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FLAVOR ANOMALIES

CHARGED CURRENTS

v/ A combined ~ 4 ¢ anomaly on charged current semileptonic B — D)
decays
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I Requires very light NP, since it has to compete with the SM tree-level
prediction



FLAVOR ANOMALIES

NEUTRAL CURRENTS

v There are several prominent deviations in b — sf{ transitions

Observable Experiment SM prediction  pull
A —0.30 4 0.16 —0.8240.08 -2.9
<PS>]678] —0.51 4 0.12 —0.9440.08 -29
R ® 0.745%5:099 4 0.036  1.00+0.01 426
ROOSL 0660011003 0.924£0.02 422
RO 0.69701 £0.05  1.00£001 425

where
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and Pj is some 'complicated’ angular observable in B — K*pupu.



THE CASE FOR RK®™

From the NP point of view, Rk and Rk~ stand out for several reasons

@ They are very clean observables!

For Rk

® Perturbative and non-perturbative QCD contributions cancel
® log(mg) enhanced QED corrections are at the O(1%) level
For Ri~, QCD contributions cancel within the SM

® It is a loop level effect in the SM

©® They probe a somehow fundamental feature of the SM: lepton
flavor universality!



EFT APPROACH

In order to compute the NP effects in b — sf¢ we use the following
effective Hamiltonian

4G

Hetr = *T;(V};th) Z dof(ﬂ)’
with the relevant operators being
_ e _ 8 € = B
O = @mb (s0a3Prb) F*7, 0; = @mb (s0apPLD) F*7,
Y/ o e ¥4 o e
ot = o (57 PLb) (170), 0y = In (57aPrD) (£4°0) ,
YA o e 0 a e
010 - E (SFYOLPLb) <€7 756) ) Ol’o = E (S’yaPRb) (E'y 755) ’

and G;= CM 4+ P We have
M =4.07, M = —4.31, M = —0.29.
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EFT APPROACH

There are also (pseudo)scalar operators

o 7 a - 7
OV = Z(sPr b)), OF = = (sPg.b)(lvst),

47 47r(
as well as tensor ones

O N7

O1) = Z(SU# b) (4o (75)0).
7

However, only Os — Op and O% + O} are non zero when one goes from

the dim-6 SM EFT to Hes

B(B? — (¢~ very sensitive to (pseudo)scalar operators = NP
contributions there have to be small = NP in b — sf¢ transitions can be
very well parametrized by O&()/,)lo,7



EFT APPROACH

We can also use for convenience the chiral basis,

4GF o
Hett = ———= (ViVip) — | O7 + Of + Chsyty, Obs +hec.,
ff \/5( ts tb)47r 7 7 X;'R bsxly Y bsxly

L=e,p,T

with )
Obscey = (E'yu PXb) (67# PYE),

since often NP models treat a certain chirality in a special way and one
can take advantage of the hierarchy of SM contributions

Bay, = 838> — Y, =0.24.

In this basis

_ | Chsu + CbSRHL|2 + | Cos i+ Cosepur 2
| CbSLeL + CbSR€L|2 + | CbsLeR + CbsReR |2

Rk
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EFT APPROUACH

Analogously,

*
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MODEL BUILDING

Three main possibilities:

s Y S Y4 S >
A Y

b Y b 4 b <
Z' resonance spin 0/1 leptoquark loop stuff

® Most of the models are ad-hoc solutions to the flavor anomalies
® The connection with naturalness was largely unexplored

® Can it be the first hint of a bigger picture?



VIOLATION OF LFU IN CHMS



COMPOSITE HIGGS

® One interesting solution to the hierarchy problem is making the
Higgs composite, the remnant of some new strong dynamics

® |t is particularly compelling when the Higgs is the pNGB of some
new strong interaction. Something like pions in QCD

E A AL
CF1 HIH v
my,
m;/) T vau G /\ Hl/
f. 1 h PP

They can naturally lead to a light Higgs mZ = m? ~ g2u?/1672

T



COMPOSITE HIGGS

® One interesting solution to the hierarchy problem is making the
Higgs composite, the remnant of some new strong dynamics
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HIGGS POTENTIAL

® The gauge contribution is aligned in the direction that preserves the
gauge symmetry

® However, the linear mixings Lmix = A\]qO] + AktrO% + h.c. needed
to generate the fermion masses

|
A 1h MG
A > & > NP 1
Q1 Y. T

break the NGB symmetry and will be also responsible for EWSB
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HIGGS POTENTIAL

One can promote the linear mixings to spurions of G and expand in
powers of \/g.

1 Nc

* 1672 m. = g.f

V~m

(;)2 Va(h/f) + <gi)4 Va(h/f) + ...

The large value of the top yukawa

Agf Aef
ytoPNYMQMT ~1

makes the top contrlbutlon (typically) responsible for triggering EWSB
and since

mp; o< |/ g1

We expect to have anomalously light top partners Mg < m,



LIGHT TOP PARTNERS AT THE LHC

We can see e.g. the MCHM5, 10 otz onee 1505 2015
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f=0.8 TeV, g. ~4.4. Y] =0.7 is the maximum allowed "Yukawa"



LEPTONS CAN PLAY A ROLE

Leptons are typically disregarded since one could naively expect
Ae/g« < 1. However,

® They are not just a scaled version of the quark sector
® The mixing angles in the lepton sector are highly non-hierarchical

® Neutrinos could have Majorana masses!



LEPTONS CAN PLAY A ROLE

@ A 'normal’ lepton sector will look like

As
eR(’) +

Ae
LD 761_04 + — Ao

Xz i —YrOx — MgTr (2%ER) +h.c.
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LEPTONS CAN PLAY A ROLE

@ A 'normal’ lepton sector will look like

Ay
erOe +

Ae
LD 761_04 + — Ao

Xz i —YrOx — MgTr (2%ER) +h.c.

® Since |[Myx|| ~ A ~ Mp), avoiding too small neutrino masses

_ 1
(M0 )jighe ~ Vejes (My) ' €0, ~ Aoy (A)

requires 0 < ex

® The 14 =(1,1)® (2,2) @ (3,3) of SO(5) makes possible to unify
all the RH leptons in only one multiplet!

AR _
L D El_Oe —‘r \IJROR MZTF (Z,C?ER) + h.c.

with g D eg, Xg, Oy~5 and Or~14



LIFTING THE TOP PARTNERS

This is really interesting since

® Since the contribution to the Higgs quartic from the 14 arises at
O()\%/g2), moderate values of Ag can have an impact

® The three charged lepton RH fields will contribute to the potential

150 200 250



VIOLATION OF LFU

Vector resonances are ubiquitous in CHMs. In the particular case of

50(5) x U(1)x/[SO(4) x U(1)x]

one gets
10=(3,1)® (1,3) 5 (2,2), 1=(1,1)
fR ZR
ZR ZR
~ gz/g* ~ g*(ef?)Q

RH leptons are custodially symmetric and transform as (1,1) so they
only couple (beforew EWSB) to the "hypercharge’ (1,1)



VIOLATION OF LFU

Since
2 2201
Me~veg  and (M, )iight ~ VVereaMg?,

having hierarchical charged lepton masses and anarchical neutrino masses

leads to
0 <K €f < e < €R

and to a violation of LFU
bL €R, UR

SL €R, R

~ lﬁ/mz (€SL€bL€%§’)



VIOLATION OF LFU
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VIOLATION OF
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CONSTRAINTS

There are four irreducible constraints

® B~ U — B mixing
© pp— U © EWPD

q ) ej :e
qj ::6 e e
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2. Bs— Bs MIXING

AM,
X MSBM ~ 1+ (35.380 Re C{fF — 10.530 Re[CiF + CFF]) TeV?

OF = (57, Pxb) (57" Pyb)
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2. Bs— Bs MIXING AND Py 568
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3 DILEPTON SEARCHES

95% CL limits on MFV Z' fromp p - u* y~

1.4 F ATLAS|13 TeV, 36.1 fb~!
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® For Mz < 3 TeV, couplings to

first generation quarks have to
be small

® MFV-like couplings to quarks is
already excluded!

v We have ~ 4 TeV Z's with very small couplings to light quarks



3 DILEPTON SEARCHES

Moreover, by naturalness, one expects the channel ZZ — L{ to be open
and dominate the branching ratio

L lr
w< vs M§<
ZR ZR
~ g*‘ff? ~ B« (‘ER)2
= .7
[
g
BR(V — LL) > 0
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my [TeV]



3 DILEPTON SEARCHES
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3 DILEPTON SEARCHES

Moreover, by naturalness, one expects the channel Z — L/ to be open
and dominate the branching ratio

BR(V - LL) > 0
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4 EWPD

One of the biggest tensions arises from EWPD on four-fermion
interactions

(exer) (exer) ~ 5 (ca,)’

Cee [4 GFIV2]
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WHAT ABOUT LFV?

In principle, one expects to generate dangerous FCNCs leading to

extremely constrained lepton flavor violating processes

1= e,

w— 3e,

1 — e conv,

T = 1Y,

Some of them are an issue even for elementary leptons!
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A FLAVOR PROTECTION

We would like to have a global flavor symmetry in the Composite Sector
<= gauge symmetry in the bulk and the IR brane
SDMFV: FITZPATRICKPEREZRANDALL, 07~ PEREZRANDALL. 08~ CSAKIPEREZSURUJON WEILER. 09

UV brane IR brane
G x GF

= (5)2 [nwdx“dx” - dzz}

z

L= log(R'/R) ~ (g./8)?

log(z/R)



A FLAVOR PROTECTION

We would like to have a global flavor symmetry in the Composite Sector
<= gauge symmetry in the bulk and the IR brane
SOMFV: FITZPATRICK PEREZRANDALL. 07 . PEREZRANDALL 08 CSAKIPEREZ SURUJON WEILER 09

UV brane IR brane
G x GF

= (5)2 [nwdx“dx” - dzz}

z

L= log(R'/R) ~ (g./8)?

log(z/R)

Since we only have two 5D multiplets: sy ~ 5 and (g ~ 14, we make
them triplets of G = SU(3); x SU(3)r

L~(3,1) (r~(1,3)



A FLAVOR PROTECTION

We can then assume that all the breaking of Gr comes from one spurion
Y~ (3,3)
such that
a=MR~1+YY cR=MgrR~1+ Y'Y

and
ms~Y mp~ Y
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® By unifying all RH fields we sit in the 'alignment’ limit of 5DMFV



A FLAVOR PROTECTION

We can then assume that all the breaking of Gr comes from one spurion
Y~ (3,3)
such that
a=MR~1+YY cR=MgR~1+ Y1y
and
ms ~ Y mg ~ Y
® By unifying all RH fields we sit in the 'alignment’ limit of 5DMFV

® Then, all the flavor mixing comes via the Majorana masses!



CONCLUSIONS

® Rk and Rk« provide very clean probes of higher energies

® Both Rk and Rk~ anomalies can be succesfuly addresed with NP in
the RH electron sector

® This can happen naturally in CHMs with a 'minimal’ type-1ll seesaw

® |n this setup, the absence of top partners can be translated into

L

® Observed values in other observables like Bs — u* =, AMg, or P
can be reproduced

® Therefore, Rk < 1 and Rk« < 1 could be the first probe of the
dynamics of EWSB
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B— KUt (~

The individual branching fractions are given by

dB(B — KIT™)  GEa?| Vi Vi|? P
( dq2 ) = F(47!_)5tm3t ‘ ([mQB—K*]2_2mQB+K* q2 Q4)2 (|FV|2‘HFA|2)
B

where

FU(@®) =(Cosgtn+ Cost, + Cose, + Cone) /2 1 (a7)

2mb ) )
pr— mK(C7 + C)fr(q°) + hk(q)

Fa(q%) =(Cosgtr— Cos.t, — Cose, + Cosn) /2 1 (0%)

mf\iB = mf‘ + mQB, and we neglected lepton masses, CP violation, and
higher order corrections



B® — Kt~

dB(B° — K*¢+e-) G2a?| Vi V2
dq?

(AL + |G + A% + L= R)

AKL,R _ Jr\@ms(lfqz/m%) [CbSLZL,R + CbsRZL,R} §1
AﬁL F = —vV2mp(1-q°/m}) [Costrn — Comern] €1

ALR _ my(1—g*/mp)?

2lalmic [Costr e — Cosetr ] )

Defining the integrated form factors

2
Amax

2 i Tonax 12(q° — m}q)?
x{l«sﬁ €02, B e 2} p=

8qm

~ 2 2 2 2 4\i
ST 3 (gmymg Mkl 2Meie 4 d) 7 g
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B — B MIXING
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TALKING TO FERMIONS

A priori, we have two different ways of introducing the mixing with the
elementary fermions:

@ Quadratically, a la Technicolor

A A7 vy
L atrOK), [OX)] =1+ = mg~ for (H) . >0

A VN \A
® Linearly, via partial compositeness
AL AR
HQLOL(X), mtROR(X), [OLr(X)] = 5/2+7L,R, Y,R> —1
\/N n YL+YR 47
= mq ~ VE (X) or mq ~ Vﬁm

Very well mimicked by Randal-Sundrum models!



ADSICET CORRESPONDENCE

® Models with warped extra dimensions are weakly duals to strongly
coupled 4D theories il 0icEn: 02

® They provide a calculable framework for composite Higgs models
UV brane IR brane
G

= (3)2 [nwdx“dx” — dzz}

z

L=1log(R'/R) ~ (g./&)?

log(z/R)

® The 5D realizations of models where the Higgs is a pNGB are
models of gauge-Higgs unification (GHU), 7?(x) ~ A2(x)



ADSICET CORRESPONDENCE

We can explain the huge hierarchy existing between the different fermion

masses q cud
i £

heavy quarks
C < ]./2
cqg>1/2

light quarks

.d
(mu,d),-j ~ = Y* f?f;'
We also obtain naturally the hierarchical mixing observed in the quark

sector

u,d u,d
‘ UL UR

~ A

.. i

i ij



COMPOSITE RH NEUTRINOS

When the operator
AR =
M\PROR
is relevant, i.e., 7g < 0, a very large kinetic term is induced

= [t dq Ba-pHORPIOK(-0) Wr(q)

A2r
~ 2 (E)M / dix UR(x)idR(x)

A

Canonically normalizing ¥g requires

e 2 (8) "

and leads to My — MsAg?(u/A)~2% and

o (4)"



EWPD
For elementary fermions and a composite Higgs,

T~[a-28+4],  S~[-B+4, W=Y~j

where

1 1 1
VN VYY"V - VYV Vv M
1 1 R 1
& B y
and @~L, @~1/VL, VL~ g,/gu. Thus,

T~Ll, S§~1, W=Y~1/L

T>Ss WY

We can make T and 6Z0r(r small enough thanks to our custodial setup
AGASHE DELGADD MAY SUNDRUM. ‘03 AGASHE CONTIND.DA ROLD.POMARDL, ‘06
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