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SM 0} invi“;‘“t U1)e @ U(1), @ U(1)r] giopar
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@ In the original SM with massless
neutrinos = conservation of LF

and LN.
@ Neutrino oscillations =
BR(H — Z,‘éj) ~ 10755 Arganda, Curiel, Herrero & NeUtrino masses are non-zero =
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@ Effective theory cannot be matched to the well-studied decay ¢; — £;.
@ /; — Lix---x could contribute significantly to the total decay width =

“hyperphoton catastrophe” L B. Okun et al, Phys.Lett.B 78 (1978) 507-600

In Phys.Lett.B 827 (2022) 136933 in collaboration with A. Ibarra and P. Roig

showed that in a renormalizable and gauge invariant theory, the rate does not

diverge when m,, — 0. We presented two explicit models that generated LFV
interaction at the tree level and the one-loop level.
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Tree Level Model

The particle content and the corresponding spins and charges under
SU(2)L x U(1)y x U(1)y are

Ly Ly R, ©er, | P11 P12 P P»
sin | 1,2 1/2 1/2 12| 0 0 0 0
su@), | 2 > 1 1|2 2 2 2

ul)y | -1/2 -1/2 -1 1| Yy Y Yo Ya
U(l)X qL, qL, 9e, 9e, o1 912 9o 922

Li = (VLiveLi) and €R:» i = 1,2

@ ¢j complex scalar fields and doublets under SU(2),. We assume that the
hypercharge Yj, = 1/2 and charge under U(1), g4, = 91, — Ge,-

@ We also assume that ¢j acquire a vacuum expectation value = (¢jx) = vjx

@ We need to allow for generation dependent charges under U(1),.

S 7728



Lagrangian and LFV Interactions

@ Kinetic and Yukawa Lagrangians:

2 2
Lign =Y _i(L;DL; +rBer) + > (Dudic) (D i)
=1 jk=1
2

—Lvk = Z yikLjojker, + h.c.
jk=1
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Lagrangian and LFV Interactions

@ Kinetic and Yukawa Lagrangians:
2

Lin =Y _i(L;DL; + 8 DPer) + > (Dudic) (D" i)

j=1 Jrk=1
2
—Lvuk = g YikLidjker, + h.c.
J k=1

@ We recast the kinetic Lagrangian in terms of the mass eigenstates, and we
find flavor violating terms of the form
Lyin O Z?Zl(iijLj + I'ERJ. lPeRj)
I
Dy D igyaxu

{JAfter basis change to
the mass eigenstate basis

—Lyin D@iggfvpxpufe + eTigeL/H”xpuL +h.c., with
ggf? = g(ge; — Ge,)sinfrcosfr , and geﬁf = g(qr, — qu,)sinf cosb; .
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Effective Lagrangian description

The model that induces LFV transitions at the tree level is included in the
low-energy effective Lagrangian with Monopole operators, as follows:

Lot = fliv* xalj + 8iiliv* Vs Xalj + h.c.
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Effective Lagrangian description

The model that induces LFV transitions at the tree level is included in the
low-energy effective Lagrangian with Monopole operators, as follows:

Lot = f0iv*xal; + 8iliv* Vs Xalj + h.c.

o Ui, lj=e,p,T, with {; ={; and {; # {;.

o fij= Cuﬁ and gjj = cum -, where mZJ, represents the mass of the

highest—generation lepton between ¢; and /;, and ¢ and c;j are
dimensionless independent coefficients.

@ With this effective Lagrangian we can describe different LFV decays,
but in this work we focus on LFV Higgs decays.
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Decays with x off-shell: H — /;¢;

The Effective Lagrangian induces one-loop level two-body LFV decays of
H — f;f&.

Marcela Marin
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Decays with

The Effective Lagrangian induces one-loop level two-body LFV decays of
H — f,’gj.

>
The contribution from the triangle diagram to the branching ratio of
H — ¢;¢;, with £ into the loop, is given by:

(H—>M);;F(H—>M) O

BR(H — (it)) =

4
m
~ X

= 2 2
mekm 4 Ty

MHm% 2
7‘( “Cj‘icﬁ( - Cl“l/(CJ:7<|2 + |C_/¥<Ci‘;< - Cﬁ(c_ﬁ(|2:| |fren(mfi ) mzj ) mzk)’ )

where we have conveniently neglected the masses of the leptons in the
kinematic expression, [y represents the total Higgs decay width, and the
loop function F(my, , my; , my,)
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BR(H — ¢¢;) as a function of m,

vl = le = 2% 107% and ¢}y = ¢i) =0 et ] = [el] =2 % 1073 and ¢, el = ety =2 x 107 and ¢y = ¢ =0
XY
0y
Eo100 ]
3 T
x =107°
Leptons into the loop 5 10~} Leptons into the loop = Leptons into the loop
I, e - — T, e a =7 e
- 1077 =7
— K — K
—e — ¢
- 2x 1071 - - , -
1073 10°2 107! 10~ ) L 107 10~ 1071 1077 102 1071
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Figure: H = e Figure: H — pe

Figure: H — T

Assuming ¢ = 0 and suitable values for cji- The red line corresponds to
the scenario where all three lepton contributions are active within the loop,
i.e., 7, i, and e. Conversely, when only a single lepton contribution is
activated in the loop, we represent it with violet, green, and blue lines for
e, /, and T, respectively. The grey line denotes the current upper limit.
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BR(H — ¢¢;) as a function of m,
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Constraint Regions on |

e We use upper limits for BR(H — ey, e, u7) and
BR(H — ee, puj1, 7T) to constrain |c}|.

@ Assuming |c} | # 0 and |c;| = 0, with m, = m,, /2.
@ Dominant contributions are shown in Figures for LFV decays. For
BR(H — ¢;¢;), dominant contributions occur when m;, = my,.
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Constraint Regions on

e We use upper limits for BR(H — ey, e, u7) and
BR(H — ee, puj1, 7T) to constrain |c}|.

@ Assuming |c} | # 0 and |c;| = 0, with m, = m,, /2.
@ Dominant contributions are shown in Figures for LFV decays. For
BR(H — ¢;¢;), dominant contributions occur when m;, = my,.

Constraints are:

0<|ch, $526x107%, 0<|c/|<841x107%, 0<|ck|<$3.96x107°,

1
4.41 x 102 +1.59 x 10| ck|?’

o<|c;e|§5.35x102\/ 0<|cl|<1.33x107°

4.58 x 1013 — 4.4 x 10%7|c/.|?
5.5 x 1013 + 7.78 x 10%7|c%|?

and 0 < |c/.| S 1.76 x 10_3\/
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Decays with x on-shell: H — £;{;x

Utilizing the effective Lagrangian, we can induce the decays H — E,-!Z-X at
the tree level. Here, we introduce the Mandelstam variables ¢t = (q/; + ay)?
and s = (qs, + qX)2. The differential decay rate is then expressed as:
) _
: r(l_clis_;t&ZjX) - 32(27:)3/\/13, Mgz (s 1),

BR(H — liljx) is defined as:
_ T(H = Lilpx) +T(H = Litix)

My ’

BR(H — é,—éjx)
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Upper bound on BR(H — /¢i¢;x) as a function of m,

107
3
<5x 1077
<35
T — BR(H — Tpy)
anl — BR(H — Tex)
E BR(H — pex)
[an} 10~ 7F
5x 1078 ; : ; ; : 1
1074 1073 102 1071

my [GeV]

These bounds are derived from constraints established by the upper limits
of H — (;{; decays while assuming cj = 0. Notably, similar to the

BR(H — /if;) decays, the 3-body Higgs decay BR(H — ¢;¢;x) displays
minimal dependence on the y-boson mass.
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Angular Observables

@ We examined the decays H — E,[jx as functions of lepton energy £,
and angle cos 0y,

@ Here, 96;4 is the angle between the momenta of the two leptons in
the ¢; — x rest frame, where Gy, + G, = 0. Consequently, we have

|BH| = |di,| = \/EZ — M2 and |Gy, | = |G| = /E? — m? , with
(Ee, + Ex)? + M}y — mj,
(EZ,‘ + EX)

H —

e Then s = (E, + E,)? and
t= mfj + mi + 2(Eg; Ex + |G, 1|Gs;| cos Op,e;). The partial decay rate is:

= |MH~>Z,'ZJ'X(COSQ£ij7 Ee;)|?.

d*T(H = bilix) _(Ex + E¢,)?|Ge 1y
dngdCOS 95,.4. (27l')3 SME,EX
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Lepton Charge Asymmetry: H — (;{;x

AL=C(H — £;¢;x) as a function of cos

dF(H%Z,-Z_jx) . dF(H~>l7,-£jx)
d cos 91/4‘ d cos 0@[_[/_

L—C DN
AT(H = bilix) = dr(H—0:2;x) |, dr(H—Z;¢x)

d cos 0[,.[]. d cos (9[,.[].

We assume ¢ = 0 while ]cI‘J’| follows the constraints derived. We consider
three options for the x-boson mass: m, =0, m, = m, /2, and my, = m,,.
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Forward-Backward Asymmetry: H —

AF=P(H — £;;x) as a function of E,. [GeV]

0 dr(H—¢ilx) 1 dr(H—=¢i2x)
_ —1 dEg dcos Oy, ~ Jo dE; dcosty, ¢
F—b i
H — ilix) =
AN iix) dr(H—¢;2; 1 dr(H—¢;;x)
f—l dE[ dcosO[[ f dE[ dcos@l 2

We assume ¢ = 0 while |c}| follows the constraints derived. We consider
three options for the x-boson mass: m, =0, m, = m, /2, and my, = m,,.
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Conclusions

@ We studied the role of an ultralight gauge boson, x, in mediating LFV
Higgs decays.

@ Our model matched tree-level Z,-ﬁjx interactions with an EFT,
preserving x-boson mass as it approaches zero.

@ We analyzed LFV Higgs decay for both on-shell and off-shell x
conditions.

@ We derived indirect limits on H — /;{;x decays using bounds on
H— f,’fj.
@ Results show minimal dependence on x-boson mass, except for

Asymmetry: Lepton Charge and Forward-Backward, which is slightly
sensitive.

@ These constraints offer insights into LFV in Higgs decays via an
ultralight gauge boson.
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Mixing angles and masses in the tree level model

After the SSB of the symmetry U(1)y, the non-zero expectation values for ¢j generate
2 202" o 2 2 2 2 2 2

a mass for the x boson: my = g5 (g, Vi1 + G5, Viz + o, Va1 + G, Va2) - The

expectation value of the doublet scalars generates a mass term for the charged leptons,

—Lmass D eiLijkeRk + h.c., with

M _ Yiivii Yi2Vvi2
yaiver  ynove )

We now rotate the fields to express the Lagrangian on the mass eigenstate basis:

e\ [ cosO sinf; e, er\ [ cosOr sinOr €R,
ur)  \—sinf, cosf.) \e,)’ ur)  \—sinfr cosOr) \er,
so that —Lmass D €Lmeer + firmy pir + h.c., with
2 2 2 2 2 2 2 2 2
my, >~ yi1vir + YiaVia + Ya1Vo1 + Y2 Voo
2
> (ynviiysavee — yavizyaivar)
e = T3 2 2.2 2.2 2.2
Yiivii + YiaVin T Ya1 Ve + YV
Yiiviiy21ver + yi2Vizy22 Va2
22 2.2 2.2 2.2
YiiVii + YiaVin T Yo1 Ve + YV
Yiiviiyi2Viz + ya1veiy22vae
22 2.2 2.2 2 2
YiiVii + YiaVin T Yo1 Ve + YV

sin20, ~ -2

sin20r ~ —2

)

where we have used that empirically m, > me..



Loop function F(my,, my,, my,)

Ao [m3 M? 2m?
}—(me”mej,mek):%— ( H =% _3|B, [Mﬁ,mik,mﬁk}—
X

3(Bo [mg ,mgk ,mx} + Bo [m; ,m;k ,mx} (MH + mX>
Co M3y, m?, mi ik, m?, ,m]) +2.
The associated counterterm Lagrangian is given by
Lot = ColiliH + CgylivstiH + hec.
where the coefficients of the scalar and pseudoscalar operators are specified as

my,

G, = W (MH 6mfk + 6m§<> (fixfix — gikgjk) »
X uv

C, =M (Mf, —6m3, + 6m2) (fugix — figix)

&i 2m2 vé,, k x g ’ '

with = %
ensurlng that only finite contributions remain in the final calculation.

COMHEP

— ~e + In47. The amplitude is renormalized using the MS-scheme,
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Squared Amplitude H — (3,-5_])(

2
- my. 212 vi2 2, 4 2, 2
T (S DR~ J ( v )(M e ml(m? -2
|MH—>e,er(57 )] mzzzlﬁ 2 {rzmij T (mfj s)2 [ |CJ| + |CJ| H(mg, + mg,(m}, — 2s)

+ m%j.mi —2m} +5%) — mz(3m§j +s)+ m%i(mgj — m%}.(Zmi —5s+1t)

+s(—2m’ +2s+t)) + t(mfj —s)(s —2m3) + (m} — s)((mfj +5)P 4+ Sm%j mi))
st ]

+ 6ml,mgjmf< (’C,j’2 _ ’CUV}Z) (M7 — 2(m2, + s))} + 3 my; < my,
ng — rei

In this expression, the interference terms are subdominant and have been neglected.
Here, 'y, denotes the total decay width of the lepton /. It is important to note that the
squared amplitude does not exhibit divergences for m,, ensuring the finiteness of the
decay rate in the massless limit.
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