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» Introduction

Recent data show some convincing evidences of Lepton Flavor Universality
violations

- b — ¢ charged currents: 1 vs. light leptons (1, €) [Rp, Rps«]
- b — s neutral currents: p vs. € [Ry, Rgx (+Psetal) ]

IF taken together... this 1s probably the largest “coherent” set of deviations from
the SM we have ever seen...
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Recent data show some convincing evidences of Lepton Flavor Universality
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» Introduction

Recent data show some convincing evidences of Lepton Flavor Universality
violations

-

- b — s neutral currents: 1 vs. € [Ry, Rgx (+Psetal) ]

Altmannshofer, Stangl, Straub '17

7 br, SL br SL
W, € W, e H H
& » All effects well described by NP only
in b—sup and (& not in ee)
| --:,/-”// = LFU observables
- b — spp global fit / o o \
o R Non-trivial fit of several observables
| ~ =~ ol fivefold non-FF hadr. uncert. indicating NP of short-distance origin
20 -15 -10 05 oo 05 10 15 | [3.80 significance from LFU ratios only]
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» Introduction

Recent data show some convincing evidences of Lepton Flavor Universality
violations

-

- b — s neutral currents: 1 vs. € [Ry, Rgx (+Psetal) ]

Altmannshofer, Stangl, Straub '17

bL SL bL SL
W, € W, e H H
& » All effects well described by NP only
in b—sup and (& not in ee)
05T LFU observables » LH structure on the quark side
T sk pbal largely favored

—1.0 1
——-all, fivefold non-FF hadr. uncert.

l » Helicity structure on the lepton side

—2.0 —i.5 —i.[] —6.5 010 UTS l.l[] 1.5
Re O less clear

— Talk by Matias
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» Introduction

Recent data show some convincing evidences of Lepton Flavor Universality
violations

- b — ¢ charged currents: 1 vs. light leptons (1, €) [Rp, Rps«]
- b — s neutral currents: p vs. € [Ry, Rgx (+Psetal) ]

IF taken together... this 1s probably the largest “coherent” set of deviations from
the SM we have ever seen...

What 1s particularly interesting, 1s that these anomalies are challenging an
assumption (Lepton Flavor Universality), that we gave for granted for many years
(without many good theoretical reasons...)

\ 4

Interesting shift of paradigm
(in flavor physics, but possibly also beyond)
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» Introduction

Suppose we could test matter only with long wave-length photons...

Y These two particles seems to be
‘ “1dentical copies™ but for their mass ...

U(D)q et p*
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» Introduction

Suppose we could test matter only with long wave-length photons...

Y These two particles seems to be
AN * ‘ “1dentical copies™ but for their mass ...
U(1)q et p*

...that's exactly the same (misleading) argument we use to infer LFU...

Y, 2 W, Z . P ‘ These three (families) of particles
AP seems to be “identical copies”
SU3)xSUQ2)xU(1) € ot T but for their mass ...

The SM quantum numbers of the three families could be an “accidental” low-
energy property: the different families may well have a very different behavior
at high energies, as signaled by their different mass
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» Introduction

So far, the vast majority of BSM model-building attempts

\

» Concentrate only on the Higgs hierarchy problem [ “Common lore” (1)

* Postpone (ignore) the flavor problem, implicitly .
assuming the 3 families are “identical” copies [ “Common lore” (11)
(but for Yukawa-type interactions) ’

l

large (more interesting...) small (less interesting...)
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» Introduction

So far, the vast majority of BSM model-building attempts

> Concentrate only on the Higgs hierarchy problem

* Postpone (ignore) the flavor problem, implicitly
assuming the 3 families are “identical” copies
(but for Yukawa-type interactions)

The recent flavor anomalies seem to suggest a shift of paradigm:

» We should not ignore the flavor problem [— new (non-Yukawa) interactions
at the TeV scale distinguishing the different families]

> A (very) different behavior of the 3 families (with special role for 3™ gen.)
may be the key to solve/understand also the gauge hierarchy problem

small (less interesting...) large (more interesting...)
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Bottom-up approaches to describe the anomalies
|from EFT to simplified models]

-
A LONG TIME AGO IN A GALAXY FAR EAR AWAY...

Q.___‘
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» EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

» Data largely favor non-vanishing left-handed current-current operators
[the Fermi-like SU(2), triplet contributes to both charged & neutral curr.],

although other contributions are also possible

Or

Bhattacharya ef al. '14

Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

Or
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» EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

» Data largely favor non-vanishing left-handed current-current operators
[the Fermi-like SU(2), triplet contributes to both charged & neutral curr.],

although other contributions are also possible

Bhattacharya et al. '14

Alonso, Grinstein, Camalich '15
Greljo, GI, Marzocca '15
(+many others...)

» Large coupling (competing with SM tree-level ) in bc — /5 v,
» Small non-vanishing coupling (competing with SM FCNC) in bs — /, /,

J % \

small terms Link to pattern
Ajjgp = (013%037)%X(0,3%03p) + for2™ (& 1%) === | of the Yukawa
generations couplings !

. J
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» EFT-type considerations

» Anomalies are seen only in semi-leptonic (quarkxlepton) operators

» Data largely favor non-vanishing left-handed current-current operators
[the Fermi-like SU(2), triplet contributes to both charged & neutral curr.],

although other contributions are also possible

Two classes of (tree-level)

W'(Z") mediators, giving rise to
[ different correlations among
Q the anomalies, other low-
energy observables, and

high-py physics
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» EFT-type considerations

Three main problems identified in the recent literature (driven mainly by Rp...):

[. high-p; constraints [1. radiative constraints
o zwy ° b '

LQ
b T b T

1 Feruglio, Paradisi, Pattori '16
[low naive EFT scale: A ~ 700 GeV] g

Faroughy, Greljo, Kamenik '16

I11. flavor bounds

Greljo, GI, Marzocca '15
Calibbi, Crivellin, Ota, '15
(+many others...)
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» EFT-type considerations [The UQ2)" flavor symmetry]

A solution to all these “combination” problems + natural link with the origin of
the Yukawa couplings, 1s provided by a suitable EFT based on the hypothesis of
an approximate U(2),xU(2), flavor symmetry
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» EFT-type considerations [The UQ2)" flavor symmetry]

A solution to all these “combination” problems + natural link with the origin of
the Yukawa couplings, 1s provided by a suitable EFT based on the hypothesis of
an approximate U(2),xU(2), flavor symmetry

~ A brief detour: U(2)" flavor symmetries (acting on light generations)

Barbieri, G.1.,
Quark sector: U(2)* = U(2) MRS U®2),xUR2), Joiles?Perez,
Lodone, Straub, '11
0 0 |< U,
Yu=n
brok — LYy 5[
* ymmetry Ziawa~ 2L VS UR O
U(2),

The exact symmetry limit i1s good starting point for the SM spectrum
(my=mg=mg=m =0, Vcip=1)
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» EFT-type considerations [The UQ2)" flavor symmetry]

A solution to all these “combination” problems + natural link with the origin of
the Yukawa couplings, 1s provided by a suitable EFT based on the hypothesis of
an approximate U(2),xU(2), flavor symmetry

~ A brief detour: U(2)" flavor symmetries (acting on light generations)

Barbieri, G.1.,
Quark sector: U(2)3 = U@2), xU2),xUQ2), Jones-Perez,
Lodone, Straub, '11
0 0 0 V A V
Yy =0 —> —>
0 1 0 1 0 1
unbroken leading breaking final breaking
symmetry

Minimal breaking to reproduce
SM Yukawa couplings:

» The assumption of a single leading breaking
ensures an effective protection of FCNCs
V=V, =0.04 — consistency with CKM fits

Al =y, =0.006 » Large NP effects possible for 3™ generation
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» EFT-tvpe considerations | “The Zurich's guide "]

A solution to all these “combination” problems + natural link with the origin of
the Yukawa couplings, 1s provided by a suitable EFT based on the hypothesis of
an approximate U(2),xU(2), flavor symmetry

_|_

Assumption of NP in left-handed semi-leptonic operators only
[high-scale matching]

Buttazzo, Greljo, GI, Marzocca, '17
l “The Ziirich's Guide”

1 2y ayJ \( T a i N\ T
Lot = LM — @A?ingg [@ (Qi o @)L o L) + Cs (Qr1uQ7) (LI LY)

Cr, Cq
fourfree i =0(Vey)

parameters...

...and a long list of constraints
| FCNC and CC semi-leptonic processes,
Ay = O(|Vrp‘2) tau decays, EWPO |
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» EFT-tvpe considerations | “The Zurich's guide "]

PACTS 2018, Tallin, June 2018

Excellent fit to both anomalies, passing all existing constraints with no fine tuning

T ——— 0.06 f———T———T———————T—— -
Y Ay2<23 ] [ A
_oal ' 0.04} 3 A
3.9 | 0 02:. ’/// -
3 —04 | 11G1< 27, )
||| A S 000 '_
3o _ . : y
% 0.6 ~0.02} ’
| | . A, raised
! -004p to ~ 1.5 TeV
~10 [ —-0.06 .-{/./ ....................... 3
1.0 1.1 1.2 1.3 14 1.5 —0.06 —0.04 —0.02 0.00 0.02 0.04 0.06
SM
RD(*)/RD(‘*)
4 N\

(&

~ Possible to find a “combined” motivated explanation of the 2 set of anomalies.

= The EFT solution is not unique [e.g. sub-leading RH currents can be added],
but large variations are possible only if the Ry anom. goes away completely
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» Simplified dynamical models | “The Return of the LeptoQuark”...]

If we ask which tree-level mediators can generate the effective operators required
by the EFT fit, we have not many possibilities...

. . 0.06F
Three main options [

(for combined tree-level explanations): 0.04k

SU(2). 0.02¢
singlet triplet

5 0.00f
Vector LQ: @ U; [

Scalar LQ: S, S, B!

Colorless vector: B' W —0.04F

006k .
~0.06 —0.04 —0.02 0.00 0.02 0.04 0.06
Cr

The U1 option [Alonso, Grinstein, Camalich '15; Barbieri, GI, Pattori, Senia '15]
fits quite nicely... but of course models with more than one mediators are also possible
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» Simplified dynamical models | “The Return of the LeptoQuark”...]

If we ask which tree-level mediators can generate the effective operators required
by the EFT fit, we have not many possibilities...

Three main options
(for combined tree-level explanations):
LQ (both scalar and vectors) have an

SUQ2). additional clear advantage concerning
singlet triplet constraints from non-semilpetonic
processes:
Vector LQ: U,
Scalar LQ: Sq S3
Colorless vector: B w!

Similarly, 3" gen. LQ are in very good shape
also as far as direct searches are concerned
(contrary to Z'...):
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Speculations on UV completions

3T IL e X 3

L
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» Speculations on UV completions

PACTS 2018, Tallin, June 2018

There are several possibilities to find UV completions for the simplified models
addressing the anomalies (gauge models vs. composite models) [wide literature]

Non-perturbative
TeV-scale dynamics
| non-renormalizable models |

» Scalar LQ as PNG
Gripaios, '10
Gripaios, Nardecchia, Renner, '14
Marzocca 'l18

» Vector LQ (or W',Z") as techni-

fermion resonances
Barbieri et al. '15, Buttazzo et al. '16

Barbieri, Murphy, Senia, '17
Blanke, Crivellin, '17
> W', Z'as Kaluza-Klein excitations

le.g. from warped extra dim. |

Megias, Quiros, Salas '17
Megias, Panico, Pujolas, Quiros '17

Perturbative
leV-scale dynamics
| renormalizable models |

s> Renormalizable models with scalar
mediators [LO, but also RPV-SUSY]

Hiller & Schmaltz, '14

Becirevic et al. '16, Fajfer et al. '15-'17
Dorsner et al. '17

Crivellin, Muller, Ota '17
Altmannshofer, Dev, Soni, '17

+

» Gauge models
Cline, Camalich '17
Calibbi, Crivellin, Li, '17
Assad, Fornal, Grinstein, '17
Di Luzio, Greljo, Nardecchia, '17
Bordone, Cornella, Fuentes-Martin, GI, '17
T ...
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» Speculations on UV completions

PACTS 2018, Tallin, June 2018

In the following I will now concentrate on one (class of) option(s)
that I find particularly interesting.

Starting observation: the Pati-Salam model predicts a massive vector LQ with the
correct quantum numbers to fit the anomalies (best single mediator):

Pati-Salam group: SU(4)xSU(2); xSU(2)x

Fermions
in SU(4):

_ QLa_
Q.F
Q

L

L

_ QRa_
Q"
Qr

L

R

LQ [U,] from SU(4) — SU(3)_

The problem of the “original PS model” are the strong bounds on the LQ couplings
to 1% & 2" generations [e.g. M > 100 TeV from K; — pe].

Interesting recent attempts to solve this problem adding extra fermions and/or
modifying the gauge group [Calibbi, Crivellin, Li, '17; Di Luzio, Greljo, Nardecchia, '17]
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» The PS> model

[ PS ]3 — [ SU(4)XSU(2)LX SU(Z)R ]3 Bordone, Cornella,

Fuentes-Martin, GI, '17

Main 1dea: at high energies the 3 families are charged under 3 independent gauge
groups (gauge bosons carry a flavor index !)

uv

Unification of quarks and leptons “De-unification” (= flavor deconstruction)
[natural explanation for U(1)y charges] of the gauge symmetry

SM
IR Q,u;,d, Ly e

= Light LQ coupled mainly to 3" gen.
Key advantages: = Accidental U(2)’ flavor symmetry
= Natural structure of SM Yukawa couplings
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» The PS> model

[ PS ]3 = SU(4)XSU(2)LX SU(Z)R ]3 Bordone, Cornella,

PS =PS®),_, PS,=PSC)|,_,

Y

¥,

_____________________________

Fuentes-Martin, GI, '17

PS,~PSO)|,_,.

Unification
of quarks and leptons

“De-unification”
(= flavor deconstruction)
of the gauge symmetry

¥,

This construction can find a “natural” justification in the context of models
with extra space-time dimensions

The 4D description 1s apparently more complex, but it allow us to derive precise
low-energy phenomenological signatures (4D renormalizable gauge model)
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» The PS> model

High-scale [~ 103 TeV]
“vertical” breaking [PS — SM] .
]111k Low-scale “vertical”

PS1 | SU(4)1><SU(2)R1 | B S ﬁe]ds Breaking [EWSB]

L]

v | T -~
SM, [ SUG) <U(1)Y, ]

SM, [ SUQ)L xU(1)Y, ]
\J v
SM (— QED) QED, [ U(DY, ]

* The breaking to the diagonal SM group occurs via appropriate “link™ fields,
responsible also for the generation of the hierarchy in the Yukawa couplings.

* The 2-3 breaking gives a TeV-scale LQ [+ Z' & G'] coupled mainly to 3" gen.

[similar to “4321” (Di Luzio et al. '17) but “natural” flavor structure: no ad-hoc mixings]
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» The PS> model

Z:1 (DRIZ (DLIZ (DRZ?) (I)L23 H3
@ b feeeetlo T2 b i T TS L Q@
QIZ QZ3
Below ~ 100 TeV OR ., DL H,
U(2)5 flavor symmetry —® [ 7 12 el T3 o)
(but for link fields) Q,

Leading flavor structure:

* Yukawa coupling for 3™ gen. only
» “Light” LQ field (from PS;) coupled
only to 3" gen.

> U(2)° symmetry protects flavor-
violating effects on light gen.
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» The PS> model

12 23
Below ~ 100 TeV OR ., DL H,
U(2)5 flavor symmetry —® [ 7 12 el T3 o)
(but for link fields) Q,

— W, '+ W, [~5-10 TeV]

Sub-leading Yukawa terms e

' N
from higher dim ops: : -------~-...§U(2)LXU(1),,__.........._....

i | = _______ o
Lk L LQ[UJ+Z +G' [~ 12 TeV]
R L
<(D E3q) E3> <Qg3> H
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» The PS> model

4 )
Collider phenomenology and flavor SU(4),xSU(3),.,x [ SUQ) xU(1)' ]
anomalies are controlled by the last-
but one step in the breaking chain. _ Vs Viz y
Despite the apparent complexity, the L I et
construction is highly constrained: Q) - Q[ [[fli TeV) ¢

~1-3Te
SM

Quark flavor structure determined up to an angle Vias

( — degree of alignment to d-quark mass basis)

Key difference to all existing pheno models:
unsupressed br-1z coupling of the LQ
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» The PS> model

R(D*)

Collider phenomenology and flavor
anomalies are controlled by the last-

but one step in the breaking chain.

Despite the apparent complexity, the

construction 1s highly constrained

0.0" o

- SM

—0.2-

—0.8-

—1.0—I

e
Experiment at 107

.

0.00

0.05

0.10

ART(Q.45 ARTY
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0.25
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B I 1 1 L] T 1 L] T 1 L] ] 1 1 I T T 1 L] I _

0SS — BaBar, PRL109,101802(2012) 5 —]

- = Belle, PRD92,072014(2015) A" = 1.0 contours =

= LHCb, PRL115,111803(2015) L .

0.45 = = Belle, PRD94,072007(2016) e==== SM Predictions =

"7 [ = Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) .

- ———— LHCb, FPCP2017 R(D)=0.299(11) FNALMILC (2015) -

04— O Average R(D*)=0.252(3) S. Fajfer et al. (2012) _]

- o V-A :

n | rasamemememmTTTIIIIR S . PS, .

TP e S

03 l l 2o -
025 -

u R i — 1

C P 4 .

0.2 - o ® A ¢ FPCP 2017 | 4

. P() = 71.6% —]

F_I 2 L | . A

0.2 0.3 0.4 0.5 0.6
R(D)

The fit to low-energy data 1s very good
(although slightly smaller NP effects in R,

mainly because of radiative constraints)

= AF=2 constraints imply 5-10%
alignment to d-quark mass basis
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» Low-energy implications

All models addressing the anomalies predict a rich low-energy phenomenology to
be tested in the near future [Bs—11, B—Kr11, B—>1v, B>Kvv, AMp,, ... |

A particularly striking signature of the PS3 model are large t—p LFV effects:

4.0 6
B Full fit Bordone, Cornella,

u&) — ARk=-0.3 . Fuentes-Martin, GI, '18
— 3.2 Excludedat90%cCL 7 Ll Sl

X

|

5 2.4

+

-

';'4 1.6 1

)

+

Q

Q

30 45 60 7.5  0.00 0.02 0.04 0.06 0.08 0.10 0.12
B(T-uy) x 108 B(Tt-3u) x 108
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» High-energy implications

Also the high-energy phenomenology is rich (exotic states in the few TeV range),
but still consistent with the present exclusion bounds given the new states couple
mainly to 3" gen. quarks.

Single scalar LQ production @CMS: The difficult “Coloron” signal:

CMS Preliminary 35.9 fb"' (13TeV)
i ;, | | I | | | | | | I | | i 106 -

pp - jj @13 TeV, 37 fb™!

m——— (DSerVed

B < A. Greljo, talk at

T _ 105 - LHCb- Implications '17

| Preferred by

B-anomaly + 1 7

41 ATLAS observed]

T Rxcluded by 10 TLAS Bekg fit]

pp —» LQ.LQA. 7

1000 !

100}

Scalar LQ )
B =1 : 10 3

O-gllllllllllll IIIIIIIIIIII-
00 400 600 800 1000 1200 1400

Leptoquark mass (GeV)
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[ Conclusions 1

» If these LFU anomalies were confirmed, it would be a fantastic discovery,
with far-reaching implications

» If interpreted as NP signals, both set of anomalies are not in contradiction
among themselves & with existing low- & high-energy data.
Taken together, they point out to NP coupled mainly to 3™ generation, with a
flavor structure connected to that appearing in the SM Yukawa couplings

* Simplified models with LQ states seem to be favored. However, realistic UV
completions for these models naturally imply a much richer spectrum of states
at the TeV scale (and possibly above...).

» The PS? model I have presented is particularly interesting as example of the
shift of paradigm that these anomalies could imply. But of many points (and
possible variations) remains to be clarified/explored...

\{

A lot of fun ahead of us...
(both on the exp., the pheno, and model-building point of view)
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» Symmetry breaking pattern in PS3

SU(4)xSU(2),xSU(2),

LQ (6) 4 l \ --------- > W (2)

SUB)>xU(1)g U(Dr
| |

High-scale [~103TeV] » 7' (1)
“vertical” breaking [PS — SM]

PS, [ SU(4),xSUQ)R, ] U(l)y

v
SM, [ SU3) xU(1)Y, ]
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» Symmetry breaking pattern in PS3

21

PS

2

<(I)L°Rlz> Q)

Below ~ 100 TeV
Ap>E>A,, U(2)° flavor symmetry
(but for link Yuk. coupl.)

(I)L12 ~(1,2,1), x (1,2,1), VEV — SU(2)-

1+2

R ~(1,1,2), x(1,1,2),  VEV— SUQ)R

1+2

le ~ (4,2,1)1 X (4,2,1) VEV — SU(4)1+2 & SU(2)L

PACTS 2018, Tallin, June 2018

1+2
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» Anomalies in B — K® yu / ee [LHCb]

~ Reduced tension in all the observables with a unique fit of non-standard short-
distance Wilson coefficients
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More precise data on the g’=m,,, distribution
can help to distinguish NP vs. SM

Descotes-Genon, Matias, Virto '15
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» Anomalies in B — K® yu / ee [LHCb]

= Also 1n this case the most interesting effects are the deviations from the SM 1n
appropriate p/e “clean” LFU ratios:

_ Jdr®o — K*up)
K= d[(BY — K*ee) “dangerous” choice of the bin starting
from the di-muon threshold
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» Implications for low-energy measurements

If the anomalies are due to NP, we should expect to see several other BSM effects
in low-energy observables

Main message: “super-reach” flavor program for LHCDb, but also other flavor
physics facilities (Belle-II, Kaons, )

» This program 1s essential to determine the flavor structure of the new sector

» Correlations among low-energy obs. can be studied by means of EFT
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» Implications for low-energy measurements

If the anomalies are due to NP, we should expect to see several other BSM effects
in low-energy observables

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

pu (ee) T vV L TH pe
b—s Ry, Ry B—->K®tt | BoK®w : B>K1u |B—Kype
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B — K®) pp :
0(20%) [Rg=R,] i
s—d long-distance NA K—mv L NA K—pe
pollution o) E 299




G. Isidori — B-physics anomalies & flavor non-universal gauge interactions PACTS 2018, Tallin, June 2018

» Implications for low-energy measurements

The low-energy observables with large uncertainties are those mediated by
four-quark or four-leptons effective operators (larger model-dependence in
connecting them to the semi-leptonic operators, hence to the anomalies)

However, in many explicit constructions, the effects are close to present
bounds:

» O(1-10%) deviations from SM in AMg, & AMp,
* O(0.1%) CPV violation D-D mixing

» Meson mixing

» LFV decays * T— 3u & 1t — py can be close to their exp. bounds

» LFV B decays, B, — T or B — Kz could also be
within the reach

In the PS3 model:

ARp\? (ARk\® _ o [BB = Krtpu )| [B(r = uy)] _ [B(B: — 7uF)] [B(r = 1)
0.2 03 )~ 3 x 10-5 5x10-% | 7| 2x10-4 5 x 10~
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