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Introduction

Last year at FLASY 14...
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Higgs LFV decays

Where lepton physicists meet collider physicists
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See talk by
Gomez Bock

Higgs LFV decays

Where lepton physicists meet collider physicists
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Higgs LFV decays

We have discovered the Higgs
However, is there room for non-standard decays?
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Higgs LFV decays

We have discovered the Higgs
However, is there room for non-standard decays?

Popular BSM signature: [Blankenburg et al, 2013; Harnik et al, 2013]

LHC sensitivity: Br ~ 10~2 [Davidson, Verdier, 2012]
20fb ! at /s = 8 TeV

Early works:  [Pilaftsis, 1992; Diaz-Cruz, Toscano, 2000]
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A hint from CMS?

: See recent update
A 250— eXCess 11 h — TIM [ arXiv:1502.07400 ]
[CMS-PAS-HIG-14-005, July 2014]
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Best Fit to Br(h—ut), %
BR(h — 1) = (0.8979-49)%
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A hint from CMS?

BR(h — ) = (0.8979-49)%

» Large LFV branching ratio
BR(h — ’7"7_')31\/[ ~ 6%

e Needs more statistics and confirmation from ATLAS

 |If taken seriously, any model?
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Any model?

b 4

DO OR DO
Flavor constraints seem to preclude NOT
any explanation for the CMS excess... THERE
P IS NO
TRY

MSSM [Arana-Catania et al, 2013] BR(h — ) <107%

RPV Supersymmetry [Arhrib et al, 2013] BR(h — )

Vector-like leptons  [Falkowski et al, 2014] BR(h — 1) <107°
( )

Inverse Seesaw [Arganda et al, 2014] BR(h — Tu

No hope? @
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Vector-like leptons

[Falkowski, Straub, AV, 2014] Model with vector-like leptons
Composite Higgs inspired

ﬁF,c = —-M (ECLL + ECRE) — (ELYE'RH + ER?EN'LH + hC)

Lo = M (Z_LAZL it EL)\eeR) +he.

Higgs LFV couplings: o g by
I I I
I I I
o I I
Er Lgp Ly ' Epg Er v Lp Ly ' FEp Er £
o o B o - o . o o
Al Cr' Y Cp' g crt v Cr' A
h _ v’ —1 —1xr —1 —1
Lo = —ﬁeLceﬂf@R + h.c. Coff = Yoff + W)‘ZCL YCORL YO, 'YCL A
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Vector-like leptons

[Falkowski, Straub, AV, 2014] = BR’s<107°

0.1
- 0.01 .
= =
T T
< <
= = 107
% ?
-5
= 1 <
— —

1077 . ¥ ‘ :u .'.-

ERTSD 07
BR(7-uy)

Unfortunately... unobservable at the LHC @
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A new hope: Type-Ill 2HDM

[Davidson, Grenier, 2010; Harnik et al, 2013; Kopp, Nardecchia, 2014]

A model! Type-lll 2HDM

[ Type-lll = most general case ]

Ly =mififr— pi;(f1.fh +hc)h

General 3x3 matrix \9

In principle... it is possible to account for the CMS excess!
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A new hope: Type-Ill 2ZHDM

[Davidson, Grenier, 2010; Harnik et al, 2013; Kopp, Nardecchia, 2014]

A model! Type-lll 2HDM

[ Type-lll = most general case ]

See talks by
Montes de Oca Yemha,
Solaguren-Beascoa Negre

In principle... it is possible to account for the CMS excess!

FLASY 15, 29/06/15 Avelino Vicente - Flavored surprises at the LHC



A new hope: Type-Ill 2ZHDM

[Aristizabal Sierra, AV, 2014]

Explicit proof of validity including the relevant constraints

Direct searches

Indirect constraints from flavor

T — WYy
Higgs couplings to fermions

T parameter

Perturbativity and boundedness from below
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A new hope: Type-Ill 2ZHDM

-1

10 [Aristizabal Sierra, AV, 2014]
= ) Explicit proof of validity including
E' 1072 At < the relevant constraints
N
< The signal is consistent with
Eé 1073 -5 the Sher-Cheng ansatz

0 7 | ~ meM
NOL I A )
10712 1071 1078 107 A flavor symmetry at work?

BR(7 — pv)

In this model BR(7 — 3 ) ~2-107° BR(T — u)

The observation of 7 — 3 /4 at LHCb would exclude this explanation!

FLASY 15, 29/06/15 Avelino Vicente - Flavored surprises at the LHC




Other models?

Other models?
[DorSner et al, 2015]

Os = LHe (H'H)
Odipole = EH (0‘ . F) &

Same properties under
flavor transformations

B(h—-1u)

» Extended scalar sectors seem to
be the only valid scenario

« No way with 1-qup induped Higgs 10005 =i T e
LFV (unless huge fine-tuning!) B(r->p1y)
[Figure from DorsSner et al, arXiv:1502.07784]
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LFV in B meson decays

Where lepton physicists meet quark physicists
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See talk by
Martin Camalich

LFV in B meson decays

Where lepton physicists meet quark physicists
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The b — s anomalies

Episode 1
2013 : First anomalies found by LHCb

-y ————————
Q@ o8

++ PO

o______ ......... —
SM
R

-0.21—
-0.4

SR

g2 [GeV?/cY]

Episode 3

2015 : LHCDb confirms first anomalies

Episode 2

2014 : Lepton universality violation

BR(B — KWLM_) 0.090
— 0.74579:990 L 036
BR(B — Kete™) —0.074

— 1.0003 + 0.0001 [Hiller, Kruger, 2004]

2.60 away from the SM

LHCb
preliminary

0.5 :{_ .
C mil I 0 SM from D-GHMV ]

10 15
g* [GeV?/ ¢
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Interpreting the anomalies

‘ b — s ‘
Effective hamiltonian
4GF 62
i
C’; : Wilson coefficients (O, : Operators
Oy = (5, PLb) (£y0) Of = (57, Prb) (Iy"0)
O10 = (57, Prb) (£4"750) 1o = (57uPrb) (Ly"75¢)
SM NP I f
Ci=CPM 4 O Lensemmieter
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Introduction Conclusions

Model-independent analysis

Implications for NP models NP implications of b — s measurements

David Straub's talk

- . _|_
.including alsob — se’e Moriond 2015

Coeff. best fit 1o 20 VXE = Xau P l%]
ciF —0.04 [-0.07,—0.02] [-0.10,0.01] 1.52 1.1

o 0.00 [—0.05, 0.06] [—0.11,0.11] 0.05 0.8

i —1.12 [-1.34,-0.88] [-1.55,—0.63] 4.33 10.6

Cy —0.04 [-0.26,0.18] [—0.49, 0.40] 0.18 0.8

civ 0.65 [0.40,0.91] [0.17,1.19] 2.75 2.5

Ciy —0.01  [-0.19,0.16] [—0.36, 0.33] 0.09 0.8

ciP =c  —0.20 [-0.41,0.05] [—0.60, 0.33] 0.82 0.8
Cy" = —C1N0P —0.57 [-0.73,—0.41] [-0.90,—0.27] 3.88 6.8
C, = Ci, —0.08  [-0.33,0.17] [—0.58, 0.41] 0.32 0.8
Co=—Ci{, —0.00 [—0.11,0.10] [—0.22, 0.20] 0.03 0.8

Y&y =125.8 for 91 measurements (p = 0.92 %)
DaviFEASY, 155129406/ 13, Avelino Vicente - Flavored surprises at the LHC 23



The b — s anomalies

Composite Higgs Z' boson
Buras, Girrbach-Noe, Altmannshofer, Aristizabal Sierra, Global fItS
Niehoff, Stangl, Straub Buras, Celis, Crivellin, D'
r ~ Ambrosio, Fuentes-Martin, Gauld,
Other Girrbach-Noe, Goertz, Gori,
T Model Haisch, Heeck, Jung, Niehoff, Be Q}?enasr?’éa‘ét&?anggg;e;{es_
Calibbi, Crivellin, buildi Pospelov, Serddio, Staub, Straub, jean, ’ and
Greljo, Isidori, uliaing Vicente. Yavin Genon, Egede, Ghosh, Grinstein,
Marzocca, Ota \_ y, ’

Hiller, Hurth, Mahmoudi, Martin
Camalich, Matias, Nardecchia,

Leptoquarks

Neshatpour, Patel, Petridis,
Renner, Schmaltz, Straub, van
Alonso, Becirevic, Biswas, b % S Dyk, Virto
Chowdhuri, de Medeiros - N
Varzielas, Fajfer, Grinstein, 1
Gripaios, Han, Hiller, Kosnik, anomal IeS |mp|ications
Lee, Martin Camalich, Mohanta,
Nardecchia, Renner, Sahoo, - LFV =
Schmaltz \ J
( ) D Altmannshofer, Bharucha., Bhattacharya, Boucenna, Civellin, Datta,
SM escotes-Genon, Ghosh, H|IIe_r, de Medeiros Varzielas, Glashow, Gripaios
Hofer, Horgan, Hurth, Jaeger, Liu, Guadagnoli, Hiller I’-Iofer Kan’e Lee |
uncertalntles IKXO.n’ IIVIaSrtln Ctl)av_allch\}vl_\/latlas, London, Mati,as, Méhanta: Narde,cchié,
\_ J einel, tra;w,iCi(l;to, Ingate, Nierste, Pokorski, Renner, Rosiek, Sahoo,

Shivashankara, Tandean, Valle, Vicente
FLASY 15, 29/06/15
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The b — s anomalies

Beyond the Standard Model

X -
P i y
ﬁﬂ‘* ot

= ACCOM
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The b — s anomalies

Boring Sizable corrections
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What do we need?

Z' model building

Easiest (but not unique) solution
List of “ingredients”:

« A Z' boson that contributes to (Dq (and optionally to (D)
* The Z' must have flavor violating couplings to quarks

* The Z' must have non-universal couplings to leptons

 Optional (but highly desirable!): interplay with some other
physics
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A model with a dark sector

[Aristizabal Sierra, Staub, AV, 2015]

| SU3).®5U2), @ U(L)y @ U(1)x |

L

% Vector-like = “joker”

[ ) for model builders

Vector-like fermions
i 1 1
ink to SM Q=132 -,2 L=(1.2.—.2
fermions "6’ 97
Scalars

¢: (1717072> X = (171707_1)
U(1)x breaking Dark matter candidate
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A model with a dark sector

[Aristizabal Sierra, Staub, AV, 2015]

| SU3).®5U2), @ U(L)y @ U(1)x |

Vector-like = “joker”
) for model builders

(—ONMMm

Lm — mQ@Q 4 mLZL Vector-like (Dirac)

Masses

Ly = AoQrdqr + A\Lrdlr + h.c.

VL — SM mixing
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Symmetry breaking and dark matter

[Aristizabal Sierra, Staub, AV, 2015]

(H)=—  (9=—2
Massive Z' boson: Mz = 29x V4
DM candidate: %
V() = mylx?+ %"\xl‘l + Ay [ HIP X[

g [0 IX[° + (1 ox® +hec.)

‘ Ul)x — Zo ‘ Automatic DM stability
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Solving the LHCb anomalies

Similar to
Altmannshofer et al,
Crivellin et al, 2014

Contributions to (99, 10

O = (57aPrb) (my“Prp) CNP — _ NP
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Dark matter and LHCb anomalies

Cé\fp /CQSM log (QDM h2) Cé\fp / CgsM (tree) [ DM RD Computed with micrOMEGASs ]

(full) (dashed) (dotted gray) Parameters:

b __ \s __

Ao = Ag = 0.025
M =0.5
mqg = myr =1 TeV
mileeV2

2400

2200

2000

mz [GeV]

» Compatible with flavor constraints
(small quark mixings)

1800

» Resonance required to get the
correct DM relic density

1600

» Large loop effects for low gx
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LFV in B meson decays

What about LFV?
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LFV in B meson decays

What about LFV?

[Glashow et al, 2014]

Lepton universality violation generically implies lepton flavor violation

Gauge basis Mass basis

O = 6@ ((j"yaPLq') G'L (Z/’}/QPLK/> —» 0= CQ (Cj’yaPLq) CL (nyaPLf)
ct =ulctu,

However: we must have a flavor theory in order to make predictions
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Are the LHCb anomalies related to neutrino oscillations?

Working hypothesis: What if Uy = K fo [Boucenna, Valle, AV, 2015]

A

Neutrino oscillations

‘ Neutrinos <@§——P» B-physics

DO

ER] X
LHCb gy .
sensitivity = Lines: BF
10_10 < 3 Bands: 1o

~ T

2

g

oy
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LHCb anomalies and flavor symmetries

Flavor symmetries!

[de Medeiros Varzielas, Hiller, 2015]

symmetry flavons A assignment

SU(B)F X U(l)F <¢23> — (07 b7 _b) {A} = —2

214 X gg ézli = Eu,o, 0; 1, {{AA}}: 2

4 X 43 1) = (u,0,0 17, — 9

/ 17, {A} =0

0 A O Ay X Zy ¢1) = (0,u,0), &" | 1, {A} =2

r=( 0 A 0 Ay X Zy ¢1) = (0,u,0), & | 17, {A} =2
0 Ay O Ay x 2y (¢) = (0,u,0) | 1", {A} =2

[ Table from de Medeiros Varzielas, Hiller, arXiv:1503.01084 ]

The rates for the different channels are predicted by the symmetry!

FLASY 15, 29/06/15
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Final remarks
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Final remarks

LFV is going to live a golden age

Or perhaps it has already begun?

Whether is new physics or not, only time can tell

In the meantime: let's do some physics and try to learn
as much as possible!
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Backup slides
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Experimental projects

Great experimental perspectives!

LFV Process Present Bound Future Sensitivity
[ — ey 5.7 x 10713 6 x 10~* (MEG)
T — ey 3.3 x107® ~ 107% — 1077 (B factories)
T — Wy 4.4 x 1078 ~107% — 1077 (B factories)
u— 3e 1.0 x 1012 ~ 1071% (Mu3e)
T — 3¢ 2.7 x 1078 ~ 1072 — 107 1% (B factories)
T — 3 2.1 x 1078 ~107? — 10719 (B factories)
=, Au — e, Au 7.0 x 10713 —
u=, SiC — e, SiC — 2 x 10~ (DeeMe)
10~ —10~!'" (COMET
oy Al = e, Al T 1017 — 10_1§ (Mu2e) )
pu—, Ti — e, Ti 4.3 x 10712 ~ 10~1® (PRISM/PRIME)
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LFV : Where to look for?

Zz’ %fj’)/ éz —>3€J

uw—e

conversion in nuclei

<LFV at coIIidB M — £l

This talk!
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FlavorKit

[Porod, Staub, AV, 2014]

A computer tool that provides automatized analytical and numerical computation
of flavor observables. It is based on SARAH, SPheno and FeynArts/FormCalc.

Lepton flavor Quark flavor
Co — Ly Bgld — 00 Not limited to a single model: use
lo — 303 B — Xy it for the model of your choice
© — e conversion in nuclei B — X 010

r— PY B — X sV Easily extendable

h — Lo l3 B — K{t(~

Z —lals K — vy Many observables ready to be
AMp, computed in your favourite

AMyp and i model!

P — v

Manual: arXiv:1405.1434
Website: http://sarah.hepforge.org/FlavorKit.html
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[Arhrib, Cheng, Kong, 2013]

The particles-sparticles mixing induced by RPV lead to
tree-level LFV Higgs decays

B3 Aass
— > X >
hY U3

1

Be contribution B contribution e“ contribution

Note: [fsoft D) BiHu
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}“232

[Arhrib, Chen

g, Kong, 2013]

r T T |
‘\‘ l232 bound
\ Br=10"
i .
m,, bound
107
05 10'7 h h““*u_%__ﬁ_ N
-8 . N
=107 e | T
1070 T L
. . : N EREBETEEEERRE
0 500 1000 1500 2000
B, (GeV)?

FLASY 15, 29/06/15

Again... unobservable at the LHC

Avelino Vicente - Flavored surprises at the LHC

RPV Parameter

Br with Neutrino

Combinations Mass < 1 eV Constraint
Bs s 1x1071°
Bs o 1x 10713
B1 A\a3 1x107°
B1 Ai32 3x107°
Bs Aa3o 3 x107°
B3 )\233 3 X 10_5
P2 13 2x 107"
B A7ys 5x 10711
B A7, 5x 10711
By A 5x 1071
B3 A4 5x 10~

o




A new hope: Type-Ill 2HDM

[Aristizabal Sierra, AV, 2014]

CMS AND 2HDM RANGES === 2HDM range
= CMS range
m CMS BFPV
h — bb B e I
h —- WW* — & =
0.5 1 1.5
Hx X

Signal strengths ranges in the 2HDM
Compatible with all constraints and the CMS signal for h — 7
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The b — s anomalies

[LHCD, 2013]
Episode 1 13052168, 1308.1707, 1403.8044

2013 : First anomalies found by LHCb

« Data collected: 1 fb~! (3 fb~! in some observables)

* Decrease (w.r.t. the SM) in several branching ratios
arXiv:1308.1707
« Several anomalies in angular observables o T ————
0.8

o5 _
0.4 +_’_ —+— Data —
0.2 -
Popular example: P in 5
B— K'utu~ 4

-0.6

-0.8

Al
0 5 10 15 20
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The b — s anomalies

B — K*(— Kr) ptpu~ differential angular distribution

d*T 9
= o |Jissin? Ok + Jiccos? O + (Jossin® O + Jac cos? Oc) cos 20
dq? dcos O dcos 0) do 3277[ 15 8In” O + Jic cos™ O + (Jassin” O + Jo. cos™ Ofc) cos 26,

+J3 sin? O sin? 6, cos 20 + Jy sin 20 i sin 20; cos ¢ + J5 sin 20k sin 6; cos ¢

: +(Jgs sin? O + Jge cos? O ) cos ) + J7 sin 20 sin 0 sin ¢
K My

~+Jg sin 20 i sin 26; sin ¢ + Jy sin? O sin? ; sin 2¢
0 J; : functions of ¢?, C;, FF

Optimized observables
[Descotes-Genon et al, 2012, 2013]

P! L
[Figure borrowed 5
from Javier Virto] 2\/_ JZS JQC
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The b — s anomalies

[LHCb, 2014]
Episode 2 arXiv:1406.6482

2014 : Lepton universality violation

Obtained with 3 fb—!

BR(B — Ku™u™)

Ry —
K’ BR(B — Kete™)

= 0.7457902% £+ 0.036

RJSK—M = 1.0003 £ 0.0001 [Hiller, Kruger, 2004]

2.60 away from the SM
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The b — s anomalies

[LHCb, 2015]

Episode 3 C. Langenbruch, Moriond 2015
March 20th

2015 : LHCDb confirms first anomalies

All observables updated to 3 fb—!
[ Complete LHC Run | dataset ]

im 1_- LI L L
- LHCb
05‘? preliminary ]
B [ SM from D-GHMV A
Errors shrunk... Nt ﬁ .
... anomalies persist : ""“+
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Conclusions

Introduction

Fit result in the SM

Model-independent analysis

Implications for NP models

NP implications of b — s measurements

David Straub's talk

> x5y =116.9 for 88 measurements (p value 2.14 %)

Including also b — se™ e~ processes:

> Y&y =125.8 for 91 measurements (p value 0.92 %)

Biggest tensions:

Decay

B — K*O0u T~
B — K*utpu—
B — K*utpu—
B — K*utu—
B — K*ut
B~ = K* utp~
B - Koutp—
B - Koutp~—

Bs — pp

pavid S8 1w d8lLe

Moriond 2015

(careful, these observables are not independent! E.g. only P, or Ss in fit)

obs.
Fr
FL
Ss
P,
Pg
107 9BR

dq?

8 dBR
10 e
8 dBR
10 e
7 dBR
10 42

g° bin
[2,4.3]
[4, 6]
[4, 6]
[1.1, 6]
[4, 6]
[4, 6]
[0.1,2]
[16, 23]
[1, 6]

SM pred.
0.81 £ 0.02
0.74 = 0.04

—0.33 £ 0.03
—0.44 £ 0.08
—0.77 £+ 0.06
0.54 £ 0.08
2.71 = 0.50
0.93 £0.12
0.48 £+ 0.06

measurement

0.26 4= 0.19 ATLAS
0.61 £ 0.06 LHCb
—0.15 £ 0.08 LHCb
—0.05 £ 0.11 LHCb
—0.30 = 0.16 LHCb
0.26 = 0.10 LHCb
1.26 £ 0.56 LHCb
0.37 = 0.22 CDF
0.23 £ 0.05 LHCb

Avelino Vicente - Flavored surprises at the LHC
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+2.9

+1.9
—2.2

—2.9
—2.8
+2.1
+1.9
+2.2

+3.1
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Some comments on DM

However: Assumption: Z' portal
al'lléggsozzﬁle \ Hy < 1 Interplay between flavor and DM

Favorable conditions

FF & yx* )
g1 .7 X
Q.L -
Z P mX > mQ,L
9x 9x >«
gg’,gL \\\ X mz > mX
™Mz
4 m~ =~
2 o 1 my, X
o(s) ~ ‘Af f3| 9x 275 5 Sy Lkin 2
(mz, —s)” —mz 'y, (resonance)
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Z-L mixing

Nothing prevents U(1) factors from mixing
Y ppv
LDekF, Iy

Problem: The Z' would have flavor violating couplings to all SM fermions

However, this is under control in this model:

* Not induced via renormalization group running if it is zero at
some high-energy scale

« Suppressed for mg ~ mp,

919x 1 maq
€1-loop X 1672 0g m_L
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Neutrino masses

Non-trivial neutrino mass generation

H H
; | s
S = (1 1.0 _4) > Possible UV completion
[preserves Zi5 1 Vector-like fermion F' = (1,1,0,2)
O = 33 L wHHOS L > AgSF°F +yLHF
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ETA
O = (57aPLb) (7" PrLu) = BR(B, — ptu")
Contributes to
Dg and Oq
[CMS and LHCb, 2013] [Bobeth et al, 2013]

BR(Bs = i )exp = (2.9 £0.7) x 1077 BR(Bs — ptp )sm = (3.65 £0.23) x 107

—0.25 < CHNP /oM 003 (at 10) The model is compatible at 2

B, — B; mixing ‘

[Altmannshofer et al, 2014]

Allowing for a 10% deviation from the mz
SM expectation in the mixing amplitude |A |

2> 244 TeV

FLASY 15, 29/06/15 Avelino Vicente - Flavored surprises at the LHC



Loop corrections

[ Computed with FlavorKit ]
CyF oM oo
(full) (dotted gray)

At 1-loop, the vector-like quarks
contribute to all operators

2400

2200 |-

 Non-negligible corrections to Cy
1800

 Unwanted contributions to other Wilson

coefficients
However: “Valid” region is safe
CIP /oM < 1%

1600
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3. B— D* v (LHCB-PAPER-2015-025) 33/34
Result More anomalies?
Greg Ciezarek's talk
FPCP 2015

Belle 2009
657x10° BB i .
(Hadronic Tag) it

Belle 2010
657x10° BB °
(Inclusive Tag)

BaBar 2012 (Full)
471x10° BB —
(Hadronic Tag) R D* BR(B — D*TV)
LHCb Runl preliminary i i ( ) BR,(B % D>l< EV)
3.0 ————
T—UVV

0.1 02—~ 03 0.4 05 0.6
(Bagter ot al 2012) R(D¥)

e We measure R(D*) = 0.336 £ 0.027 £+ 0.030

e |n good agreement with past measurements
e Agreement with SM at 2.10 level

e Measurement will improve with more data: largest systematic
uncertainties depend on control samples (or simulation size)
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