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

197" @ Tov Tremendous exp. and theo. developments
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[CMS-PAS-HIG-14-005]

[Arganda, Curiel, Herrero, Temes ‘04]

[Banerjee, Bhattacherjee, Mitra, MS ‘16]
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Prospects for future searches: H — 7pu

Search for direct lepton flavor violation in H — pur. and H — uty:

< <7
v v : / Y e each channel separated in
H v /7 H : 0, 1 and 2 jet categories
o . | . (GF, VBF H-production)
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e Small excess near mH = 125 GeV

with significance of 2.40

¢ Best fit branching ratio Br(H — ur) = 0.8473352%

SAS+B) Weighted Events / 20 GeV
&
|

e Constraint on BR at 95%CL Br(H — ur) < 1.51(0.75)%

e Though excess not reproduced in 13 TeV (2015) data §L§

~ O.— . |

M) [GeV]
ATLAS sees small excess in same range with 1.30 8 TeV data
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Lepton sector of SM:

Interaction basis Y —= VLY Vg = \°

Ae
Matrix A° assumed fo be diagonal and real  \°= ( A )
Ar

Yukawa intfer. results in accid. symmetry Su(3), x SU3)g — U(1). x U(1), x U(1),

Lepton sector of SM, neither mixing nor CP violation

Boring! See Pedros talk

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

Stdndard|Model

|

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

Many models provide sources for LFV: (N)MSSM, Seesaw models, strongly coupled, ...
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UV Models

inv. Seesaw models Vector-like Quarks

RPV SUSY 2HDM MSSM

Measurements inferring h — e, UT, TE
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. d‘ ’ W, ’
EFT Language to communicate between Fudwig Wittgenstein

separated scales

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

The gauge invariant Lagrangian is extended
by dim-6 The [imits cf my [anguage
L, = _% F ng H( HT) H) + are the [imits of my world

~ just 1 operator

results affer EWSB in non-diagonal Higgs interactions

m; ”02

L, = —m,&fzfiz — wai éh +h.c. =¥ Eff. Yukawa Yi;=—d;; +

N
v Von2

Flavor violating Higgs decays h — eu, ur, te
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Low energy limits on Higgs LFV interactions

Limits Falrly Sfrong [Dassinger, Feldman, Mannel, Turcyk ‘07]

w—3e: Y, <219 x107°
H M

@ = T — py diagrams
T —=3e : Yeor < 0.085 l Q Y, Py
T 1 " J :
T —=3u: Y. <0.176 i
Same calculation as for scalar-mediated direct 7 Y. PL+Ye,Pr o
. - -
dark matter deftection __ o , ¢
[Shifman, Vainshtein, Zakharov ‘78] :
|
Qs a W |
(ff - ( Z yq Mg qq — Z 127 yq GuuGl |
qg=u,d,s g=c,b,t h :
|
(N|0%|N) = mn (N[N |N) :
|
!
;= —9—021,/6’"“ + ) medq .

0,
iy N N
triangle anomal)/7 =u,d,s
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contribution to g-2 arises from

m;. - h
ﬁeff :eT)liGqu#V(LijPL+RijPR)lj //,—-——\\\
Muon g — 2. Re(Y,uTYTM) < (27 + 075) X 10_3 ’l, - - \\
Electron g —2: Re(YerYse) < [—2.1,2.9] x 1077 7 — i
Y PL+ Y Pr Y. PrL+ Yy Pr
Complex phases constrained by EDMs
Im(Ye Yre)| S 1.1x 1078 [Im(Ye,Y)| S 9.8 x 1075, 7
Lef = cLQL + crRQR with P
€ — CEB OAB '// \\\
= <M (o™ Pr/gT)F D S N S W
QL/R 872 T('u L/ R ) - Y,;,P,,iYmPR Y Py + Y, Pp H
The Wilson coefficients at 1-Loop:
Y
1 3 m? ! -—
1loop o . < o
CL/R Sm%YTTYT“ ( 1+ 4log m%) )

2-loop contributions can be significant:

C%loop — YT*M(_O.OSQ Y +0.11) (125GeV )2
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Limits from direct searches

8 TeV searches See Marias talk

» CMS- h = ur — Br(h — pt) < 1.51% at 95% C.L. 95% C.L
ATLAS- h = pt — Br(h — put) < 1.43% at 95% C.L. 95% C.L

CMS- h — ey — Br(h — ep) < 0.036% at 95% C.L

CMS- h — er — Br(h — eu) < 0.69% at 95% C.L

ATLAS- h — e — Br(h — eu) < 1.04% at 95% C.L

CMS h — ee = Br(h — ee) < 0.19%, h — pp — Br(h — pp) < 0.15%.

Y 1Y (XY

Searches Experimental limit on | Limits on Yukawas
branching ratios

h — T (CMS) 1.51% Y.r < 2.55 x 10~°

0.84% Y. =1.87 x 1073

h — T (ATLAS) 1.43% Y- < 2.45 x 1073

0.77% Y. =179 x 10

Strongest constraint on Y,-. come from direct searches
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Summary
Direct

» Y, < O(1073)
> Y, < O(107%)
» Y., < O(1073)

Indirect

> Yur < O(1072)
> Y., < O(1079)
» Yo < O(1073)

Already now, collider
searches provide strongest
limit for BR(h — 7u)

Santander

[Banerjee, Bhattacherjee, Mitra, MS ‘16]

Searches Experimental limit on Limits on Yukawas
branching ratios
T = uy 4.4 x 10°® [70, 71 Y,- < 0.011
T —3u 2.1 x 10~® [70, 71] Y, < 0.176
Muon EDM -10x 107*’eem < —-08=<
|d,| Im(Y,-Y-u)| S 1.0
< 8 x 107%%¢ cm (73]
Muon g — 2 - Re(Y,-Y-.) < (2.74+0.75) x 1073
T = wy (f) 1077 [85) Y,.r <0.0017
(Belle-II /super KEKB)
T ey 3.3 x 107® [70, 71] Y., <0.0099
T — 3e 2.7 x 107® [70, 71] Y. < 0.085
Electron g — 2 - Re(YerYre) < [—2.1,2.9) x 10°?
Electron EDM |d.| <0.105 x 10 *® e cm IIm(Ye-Yr-e) <1.1x10°°
T = ey (f) 1077 [85) Yer <0.00172
(Belle-1I /super KEKB)
p— ey 5.7 x 10~ [70, 71] Yie < 1.24 x10°°
p— 3e 1.0 x 102 [70, 71] Yie < 2.19 x10°°
Electron g — 2 - Re(YeuYe) < [—0.019,0.026]
Electron EDM |d.| < 0.105 x 10°%® e cm Im(YeuY,e)| < 9.8 x 107

1 — e conversion
M — M oscillations

Y,. < 8.49 x10°°
|Yie + Yoo | <0.079

i — ey (f) (MEG-II)

4 x 10 [84]

Y.. <3.28 x10°7

p— ey 5.7 x 10713 Y, Y., <3.98 x10°*®
h — T (CMS) 1.51% [22] Yur <2.55% 10°°
0.84% Y, =187x10"°
h — 7u (ATLAS) 1.43% [24] Y. <245x10°°
0.77% [25] Y- =179x10°

h— 7u (CMS)+ u — ey
h = 7u (ATLAS)4 u— ey

0.84%, 5.7 x 10~ **
0.77%, 5.7 x 10~ 3

Yer <213 x10°°
Yc'r < 2.23 x 10_5

h — e (CMS) 0.69% [23) Y. <169 x 10°°
h — re (ATLAS) 1.04% [24] Y.- <208 x 1077
h — ep (CMS) 3.6x102% [23] Y. < 3.85 x 10*
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HL-LHC prospects for direct LFV Higgs decay searches:

[Banerjee, Bhattacherjee, Mitra, MS ‘16]

H — 7tu

e Following CMS analysis in electron channel

e Assuming 10% systematics

channel
e+ B

BR % @ 95% CL
0.025 (no syst)
0.76 (10% syst)

H — et

e Allowing for all 3 tau decay modes
® Cut optimisation and MVA

e Most sensitive channel e + ET

channel

e+ B
ee + B

eThad + Er

BR % @ 95% CL

0.028 (no syst)
0.61 (10% syst)

0.91 (10% syst)

2.06 (10% syst)

H — pue
e Rec. straightforward
e MET veto and rather small Higgs mass

Window o0 v < m, < 127 GeV
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eft
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BR % @ 95% CL
0.0193 (10% syst)
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ILC prospects for direct LFV Higgs decay searches:

H —Tu
e Production WBF and HZ

e Best sensitivity in Z-> jets :

HTqq

[Chakrborty, Datta, Kundu ‘16]
different polarisations and lumis

BR limit ~ O(0.1)%

H — et

e Production channels HZ and WBF

e Cut optimisation incl. ETmiss

e WBF important at 1 TeV

e Overall improvement at 1 TeV small

Santander Higgs Days

Due to limited production cross
section limited sensitivity

BR % @ 95% CL

250 GeV 0.24 e+had tau
250 ifb
1 TeV 0.63 el + ET
1000 ifb
0.22 all channels

in quad

[Banerjee, Bhattacherjee, Mitra, MS '16]
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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. Br(H — ur) =0.847]32% )

challenging: but doable:

< —4
® MSSM  BR(h = 7p) 5 10 e 2HDM Type III BR(h — 7p) <1077

[Arana-Catania et al ‘13]
Davidson, Grenier ‘10]
Harnik et al '13]

Kopp, Nardecchia ‘14]

e Vec-like leptons BR(h — 7p) <107° Aristizabal, Sierra, Vicente ‘14]
[Falkowski et al ‘14]

e RPV SUSY BR(h —7p) <107°
[Arhrib et al ‘13]

e SUSY inverse Seesaw BR(h — 7p) <1072

—95
e Inverse Seesaw BR(h — 7u) < 10 [Arganda et al ‘16]

[Arganda et al ‘14]
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LFV in MSSM

Alony, Nir, St Yesterd
Introduce LFV soft-breaking terms [Alony, Nir, Stamou (Yesterday)]

Lyssm = — (AER4L:E; +h.c.)
(Th%)uu (Th%)w’ 0 _ M2 VaApur
R W P ) S Ve LT
L HUT L -9 ﬂ 'UdA T m2
0 _mTu’tﬁ (mR)'r'r \/§ T
LFV from M-terms LFV from A-terms
_ M
L, v
h-----{_{B
Z \

=
=
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TeV]

ma

h ----- /\ E
7> )
-
LFV from M-terms LFV from A-terms
B Contours of BR(S )

e > ;,, <

0.2 0.4 0.6 0.8 0.0001 0.0005 0.0010 0.0020 0.0040

10 — T 1x10°
ts = 50 15%10°
Ch—a = 3.6:1072
8
3x10° 5x104
2 = E
I 1x10° ‘<']’ 1S Z
______ 1x10%
2 4
1x10
1x10°%
0 2 4 6 8 10 12 14 0 5 10 15 20

Very difficult to accommodate large LFV BR
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Extend MSSM by Seesaw mechanism

Regular Seesaw mechanism Inverse Seesaw mechanism

. Introduce right-handed Neutrino and singlet
Introduce right-handed Neutrino {77y, Nra} fermion {(v£e)¢, Nga, (S1,)“} with L(Ng) = +1 = —L(Sy,)

Deﬁne 1 . —£Y - hlal_/ﬁzf)NRa + <MS)paSLpNRoz
Majorana —Ly = §(MN)a5NRaNRﬁ+H-C- | ) )
mass ferm mass terms + 5 [(,LLR)aﬁNgaNRB + (,LLS)p)\SLpSIC/’)\} + H.c.
0O M
From mass matrix M, = T o . 0 AMp O
MY My Mass matrix M, = | M} pur M
0 Ms ps
obtain neutrino masses A, ~ — MMM/ Neutrino _ _
DN D Cccoe M= MpMglusMgt M+ O
ans LR mixings Vin, ~ MpMy? v
LR mixings Vi = M”
S

=g either large mixing or small masses i . . o
= small (g |rg. active-sterile mixing and small masses
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SM + inverse Seesaw doesnt cut it:

Global fit of Neutrino and Lepton data
sin® 012 = 0.306 70 015 sin? fyg = 0.446f8:88§

Y32

sin® 013 = 0.0231+9:0019 <15
4

Am3, = 7.451512 x 107° eV?
Am2; = 241710011 1073 eV
~ |
BR(p — ey) <5.7x 1071 ~
BR(T = ev) <3.3x 1078 ~
BR(T = puy) < 4.4 x 1078 ~—
a4
m

H — u7 only loop induced

Santander Higgs Days
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[Arganda, Herrero, Marcano, Weiland ‘14]

violating BR(r — uv)
yd

-
/ Different Yukawa -
matrix textures

-
-

Yfil)

———
——

-“_"‘--\____“‘—- Y (2)
— T

~——

10
Mp (TeV)
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Combine SUSY + inverse Seesaw =

[Arganda, Herrero, Marcano, Weiland 16]

Extended soft terms

SS ~ ~x v vk .
~Loott == Loy + Vpmy, Vg + X Tme X" (4) cM2SM - assumed flavor diagonal,
+0L(AY)oph — (ALY )erhd +he.

~ - P . Ta\t,,2Tb
+ X1(Bxix)X* + 5L (Brda) X* + hec., except RGE induced das(L%)'m7 L

10—1 3 T T T 3
E 3 10-74: ; - . v —————————
3 .
F ; » x " '
10-2F o R 10-5;
i * x "
) X '\
b~ 10-'4,,_ \ :( — g 10°¢
T X, T 10~
S 0 ‘ =
\ (1) 1
m fi \/671’ Yry (a2 10—3: Yg'y)
m M, = 750 GeV . Y2 ] = : Y
10_5 u - 2TCV o ™ ™
Mg = 1 TeV _Y® ] 107 46
| my=my, =mg=1TeV ™ w
10-6 , : 1 1 : 1071
-3 -2 -1 0 1 2 3 4 = 0 2 4
A, (TeV
A, (TeV) v (TeV)

~»  In SUSY setup A-terms provide level to increase BR(h — 1)
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Honorary mentioning: 2HDM Type III
[Dorsner et al ‘15]
2HDM model with generic Yukawa coupling and MSSM-like scalar sector

H+ v m? + m?
yz Ysi  pps tanf = —, tan2a = tan2f—% 2
L= HkELffn,+ VLffR,-i-hC v m2 —m2’
\/§ \/ﬁ d A Z
m2.=mi+mi, mi=mi+m%,—m
B kmgé ks H* =My W H =My Z h oy
yja = Iy vg T ffz (zf tan B — z°)
z*¥ = (—sina, — cosa,icos ) ,
zk = (—cosa,sina, isin B) .

Tree-level LFV interactions allows to adjust

mp
167!'Fh

-
.
-
.
-
.
.
.
-
.
.
.
.
.
.
.
.
.
.
-
-8 \g
.
.
-
.
-
.
.
.
.

_ +0.21 - — -
T — 28 'u = 1.02 —0.20 TR 10701 10-* 10-3 10-2

Higgs-tau decay Besm

B(h — Tu)

(sin atan 3 + cos a)? (|€[ 2+ |e; |2)

Freedom of Type III allows to accommodate signal and limits
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How about CP violation?

e CP violation important for matter-anti-matter asymmetry

® Lack of CP violation in SM requires us to look for new sources

ehn

[Harnik, Martin, Okui, Primulando, Yu ‘13]
One option, measure phase in angular

distributions
P2 e
mys - C .,
cg|—=f(cos @5 +ivssin @) fhpnys k.
v CP phase
0.10 Truth level © /
phase in angular distributions of WO e TS
...... A=x/4
+ +/ +,.0 0.08}— — I S ey
T = p (T )y ) iy T
> 0.06} [ e
; - -
= — — .
mn efficiency 50% 70% E 0.04 ' E
S " guan -1
30 L=550fb""  L=2300fb" . ] _\_\_\_ -
3Ly L = 1500 fb~' , = 700 fb~! 002" - T
Accuracy(L = 3ab™") 11.5° 8.0°
0005 =2 -1 0 1 2
O
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Interference effects [Kopp, Nardecchia ‘14]

g+ i+ gi+
Interference 4
between tree and ;... . AR SR
loop diagrams "
"

£- £- €
ety Asymmetry between h — T u” and h — ’r_,u+

1 _ 10g2 Im [YTh;' (Yh Yh*Yuh: . Yh Yh*Yh*)] 1 m72- ‘Y,LLhT 2 B ’YT}L‘Q

en et perTe T i
o VP v s v+ VA

e

combination of all phases

KT
ACP o

m [(v/:)?]

101: :
' { 300 ifb

—
(=)
o
YT

However, enhancement
possible in general
Type-III 2HDM

Yukawa coupling Y;,

lo-l:>4

100. 150. 200.“25‘0.U3(;()A.‘ 350 400.
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Summary

Golden Age of Lepton Flavor Violation:

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

e Would be direct indication of physics beyond SM

e Highly sensitive low-energy experiments
e Many models where LHC provides best sensitivity

 Interesting searches for flavor violation,
lepton nr violation, CP violation, ...
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