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Lepton Flavour Universality Violation in semileptonic B decays
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BB - D)
PO BB = DOy
What is B —» D71 decay ?

@ @ B = B~(bit) or B(bd)
D = D"cit) or D*(cd)
%4 T D) { D : pseudo scalar meson
D* . vector meson

Uz

Tree-level decay (b—c charged current) in SM

Test of lepton flavour universality t/u,e in semi-leptonic B decays

R A

Theoretically clean, as hadronic uncertainties (form factors, Vcb) largely cancel
In ratio
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PO B(B = DM¢w)

Related observables @ NP model discrimination

Polarisation

Longitudinal

D* polarisation

D* __ —
FP = =

['(B — Di1D) ['(B — Di1D)

(B — D*rv) TI'(B— Ditv)+1(B — DirD)

T po|arisation p (D(*)) _ F(B — D(*)T)\:-|-1/2y) — F(B — D(*)7—>\=—1/2V)

asymmetries I'(B — D®7v)
F,(D¥) P.(D) P(D¥)
SM 0.46(4) 0.325(9) —0.497(13)
data 0.60(9) [Belle 18] - —0.38(55) [Belle "17]
Belle 11 0.04 3% 0.07

T Recent Belle result is slightly above the SM

Other LFUV ratios : R, Ry ,Rp , .,
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R]((*) —

Whatis B — K"y~ decay ?

Y. Z -
b W s Loop-level decay (b—s neutral current) in SM
A
q q

Test of lepton flavour universality /e in semi-leptonic B decays

BB — KOuty~) SM
BB - KMete) -

1
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Theoretically clean, hadronic uncertainties cancel to large extent in the ratio
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Other b — s transitions

1 —

e LHCbdata o ATLAS data i

E » Belledata © CMS data i

0.5H | |SM from DHMV

;TL I —— /) SM from ASZB -

O :

-05F e

: —t—

- . o _
0 5 10 15

2.8 and 3.0 ¢ from SM 2 2/ .4

. atLas.coneanzay 9 [GeV/cf]

* JHEP 02 (2016) 104

* PRL 118 (2017)

* CMS-PAS-BPH-15-008

_ BB = KOutu)

dB(B° — K*°utp™)/dg?

0158107

& T T T T T T T
> LHCb
S
= 01 .
: ]
E 4
= 4]
0.05 E [ —+ —
+ :
G " PR " | - " " PR | " " a1 PR " i
0 5 10 15
¢* [GeV¥c4

LHCb, 1606.04731

dB(B° — K°u*p~)/dq?

Em].CSR Lattice -e-Data
o B K'uwu
9, LHCb ]
S 3
X 3 3
= ]
= 2 ++ + 3
< :
3 5
< 0% 5 10 5 20
¢ [GeV?/c4]

LHCb, 1403.8044

BB - KMete)

dB(B* — K*tptp™)/dg®

EN]LCSR Lattice —e-Data
{\]'—‘ 20 L L L L i
> B*> Kty ]
Qs LHCb A
Q [ ]
2 10f - .
5 r + ]
= [ 1
& ST x .
< | ]
s [ ]
" 1 PR I SRS R 1

© 9 5 10 15 20

> [GeV?/c4]

LHCb, 1403.8044

dB(BT — Ktptp™)/dg?

EmLCSR Lattice —e-Data

(_’\._‘ LA L L L AL AL B L AL L A B L L L B ':
> B > Kt
g LHCb S
Q ]
X
0
=
= +t
Sy
=

1 PR
= % 5 10 15 20

LHCb, 1403.8044

dB(B’—puu)ldg? [10°GeV2c4]

dB(A, = A w w/dg? [107(GeVY/chy!]

dB(Bs — ¢ou™p~)/dg”

LHCb
SM pred.

“*Data

+

+

|
|

S = N Wk N o O

5 10 15

¢ [GeV ¢4
LHCb, 1506.08777

dB(A) — AptpT)/dg?

1-8_----|----|----|----|:

0 — N B o

+

S © o

= & o
IR T T T T

i

i 2
! g £
=
! 3
i g
L. g

i

{ ;

| IS P P PR A |

02k LHCb —
: +I—Ll 1 1 1 :

0 5 10 15 20
¢* [GeV¥ 4]

LHCb, 1503.07138



Lepton Flavour Universality Violation in semileptonic B decays
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loop-level in SM U ]
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LFUV in T vs p/e LFUVinpvse W
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Combined explanation in NP :

NPinb = ctv, > NPinb — suu
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Lepton Flavour Universality Violation in semileptonic B decays

SM M
b — cTr Rgﬁﬁ > Ry b — stf RI?}; < R1§<*>

loop-level in SM U ]
WZLL<T b W s
v

LFUV in T vs p/e LFUVinpvse W

3
OS]
OS]

Combined explanation in NP : 3rd >> 2nd

NPinb — c > NPinb — suu
2nd

Similar hierarchy in Yukawa... Are these anomalies connected to them?



SM Yukawa sector is characterised by 13 parameters

[3 lepton masses + 6 quark masses + 3+1 CKM parameters] « fixed by data

1st The 3 generation as “identical” copies

:23:‘3 /; f *;9 Flavour puzzle
Striking hierarchy
Mass : 3rd >2nd > 1st CKM
M, 4~ Viekm ~

Flavor theory?



SM Yukawa respect approximate U(2) symmetry

Mass matrix

BN

CKM

(05 )

¢ — (¢17¢27¢3)

U(2)q X U2),x U2),

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

Unbroken symmetry

0 0 O
Y,=y,1{0 0 O

0 0 1

uQ),

UQ), AV

After breaking

U(2) breaking term
V|~ Vgl ~ 06107

A~y ~ 01072



Under U(2)® = U2),x U2),x U2),; symmetry
QY =(Q"Q)~(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  V, ~(2,1,1), A, ~ 2,2,1), A;~(2,1,2)
U(2) breaking Order : |V, | ~ 6(107"), |A, 4 ~ 6(1072)

NP lagrangian is invariant under U(2) symmetry apart from breaking terms
proportional to spurions

with

Lo =C [(fLy”bL)(%Lyﬂyz)_l_ Ve (CL 7//tbL)(%Lyﬂyz)] V=1V| <(1))

NP in3rd: O(1) > NPin2nd: 6(1071



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

|

Y, = Af :Vq diag(Yy) = LTYfRf (f=u,d)

901)  a-Lo /

dp = R;tdyg

where ( c, s, e 0 with

L.~ —ia, Sd _ |th| 0. — ar V;X;l

S I a g AR N

=S4 S et  —c 5,67 7

1 0 0
mS
RdN 0) 1 %Sb
0 —— 5,7 ¢
\ my P /



Lo = C|Er b, p+V, (Corb)EraD)]

mass basis

( S0 i \Y
0 0 C—Zel“dchq

Zaa=CVexulo 0 ¢y, | @unb)Gurep
\O 0 1 )

Forb = cvsb = u

b—>l/t Vub

b —c Vcb

Relations between different flavour transitions under U(2) symmetry



For b; = ¢; vs b; — cp
(I;L qu,u CL) > (I;L Vq}/,u CR )

mass basis

_ m.
(b LquﬂcL), — s (b LquﬂcR)
4

b, = c m
L RS C
by — ¢ n,

cb

Operator with right handed light quark can be assumed to be suppressed
under U(2)



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

Features

“NPin3rd:O(1) > NPin2nd:O(10"") — Favored by B anomaly

- Relations between different flavour transitions under U(2) symmetry

- Operator with right handed light fermion can be assumed to be suppressed
under U(2) — NP helicity structure



With or without U(2)? Probing non-standard flavor and helicity structures in

semileptonic B decays U2y =UQ),x UQR),x U2),x UR)y;x UQ),
b — ctu, b — uty,
Banom;lely B D(*)TUT R — B — TV,
PP B o DOy, * B - nfu,
. + - -
B. > 1, Correlations B™ = tv_,uv
under

polarizations

UQ2)

b — st _
B anomaly B - KWuj b — dct
Ry = _
KO = S KMoz B, — mupu
BS — 17, //t/], T/Z Ba’ — //tﬂ

K— ¢ ©— uy



Relevant semileptonic operators in SMEFT ( pugw < ¢ < Unp )

1 LI ] LY
_ Z : l[ijaf] Rlijaf]

k,[ijap]
Opy = (B39 ) (@ vua].) Oca = (€7 e (dy,udy) |
(3) = (03 T 0 @y d) Of;iq (gjiR;( qu>az j
Oed = (0207 ) (diyudy) Oi;zu (7 er)ean(dr ug) »
(qL”y qL)(é%%Le%), Oeequ ( L OuueR)eab(qL g uR)



Relevant semileptonic operators in SMEFT ( pugw < ¢ < Unp )

1 LI ] o e
— z: lijap] mlijap]

k,[ijap]
Oy = (B3 ) (T a)) -
(9(3) (Cy T ) (@evut"ah)

contribute at tree-level only to b — s77
which is currently poorly constrained
— do not consider for simplicity

Cjﬁedq

(KLGR)(%CIJL%

Operator with right handed light fermion
can be assumed to be suppressed under
U2)



1 (Ko’ 1) (yxe’
Lerr = —— |Cy, Ay 05 + Cyy A O (205 A7 Oy + 1c)
U

parametrisation of flavour structure
A[Sljaﬁ] — (Fz)aj X F;ﬁ, Ag{aﬁ] — (F‘L/,-T)aj X (F]‘ji)iﬂ

(e \ \
Ade AM 54 (0 0 29 0 0 9
LT L=t |Af A% 35| met|0 A% 2 RITgR, v et | 0 T
\/1,? AL xf}) \/12 AL 1 ) \O — o 5z 1 )
= O(|V,1).2 = O(|V, |). A% = O(432!)
d
ﬂq Aqf th Ag qf

, o= =

P s = % I A €
ooAw o Vi Al

Parameters: Cy, Cgand spurion |V, ,f|

% Assume Cy, = Cy, = Cy, to avoid constraint from b — svv
(¢, : not affect discussion, s, : |5,| $ 0.1 O(V,) to avoid constraints from AF = 2)



1 1] 1] 1«
Leer = —— |Cy, AF O + Oy AZ O +(2C5 A Opegq + hic)

b C
- - LQ ¢
nicely matches the structure in U1 LQ

Uz

Leptoquark(LQ) solution (scalar and vector) is the best solution for B anomaly so far.
Especially, U; = (2,1,2/3) vector LQ can access both Ry & Ry

5 a (=1 a a (i a
fol — \/% [ I (qL}’,qu)‘F,BR (dRy,ueR ] U{t+h-C-
2.2
V, _ Vs _ _ - 1744
&__215 15 = 357 /lﬂ_ﬂb’u As,u_ﬂs,u
— R ° q_ L P - L ) ql/p_ L

Cy

EFT approach & U, LQ



For convenience, re-define effective couplings as &/°M — (1 + C"“/"C)d >M

(Vi
in mass basis with g; =

forb — c forb — u d;
C¢ — C (V ) .A[ibm'] Ct = C (V ) .A[ib*n]
V(S) = _V , V(S) |\ Y CKRM cit Mys) V(S) — V., V(S) [\ CKM/ui” “y(s)
c u
=C 1 /ISV;Z =C 1 /ISV;Z = Cy}
=Cv | 1 =47 =Cvo\ T4 | T S
A s

b—cvsb—u - y
V(S) — V()
C u
scalar and vector & B & B &

— = flavor blind & depend on
C‘C/ C‘L} CV only NP helicity structure
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R !
RTll)\/I ~ |1+ CS|” + 1.50Re[(1 + C5) g CS 1+ 1.03 | g CS|°
D

R % *
D |14 C5> +0.12Re[(1 + C) 1 C'] + 0.04 | 5 CE |2

~ 1+0.147,C5(1 — CS) +0.03 72 CS

T C C c2
—— =~ 1 +3.153Cg(1 - C}) — 2.6 5§ C§

Pl; ~ 1 —0.347,C5(1 — CS) —0.0872 CS?
7,.SM

where ¢ &~ 1.7 arises by running of scalar operator from TeV scale down to mb
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BB — TFU)sm
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Chiral enhancement factor
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RD c 12 *
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B(B = TV)|exp

—0.2

0.0
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x C; = Cg

0.2

—:Chi2w Ry, BT

R /RPM < 1.3

R>M =0.641 £0.016
R~ 1.05+0.51

— Belle I REe" = 0.641 = 0.071

Tanaka and Wtanabe [1608.05207]
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10° x B(B, — up)

RSP = 0.80 % 0.05

4-5 i 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1

[ AR ]
4.0 —

s 1 BB - ui)gy = 3.60(5) x 107

3.5 .
[ ] Benekea , Bobetha and Szafron [1908.07011]
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ARy is well compatible with SB(B, — pji)
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h = d — LHCD

BB = A [agz,)
~ Ry

BB — med)ag,,
deviation ~ 20 B(B — auf); ¢ = 0.91(21) x 107°

o oy )SM -9
BB = w5 = 0721 X 10 B(B — mufi)1570) = 0.46(11) X 107

BBy — pft) BBy = pp) — LHCb
BBy = pi)sm BB = pji)sm

— LHCDb
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1 o mim?
B(t — ~ T b | Ole NP ¥ |2
(T W)~ g1 1O A
= few 107 )
@av= 0(107%),2* = 0(107") B(T = pY)exp < 0.0(3.0) X 1078
— Belle
Kaon decay

constraints obtained from K decays do not yield significant bounds to our framework



B anomalies suggest NP coupled dominantly to 3rd generation

U(2) flavour symmetry

non-standard flavor and helicity structures in semileptonic B decays

Correlations

UQ2)
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B anomaly B - D(*)TUT
RD(*) — "
B - D¢y,
B.— 1,
polarizations
b — st
B anomaly B — K(*),M/I
R *) —
K77 B > KMee
B, — ©7, up, i

updated Belle || & LHCb data
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BT > 0, uv
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by — muji

B, — pp



