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B anomalies

Lepton flavor universality Violation (LFUV) in semi-leptonic B decays

b— cTtv b — stl
B(B— K™ ptpu~)

BES Ry =
fpe K B(B — K®ete)

over the SM over the SM



Model independent consideration for B anomalies

Anomalies are seen in only semi-leptonic (quark x lepton) operators
Model independent analyses show that left-handed current current operators are favored
Hierarchical NP is needed:

Large coupling for RD(*) Small coupling for 2z (+)
(Tree levelinsM) b — ¢ f3v3 > b — s [/,  (Looplevelin SM)

NP in left-handed 3rd generation
semi-leptonic operator

(Q1 x Q)(Ly, x L)
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The SM Yukawas respect an approximate U(2) symmetry

Mass matrix CKM w — (wla ¢27 ¢3)
M4~ | Vokwm ~ IZ U(Q)q X X

ex) up sector

Unbroken symmetry After breaking
0O 0 O U(Q)q V |V|N |V;53|
Yu — Yt o o o}y | _____ ’ ’ ~ Y
0 0 1 0 0:1
Diagonalize

Yukawa relation

Mg m
Op="20] 0= 6]
i ™ -



Kaon decays (CC)
Kt = nuty,

Data

0.03352(33)

Kaon decays (NC)

KT > atup

(1.731182) x 10710 1

Kt — mlety, 0.0507(4)

K — nrpTy, (K)) 0.2704(07)

K — n%eTr, (K%)  0.4055(11)

Kg — meTu, (7.04 +0.08) x 10~
Kt = uty, 0.6356(11)

KT = efy, 1.582(7) x 107>

Re/# (2.488 £ 0.009) x 107°

7 decays (CC)
T— K v,
T — 1 K,

(6.96 + 0.10) x 1073
(8.40 + 0.14) x 1073

K; — mvw < 3.0 x 1072[90%)
K, — 700 - < 3.8 x 10~ 10[90%]
K; — mlete™ < 2.8 x 1071°[90%]
Kg— moutu~ (2.9715) x 1077

Kg — mlete~

Kt = ratutu

Kt — wtete

(3.0515) x 107°
9.4(6) x 1078
3.00(9) x 1077

Ky — ptp~
K; —ete
Ks — pu~
Kg —ete™

(6.84 +0.11) x 107
9% x 10712

< 8 x 1071°190%]

< 9 x 107°[90%]

Kt —ate pu"
Kt — antetpu~
K; — uFe*

7 decays (NC)
T— K nte”
T— Ktn e
T K ntu
T— Kt~
T — Kle™

T— Ku~

< 1.3 x 10" 11[90%]
< 5.2 x 10719[90%]
< 4.7 x 10712[90%]

3.7 x 1078[90%
3.1 x 1078[90%
8.6 x 1078[90%
4.5 x 10-8]90%]
2.6 x 1078[90%
2.3 x 1078[90%




Relevant operators can be categorized decay with or without 1t

K — U(lv,vv) P: (3ysd)(lysl), A: (57 vsd)(lyeys)
K — wll(nly,mvv) S: (3d)(¢0), V : (sy*d)(by,0), T: (50"d)(lo,,0)

—2GF ., o A - N 8\ )
Lo = = Vi | (077 + [/° ) e ) (57 w) = (8°7 + (4] ) PR uel ) (59" 50

FLeS]eP (7 ef) (u) + [eh] P (7 el (595u) + 20l (7o ) (Spopun)| + (e

D % NC modes : work in progress
Obs. Operator

K=ty | (0°,PLe®)(diyul) | [€%]o K =7l | (ey,Pref)(dy'd) | [eg ]
T — Knv (0 Pre?) (diu) [€5,]28 T— Knl | (&%, Pre®)(diyrd) | e ]
CC(]/E) (DLpO-'uyeRr)(JLSO-/u/uRt) [ege]aﬁ (_O‘PRG )(d dj) [EZ]OUB =
i P BN (D) | (4] NC(e) (30" e3) (dr0pdm) | 5] =

K — v | (0%, Pre’)(d'v"ysu!) | €] L O uv @R 17
- Ky (DO‘PReﬂ)(cﬁ’%uj) [GZ]aﬁ K — W (éafyMPLeﬁ)( ny5d3) [EELE,A]O[,B

—. . SO ] R,Aq

NC(wv) K —mvv | (0%, PP (diyrd?) | [e) )P T KU | (€%, Pre”)(dy"ysd’) | (e
(K — vv) | (099, Pov?)(dinytnsd) | [eA )08 (e*Pre?)(d'ysd’) | [ef]*” =




P2
Constrain for NP contribution for axial [Efe]w and p-scalar [EV g] coefficients

drv . EM correction
2
(1 —+ 5]@)

M2
1+ [EA ]M . K [EII/DE]M

(KT — 0Ty, =
( — 0T vy) (e & )y

G fic Mgmy ( my )2
8T

chiral enhancement factor

Take LU ratio e/ = B(Ke2)/B(K,2) o/
where most theoretical uncertainties are AR, Ju = Sl\’; —1
canceled, and normalized to SM Re/,u




Reyp = B(Ke2)/B(K )

RG/M _ A jee App m%{ [efg]ee [EII/DE]MM 2
R = L+ 2~ (e 2 (P ) o)
exp B C Nex B o \SM
e/ B(K~ — e 1,)P/B(K~ — e 1) SM
= = 1.00444 4+ 0.00366
R2),  BIK™ = =)o [B(K™ = pmp,)>M W
2 P P
AR — 9 Avree LA ppN MK [eyﬁ]ee o [61/2]““
e/ = 2| (€™ — [€50])
My, + Mg Me my,

— (4.44 4+ 3.66) x 10~°
( ) % NP room in e/u ratio at
O(102-3) level is still allowed

R,u/T — B(K+ — ,LL_'_V/L)/B(T_F — K_'—ﬂT)
RUL B(K™ = p9,)™B(K~ = p~1,)M
R/SL% B(r— = K 1,)50/B(r— — K v,)"M 1.0285 £+ 0.0151
2 P P
m ol el
AR 7-:2[ Appu 1, AVTTY K ( 74 A2 )}
w/ ([El/ﬁ] [Eyé] ) My + 1, m, m.

= (28.5+15.1) x 107

% Interestingly, present data exhibits a small tension with the SM prediction



More general analysis including NP

. » effects on €5 and €T, see ex.
Relevant coefficients: [G‘V/E]w [Efg]w [GZEJM

Consider only vector one and see Gonzalez-Alonso’s talk on Thus.

NP effects in €5 is well below the present exp. and th. errors

Rre/my = B(Kes)/B(Ky3)

Rﬂe (s ee
e = 14 2([e]* — [e]*) + O()
e /T

I(K) : phase space integral
exp

0 oM : EM correction
we/mTu B(KL — 7T_€+Ve)eXp ](K,uS) 0

_ 1 25K“—5”%)
R = Bl o v TG 208~ )

= 1.00008 £ 0.00473

AR pmy = 2( [0 — [eli]™)
= (0.08 £4.73) x 107°




Ryg/nr = B(K — mliyg) /B(T — TKv,)

RW@/WT T
ST = L 2([el) ~ [T + O
7wl /T
Roimr  B(K® = mein,)™® /B(K® — mei,)M
Rigm - B(rm = K% v, /B(t— = Ko7, )SM

= 1.0198 4= 0.0394

ARWE/WT — 2([6‘;6:% — [E‘V/E]TT)
= (19.8 £39.4) x 1077




constraints

relevant coefficients

Kel|3 evs |

(0.08 +4.73) x 1073

2| [ely)ee — eV

UVST

(19.84+39.4) x 1073

2 [elaln — el

Kelz e vspy AR,

(4.44 + 3.66) x 1073

[ =1

1 — e (el — (e )

pvsT AR,/

(28.5+15.1) x 1073

e

m3 mr TT
7 — e (2=l — (el



Low energy effective theory (LEFT) operators are gauge-invariant operators below
EW scale

4G R
Lrgpr = ——= Y _CiO; Produced from (i DL H)(@,7+a:) in
"2 X

SMEFT and not produce LFUV

Obs. Operator LEFT WC

K — wly

(504%LPL65)(§7“U) [eV)*F = V2* ([C;/e’dLij]aﬁzl + [C;/e,de]aﬁ?l)a h.c.
T — Kmv °
CC(v0)

K=ty | (7%, Pre?) (57 5u) | [ef)*? = & (= [Clititlasor + [Choiflapm ) e

ro Ky | (P (ss) | [ = o (IO + € ), b

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

Relevant LEFT ope.

V,LL - BN Ti ' - 7t 00
Oyiailapis = FEypep)diyuuy)  [O%EY g0 = (0965 (diul)
K — g% K — v

vector only combination of vector and scalar



+ NP couple to 3rd gene.

Assume generic framework where NP is coupled to 3rd gen. SM fermions, while light
SM fermions are suppressed by small mixing angles

Light SM fermion is produced by following Scaling

1 ,2
0L (r) fL(r) = fi, (R)

favored by B ano

OV(QLW JQQL)(LL7 UQL%) CS(Q%Q%)(E%L?«%)
V,LL N2 NS nu CS RL ~ C 9#9# (98 eu
[Cuedu]ﬁwl ~ 2Cy (HL) QLHL [ uedu]fwl S VLYRYRYL

Yukawa relation

07 = 0; o = —=~ ~ ()
R mbL R mTL Smeb

My, Mg

00" 05 04

Yukawa suppression ~10-3



K ¢2 VS. K /3 Scalar vs Vector

Yuk
ARG/M rclajla?i\:)vri1 CS < 1
ARwe/wu CV Chiral enhancement < Yukawa suppression

Constraint on Cvis O(1072) tighter than Cs

Flavor ratio constraint on 9%
Yukawa
ARWG - OH)2 ARG relation  (gH2
LT | el O <9
ARW,LL/WT 1 — (HL) ™~ AR,u/T 1 — (QL)
ARﬂ'e/ﬂ',u AR@/M

AR,,.. dives stronger constraint than R, as
12 —1
(07)" < O1077)

The bound is given independently from Cy and Cs



~ 20% of SM effect is needed to realize 10 data

Rp Rp~

ARp ~ 0.2 SM  0.299(3)  0.258(5)

Data 0.407(46) 0.306(15)

Vector contribution can explain Rp# anomaly

V,LL
[Cl/edu ]7‘7‘32

2
ARp ~ —
P Vcb

[CV’LL]TTBQ ™ QCV 92

rvedu



RD VS Kgg constraint on |6’i f‘lj’/‘

ARue/my _ 2Ver o008 o g2

— HH)?
ARp Vs (0z) 0¢

0.2
—2 nc
04 121030%| < T x 1072 6S (ARD)

0717102071 < O(107°) (07 ~ Vip)
in MFV  050Y% ~ VsV, = 1.4 x 107*



Kt — ntup K; — mvi
SM  (9.11+0.72) x 107" (3.00 +0.30) x 10~
Data  (1.73%742) x 10710 < 3.0 x 1079[90%]

B(KT — nvp)

V,LL
1 — [Cl/d ]7'7'21
B(K+ — wtui

1
3| a/m) Vv 5T

sd,T

_|_

Wl N

) sas

NP in vt (3rd)

— Large NP effect
SM@1-loop

[CX&LL]TTgl ~ —CV 6’2 6’% % EW singlet operator set to zero

9509Cy| < 0.1

Y

‘ 2
VisVid



Rp vs K — v constraint on ‘929%

ARpct i _ Vo 0307 _ .
ARp Vi 205

S 0.2
9509 < 8 x 10 BHL(ARD)

61001 S 0107 (O~ V)

nMFV 6509 ~ V,, Vg =3 x 1074

* Bound from neutral mode K; — n'vv gives ~10 times weaker
than the one from K+



Large coupling for £ py(«) Small coupling for 2.

In light of current B anomalies, we investigate  aeetevelinsmy b — ¢ favg > b — s £of;  (LooplevelinSM)
._ . . xo J f
(Seml )Ieptonlc decay In . L NP in left-handed 3rd generation XHLGLGL
where NP is coupled to 3rd gen. SM fermions, semi-leptonic operator

while light ones are suppressed by small (QL x QL)(Ly x L)

mixing angles

We found

Constraint on Cyvis O(10™ %) smaller than Cs

ARﬂ'e/ﬂ'M . . ARe/“ HN2 < —1
NG gives stronger constraint than Az,  as (0)" < O(107")

T/ TT

RD VS Kgg
64210507 < O(1073) (inMFV 0307 ~ ViV = 1.4 x 107 % )

Rp vs K — wvv
0707 < O(107Y)  (iInMFV 0369 ~ VisVig =3 x 107% )
Updated exp. result for K~ — 7 v / Ky3 / 7 — Kmv  will have impact on EFT + U(2)

Stay tuned for other modes ( K — (¢, K — wlv,,, )



