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Hliggs dilepton dzcays

e ATLAS & CMS data on the flavor-conserving channels

“ h -

S h >ttt

B(h — p~pt) < 1.5 x 102 and 1.6 x 1073

0/0q, = 1.44793% and 0.91 4 0.28

® CMS results on the flavor-violating channels

s Blh — pur) =B(h = p=7%) + B(h — pT77) = (0.847037)%

B(h — put) < 1.51% at 95% CL

s B(h—er)<0.7% at 95% CL

s« B(h— eu) <0.036% at 95% CL

e ATLAS results

B(h — pt) = (0.77 £ 0.62)%
B(h — put) < 1.85% at 95% CL
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Fliggs dilepton dzcays
e ATLAS & CMS data on the flavor-conserving channels
s h— uu B(h— p~pt) <1.5x107% and 1.6 x 1073

S h -1t 0/0q, = 1.44793% and 0.91 4 0.28

® CMS results on the flavor-violating channels
s Blh — pur) =B(h — p=7%) + B(h — pT77) = (0.847937)%
B(h — put) < 1.51% at 95% CL
s B(h—er)<0.7% at 95% CL

s« B(h— eu) <0.036% at 95% CL

e ATLAS results B(h — put) = (0.77 £ 0.62)%
B(h — ut) < 1.85% at 95% CL

® The tentative hint of h— u 7 would be a clear new physics signal if confirmed in
future measurements.



Minimal flavor violation

® The standard model has been successful in describing the current data on
flavor-changing neutral currents & CP violation in the quark sector.

® This motivates the hypothesis of minimal flavor violation for quarks:
Yukawa couplings are the only sources for the breaking of
flavor & CP symmetries.

s Effective field theory approach with MFV.
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Minimal flavor violation

® The standard model has been successful in describing the current data on
flavor-changing neutral currents & CP violation in the quark sector.

® This motivates the hypothesis of minimal flavor violation for quarks:
Yukawa couplings are the only sources for the breaking of
flavor & CP symmetries.

s Effective field theory approach with MFV.

e [t's interesting to extend the MFV notion to the lepton sector
s which may offer insights into the origin of neutrino mass

s but there are ambiguities in implementing leptonic MFV.

e \WWe consider an effective MFV scenario involving the seesaw mechanism
of type I.
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Flavor symmetry in typz-I szesaw modzl

¢+ The kinetic part of the Lagrangian for SM leptons plus 3 right-handed neutrinos

L D L, PL,, + i, PV, + iE, PE, . k=1,2,3 summed over
| VB
Lj. = (faL ) , J=1,2,3, (E1, E2, E3) = (£1,£2,£3) = (e, 1, T)
jL

¢ It's invariant under the global flavor rotations
L, — (VL)jk L, , om0 (VV)jk: VLR o E;p — (VE)jkz Eyr> Vx € SU(@3)x

¢+ The flavor symmetry is explicitly broken by the lepton mass terms
LD —(Ye) Ly Eyg H — (V) EjLVkRE[ 5 y (ML) 3, Vip vy + H.C.

. . . 0 i
Y., are Yukawa coupling matrices, the Higgs doublet H ={ ; ., H = ioc, H*
’ W(h—l—’v) -

M, = M diag(1,1,1) is the Majorana mass matrix of the degenerate v,_,

¢+ L is formally flavor-symmetric if the Yukawa couplings are spurions transforming as
Y. vl ey O
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Flavor spurion combinations

* We work in the basis where Y. are diagonal, Y, = diag(y,,y,,y,), v,=v2—2

and E, and v, refer to the mass eigenstates. Thus

k
(UPMNS) T 7’\/§
i ik Yk,L = - 12 1/2
Lj,L = ( E. ’ Yu ] UPMNS UL OMU
4,L v Casas & Ibarra

2

A L] n » L] v

m = diag(m,, ma, m3) Is the light v mass matrix, v_,  m UL, .= —?YVMV_lYUT

O is a complex matrix satisfying OOT =1

x T he Yukawa combinations of interest are

2M
A=YY! = U, s ™/ 200Tml2UT o, B = Y)Y = diag(y2, 92, v2)

PMNS
v2 g
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Flavor spurion combinations

* We work in the basis where Y. are diagonal, Y, = diag(y,,y,,y,), v,=v2—2

and E, and v, refer to the mass eigenstates. Thus

k

(UPMNS) 'k Vk L 7’\/5 ~1/2 1/2
Lj,L g ( E. : i ? Yu = UPMNS UL OMI/
3,L v
: . . ; : .-
m = diag(m,, ma, m3) Is the light v mass matrix, v_,  m UL, .= —?YVMV_lYVT

O is a complex matrix satisfying OOT =1

x T he Yukawa combinations of interest are
2M

'U2

A=YYl = U, ...™m/200tm!/2Ul B — it — dine(yy 0

PMNS v PMNS ! e e

* Model-independently, one can construct A comprising an infinite number of terms

A= > &, ABA'...  with coefficients |¢,, | < O(1)

jskala"'

The MFV hypothesis requires &, . to be real so as not to introduce new sources
of CP violation beyond those in the Yukawa couplings.

J Tandean 9 Dec 2015



Flavor spurion combinations

¢ Using the Cayley-Hamilton identity for an invertible 3X3 matrix X
X? = X?TrX + £ X[TrX? — (IrX)?*] 4+ 1DetX
one can resum the infinite series into a finite number of terms
A =¢N+EA+EBHEA+EB?+E,AB+E BA+ ¢, ABA + ¢, BA?
+ &,,BAB + &, AB? + & ABA? + & A’B? + £ B2A?% + EL BZAB
+ ¢,,AB*A” 4 ¢, B’A’B

Colangelo, Mercolli, Smith

Due to the resummation, the coefficients &, develop tiny imaginary parts.

HEaE
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Flavor spurion combinations

¢ Using the Cayley-Hamilton identity for an invertible 3X3 matrix X
X? = X?TrX + £ X[TrX? — (IrX)?*] 4+ 1DetX
one can resum the infinite series into a finite number of terms
A =¢N+EA+EBHEA+EB?+E,AB+E BA+ ¢,ABA + ¢, BA?
+ &,,BAB + &, AB? + & ABA? + & A’B? + £ B2A?% + EL BZAB
+ ¢,,AB*A” 4 ¢, B’A’B

Colangelo, Mercolli, Smith

Due to the resummation, the coefficients &, develop tiny imaginary parts.

HEaE

2M

’U2

A =

PMNS v

U, ...m/200"m/2ut B = diag(y?,v2,9?)

¢+ We entertain the possibility that the largest eigenvalue of A is O(1).
Thus all B terms in A can be neglected: A ~ ¢ 1+ ¢ A+¢,A% ~ AT
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Effective Lagrangian with MFY

s Effective dimension-6 MFV operators involving H
A=, %(0%) _I_O(e2) _I_O(e?») _I_O(e4) o 0(1) +02213 1 H. C) e
A is the scale of MFV,
@ gE A o H T BA
Oz = 9E YIAL o H T, L W
0 = (D°H)'E Y AR D, L,

1 i =
oY) = {HY(D,H) — (D,H)'H|L,A*A®L, ,

generalized from

0y) = iH'r (D,H) — (D,H)'7 H|L,~"1,A®L,

= A2 and A(Y» are the same in form as A, but have their own coefficients &
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EMFV B,
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AZ

MFY contribution to dilzpton Higgs dezcay

+ H.c., Oy = (DPHYWELYIAD, L,
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MFY contribution to dilzpton Higgs dezcay

+ H.c., O%Y) = (DH)'ELY!AD L,

* Alternative h — £¢' operator: H'HE,, H'L,,

* They are related
ngz’) = Hie. —

L
8

S
| 0ol

Q0| .

1

8

H'D,H — (D, H)'H|(L,7"{A, Y, Y]} L, +4E 7Y AY,E,)

Pedtgie izl (beluzalg iz sl i avalip i

:HTDPH i (DPH)TH} L;~* {Aa }ereT}LL

H'r,D,H + (D,H)'r,H| L~ |A,Y,Y]}|7,L,

(5%

2

— 2) m:E Y'AH'L, +4L, Y. E,E,Y/AL,

+ ERYJA apwHT g B b g n Wi H.c.]

+ (quark terms)

J Tandean
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Yurawa couplings

¢ The effective Lagrangian describing h — ¢~ ¢/, 04" for £ £ ¢
Lo = —YVu bPL —Y,, 0Pt + H.c.
implies the combined rate
Lhoseer = Uporr + Uy = %(D’eﬂz iy |)7£,£|2)
For the flavor- conserving mode h — £~ £%
Lhser = _|yee|

¢ The SM and Lypv contributions to h — E,_ E;"

v _ 5 oy 'mElfrn,hA psm
Ek,El kl EkEk 2A2'U kl ? Ek,Ek i
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Constraints on Yukawa couplings

® u—ey B(p — ey)gy < 5.7 x 10713

exp

\/\ Vo +7) Ve #9109V, V. |+ | (Vi +7) Vo + 919V .V, |7 < 5.1x 1077

r, = 0.29

® T —oey B(T — ey)exp < 3.3 X 1073

exp

Y+ VP VP < 52x 107, =003

® _[HCdataon h— u'u-, vt

{y##/yfiz]'Z < 65 0.7 < |y'r'r/yf:]‘2 < 18

® CMS dataon h — ur

20107 < \/[V, [P+ [V]? < 33x1078

\/\yw|2+ V..]* < 36x1073
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Numerical exploration

* Consider the MFV scenario with the type-l seesaw mechanism involving
3 heavy right-handed neutrinos, M, = M diag(1,1,1), so that

ey, ml/200Tm}/2Ul

PMNS

A :€0H+£1A‘|‘€2A21 A:}fVY,;r — ’1)2 PMNS v
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Numerical exploration

* Consider the MFV scenario with the type-l seesaw mechanism involving
3 heavy right-handed neutrinos, M, = M diag(1,1,1), so that

ey, ml/200Tm}/2Ul

PMNS

A :€0H+£1A‘|‘€2A21 A:}fVY,;r — ’1)2 PMNS v

* FOinY, isreal, |, | can only reach ~2x107* <« |[Yo¥¥| ~ 3 x 107°
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Numerical exploration

* Consider the MFV scenario with the type-1 seesaw mechanism involving
3 heavy right-handed neutrinos, M, = M diag(1,1,1), so that

2M ~1/2 ~1/2
A= YUYUT a5 2 UPMNS mu/ OOTmu/ UPT’MNS

A=¢T1+ ¢ A+E A

k It @ In Y, s real, [, | canonly reach  ~2 X 107 < |y~ 3 1077

* To attain [YSV®|, a less simple structure of Y, is needed, particularly with
0 &

a complex O, so that OO" = *R, with R = (—'rl 0

and r, ,, real
—r, —Tg 0
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Numerical results

o oy 1096, /A% 1096, /A% 1096, /A% | Yoo Yun Vrr | Voul |Ver| 1Vrl
e ) ) TR T T ST TR T
0 0 08 -17 -089 —-63 6.2 54 | 15 1.2 089 17 0.3 3.1
NE g S 086 - 18 —002 Wl gy 45 |16 1.2 087 20 04 35
0 023 074000 020 Ao B e g s o Hlg 6008 R 0 e
05 0 004 068 E09s i =g 26 1502 11 21 28 32
IHl 90 o0 002 -075 11 -57 38 81 |14 11 090 24 13 3.3
00 1 06l w1 gy B e e

Higgs-lepton Yukawa couplings corresponding to sample values of the Majorana phases oy 2,
the parameters 123 of the complex O matrix, and the coefficients ¢, , , in the MFV building block A
which can yield |V,,|>3 x 107, The calculation of the NH (IH) results also relies on the measured
neutrino mixing parameters in the case of normal (inverted) hierarchy of neutrino masses.

e |Y,|/|Y,.|~10 or more, consistent with CMS results

e The Y, and Y, predictions are testable with future collider data
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Furtner numerical results

e If future searches yield B(y — ey) <5x1071

0.5 < Thopua /TS, < 1.5

0.8 < Dhoyrs/TSM < 1.2

h—TT

o, e e e el b0 D 0 Y

(e anel B eTavmch B (oo Al s g et T A Tl [V
0 0 05 0 0400 60 07 95 (058 079 (d 06 02 9T
g 04 068 080 015 54 23 2 |14 12 093 03 05 26
0 0% 00 =D il Ay a0 11 |14 11 096 05 01 25
08 13 060 —01 4 65 9.4 T B L O (R

NH

IH

The same as Table I, except the 4 — ey and h — upu, 7T constraints are replaced with
their projected future experimental limits, as described in the text.

B — ey) = (1.2-4.4) x 10~
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Flavor-violating dilzpton Z dzcays

A,.m = 1
e (ed) A : . g -
Apdilig - iZ"9,E, iW 0"y, eA-Z g;Z® g
E P . . “wWtw~ |E|(h
o v s P.q 5o V2 Py i 2w i 2 L (h+v)
agr. — g(sxzzv = 1/2> /cw, Cw = (]— = S\?v)l/2 = 9’0/(2mz)
® This leads to the decay rates
A 2.5 2 5
T L ks Ay my, | 'm = [ Veu| M3
S e 9 A8 mi

and similarly for Z — er,ur. Thus, for, say, D)eu
\ymy = 0.0032 from the ), results, we get

=2l

— 08 10 dnd

B(Z—etu¥)=60x10"", B(Z—=er7)=11x10"°, B(Z—-p"rT)=14%x10"°
For comparison, the 95% CL experimental limits from the PDG are
B(Z — ei/ﬂt)exp el Bz eiTjF)eXp <9.8x107°% B(Z — ,uiTi)eXp 0

The predicted B(Z — 1) is below its experimental bound by only less than a factor of 10. Thus,
in this scenario Z — u7 is potentially more testable than Z — ey, er, and the quest for it can
provide a complementary check on Lypy.
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Conclusions

e We have explored the MFV hypothesis in the lepton sector and applied it
to flavor-violating Higgs-boson processes

e The leptonic MFV framework involving the type-I seesaw mechanism can
accommodate the recent tentative hint of h— ur from the LHC if the right-
handed neutrinos have nontrivial couplings to the Higgs boson.
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