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Preface

Though all phenomena seems to be well described by the Standard Model,
it should be regarded as an effective theory of a more fundamental theory

Flavor puzzle, Neutrino, Hierarchy problem, DM, BAU,,

Indirect searches are complementary to direct searches at the LHC and probe
NP at high energy scale which is not accessible at collider

Energy frontier Intensity frontier

LHC at high-pT Flavor physics

Flavor physics play a role of

probing NP identify origin of flavor puzzle

Recent low-energy data (“flavor anomalies”™)
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Flavor structure in the SM

Loy =Lt L

gauge

fermion sector Z Z R

=1l

in gauge sector, there is 3 identical replicas of the basic fermion family
[l/j — QL? uRa dRa LL? eR]

w; = Uy,



Flavor structure in the SM

gSMzggauge_l_g

3

fermion sector Z Z iy,

=1

in gauge sector, there is 3 identical replicas of the basic fermion family
[l/j — QLa uRa dRa LLa eR]

W — Uijl//j = large flavor symmetry U(3)° is found in gauge sector

U(1) flavor-independent phase
+ SU(3) flavor-dependent mixing matrix

U3y = U@B)y x UB3), x UB), xU3), xUQ3),,
= SUB)’ x U(1)

controll flavor dynamics can be identified with B, L, U(l)y, PQ and U(I)e



Flavor structure in the SM

gSMzggauge_l_g

3 _— . - [ _— .
fermion sector Z Z pily, Ly=0; d;gH +0; u{?H +L; equH +(h.c)
=1l
U(3)? flavor symmetry is broken only by the Yukawa interaction
O, d{eH - d; d;e

i Vi i j
O, u H =y M

quark sector

TheY are not hermitian — diagonalized by bi-unitary transformations:

ViV Up = diag(yz v, vp)
ViV Uy = diag(y,, Yes )



Flavor structure in the SM

gSMzggauge_l_g

3 _— . - [ _— .
fermion sector Z Z pily, Ly=0; d;gH +0; u{?H +L; equH +(h.c)
=1l
U(3)? flavor symmetry is broken only by the Yukawa interaction
O, d{eH - d; d;e

i Vi i j
O, u H =y M

quark sector

TheY are not hermitian — diagonalized by bi-unitary transformations:

— VD diag(yda Yo yb) Ug
— VU dlag(yw Yes yt) UZ]



Flavor structure in the SM

Loy =Lt L

gauge

3 —— . —_ [ -_ .
fermion sector Z Z pily, Ly=0; d;gH +0; u;eH +L; equH +(h.c)

=1
U(3)? flavor symmetry is broken only by the Yukawa interaction
Oyt~ &,

i Vi i j
O, u H =y M

quark sector

The residual flavor symmetry let us to choose flavor basis where only one of Y,
or Y, is diagonal:

down-quark diagonal basis up-quark diagonal basis

or

— VU dlag(yua yca yt) U(T] - VI§VU dlag(yu’ yc’ yl‘) - dlag(yu’ yC’ yt)




Flavor structure in the SM

Loy =Lt L

gauge

3 _— . —_ [ -_ .
fermion sector Z Z pily, Ly=0; d;gH +0; MIJQH +L; e{?H +(h.c)

=1
U(3)? flavor symmetry is broken only by the Yukawa interaction
Oyt~ &,

i Vi i j
O, u H =y M

quark sector

The residual flavor symmetry let us to choose flavor basis where only one of Y,
or Y, is diagonal:

down-quark diagonal basis up-quark diagonal basis

or

— VU dlag(yua yca yt) U(T] - VI§VU dlag(yu’ yc’ yl‘) - dlag(yu’ yC’ yt)

VZJVD = V :non-trivial unitary matrix



Flavor structure in the SM

Take down-quark diagonal basis
= diag(yp e yph 10 = V' X diag(y, Ve 3

To diagonalize both mass matrix, we need to rotate separately u; and d;
(non gauge-invariant basis)

gauge

P rauee D —= (@ P W,
2



Flavor structure in the SM

Take down-quark diagonal basis

= diag(yd, Yo yb)a — VT X dlag(yua Yes yt)

To diagonalize both mass matrix, we need to rotate separately u; and d;
(non gauge-invariant basis) = V appears in charged-current gauge interactions:

g i g . d*
L oange D —= (@ d)W, = =@y, dHw,
V2 V2 W

V : Cabibbo-Kobayashi-Maskawa (CKM) matrix

This non-trivial mixing matrix V originates only from the Higgs sector

Neutral-current remains flavor diagonal



Flavor structure in the SM

Take down-quark diagonal basis

= diag(yd, Yo yb)a — VT X dlag(yua Yes yt)

To diagonalize both mass matrix, we need to rotate separately u; and d;
(non gauge-invariant basis) = V appears in charged-current gauge interactions:

8 i i E i u' L —~df
ggaugejﬁ(uL}’ﬂdL)Wﬂ — ﬁ(uL}/MVikdllj)Wﬂ \E/W

V : Cabibbo-Kobayashi-Maskawa (CKM) matrix

In the SM quark sector
3 real parameters

10 observables parameters Via Vus Vb (angles)
6 quark masses V. — |V vV vV +
3+ 1 CKM parameters CRM cd ° b | complex phase

Via Vis  Vib/ (CP violation)



Flavor structure in the SM

Take down-quark diagonal basis

= diag(yd, Yo yb), — VT X dlag(yua Yes yt)

To diagonalize both mass matrix, we need to rotate separately u; and d;
(non gauge-invariant basis) = V appears in charged-current gauge interactions:

In the lepton sector, we can diagonalize Y in a gauge invariant way
(we ighore neutrino mass at this level)

= diag(y,» y,» y,)

In the SM quark sector
10 observables parameters

6 quark masses
3+ 1 CKM parameters

In the SM lepton sector
3 observables parameters

3 lepton masses



Flavor structure in the SM

Take down-quark diagonal basis

= diag(yd, Yo yb)a — VT X dlag(yua Yes yt)

To diagonalize both mass matrix, we need to rotate separately u; and d;
(non gauge-invariant basis) = V appears in charged-current gauge interactions:

In the lepton sector, we can diagonalize Y in a gauge invariant way
(we ighore neutrino mass at this level)

= diag(y,, y,» )

In the SM quark sector I3 flavor parameters in the SM

10 observables parameters
Majority of the SM parameters (19)
6 quark masses

3+ 1 CKM parameters Hierarchical structure :

° > > . ?
In the SM lepton sector Mass : 3rd > 2nd > |st Is there deeper explanation

3 observables parameters
M de ™

I/t, b
3 lepton masses

> The SM flavor problem



CKM fit

Vekm =

/Vud Vus Vub\
chd Vcs %b

\Via Vie Vi)

2

Wolfenstein parametrization (4., p, 1, A)

_)\C

Ac
A
1=

\A)\“Z’ (1—p—1in) —AN?

AN (p— i)
AN2

L)

A. = 0.22 : Cabibbo angle

VCKM ~ (

)

Strongly
hierarchical
structure




CKM fit

Wolfenstein parametrization (4., p, 1, A)

A2 .
/Vud Vus Vub\ / 1 — 76 )‘c , A)‘g (:0 _ 277)\
VCKM — ‘/;d Vcs ‘/cb =~ _)\c 1 — % A)\g
\Vie' Vis Vi) \AN(1—p—in) —AN 1
Unitarity A. = 0.22 : Cabibbo angle
VexVier, = 1
CAM™ckm Strongly
Vexm ~ hierarchical
b — d Unitarity triangle structure
+ VZX;QVCCZ + ‘/;Zth — O
Im
‘ Only b — d UT (3-1 transition) have
Re three sides with same order in /.
Adp—in) /N AR —p—in)

—A)3



C KM flt Wolfenstein parametrization (4., p, 1, A)

2
(Vi Vs Vi\ [ 1-% A AN (p—in))
2
Vokm = Vea Ves Vep | = —Ac 1 — % A)\g

\Vie Vie Vi) \AN(1—p—in -AX 1
Unitarity A. = 0.22 : Cabibbo angle
VexVier, = 1

CAM™ckm Strongly
Verxw ~ hierarchical
b — d Unitarity triangle structure
+ VZXZVCCZ + ‘/;;th — O

Only b — d UT (3-1 transition) have
three sides with same order in /.

These angles and sides of UT are
determined by various B decays
experimentally




CKM fit
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At present, measurements of sides
and angles of CKM UT show a
remarkable success of the SM

Serious bounds for NP

The NP flavor problem



The NP flavor problem

e S full theory
E NP :
Unp e l Integrate heavy particle
)( P 5
HEw

Bs-system V>V, ~ A% > Bd-system VoV ~ A7 > K-system VEV,, ~ 1°

500 TeV - B
| Cyp| ~ 1 Ayp ~ 2000 TeV  : By
10*—10° TeV : KO

Serious conflict with the expectation of NP around the TeV scale, to stabilize
the electroweak sector of the SM (The NP flavor problem)



The NP flavor problem

e S full theory
E NP :
Unp e l Integrate heavy particle
)< y
Loyp=ZLsm + Z—@‘ NP
HEw

Bs-system V>V, ~ A% > Bd-system VoV ~ A7 > K-system VEV,, ~ 1°

If we insist with the theoretical prejudice that NP has to emerge in the TeV
region, we have to conclude that NP have highly non-generic flavor structure



The SM flavor problem : the hierarchical structure of the SM Yukawa couplings

M de ™

u,

VCKM ~

Is there deep
reason?

The NP flavor problem : current data show no significant deviations from the

SM in many quark flavor observables

15

10 —

.05 —

-1.0

_1.5 | A

excluded area has CL> 095 .

sol. weos2f<0

(excl. atCL> 0.95) +

lllll

1.0

15

20

NP is very heavy..

or

NP has a highly non-trivial flavor structure



The SM flavor problem : the hierarchical structure of the SM Yukawa couplings

Is there deep

M .~ Vi ~
d.e CkM reason!?

u,

The NP flavor problem : current data show no significant deviations from the
SM in many quark flavor observables

1-5 UL l UL LI I%I Iulnsly |

: ¥
o b g, & Am, NP is very heavy..

or

P I\-A.f.;é a . NP has a highly non-trivial flavor structure
Y y | & Flavor symmetry?

3= T .
_15 | | IrI | I - i 11 1 1 l | I 1 11 l‘l 1 Al (_’more detall neXt)
1.0 -05 0.0 0.5 1.0 15 2.0
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Lepton Flavor Universality & Future prospects

Summary



In the SM

flavor symmetry U(3)> of the gauge sector

SM Yukawa coupling = unique breaking terms of the flavor symmetry

GIM & CKM suppression

Assumption that flavor structure in NP is also controlled by Yukawa is the most
reasonable solution to the NP flavor problem

Automatic GIM & CKM suppression as in the SM

= Minimal Flavor Violation paradigm



Minimal Flavor Violation (MFV) S

ZLy=0,V)dH+ QY wH~+L;Y elH+ (h.c.)

@assume that G, = SU(3)° is a good symmetry, and consider V;, ,, . as a spurion with

non-trivial transformation properties under G :
under G, = SU(3)QL X SU(3)MR X SU(B)dR X SU(3)LL X SU(3)€R
Yy~ (3,3,1,1,1), Yy ~ (3,1,3,1,1), Yy ~ (1,1,1,3,3)

Op ~ G, L1L1LD,ug ~(1,3,1,1,1),dg ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), e ~ (1,1,1,1,3)



Minimal Flavor Violation (MFV) S

ZLy=0,VIdH+ Q)Y wH+LY/elH+ (h.c.)

30, 30,%34 3

R

Gy invariant

oy

@assume that G, = SU(3)’ is a good symmetry, and consider 1, ;, . as a spurion with

non-trivial transformation properties under G :
under G, = SU(3)QL X SU(3)MR X SU(B)dR X SU(3)LL X SU(3)€R
Yy~ (3,3,1,1,1), Yy ~ (3,1,3,1,1), Yy ~ (1,1,1,3,3)

Op ~ G, L1L1LD,ug ~(1,3,1,1,1),dg ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), e ~ (1,1,1,1,3)



Minimal Flavor Violation (MFV) T

ZLy=0,V)dH+ QY wH~+L;Y elH+ (h.c.)
P R A S
30, 30, %34, 3

R

~$ G invariant

@assume that G = SU(3)° is a good symmetry, and consider V', ,, . as a spurion with
non-trivial transformation properties under G :

under Gy = SU(3), X SU(3), x SU3), x SU3);, x SU3),,
Yy~ (331,11, ¥y~ (3,1,3,1,1), ¥z~ (1,1,1,3,3)

Op ~ G, L1L1LD,ug ~(1,3,1,1,1),dg ~ (1,1,3,1,1),
L, ~(1,1,1,3,1), e ~ (1,1,1,1,3)

K’ SR B T < - ey = o ey . o ey . o 4 =

We then define that an effective theory satisfies the criterion of MFV 3
if all higher-dimensional operators, constructed from SM and ¥, /, ; (spurion) fields

C.
ZL NpinmFv = Z F@LWSM fields+ 1, ;, /)

. 3
k\i“_' eatos - _ _ - eatos - _ R - - et Selabivsi . Sk Selabivsi - . el _ . Selabivsi . . h———)




Minimal Flavor Violation (MFV)

@ By introducing Y, ;, - fields, we can write higher-dimensional operators in G invariant way
Gy = SUB),, X SUB3), X SUB),
Yy~ (3,3,1)

©Q, 7,0



Minimal Flavor Violation (MFV)

() By introducing Y, , . fields, we can write higher-dimensional operators in G invariant way

Gp=SU@B)y, X SUQ),, X SUQ),,
G invariant Y, ~(3.3,1)

A T ()
(QLYUYU}/MQL) YUYZ] is transforming as (8,1,1)



Minimal Flavor Violation (MFV)

() By introducing Y, ,, ;. fields, we can write higher-dimensional operators in G invariant way

Gr = SU(3)y, X SUB3),, x SUQ3),,

G invariant Y, ~ (3,3,1)

i J
(QLY Y y,uQ ) YUY;] IS transforming as (8,1,1)

e.g) b; = b; FCNC transition

int basis (BZLY Y Z]}’Mbi)

D — /Id ﬂd —_ dlag(md, mS, mb)/v
: Y V(T‘KM’IM Where A, = diag(m,, m.,m)/v ~ diag(0,0,1)
A\ ) YE = A, /1 = dlag(m e )/v

)
. m
mass basis /.’ ViV, (bL}/ﬂ 7 x <—t> largest effect



Minimal Flavor Violation (MFV)

A(d; = d) = Agy + Ayp

CSM /12‘/* . CNP
l6m2y2 " Y A2

C C
x ( CKM factor ) [165242 +%]
=V

In MFV, flavor violation is completely determined by Yukawa couplings
and all CP violation originates from the CKM phase

Different flavor transitions are correlated, differences are only CKM

C C

exactly same structure
A(s — d) = (V,V* [ /) ]

very predictive



From MFV to U(2)’
UB) = U@B)y, xUQB), xUQB)y x UQ3),, x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)° by SM Yukawa couplings
MEFV virtue MFV main problem

Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)




From MFV to U(2)’
UB) = U@B)y, xUQB), xUQB)y x UQ3),, x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)° by SM Yukawa couplings

MEFV virtue MFV main problem
Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)

U2y =UR)y xUQ2), xUR)y xUQ), xUQ), flavor symmetry



Barbieri, Isidori, Jones-Perez,

S
U(Z) fl avor Sym metry Lodone, Straub [1105.2296]

U(2)° symmetry gives “natural” explanation of why 3rd Yukawa couplings are large

acting on |st & 2nd generations only Qp — (%» wg, ¢3)

3rd Yukawa coupling is allowed by the symmetry U(2) doublet singlet

The symmetry is good approximation in the SM Yukawa
exact symmetry for m, ,m m. ,m;. =0 & Vg =1

= we only need small breaking terms

The SM flavor puzzle

Striking hierarchy Mass : 3rd > 2nd > Ist Almost diagonal CKM matrix

PERT N



Barbieri, Isidori, Jones-Perez,

S
U(Z) fl avor Sym metry Lodone, Straub [1105.2296]

Under U(2)° = U2)? x UR2)"* x U(2)* symmetry

QY =(QQ)~(2,1,1) Q@ ~(1,1,1)
quark u® = (u',u?) ~(1,2,1) t~(1,1,1)
d? = (d*,d*) ~ (1,1,2) b~ (1,1,1)

Spurion _

(U(2) breaking term) V,~ (2,L1), ~ (2,2,1), ~ (2,1,2)

Unbroken symmetry After breaking U(2) breaking (Spurion)
vo—ulo 00 o [20 % [V, ~ | Vil ~ 6(107")
0 0 1 0O O 1 | | ~Ye ™ @(10—2)
U(2),

U(2) flavor symmetry provides natural link to the Yukawa couplings



U(2)° flavor symmetry

Yukawa after removing unphysical parameters

Y, = ch o |V, | x| oty 7 :2 X 2 diagonal positive matrix
u— |Yt| | O, : 2 X 2 orthogonal matrix
i — Cy S, eiad . 0
U;]r |Vq||xb|el¢qn U, = —ia , = <1>
Y, = |yl 0 ; e G

Structure of Yukawa is fixed under U(2) symmetry
— elements in diagonal matrixes are described by CKM elements & fermions masses

O, - L0, d,— Rd ,
L 4<L YR d!'“R dlag(Yf)zL;YfRf (f: l/t,d)

. ( )
S _seu o) 1 0 0
. 0 1 R
Ld ~ Sd e_lad Cd Sb Rd ~ my, b
—ila+ —7 —1 _ﬂ _i¢ _i¢

)
constrained

sa/¢a=Vial Vil sag = — Arg(VyyIV,) s, = 5, = Ve ,5,  SplCp = |xb||Vq| a€bq

> u



U(2)° flavor symmetry

U(2) relations

NP strength in b — c(s) = NP strength in b — u(d)

b—ctv b-cty b—stt b sl
b—uty b- utv b—dtt  b— def
SM SM
Mg mﬂ
process with right-handed light fermions suppressed by —,
my my;

O = L; Qr dr = Ryfdg

Y, diag(Y) = L/Y,R; (f=u.d)
where ( \
( ¢, s, el 0 ) 1 0 mO
L,~ 54" Cy Sp R, ~ 0 : my b
=545 e @rtd)  _c 5, 7% e } \0 —% s, e % e

)
constrained

salCq = Vigl V| sag= = Arg(Vy Vi) o5, = 5, = Vo o5, SplCp = | 23] | Vql 9¢q



From MFV to U(2)’
UB) = U@B)y, xUQB), xUQB)y x UQ3),, x U®3), flavor symmetry

- Largest flavor symmetry group compatible with the SM gauge symmetry

- MFV = minimal breaking of U(3)° by SM Yukawa couplings

MEFV virtue MFV main problem
Naturally small effects in FCNC No explanation for Yukawa hierarchies
observables assuming TeV-scale NP (masses and mixing angles)

U2y =UR)y xUQ2), xUR)y xUQ), xUQ), flavor symmetry

- acting on Ist & 2nd generations only

- The exact symmetry limit is good starting point for the SM quark spectrum
(m,mym.,m,=0 & Vygy =1) = we only need

- B-anomalies are compatible with U(2) flavor symmetry (— more later)



Comments

These flavor symmetries are not necessarily fundamental symmetries of UV
theory

This effective approach is useful way for systematic NP analysis

SMEFT with flavor symmetry

Classification SMEFT operators under U(3) and U(2)

. flavor symmetry drastic reduction for number
2499 in SMEFT of independent parameters

Correlations between low-energy phenomena and high-pT

Froggatt-Nielsen in SMEFT
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Lepton Flavor Universality test

Lepton Flavour Universality is a consequence of the accidental flavor symmetry of the
SM Lagrangian in the limit neglecting Yukawa couplings :

gSMz‘fZgauge_l_‘fZ

There lepton families are identical in gauge sector
—U(3) flavor symmetry

No reason to assume it holds beyond the SM

However, it has been extremely well satisfied in several systemes:

Z — (¢ decays: ~0.1%
T — (vi decays : ~ 0.1 %
K — (n)¢v decays : ~ 0.1 %
n — v decays: ~ 0.01 %

What about Semileptonic processes involving 3rd gen. quarks ? = Next



B anomalies

In the last few years, LHCDb, Belle and BaBar reported some deviations from the
SM in LFU of semileptonic B decays b — ctv and b — suu (“B anomalies”)

% = - - T 1 T T ] i =
) = 2 _ _
- [ HFLAV average Ay”=1.0 contours
b % CTV (a7 04— -
[ LHCbI5 -
P B(B — D™ rv) 035 - E
D= B(B — D(*)[y) E LHCb18 E
0.3 = —
B C  Bellel5 -
. B) (D(*) 0.25 — Be =
Tree-level in SM C D c -
B Bellel7 -
I W g 0.2 [ + Average of SM predictions HF LAV B
LFUV in T vs p/e %Z< r R(Dl§0.299i01?003 : [ Spring 2019 1+
| 7 B 1 | IR(DI)=OI.25811LO.0105 - | lp(le)zzl,/.% I
0.2 0.3 0.4 0.5
R(D
D (%) { D : pseudo scalar meson . (D)
exp
D* : vector meson RD(*) > Ry

Hadronic uncertainties cancel (to a large extent) in the ratio

Rp & Rp« are consistent with universal enhancement of the SM like
b; — c;t;U; contribution



B anomalies

In the last few years, LHCDb, Belle and BaBar reported some deviations from the

SM in LFU of semileptonic B decays b — ctv and b — suj (“B anomalies”)

Q:% 1.0 :_ ......................................................... e oo _:
BFRZLZ & £ =
b — st/ o _
* : | 1 E
[dT(B - KOuu) 08 _—% -
]? )y — i BIP
K®) (*) 0.4 v CDHMV ]
de(B — K%ee) : mros ]
. 0.2 - ® flav.io ]
) - LHCb e JC .
OO AN TN AN T M M N AN N I T T T T N T T M
. 0 1 2 4 5) 6
loop-level in SM Y’§F< I q*: q* = (p(?) +p(?))* & [CoV? /¢
b W § mass squared of lepton pair
LFUV in |1 vs e W- ! g '
q q (])3.1a ]<3 ;r< 8.12 GeV?/c¢*
In the SM R A~ 1 : ]13.51122<6.0GeV2/c4
K —

Ry & R+ data show discrepancy from the
SM in same direction — Left-handed NP

by — sy iy

LHCb 9 fb’!

] 015 | i | 115 |
Ry
exp SM
RSP < RN

2012

2021

2021



B anomalies

In the last few years, LHCDb, Belle and BaBar reported some deviations from the
SM in LFU of semileptonic B decays b — ctv and b — suu (“B anomalies”)

b— cTv (/I;:séégw - \\

BB — D™ rp) | IdF(B — K®uu)
B(5 ~ Day) 8= TIrB = Koy |

/R

2 ) :

Tree-level in SM 6) (D ~ loop-level in SM - Yf;£< o
%% T b t,cr,u s ‘

LFUV in T vs /e zi<y qu in L vs e s /

e

T 7 g
exp SM exp SM
RD(*) > RD<*) RK(*) < R
~15% of SM effect ~20% of SM effect
33 22

NPinb — crv, > NPinb — suu

NP which strongly couples to 3rd gen. is favored



B anomalies

Combined EFT solution

Anomalies are seen in only semi-leptonic (quark x lepton) operators
left-handed current current operators are favored
Hierarchical NP is needed

0 Ly C. |
Qj Q 1B /<2 (QZLFQ;J) (L TLy)
L

L

Ciiy = 0;3030,:0,, + [small terms for 2nd (& Ist) generations]



B anomalies

Combined EFT solution

Anomalies are seen in only semi-leptonic (quark x lepton) operators
left-handed current current operators are favored
Hierarchical NP is needed

0; Ly C. |
Qj Q 1B /<2 (QZLFQ;J) (LLFLL)
L

L

Ciiy = 0;3030,:0,, + [small terms for 2nd (& Ist) generations]

Similar hierarchy in Yukawa couplings!
Nicely match with U(2) flavor symmetry

B-anomaly hint NP coupled dominantly to

Yukawa (SM flavor hierarchies)
UR) 3rd generation



B anomalies in U(2) EFT

Flavor structure is controlled by minimally broken U(2), X U(2),
Relevant spurions : V, ~ 2,1),V, ~(1,2)

Realize hierarchical NP favored by B anomalies :

iaf =i i =
| Q,ropATL)
O, L/ A?
Ciiy = 0;3030,:0,, + [small terms for 2nd (& Ist) generations]
5,V 8.8.+ 8.V, V,V, + ..
b—cTV b—sUu »
o) > OV Vi~ U0

B-anomaly hint NP coupled dominantly to

Yukawa (SM flavor hierarchies)
UR) 3rd generation



U

<
!
n

O

C

B anomalies in U(2) EFT
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From EFT to simplified model and UV

What is the scale of NP?

R > RS, ApS9TeV  RZP < R Anp S 84 TeV
Which mediator? 0 7
0 L 0, L '
» LQ
AAAY o----o :
Q/ yw L O/ g L 0 I3
Challenges for NP : AF =2 & © — £vU constraints / Direct search
Status : ,
@ W’ tension with high-pT di-tau constraints Faroughy cta1.2016
H™ : tension with 75 constraints Alonso etal. 2016
@ LQ : Leptoquark (LQ) is the best solution for B anomaly so far
U, vector LOQ S| & S5, Ry & S5 scalar LQ

UV completion needed — Pati-Salam unification

Nicely match with U(2)



Implications for future measurements

If B anomalies is due to NP, it is expected that NP effects appear in several
other low-energy observables

LHCDb, Belle Il, CLFV, Kaon



Implications for future measurements

Charged-current

Universality in other b—c transitions

Left-handed NP — universality of all R/,(b—c) ratios

R Ry« 1'(B,— Jlyrv) I'(A, = Av)
M osM /SM: /SM — LHCb
RSM ~ RM ~ T(B. — Jlyu1) T(A, — Ai0)

Polarizations = NP model discrimination

FI?* : Longitudinal D* polarization, P”

Belle : 0.60 £ 0.08 + 0.035
SM: 0.46 4+ 0.04

— :F,{)*
— 1 BB, = 1v)
— Belle |l

(*)

0.34;
0.32}-
0.30f
& 0.28]
0.26
0.24}

: T polarisation asymmetries

Iguro, Kitahara, Omura

Watanabe and KY
[1811.08899]

Uy : Cs, () =|Cs, | ¢! (for g = 15TeV)
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Implications for future measurements

Neutral-current

Fuentes-Martin, Isidori, Pages, KY
Universality in other b—s transitions [1909.02519] .
Y I'(Y, = X ujt)

Left-handed NP — universality of all Ry,.(b—s) ratios R(Y,)x, =

Ry(Bs) =~ Rrx (B) ~ R(Ap)a ~ R(Ap)pi = ... ~ R

— LHCb
The b — st7 process LFV in B & 7 decay
o 1077 107° 1077
107" IR A T T g L L R RS
- Excluded at 95% CL ] | |
i, - : T . Excluded at 95% CL PS3 model
10~ — X -3 10 — =
: ' A : A 1 Cornella, A. Faroughy,
— " Belle 11 (50 ab™!) P ' f 1 Fuentes-Mart 1n, Isidori
. ) [ D ey, — ————— . gl e ~— i ! 1
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Implications for future measurements

Charged-current

In U(2) model, NP(b—c)= NP(b—u)

. — - | U(2) Predictions: b—c= b—u
2.5 - BB, — t0) RB(B,. — D)
_ BB, — D)~ BB, — tD)sy

2.0 — —
i R R R
T ~0.75 — +0.25 =
= ] R>M RM RM
& 5T BB )l i
@) |
Lo 1 _—:Chi2wRye,BY B = 71U
[ : R = 4
S R 1 R/RM<13 B — ntv,

oob—o 1 ] SM _ F. U. Bernlochner [1509.06938]

ARp — ARp-+

R>*P ~ 1.05 +0.51
X C§ — Belle |l



Implications for future measurements

Neutral-current
In U(2) model, NP(b—s)= NP(b—d)

U(2) Predictions : b—=>d=b—s
BB = tUiag, )

Ry ~ Ry« ~ -
B(B — mee) |z, |

BB, = pp) BBy = pp)
BB, = p)syy BBy — pup)sm

deviation ~ 20

RB(B — muii)y; ) = 0.91(21) x 1077

BB — iy = 020X 10° BB > auiyysay = 0.46(11) x 107
well consistent with U(2) — LHCb

BB, — ui)gy = 1.06(9) x 10710 BBy — Ufl)exp = 1.6(1.1) x 10710



Implications for future measurements

What about the effect on Kaon observables!?

Natural link between B anomalies and K — 7vv is expected, thanks to the
presence of 3" generation leptons in the final state

BR(K — nvv) = BR(K - nv,v,) + BR(K - 7nv,v,) + BR(K — 7, 1))

SM like few % deviation Possible large deviation
asb - suu «« asb-c
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What about the effect on Kaon observables!?

Natural link between B anomalies and K — 7vv is expected, thanks to the
presence of 3" generation leptons in the final state

BR(K — nvv) = BR(K - nv,v,) + BR(K - 7nv,v,) + BR(K — 7, 1))

SM like few % deviation Possible large deviation
asb - suu «« asb-c

K — mvv is extremely rare and precise process in the SM — Golden modes

Very rare decays BR~10-'! (Loop, GIM and CKM)

Theoretically clean (Absence of virtual photon contribution, Hadronic matrix
elements obtained from BR(K ;) with isospin symmetry)

On-going experiments

BR(K) MO CL# @-rarC BR(K*) WAEZQE @CERN

(10.6730 +0.9) x 107'1(68 % CL) (NA62 ’16-18)

<3%x107°(90 % CL) (KOTO ’15) 34T



Implications for future measurements

What about the effect on Kaon observables!?

Natural link between B anomalies and K — 7vv is expected, thanks to the
presence of 3" generation leptons in the final state

BR(K — nvv) = BR(K - nv,v,) + BR(K - 7nv,v,) + BR(K — 7, 1))

SM like few % deviation Possible large deviation
asb - suu «« asb-c

77—

e.g.) EFT approach with flavor symmetry

U(2) flavor symmetry
B meson Kaon

Correlation

There is strong constraint from
BR(B —» K"uD), but does not exclude
O(1) enhancements for K* — 7o




Outline




Summary

Flavor physics remains a mystery (Two SM & NP flavor puzzles)

We learned that NP has a highly non-trivial flavor structure = Flavor symmetry?

The statistical significance of the LFU B anomalies is growing
If it is combined, it points to non-trivial flavor dynamics around the TeV scale,
involving mainly the 3rd family = connection to the origin of flavor (U(2))

A lot of fun ahead of us!

both on exp. & pheno.



