regions considered, even though it is not statis-
tically significant. One way or another, the searches
for lepton flavor violation (LFV) in the Higgs sector
have entered into the percent level. The statistical
significance is not enough to reach a strong conclusion
yet, but any evidence of LFV would unquestionably
mean a clear BSM signal due to the huge suppression
of LFV in the SM because of the absence of flavor-
changing neutral currents.

In particular, the investigation of LFVHD is at
present a very active field which is being studied in
di↵erent models. LFVHD were considered for the
first time in the context of the SM enlarged with
three heavy Majorana neutrinos in [6] and later in
the context of the type I seesaw model in [7], pre-
dicting tiny rates due to the strong suppression from
the large heavy right-handed neutrino masses. By
contrast, in the context of the inverse seesaw model
(ISS) [8] with right-handed neutrino masses at the
O(TeV) energy scale, much larger LFVHD rates, up
to 10�5, can be obtained [9]. In addition, LFVHD
have been also analyzed with special attention in the
literature within the framework of supersymmetric
(SUSY) models [7, 10, 11], finding branching ratios
slightly larger than in the ISS case, up to 10�4.

Here we will study the LFVHD within the context
of the SUSY version of the ISS, which we refer to here
as the SUSY-ISS model. In particular, we will present
our estimate of the contribution to the BR(h ! ⌧ µ̄)
from all the SUSY loops containing sneutrinos and
sleptons which are typically di↵erent in the SUSY-
ISS with respect to other SUSY models, due to the
important e↵ects induced by the right-handed neutri-
nos and their SUSY partners with masses at O(TeV).
The potential increase of the LFVHD rates due to
some of the new SUSY loops within the SUSY-ISS
model was first pointed out and estimated in [12].
Other important enhancement due to SUSY loops
have also been found in [13] for LFV lepton decay
rates and other observables. Some phenomenological
implications at the LHC of SUSY-ISS scenarios with
large LFVHD rates within the same context as this
work have been recently studied in [14].

In addition to performing a complete one-loop
computation of the SUSY loops within the SUSY-
ISS model, one of our main goals here is to analyze
in detail if the enhancement due to the sneutrinos
and sleptons loops can be su�ciently large as to ex-
plain the LFVHD e↵ect seen by CMS and ATLAS.
Indeed, we will localize in this work some regions of
the SUSY-ISS parameter space where this is possible.

In section 2 we describe the SUSY-ISS model and in-
troduce the parametrization we use to reproduce low-
energy neutrino data. In section 3 we present the an-
alytical results of our one loop calculation while we
discuss our numerical predictions in section 4.

2 The SUSY-ISS Model

In this section, we briefly summarize the most rel-
evant aspects for the present computation of the
SUSY-ISS model, which is a well-known extension of
the MSSM that can reproduce the observed neutrino
masses and mixing. The MSSM superfield content is
supplemented by three pairs of gauge singlet chiral
superfields bNi and bXi with opposite lepton numbers
(i = 1, 2, 3). The SUSY-ISS model is defined by the
following superpotential:
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ĥ0

2

◆
. (3)

Then the soft SUSY breaking Lagrangian is given
by

�L
soft

=� LMSSM

soft

+ e⌫TR m2

⌫̃
R

e⌫⇤R + eXTm2

˜X
eX⇤ (4)

+ e⌫†R(A⌫Y⌫)e⌫Lh0

2

� e⌫†R(A⌫Y⌫)eeLh+

2

+ h.c.

+ eX†(BXeµX) eX⇤ + e⌫†R(BR
fMR) eX⇤ + h.c. ,

with

�LMSSM

soft

= eeTR m2
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ũ eu⇤

R (5)

+m2

H1
|H

1

|2 +m2

H2
|H

2

|2
+ �ab( eQa)†m2

˜Q
eQb + �ab(eLa)†m2

˜L
eLb

+
1

2

�
M

1

�̄b�b +M
2

�̄↵
W�↵

W

+ M
3

�̄↵
g �

↵
g + h.c.

�

+ "ab

h
(eu†

R(AuYu) eQaHb
2

2

except RGE induced
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sult. Intriguingly, a small excess appears in one of the
signal regions considered, even though it is not statis-
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ĥ0

1

ĥ�
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ũ eu⇤

R (5)

+m2

H1
|H

1

|2 +m2

H2
|H

2

|2
+ �ab( eQa)†m2

˜Q
eQb + �ab(eLa)†m2

˜L
eLb

+
1

2

�
M

1

�̄b�b +M
2

�̄↵
W�↵

W

+ M
3

�̄↵
g �

↵
g + h.c.

�

+ "ab

h
(eu†

R(AuYu) eQaHb
2

2

In SUSY setup A-terms provide level to increase 

QL/R =

e

8⇡2

m⌧ (µ̄�
↵�PL/R⌧)F

↵�
(219)

c1loopL/R ⇠ 1

3m3

h

Y⌧⌧Y⌧µ

✓

�1 +

3

4

log

m2

h

m2

⌧

◆

(220)

c2loopL = Y ⇤
⌧µ(�0.082Ytt + 0.11)

1

(125GeV)

2

(221)

� =

↵m5

⌧

64⇡4

(|cL|4 + |cR|4) (222)

Y⌧µ (223)

⌧ ! 3µ (224)

µ ! e� =) Yµe, ⌧ ! e� =) Y⌧e (225)

Yµ⌧ , Ye⌧ (226)

li ! 3lj (227)

H ! e⌧ (228)

H ! µe (229)

BR(h ! ⌧µ) . 10

�4

(230)

BR(h ! ⌧µ) . 10

�5

(231)

BR(h ! ⌧µ) . 10

�2

(232)

h ! ⌧+µ�
(233)

h ! ⌧�µ+

(234)

16



Santander                     Higgs Days      Michael Spannowsky             21.09.2016                   20

Honorary mentioning: 2HDM Type III

2HDM model with generic Yukawa coupling and MSSM-like scalar sector

Tree-level LFV interactions allows to adjust 

[Dorsner et al ’15]

For light pseudo-scalar masses (mA), mixing with the heavy scalar Higgs could affect the cou-

plings of the light Higgs to the gauge bosons. However, the overall modification factor of hWW

and hZZ couplings relative to the SM values is given by sin(� � ↵) and starts to differ from 1

only at order O(⇠2):

sin(� � ↵) ' 1� 2t2�(t
2

� � 1)

2

(t2� + 1)

4

⇠2 . (30)

We have checked that even for mA = 150 GeV the hWW coupling deviates less that 2% from its

SM value, for any value of tan �. We conclude that the effect of modified light Higgs couplings to

gauge bosons can be safely neglected at the current precision of Higgs properties measurements.

The more important effects of possible modifications of the light Higgs (tau) Yukawa couplings

are discussed in the next subsection.

FIG. 5. The values of the couplings ✏`⌧µ (✏`µ⌧ ) as a function of mA for which B(h ! ⌧µ) = 0.84% in

type-III THDM, when all other Higgs decay rates are held SM-like. The decay exhibits small dependence

on � for large values of tan�. See the text for details.

B. Constraints from ⌧ ! µ�

The coefficients cL,R in Eq. (12) are generated via one-loop diagrams with charged or neutral

Higgses. In the limit mµ = 0 (for the sake of consistency also yHk
µµ = ✏`µµ = 0), these coefficients
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average of the two experimental results:

µ⌧⌧
= 1.02+0.21

�0.20 . (34)

In the decoupling limit (c.f. Eq. (30)) and with yhtt SM-like, we can assume SM-like Higgs pro-

duction cross sections and model the departure of µ⌧⌧ from 1 by an appropriate shift of yh⌧⌧ away

from �p
2m⌧/v (i.e. non-vanishing ✏`⌧⌧ ).

A scenario with SM-like yh⌧⌧ coupling corresponding to µ⌧⌧
= 1 for fixed tan � = 10 and

mA = 0.3 TeV is presented in Fig. 3 by a black narrow stripe. This scenario easily passes both

experimental constraints. A perfect one-to-one correspondence between the two observables is

spoiled by the asymmetry between the left- and right-handed ⌧ ! µ� amplitudes at one-loop, see

Eq. (31). On the other hand, for masses mA significantly larger than 500 GeV it is not possible to

reconcile both predictions with the corresponding experimental values.

Allowing ✏`⌧⌧ to vary within the experimental bounds imposed by the h ! ⌧⌧ decays, i.e.

Eq. (34), one obtains predictions for h ! ⌧µ and ⌧ ! µ� as represented by the green band

in Fig. 3. In particular, this additional freedom in ⌧ ! µ� breaks, to some extent, the strict

correlation with the h ! ⌧µ rate. The remaining correlation signals the dominance of the 2-loop

contributions in B(⌧ ! µ�) which are independent of ✏`⌧⌧ .

The interaction vertices that induce the LFV decay of Higgs boson to ⌧µ pairs also contribute to

the LFV decay of tau lepton to three muons, ⌧� ! µ�µ+µ�. The current best experimental upper

limit on its branching fraction has been reported by the Belle Collaboration B(⌧� ! µ�µ+µ�

) 
2.1 ⇥ 10

�8 at the 90% C.L. [40]. This process proceeds through the tree level exchange of the

neutral scalars h,H and the pseudoscalar A. Since all the relevant amplitudes are suppressed

by flavor-diagonal muon Yukawa, this constraint is not competitive with ⌧ ! µ� in terms of

sensitivity to ✏`⌧µ and ✏`µ⌧ .

C. h ! ⌧µ vs. h ! ⌧e

Here we repeat the derivation of the bound on h ! ⌧e described in Sec. II A in the context of

the type-III THDM model. In this case, both µ ! e� and µ � e conversion receive contributions

not from a single Higgs but from three neutral Higgses while the charged Higgs contributions

are relatively suppressed by light lepton masses. The effective operator coefficients presented in

Sec. II A now have to be summed over the three Higgses with proper mass and effective coupling
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Higgs-tau decay
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Freedom of Type III allows to accommodate signal and limits
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How about CP violation?

• CP violation important for matter-anti-matter asymmetry

• Lack of CP violation in SM requires us to look for new sources
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One option, measure phase in angular 
distributions

c̃�1/2
WW � 600 GeV (497)

c̃�1/2
�� � 24 TeV (498)

�⇤�⇤ (499)

⌧± ! ⇢±(⇡±⇡0
)⌫ (500)

35

phase in angular distributions of

[Harnik, Martin, Okui, Primulando, Yu ’13]
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Interference effects [Kopp, Nardecchia ’14]

Interference 
between tree and 

loop diagrams

Asymmetry between

QL/R =

e

8⇡2

m⌧ (µ̄�
↵�PL/R⌧)F

↵�
(219)

c1loopL/R ⇠ 1

3m3

h

Y⌧⌧Y⌧µ

✓

�1 +

3

4

log

m2

h

m2

⌧

◆

(220)

c2loopL = Y ⇤
⌧µ(�0.082Ytt + 0.11)

1

(125GeV)

2

(221)

� =

↵m5

⌧

64⇡4

(|cL|4 + |cR|4) (222)

Y⌧µ (223)

⌧ ! 3µ (224)

µ ! e� =) Yµe, ⌧ ! e� =) Y⌧e (225)

Yµ⌧ , Ye⌧ (226)

li ! 3lj (227)

H ! e⌧ (228)

H ! µe (229)

BR(h ! ⌧µ) . 10

�4

(230)

BR(h ! ⌧µ) . 10

�5

(231)

BR(h ! ⌧µ) . 10

�2

(232)

h ! ⌧+µ�
(233)

h ! ⌧�µ+

(234)

16

QL/R =

e

8⇡2

m⌧ (µ̄�
↵�PL/R⌧)F

↵�
(219)

c1loopL/R ⇠ 1

3m3

h

Y⌧⌧Y⌧µ

✓

�1 +

3

4

log

m2

h

m2

⌧

◆

(220)

c2loopL = Y ⇤
⌧µ(�0.082Ytt + 0.11)

1

(125GeV)

2

(221)

� =

↵m5

⌧

64⇡4

(|cL|4 + |cR|4) (222)

Y⌧µ (223)

⌧ ! 3µ (224)

µ ! e� =) Yµe, ⌧ ! e� =) Y⌧e (225)

Yµ⌧ , Ye⌧ (226)

li ! 3lj (227)

H ! e⌧ (228)

H ! µe (229)

BR(h ! ⌧µ) . 10

�4

(230)

BR(h ! ⌧µ) . 10

�5

(231)

BR(h ! ⌧µ) . 10

�2

(232)

h ! ⌧+µ�
(233)

h ! ⌧�µ+

(234)

16

and

3

where `i are charged lepton fields in the mass basis, h is the Higgs boson, and Y h
ij is a general,

complex 3 ⇥ 3 Yukawa matrix. Similar couplings can exist for quarks and neutrinos, but we will
here focus on the charged lepton sector, which is most easily accessible at the LHC.

In the SM the couplings of the Higgs with the fermion fields are real and flavor diagonal while
several extensions of the SM predict Y h

ij 6= (mi/v)�ij . Naturalness arguments suggest that the
maximal size of the o↵ diagonal elements should be related to the observed hierarchy of fermion
masses. For example in [41] in order to avoid tunings, relations like the following have to hold

���Y h
µ⌧Y

h
⌧µ

��� . m⌧mµ

v2
. (3)

Despite this general expectation one has to remark that the size of the flavor violating couplings is
encoded in the details of the ultraviolet theory and in several explicit models larger flavor violating
e↵ects will be possible. For this reason, in our approach we are not going to rely on any specific
extension and we consider the couplings as free parameters.

The branching ratio for h ! `i+`j� is given by

BR(h ! `i+`j�) =
�(h ! `i+`j�)

�(h ! `i+`j�) + �
SM

, (4)

with

�(h ! `i+`j�) =
mh

16⇡

�|Y h
ji |2 + |Y h

ij |2
�

(5)

and with the SM Higgs width �
SM

= 4.1 MeV for a 125 GeV Higgs boson [42].
The Lagrangian (2) leads to non-zero A`i`j

CP through interference of the first two diagrams shown

in fig. 1. The bubble diagram (2) (c) exists, but does not contribute to A`i`j

CP . The tree level
diagram is given by

iA
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= ¯̀i(pi) i
�
Y h
ijPR + Y h⇤

ji PL

�
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while the expression for the triangle diagram is
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Here, pi, pj are the 4-momenta of the final state leptons, mi is the mass of `i, and PL = (1��5)/2,
PR = (1 + �5)/2 are the chirality projection operators.

From eqs. (6) and (7), we can compute A`i`j

CP and find for the phenomenologically most interesting
case where `i = µ and `j = ⌧
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Here, we have neglected terms proportional to mµ, me,
��Y h

µµ

��,
��Y h

ee

�� as well as terms suppressed by

more than one of the small quantities m2

⌧/m
2

h, |Y h
eµ| and |Y h

µe|. An analogous expression for Ae⌧
CP

is obtained by replacing µ $ e in eq. (8).
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i(/q + /pi +mm)

(q + pi)2 �m2

m

i(Y h
mnPR + Y h⇤

nmPL)

i(/q � /pj +mn)

(q � pj)2 �m2

n

i(Y h
njPR + Y h⇤

jn PL) `
j(pj) . (7)

Here, pi, pj are the 4-momenta of the final state leptons, mi is the mass of `i, and PL = (1��5)/2,
PR = (1 + �5)/2 are the chirality projection operators.

From eqs. (6) and (7), we can compute A`i`j

CP and find for the phenomenologically most interesting
case where `i = µ and `j = ⌧

Aµ⌧
CP =

1� log 2

8⇡

Im
⇥
Y h
⌧⌧

�
Y h
eµY

h⇤
e⌧ Y h⇤

µ⌧ � Y h
µeY

h⇤
⌧e Y

h⇤
⌧µ

�⇤
��Y h

µ⌧

��2 +
��Y h

⌧µ

��2

+
1

8⇡

m2

⌧

m2

h

��Y h
µ⌧

��2 � ��Y h
⌧µ

��2
��Y h

µ⌧

��2 +
��Y h

⌧µ

��2 Im
h
(Y h

⌧⌧ )
2

i
. (8)

Here, we have neglected terms proportional to mµ, me,
��Y h

µµ

��,
��Y h

ee

�� as well as terms suppressed by

more than one of the small quantities m2

⌧/m
2

h, |Y h
eµ| and |Y h

µe|. An analogous expression for Ae⌧
CP

is obtained by replacing µ $ e in eq. (8).

combination of all phases

However, enhancement 
possible in general  
Type-III 2HDM

300 ifb
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Summary

Golden Age of Lepton Flavor Violation:

•  Would be direct indication of physics beyond SM

•  Highly sensitive low-energy experiments

• Many models where LHC provides best sensitivity

• New sources of flavor and CP violation needed, e.g. for 
Leptogenesis

• Interesting searches for flavor violation,  
lepton nr violation, CP violation, …
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