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Higgs lepton flavor violation

o CMS [ATLAS] at 8 TeV observes hint of a signal at 2.4 [1]o:
BR(H — pr) = (0.8419:39) % [(0.53 + 0.51) %) .
o If interpreted as upper bounds, at 95 % CL, we have:
BR(H — p7) < 1.51(1.43) - 1072 CMS (ATLAS).
e 2015 data: BR(H — ur) = (—0.767051) %. Doesn't exclude 8 TeV.

@ If not confirmed, H — pu7 will still be a very sensitive BSM probe.

We want to ask:
@ What are the UV completions and their expected HLFV rates?

@ Could HLFV be connected to neutrino masses, i.e., ANy ~ ALpy?
- LFV observed in v oscillations, and is expected in charged leptons.
- For Dirac v or in seesaws HLFV and CLFV rates are unobservable.

Juan Herrero Garcia (KTH) Benasque, 18/05/2016 4 /24



NP is needed for HLFV

@ SM Higgs couplings are diagonal, so NP required for HLFV:
L = —e; Mieg; — Hﬁyij €Rj + H.c.

giving:
BR(H — ) = g Tigwl (lyrul® + [y ) -

or for quick estimates, using BR(H — 77) = 0.065:

‘y7u|2 + |yu~r|2

BR(H — 7u1) ~ 0.065
H = 7u) 2Tral?

@ To explain the excess we need at ~ 1o, for F'}gtal = F%M + Ihew:

0.002 < 1/ [yrul? + [y 2 < 0.003.
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UV completions from EFT |
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The Yukawa and Derivative operators

e SM + EFT [Buchmuller, Grzadkowski, Harnik...]:

—. . — C
Lieptons = LilpL + egilPer — (YoLer® + Z A—;(’)a + H.c.)
a

D=6: Oy :ZCY eR<I>(<I>T<I>), Opi = (@‘I)T) CDiiD(eR(I))-
@ Op; related by EOM to Oy+ plus other non-HLFV operators.
o After SSB, (®¢) = (H + v)/v/2, diagonalize M:

ivT(Y +C i
ﬁ L e Y2A2

@ Yukawas are no longer diagonal (VI:r Cy Vr = Cy):

(Me)i; = diag(me, My, mr) = )VRU.

1) \/§A2’

m;

(Ye)ij = 75@' + (Cy) Cy = \/’(CY)WP + 1(Cy ) pr?.
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HLFV scales and models

@ NP scales necessary to explain the CMS excess as a function of Cy:

Cy A (TeV)
1 5 \/
me /v 0.4 T
1/(47)2 0.4 A RN
m./v/(4m)% | 0.04 . | )

o Clearly preferred at tree level and without chirality suppression.
@ Strongest constraint from 7 — py:

1672A21/2

which leads to

ev
fioy, (C) Pr+ CliPL) TF

BR(7 — py) ~ 0.03 (TeV/A)* T2 < 44 x107%

67//&2 =
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|CO7 )2 + |Cu)2 /A% <1073 TeV 2.
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First rough classification of models

For each type of 67, using the lower bound on A from 7 — uy, we can
predict an upper bound on BR(H — 7p) for different C'y-:

Oy s m2/v? | m, /v 1
1 (Oy) 1 0.04 | 10°°
mr/v (O12) 0.04 | 10°° [ 10710
1/(4m)? (Oy) 003 | 10°° [ 10710
m,/((4m)%v) (O12) | 10°C [ 10710 107

In red excluded models as an explanation (unless cancellations in 7 — ).
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Systematically study all tree level topologies

(see also [del Aguila, de Blas...])

@ Many studies with EFT and models: lIitan, Diaz, Pilaftsis, Diaz Cruz, Sher,
Blankenburg, Harnik, Dorsner, Crivellin, Goudelis, Arhrib, Nir, Davidson, Aristizabal,
Falkowski, Celis, Arganda, Campos, Dery, Arana-Catania, Kearney, Bhattacharyya,
Omura, Dorsner, de Lima, Altmannshofer...

@ Our approach: we start by systematically listing the HLFV UV
models opening EFT and impose constraints from CLFV.

w @) © (D)

@ The topologies follow a hierarchy:

6y~%(AY:Y:Y2:Y?’).

Juan Herrero Garcia (KTH) Benasque, 18/05/2016



Opening the Yukawa operator: scalars. Topologies A.

[ Top. [ Particles | Representations (SU(2)L,U(L)y) [ Heaeg |
[ A ] 15 ] S=(2,-1/2) [ YA/m% |

@ HLFV is given by (tan 5 = va/v1, a CP-even mixing angle):

2
mu_ [ cs- . .
BR(H — put) = 81T h <\/§Co;> (1Y, M2 v ‘2) .

@ A: General 2HDM can explain it after considering all constraints.

[Davidson, Aristizabal, Dorsner, lltan, Diaz, Kanemura...].
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Opening the Yukawa operator: scalars. Topology B.

S, Phd
AR
J--2-<
v’ N
e N
[ Top. | Particles [ Representations (SU(2)r,, U(1)y) [ Heaeg |
[ B ] 25 [@-19580,0560s6Ds | 7793
mg Mg,

@ The vevs vy of the scalar triplets (3,0)s and (3, 1)g contribute as:
pio) = 1+ 40p/v* > 1, py = (0¥ +203)/(v* +407) < 1.
e B: Their vevs are vy ~ pa v?/(v M3,) < (5GeV) /v, so:

~

Y2 U2
- 0.6 -1

Yoz o2 06—
M2 oMZ, y M2,
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Opening the Yukawa operator: fermions. Topologies C, D.

- Both scalars and VL fermions (C): -Only VL fermions (D):
R R L
F E
I I 1 | S L
2 sk bs 24 R 5
| I I | R
! A P | | | |
d// \\\] q))// \\? *‘I’ ﬂ ‘H
P N . N | | |
- N 7 N | | |
[ Top. | Particles | Representations (SU(2)1,, U(1)y) [ Heaeg |
C: [ 1F1sS (2,-1/2)r &(1,0)s,(3,0)s LTy
m ms
C: | 1F1S (2,-3/2)Fr ®(3,1)s el
m mS
Cs | 1F1S | (L-r®(L,0)s, 3, -Dr® (3,0)s | Lk
m ms
Ca | 1F1S (3.0)F ®(3,1)s ey
YLY.Y,
D; 2F (2,-1/2)r®(1,0)F, (3,0)p W
YL Y. Y,
Ds 2F 2,-1/2)r(1,-1)p,(3,-1)p W
Ds 2F (2,-3/2)r & (1, ~1p, (3, ~1)p T tE
1 2
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Bounds on HLFV models

@ Several constraints on them from universality, p, naturality,
perturbativity, stability, h — ... etc.

@ Strongest limits from CLFV (7 — p~). Different contributions:
a) From EFT with SM Higgs (Yukawa op.) oc m?2 [Blankenburg, Harnik].
b) From EFT operators NOT giving HLFV (Derivative op.).
c) With at least one heavy particle (from matching with EFT):

cl) Closing the Higgs in the HLFV topologies and attaching a photon.

c2) From only heavy particles running in the loop.
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Upper bounds on HLFV models from CLFV.

We can classify the contributions in two types:

Q@ Robust: a), b), cl).
Can NOT decouple HLFV from CLFV.
For instance, in 2HDM diagrams with light and heavy Higgs (c1).

@ Natural: c2).
Can decouple HLFV from CLFV.
For instance, heavy Higgs cont. in 2HDM would vanish if Y, = 0.

We get for the different topologies:
@ Topologies A and B:

BR(H — p1) $0.1(0.2), for robust (natural).
@ Topologies C and D:

BR(H — p7) <2-107%(2-1072), for robust (natural).
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The Derivative operator. Topologies E with VLL, oc m,.

oo
|

° Z:nme/(chsw),W:/ﬂ:T,,,e/(Q\/Qs,,,,),H:ym ~ Yrbiry (Krp ~ YrrY,pv?/m3).
o Tree-level ZLFV BR(7 — 3u) < 2.1-1078 — |k, S O(1073):

BR(h — pu1) ~ 1200|y,,[* S 1077,

@ As for the Yukawa op., also 7 — p~y: contributions a, b and cl1.

[ Zyayﬁ [ Zeae,g [ W e,vg [ H eqeg ]

[ Operator [ Topology [ Particles

(er®@T)i(er @) Ey (2,-1/2)F -1 1
(er®T)il)(er %) Fa (2,-3/2)F +1 1

(L®)ip(®TL) Es, (1,0)p -1 -1
(L&®)ilp(dT3L) Ez (3,0)F -1 -2 +1 2

(L2)ilp(2T L) Eia (1, -Dp 11 -1

(Le®)ip(®T GL) Ey, (3,-Dr +2 +1 +1
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Connection to neutrino masses J
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Neutrino mass models typically give HLFV at one loop

¥ \;\\ v " o \‘;\ o
T o
st e < RS
Top. | Part. | Representations | Neutrino mass models |
LR S, F (1,0)r, (3,0)F Dirac, SSI/III (ISS)
RR S (1,2)s ZB (doubly-charged)
LL S (1,1)s,(3,1)s ZB (singly-charged), SSII
[LL(Z) [SeF | (1,1/2)s® (1,0)p, (3,0)F | Scotogenic Model ‘
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Neutrino mass models giving HLFV at one loop

@ We estimate that all neutrino mass models give:

BR(H — pi7) ~ 0.06 (2;254 (TZV)4 (Mi;/TeV)4'

e 7 — vy typically give the constraint:

Y 4
- < _ < —8
(Mi/TeV> <0001 -1) — BR(H — ur) <1075,
Is BR(H — ut) ~ 0.01 possible, overcoming the loop ~ 1/(47)*?

@ Evade cLFV? No, some of the new F and S in the loop are charged.
One expects cLFV at the same level as HLFV [Dorsner].

o Large Yukawas with special textures: < 1075 [ISS, Arganda).

e But: large Y, \ lead to instabilities/non-perturbative and H — 7.
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Neutrino masses for HLFV at tree level: The Zee Model.

[Zee, Cheng, Babu, Wolfenstein, Petcov, Smirnov, Frampton, Kanemura, Aristizabal, Koide, He..]

@ The Zee model (type Ill version):

Ly =L (Y '®+Y®y)er — Lf LhT + He.

o Ml,oc<fm?c+m?ch—

AN v/ \/2e(Fmy Yo £ Y my 7))

T
|
b Py
|
|

—2fe7— YQT ¢ —feT }/27'!‘ _ f,uT Y27'e \/505 mr feT _ fBT Y27'7'
- _2fl“' Y{M 7\/565 mr fl” _ f,uT YZ’TT
- - 0
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The Zee Model

2
my Sg— T T
BRH = u7) = S5, (x/gs;> (Y57 + 371

Mixing angles imply Y57, Y} # 0 so BRy_,r X BRy_er > #.

Upper bound from p — e~y plus pe conversion [Dorsner]:

BRyyur X BRyyer S 1075,

For BRy—yur ~ 0.01 we get BRy—,re < 1076,

~

Compatibility under study doing a MCMC [in preparation].
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LR models. [Mohapatra, Senjanovic, Keung...]

@ LR models based on SU(2)1, x SU(2)r x U(1)p_r, and restore parity:
Q = T3L+T3R—|— (B —L)/2

e B— L =2 triplets, Agr(1,3,2) and Ar,(3,1,2). Bi-doublet (2,2,0):

®)  of ; " ey O

@ The Yukawa Lagrangian is a Type |ll 2HDM at low energies:
Ly CLLME + Y2X)Lg — er (Yi(v1 + HY) + Ya(vs + HY)) er.

@ Need vy, € v1 ~ v € vg. FCNC imply M0 2 15 TeV.

e Extended models with myy,, ~ 2 TeV for di-boson anomaly (and no
excess in SS leptons) may explain both [Mohapatra, Liu, Dobrescu, Gluza...].
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Summary and conclusions |
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Summary and conclusions

@ HLFV would imply BSM physics, maybe related to neutrino masses.

@ All tree level topologies from Yukawa and Derivative operators.

e Contributions to 7 — py from both EFT and UV. Robust/natural
(HLFV doesn’t/does decouple from CLFV) upper limits on H — 7.

@ All VL models are excluded as an explanation. Some generate the
Derivative operator giving tree-level ZLFV.

e Type Ill 2HDM works due to CLFV suppression wrt VL (cont. with
only heavy Higgs could be made zero if Y., — 0).

@ All models with HLFV at 1 loop (typical neutrino mass models) yield
too low BR, typically < 1077, and in the best case < 107°.

e We find that the best-motivated scenarios (also neutrino masses) are:

@ The Zee model [detailed study in preparation].
@ LR symmetric models, which may also explain di-boson anomaly.
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Back-up slides |
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@ 2HDM work because 7 — -y is suppressed wrt VL:
BRQHDM ~ 10—3 BRVL

T— Y T—r Wy

CMS preliminary 19.7 fb™, {s =8 TeV

2

.............................. 5
S

_____________ KQ

10* A
_4 -3 -2 -1 0 .
10 10 10 10 oy 1 1o-T1 109 1055 102
pt B(r-uy)
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LFV at D =6

@ In general cLFV like 7 — py is given by (7 = (11,72, 73)):
L®ocp 0"VerByy + L ey otVeg (7 WM,}) .
o Four lepton operators generate 7 — 3, for instance, via:
CAF €R €R €R €R -
@ Other ones give rise to FCNC and FCCC:
— g . e
(L ep1yuL + ek cpayuer) (91iDF®) 4 (L eps vy, 7 L) (O 7iDH®)

<~
where T Dt ® = ®TiDH® — (iDFDT).
@ These last ones do NOT generate HLFV.
@ HLFV is given by the Yukawa and the Derivative operators.
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The Derivative operator

e Using EOM, the Yukawa operator becomes Cy = C'Y, + Y. C”:

1
A2

@ These change kinetic terms, so we need to redefine wave functions:

(=L (120 T )1/2 Li{1 +Ckl®A§)>+O(qX;D>2'

@ The SM Yukawa gives the Yukawa op., and kinetic terms become:

1
(LC" i, D'L) (®T®)+H.c. — (R C" iy DFeR) (210)+H.c.

A

1
A2
which does not give HLFV, but sizable FCNC and FCCC (VL models).

— <>
(LC' L) (@1iD"®),
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SM + relevant EFT operators

e & SM Higgs, L (er) lepton doublet (singlet), Y. Yukawa matrix:
Lsm = LilDL + egilper + Yo Ler® + H.c.

o At D =5 only the Weinberg operator, which gives neutrino masses:
1 Caﬁ —_— .I.~ U2

@ At D = 6 many operators, but only a few are relevant for HLFV.

@ The following renormalize H and v and can be easily absorbed:

e OM(®TD) 0, (DT®) + ¢ (2TD)3.
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Naturality: OK with large H — 7u. Figure from Dorsner.

o |det M| = |Mu M.+ — M M| =m,m;.
e To avoid avoid fine-tuning we can require [M, M| < m,m;.
o We get for yr, = yur:

Y=/ |yur > + [yrul? < 0.005.

@ This is compatible with the CMS preferred range.

Juan Herrero Garcia

(KTH)
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Bounds on VLL from the Derivative operator

o Universality.
b= BRe _ (95" + 095" + (93" + 990" )?
BR; M (92 + (93"
Mégg P +gSM5ggR
(97M)% + (g3M)?

From p, = 1.0036 £ 0.0025 (similarly for ppu, ee):

~1—|—2

Ko < Krr < 0.005  at 95%C.L.
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Opening the Derivative operator with VL: example

e Example: vector-like lepton E = (1, —1)p of bare mass Mx:
=iL ) Ltieg Ip er +E (il)—Mg) E+(LY.er®+LYpEr®+H.c.).

e Take My > v, so we can integrate-out the E:

@' 1) = To) Y

— (T 2L
Corr = (L2 5 M2

Eip (0" L)+0 <ME>

o Using Cp/A% = 1/2YpMZY} and 0f = L(01®) + 17(a179):

1
2T

D<6
EEFT 2A2 [(

< _ A4
—(LCpy* L) (®'D,®) — (LCe*7L)(®T7D,®)| .

LCEzﬁL) (@7 @) + (ZCEFJB L) (®T7®) —

e Both HLFV (1st line) and FCNC (2nd line) at same level!
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General VL models explicitly: "matching” with EFT

@ Z FCNC, where £ run only on doublets and a, b on all charged leptons:

Lz = 26 (ELvV'XLEL + Epy" XrER + 283y Jhey,) ZH,

(Ko = (Vi),, View - (Xidpo = (VL) , (Vi s

o H FCNC:
—Ly — ELV}YEVrEgh +hec..

@ The HLFV Yukawa coupling is (similarly for y.,):
vyr = WV YEVR) e = (XD + DpXg — 2X.DEXR)
= (XL)prmr +mu(XR)pur — 2(XLDEXR)ur

YFU YTF’U YFU YTFrU YFU YTFU
~ 128! ( ) 17 m, + B2 ( ) 2T m#_2 ! Y12’U( ) 2T )
mpg, mpg, merg, mepg, mp mepg,

@ Derivative op. + Yukawa op., top. D: dominates unless Yiov < m.
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T — vy in VL models

@ 1-loop VL Higgs contributions to 7 — p7y go as (Z subdominant):

(Xt Dp+DpXp—2XDpXp) D (X Dp+DpXp—2X,DpXR))ur

Y,sYspYp,v?
~ | = | & (XLDEXR) ur X VY
M5 p
@ In VL enhanced 7 — py rate wrt to 2HDM:

m
AVL o Ypr vs  A2HDM  _Ypr T
B 7 (4r)2um, R (4m)2vm?,

@ Note: 2HDM 2 loops (Barr-Zee) dominate [Davidson, Harnik, Aristizabal...].

@ 7 — py excludes VL in composite scenarios [Falkowski].
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Opening the Weinberg operator at tree level: seesaws

@ Rewriting the Weinberg operator:
(1) (63 =~ () (4 90 = 3 (1) (69).

where « and [ are family indices and & = (01, 02, 03).

o, o 4, Y b,

I

c 1

VR’ZL Iy
Y Y I
’ M N !
’ \
/ N [ ,/#\\ @
79 [N -7 RS
7 \ -7 SN

o 3 different particles can generate Weinberg op. at tree level:
e a Y =0 heavy fermion singlet (triplet), type | (111) seesaw.
e a Y =1 heavy scalar triplet, type Il seesaw.

@ Explains why v's are light: they couple to high scale fields.
@ Drawbacks: typically difficult to test, problem of hierarchies.
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Adding right-handed neutrinos: seesaw type |

_ o~ 1
Ly, = iR Ourr — <€¢)Y VR + iVﬁmRVR + H.c.> ,

where mpg is a n X n symmetric matrix. After SSB:

1 o c
Ly mass = 9 (TL Vﬁ) < OT mD> (VL> +H.c.,

where mp =Y %
D \/5
ly, 0
VR, X,
Y Y
7 M N
/ \
7/ N
// d) ¢ \\

If mg > mp, one gets n my leptons (mainly singlets) and

my >~ —mp mﬁl mg.

Juan Herrero Garcia (KTH)
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Seesaw type |l

@ Add to the SM one scalar triplet with hypercharge Y =1 and LN —2.
In the doublet representation of SU(2)y, the triplet is a 2 X 2 matrix:

‘= <X+/\@ A >
xo  —xT/V2
Gauge invariance allows a Yukawa coupling of the scalar triplet to 2 lepton

doublets, B
L= ((Mas laxts + Hee.) = V(%)

where Y, is a symmetric matrix and 0 = iTy (€. The scalar potential has
the following terms:

Ve, x) = mi Tr[xx'] + (,u oxTb+ H.c.) +...
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Seesaw type |l

@ The p coupling violates LN and induces a VEV for the triplet via vy,
even if m, > 0. In the limit m, > vy4:

L2
m, = 2Y v, = 2Y, ;5
my

@ m, are thus proportional to both Y, and p, since the breaking of LN
results from their simultaneous presence.

o If ’m2 is positive and large,v, will be small, in agreement with the p
parameter vy S 6 GeV.

@ Moreover, 1 can be naturally small, because in its absence LN is
recovered, increasing the symmetry.
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Example: the Zee-Babu model [cheng and Li, Zee, Babu..]

The D= 9 AL = 2 effective operator (({lc e” generates the Weinberg
operator at two loops (and therefore m,,). By NDA:

c y2v?

(4m)t A

my ~

One can open this operator with a singly- and a doubly-charged scalar
h*t, kT with Yy, = £1 and Y}, = £2.

Juan Herrero Garcia (KTH)
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Example: the Zee-Babu model [cheng and Li, Zee, Babu..]

Ly =Yep+ feht +efgektt + uh?kt 4+ He.

I N M, = Miuify TnyT
a YT 482 M2 9 ’

M = max(mp, my) .

o fis AS — det f =0 — det M, =0, so one v is massless.
@ We can estimate the amplitude of H — u7 to be:

MU

(4m)?

where Mg |h|2?HYH + \pg|k|2HTH + h.c..

Ak
Azp ~ H(

ALH
( ,n];, (f f(i‘l') geugeT + guug,u‘l' +glJ,'rgTT)) 9

2
my
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Strongest onstraints: cLFV and universality

o [Vi"IP+ IVU‘Z""’I2 + |[VEP|2 = 0.9999 + 0.0006
2
~ 1= gV | feu®] — | feul® < 0.007 ()

Gpm

T/p universality: & W = 0.9998 4+ 0.0013
2
|| ferl? = | feul?] < 0.035 (k)

BR(T — puy) < 4.4x 1078

£ fur|? I 16|g¢cgen+92,9unt9irgur|® < 0.7
(mp /TeV)? (mi/TeV)* ’

BR(t~ = putp p7) <21x1078
2
|9yr Gl < 0.008 (%)

Juan Herrero Garcia (KTH) Benasque, 18/05/2016 40 / 24



Universality and LFV constraints

o [V.I” + IVU‘Z"‘Z’I2 + |[VEP|2 = 0.9999 -+ 0.0006
2
~ 1= G2 | feu®| — [feul* < 0.007 (75)

Gpm

@ BR(u — ey) <5.7x 10713

fi fur | 16|95 Geu+9s, 9uut9i-gurl? _
(e e < 1.6-107°

@ BR(u~™ —efee™) <1.0x 10712
_ 2
|geu9ee| <23- 10 (TeV)
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