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Flavor Physics




In the Standard Model

]
X Gauge sector entirely fixed by symmetry

i D D, = 0, —igste A, —igT - W, —ig' =B,

X Flavor sector loose (a bunch of parameters)
|3 of 19 are fermion masses and g.mixing parameters




We know

fermions come in 3 generations
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X All generations interact equally with gauge

bosons
X Neutral currents: .
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We know

X P and C broken by weak int. but CP is a symmetry (| gen)
X Going from the gauge to mass basis

LM = —YIQ, oD% — YIQ,pUZ + h.c.
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We know

X P and C broken by weak int. but CP is a symmetry (| gen)

X Going from the gauge to mass basis

LM = _Y9Q, ¢D% — YIQ, UL + hc.

LM — _ (1 h) (madd

U

M, UU

meée]

X With 3 gen trickier - cannot simultaneously diagonalize u

and d — mixing: CKM matrix

X Vcam unitary = 3 real parameters + | phase (CPV!)

A A P

Y



CKM-ology

A A P

1—)\2/2 A AN (p —in)
Verkr = —A 1— )\2/2 AN? + O()\4)

AN (1 —p—in) —AN? 1

A =sinfc ~ 0.224 A~ (.82 V2 +n? ~0.45

X Fix CKM entries through tree level processes; over constrain
by loop-induced ones

X Vcm unitary = 3 real parameters + | phase (CPV!)



Example : Kaon physics

Tree level decays
hadronic uncertainty!

K — 1ty (T]5Ypu|K) — f0,+(q2)
K — pv 037, 15u|K) — fk
fK/fﬂ'

Nonperturbative QCD - symmetries help (eg. Ademollo-Gatto) but
ultimately needs LQCD

Huge coordinated effort! (cf. FLAG review - new to
appear soon — towards the end of 2018)



FTAG2016

2+1+1

N¢ =

Ne=2+1

Nf =2

LQCD

Vsl

FLAG average for Ny w241 41
™ 15
T™ 14

FNAL/MILC 14A

FNAL/MILC 13E

FNAL‘M'LC 13C

ETM 13F

HP%CO 13A
MILC 13A
MILC 11 (stat. err, onlyy)

ETM 10E (stat, err. only)

FLAG average for Ny =241
ROCIUK%CD 15A

RBC/UKQCD 1
FNAL/MILC 121
LQco 12

ho 11
leCO 11

ILC 10
LOCD/TWOCD 10
BC/IUKQCD 10A
RBC/UKQCD 10
BMW 10
PACS-CS 00
Locon‘woco 09A (stat. err. only)
Mi
Au X f
PACS-CS 0B

&L

WL

»
E

i

RBC/UKQCD 08 L

LA+

FLAG average for Ny =2
ETM 140D (stat, err, |
PN 13 only

!TM 100 {Stal. arr, only)
EYM 100 (stat. err. only)

8CDSHUKOCD 07
CDSF 07 {stat, err. anly)

ILOCO 05

HFAG 14 1 decay
Maltman 09 r decay and «* »
Gamiz 08 r decay

AN

Hardy 15 nuclear § decay

HH

0.23

0.973 0.975




Experiments

X K-factories u,d,s [NA62, KOTO]
X Tau-charm ,c  [BES I}
X B-factory b,c,7 [Belle Il]
X LHC t,b,c
X LC t,
X VF
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Impressively — TL UT and LP UT agree to less than 10%
[Experiment will do better! Lattices will do better too!]
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Only tensions in Vub and Vcb (inclusive Vs. exclusive) but all in all, CKM is very unitary!

2008, Nobel Prize
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Strategy:
fix Vij by tree level processes, then look for NP in FCNC

=l
aul

B(Bs = 17 )theo. = 3.34 (F32) x 107°  B(Bs — p" p” )Lucb+oms = 2.9(7) x 1077

Cij 1 Vi Vi

1

— oY To W *al
B, = putu~ >10TeV > 2.5 TeV O —@%Qﬂ Q;H'D,H
K — mvo > 100 TeV > 1.8TeV




Strategy:
fix Vii by tree level processes, then look for NP in FCNC

O = _C, QZ'Y“QJQ'L’YMQ]

—0

K9 K > 2x10*TeV > 8 TeV
BB S 05x10*TeV >5TeV
BB S 01x10*TeV >5TeV



Flavor puzzle

Cij 1 Vi Vi

B, —putps  >10TeV > 2.5 TeV

K mvs  >100TeV > 1.8 TeV  For natural C~O(1), NP scale is huge

 Need lots of fine tuning to reduce NP
scale to O(1TeV) as needed to mend
the hierarchy problem

- Way out: NP is (almost) aligned with

Ci; 1 Ve V5|2 the SM
KO- K > 2x10*TeV >8TeV - MFV
BB S 05x10*TeV >5 TeV

B -B., >01x10*TeV >5TeV



MFV

To protect quark flavor mixing BSM, assume flavor symmetry
is the one present in the limit of vanishing Yukawa'’s, U(3)3,
and that two quark Yukawa, Yu and Yd, are the only symmetry
breaking and CP violating terms

LM = _Y9Q, ¢D% — Yi9Q, U + h.c.

Promote Yu and Yd to non-dynamical fields. Higher dim
operators made of SM fields and Yud.
Eigenvalues of Yud small except for top, off-diagonal elements

n

suppressed =>[Yu(Yu)T]i¢j ~ Y Vi Vi



X X X X X

X X

Questions and progress

Why is there a flavor? Why families? Why 3!

Why such a strong hierarchy!?

Why quark mixing is small (and lepton mixing is large)?
Why is there quark alignment!?

How to solve strong CP-problem!? [Peccei-Quinn elegant
solution, but where are axions?]

Need CPV in quark and lepton sector for BAU

Does the scalar sector play a non-trivial role in the
questions of flavor?

Work to figure out a symmetry which imposed on
SM+2HDM provides a structure of Yukawas such that
there is no FCNC at tree-level and their strength

controlled by CKM (!)



LHC era

Before LHC was switched on we expected

(a) exciting physics in direct searches with many
new resonances at TeV scale

(b) boring but useful flavor physics

After the first two runs at LHC we got

(a) slightly boring direct searches with no new
resonance at TeV scale

(b) exciting flavor physics



b——s anomalies
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41 1 4 20 80
—Cr— 30— Ci— 5 Cs — - Cs

U

4 1 10
—”08+03—604+2005 -5 Cs
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4 04 64 1 4 64
Y(¢*) = §C3+ 3054‘?06 — (C3+ §C4+1605+§06)

4 1 4 64
(5 Ci+Cy +6C5 + 6005) — (703 + g Cy + 76C5 + ? Cﬁ)

Very slowly varying functions of g2
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M =
V2r

Vib Ve [(Au‘ + 7o) aey™ ve + B, tey" s Ve],

2mb v * | = ~ * | = —
Au:—?q Cr (K™ 5iou *55b |BY + Co (K™| 37,52 b | B)

By = Go (K| g’Yul__zﬁ/&b B)

0, Séj", Og,10
0| ° . < +0 0| ° " [ g0
B y K B ] K

Can be and are computed on the lattice



 Gra

M = Jon Vib Ve [(.Au + T, ) aey" ve + Butey" s ve],
—16i7° o e .
To= =g 3 G [d'x KT 0(0)ju(x) B)

i=1...6;8

Cannot be computed on the lattice
- work either at very low or very high g2



Better sensitivity to NP:
B =K ¢+

P T L LY

[y
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d*T(B° — K*0¢+y-
= —1 q )9€> 9Ka
dg? dcosby dcosOx dp 32w



Full decay distribution
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J 1(¢%,00,0x,0) = Ii(q°)sin® Ok + I7(q°) cos® Ok + [I3(q*) sin® Ok + I5(q”) cos® Ok | cos 20,
+ I3(g*) sin® Ok sin® B, cos 2¢ + lein 20 sin 20, cos 0]
+ ﬂﬁ) sin 20 sin 6, cos ¢
+ [I5(¢%)sin’ Ok + I§(q°) cos® O] cos O, + Ir(q”) sin 20 sin b sin ¢
+ Iy (q2) sin 20k sin 260, sin ¢ + Ig(q2) sin @ sin® O sin 2¢



b——s anomalies

2-3c deviation from SM [esp. Ps’]

| ' ' | | ' Watch out here!

| — Cog could be a rescue routeh
0.5 ! — Iff hadronic uncertainties

B are under control (charm
r production threshold!)

- _L0 ‘ —

05 .++ M

g’ (GeV?)



b——s anomalies

L I - Branching Ratiosi
: ol i Angular Observables (P) |
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Theory errors still subject to controversies.
Some quantities are more sensitive to hadronic un
others (maybe sticking to the clean observables o

certainties than
nly?)

Rome group claim the whole discrepancy can be absorbed into

(unknown) power corrections due to charm loops.




Global analyses also suggest
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b——s anomalies

3.16 in Bs>¢uu bellow SM at low g2

1506.08777

LHCb
SM pred.

- Data

T
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O = N W s W N 0 O

T

dB(B?—ouu)/dg? [10°GeV-2c4]

——
g2 [GeV?/c*

B(Bs — dup)t ™% — 0.26(4)Lucy, < 0.48(6)sm



b——s anomalies

3.16 in Bs=¢uu bellow SM at low g2

_1506.08777

LHCb
SM pred.

- Data

O = N W s, N O 00 O

:"”I""I""I""I”"I':*E'I""F"'IE
+
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|||‘l7

—5 10 15

g2 [GeV?/c*
What is ite Statistical fluctuation® Hadronic uncertainties®
NP2 Theory error - subject to controversies... If OK, then NP in

Cs could fill the gap between experiment and SM.

dB(B’—ouu)/dg? [10°GeV-2c4]
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Fitting to clean observables

o Use fzo" = 224(5) MeV and B(By — pp) = 3.0(6)(3) x 1072, [LHCb, 2017]
B(B. — u* ™) = Fi, (fi., Co = Clo, Cp — Ch, Cs — C%)

o Use fB_)K( )Latt. and B(B — K“H)q2€[15,22] GeV2 = 195(16) X 10_7.
[LHCb, 2016]

B ~ / / /
(B — Kp"p”) = Fpi (f+ 0.7(¢*), Cog + Cy, C10 + Cio, Cr.5.p + C'7,s,p)

MILC [1509.06235]
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Fitting to clean observables

1.5
1.0
& 0.5
> 0.0
0.5 'B_) // Allowed \\*
- '—(-)2.5—2.0—1.5—1.0—0.5 00 05 1.0
Co

e We find Cy = —Cj € (—0.76,—0.04) at 20.

= This value can be used to give model independent predictions for
Ry (+) In the central bin:

Ryg = 0.82(16) and Ryg- = 0.83(15).




Interestingly...

Different choices of Wilson Coeffs: (Cy, Cig) or (Cy, C{y)

15,
1L

l25-2 -15—1 -05 0 05 1. -3. —25—2—15 1—050 05 1

(& '

O = (57, Pyp)b) (Ey"0), O\ = (57, Pyir) b) (E7"4°0),




Interestingly...

Model independent predictions for R and Rg-:

£ ; | .8 :
o) | © i
= (),9: ; 3 1.2:
S 0.8 | § 1.0
9 : 1 & :
i0.7; | 20.8]
S ; | -

0.6} | 06!

-10 -08 =06 -04 -02 0.0 -1.0 -08 =06 -04 -0.2 0.0
Co=—C)o (Co)'=—(C0)'

= The scenario (g = — () predicts .., < 1, as observed.

(—0.85,-0.50)




Rp Rp*

e Tree-level process in the SM: (
B — DWrp Wf\”’\/
RD(*) —_— B( - TV) g —_ (3,/1. L -

B(B — D(*)fﬂ), b Voo €

e Non-perturbative QCD <= form-factors (Lattice QC
e.g. for B — D, (D|evy,b|B) for (g%

e Situation less clear for B — D* = (more FFs, less LQCD results)

INP in 7 — use angular distribution + HQET of Bernlochner et al
2017]



Rp Rp*

BaBar had. tag
0.440 £0.058 £0.042

Belle had. tag
0.375£0.064 £0.026

Average
0.407 £0.039 £0.024

PRD94,094008(2016)
0.299 +£0.003

FNAL/MILC (2015)
0.299 +0.011

HPQCD (2015)
0.300 + 0.008

I Summer 2018 \

! I !

BaBar had. tag
0.332+0.024 £0.018

Belle had. tag
0.293+0.038 £0.015

Belle sl.tag
0.302£0.030£0.011

Belle hadronic tau

0.270 £0.035 £0.027

[LHCb muonic tau
0.336 +0.027 +0.030

[LHCDb hadronic tau
0.291+0.019+0.029

Average
0.306 £0.013 £0.007

SM Pred. average
0.258 £0.005

PRD 95 (2017) 115008
0.257£0.003

JHEP 1711 (2017) 061
0.260 £0.008

JHEP 1712 (2017) 060
0.257 £0.005

' Summer 2018 \

| | | l l
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R(D¥*)

0.45

0.4

0.35

0.3

0.25

0.2

Rp Rp*

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)

Ax* = 1.0 contours

= Average of SM predictions

R(D) = 0.299 £ 0.003
R(D*) = 0.258 £ 0.005

[ Average
— io -
AW 20 ]
= 0 -
u ‘ Summer 2018 l:
— P(2) = 74%
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Effective theory

| Hewr = V2G Vi [(1+ gv) (@1.0) €y ve) + (=1 + ga)(@7,750) €y vr) |

+ gs(cb) (ZRVL) + gP(E’Ysb)(ZRVL)
+ gr(co,ub)(Cra™ vr) + grs (Eau,ﬁg—)b)(zRa“”z/L)] + h.c.

9v, ) (CLvubr) (v ve) + gvi (Cryubr) (LY VL)

> Veb (1+

+ s, (CrbL) (Crvr) + g5, (CLbr)(CryL)

+ g1, (cRowbe) (Tro™ )] + . |




Effective theory at work
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Effective theory at work

e SECHVE s (1

Must be less than 30%-ish in order not to upset 75

-3 =2 -1 0 1
Re[gSR]

m?2 ’ 1+ gy + (9sr — 9s,.) M,

m%, VL m.(my +m,)




Angular analysis (Belle Il - 202x)

d'T 9

dqg?d cos 0 pd cos Oydy T 32r
+

+ 4+ + +

{Ilc cos?Op + Isin” 6

:Igc cos? 0p + I, sin’ HD] cos 26,

:Iﬁc cos?lp + I, sin? OD] cos 6,

:I3 cos 2y + Igsin 2x] sin’ @, sin? 6,

:14 cos Y + Igsin X:

I5cos x + I7sin x

sin 26, sin 260 p

sin 6, sin 299} .



Co=-Co for muonic channels
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Co=-Co for muonic channels

l.O
2

-12~-10-08 <06 -04-02 00 0.2
Co=-Ci,

Co = (-0.85,-0.50)



gy, orland gs, in tau modes

2

IIIl[gVL]
-

Re[gv, ] gv. = (0.09,0.13)



gv. Or gs. Or 1. in tau modes

Im[gSL]




gy, or gs. or gr. in tau modes
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Common lore - Zurich Guide

2¢
NP to CC processes ['BSM A2 (CL'YubL)(TL’Y“VT) + h.c.
ci=1 — A~3.7TeV
= Vb — A~0.7TeV
=Vw/dn — A~0.2TeV
' oY arg \( T a i Vii )
Cr (@i @) (Lo L) o= (i)
. Qv —
NP in FCNC LD A2 (SL7 bL)(,uL*yauL) + h.c.

ci =1 — A~31TeV

— Vts —> A ~ 6 TCV
=Vi/dn — A~0.5TeV

Or Q47,0 Q) (LA o L)) + Cs (Q4u Q) ) (LiA"LY)



Zurich Guide (Models V-A)

Effective theory
1 q/\E O i amJ \(T M aLﬁ O i IN(T uLﬁ
SN [Or (Qio @) (Ly"a" L)) + Cs (QurQ))(LEN L)
CC and NC NC
- Dominant effect in 3rd generation
- Small effects with lighter fermions
- Mixing CKMish
0 0 0 0 0 Aps it
AN=10 A, Ay A = 0 Aes  Abs
V
0 Ay 1 Aos T Aps 1
Parameters: Cs  Cp Ao = O(Vis) Ao = O(N,) A\ =(9()\,2”)



Zurich Guide (Models V-A)

Tricky part

Rp- Vi
Do ~1+2C7 (1 — A%, “’) ~ 1.24(5)
D6 ts
CT =3 4 3v73 . ar3
33 —term : ——-(QpVu0" Q) (Lpyuo®L1)
C A T a
32 — term : —U—gAgs(inﬂga Q%)(Li%ﬁ L)

0d = (Vate+ Veer + Viyur
bL



Zurich Guide (Models V-A)

Tricky part
PSM_ = 1+2CH |1 — )\sb ~ 1 24(5)
D (%) ts
Cr —3 4 3V53_ _ar3
33 — term ——Q(QL"YMU QL (LL’YMU LL)
C —3 —3 o
32 — term : —U—g}gs(QLWMU QE)(LLVMU Li)
Tiny 03 = (Vt",‘)t[, + Vo cr+ VJbuL)
Needs 0.1 - bL

too large NP at 700 GeV - Sic! (direct searches)



Zurich Guide (Models V-A)

Tricky part
Rpe Vib
_\49
s = 14207 (1-X], 77 ) & 1.24(5)
D (*) ts
CT S ar3
35 — term : _U—(QL’YMU QL)(LLWU Ly)
CT a 3 4
32 — term: __/\gs(QL%U QL) (Lyyuo"Ly)
0()pr———————————————
/ :.SM Ay2 <23 |
Large = few -0.2 '
Vcb <2
ey
| |
I
22 -0.6
<
| -0.8
Beware of B — K*)pyy! | .
(C1 — Cs5)Xos (bryus) (7Y 'vr) O |




Zurich Guide (Models V-A)

0,06 T _.
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0.04} - |
: 20'/// ' 20
0.02 5 2r >
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~0.04} ’ |
| : -4}
006 b I — A
~0.06 —0.04 —0.02 0.00 0.02 0.04 0.06 230 o285 20 15 10 -5 0
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A simple model for Rk Rk

Lz = gos(37" PLb)Z), + guu (" PLp) Z,



A simple model for Rk Rk
Lz = gos (37" PLb)Z, + guu(py" PLp) Z,

What model can have this right?

e Eg. Add an extra gauge symmetry group U (1)’

Luay =9 Qu(a"qr)Z, + ¢’ Qe(l17"1) 7

e Impose 3"%-gen of quarks and 2"?-gen of leptons to be charged under U (1)’



A simple model for Rk Rk

(3 3 2 2
Lyay = 9q(qy " g} ))Z,’, + ge(ﬂL)W”f(L))Z,’,

(3) _ (1t /(2 _ (VuL — Ord
9L (bL) L (#L) 95 = Qryg

bs coupling arises through mixing in the mass eigenbasis

dy | () () dy
Sy, = |0 cosfl siné ST,
b, ] 0 —sinf coséb br,
gauge mass

Other fields don't feel U(1)’



A simple model for Rk Rk

Neutrino trident

10~ . -
production (95%C.L.) 3

Ng = Gq/ 9e

| -2
=
1073
[0 e nul sl
102 10! 10" 10!
) | TeV?
~‘:an€:0.12/’1‘ev2 6 = 0.005 8q 81 % my>
ZI

Y,




A simple model for Rk Rk

l0_| Neutrino trident
production (95%C.L.)

) T
QIO 3

10-3E

Luay = 94 (@17"a1)Z;, + g¢ (L17"€3) Z,,
+ 9x (X¥¥x)Z,,



Leptoquarks

Bosons which couple both to leptons and quarks

Arise in GUT scenarios as gauge boson of Ggur
e.g. Gour : SU(5),50(10),5U(4) @ SU(2)L @ SU(2)r

6 scalar and 6 vector LQ’s

Generally very heavy, but some can be light, myq >~ O(1)

Symbol | Spin (SU(3)e, SU2)L)uqr)y
S1 0 (3,1)1/3
SS 0 (:_3’ 3)1/3
52 0 (3’ 2)7/6
R 0 (::3’ 2)1/6
Ul 1 (:_3’ 1)2/3
U3 1 (3’ 3)2/3




Ls.,

S3

[:53 = Yr

o sz dgz S( %

+V2 (V*yL)

\b\/
A

(3,3)113

' Q_ZCZ'TQ(T;CS:;“)L]- + h.c.

\/§ 940 ¢, S

l/ S( 2/3) (V yL)“ uszLJ S( /3) + h.c.

b\\//f_
57/\\5+

_[_>_



3 (3,3)113

Ls, =y} Q_?iTz(TkS:if)Lj + h.c.

2 bk‘( sl)*
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R:  (3,2)76

Lr, = yg @iéRj Ry — yZLJ upiRotmoL; + h.c.

ERz — (VyR)ij ﬂLz'gRj RgS/B) + (yR)z-j ELZ'KR]- R52/3)

2/3
=

_ — 3
+ (yL)z’juRiVLj R yL)z-juRz-ELj RéS/ ) + h.c.



R:  (3,2)76

£R2 — yg z'éRj RQ — yg ﬂRiRQiTgL]‘ + h.c.

sl{. bk)*
Okl _ (kL tree m° YR (yR) X
9 10 — * 2
2‘/;‘,b +sXem mR2
gs, = 4 gr = v yi‘?'(y%)* v
Sr, T 4‘/61) m%b ;

Not following the Zurich (V-A) guide!
NB: g =49or@u=mp> =  gs1~=38.14gr @ u=mp



R:  (3,2)76

Lr, =3 Q.lr; Ry — y7 Up;RyiToL; + h.c.

If yr=0, except yrb® b y 2
> > * >
l
W : A(5/3)
l
|
< < - <
S u’ £2

loo VUbV':’s u wl\*
Cyl =-CH = Y AR vik (i) F(ru,zw) o

u,u' €{u,c,t} / /"

charm important <0
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Ry (3,2)16

LR’Q — _yL dRzRQZTQL -+ h.c.

—yi dpilr; RS +y
driv; Ry Y + hee.




P

Ry (3,2)1

oS
tgoz
|

—yzj dRiEQiTQLj + h.c. .

—yfr,j dpilL, ﬁ?”’) + y}f drivL; Eg‘”?’) + h.c..

e Possible to add a gauge invariant aﬁguk term

e No interference with SM amplitude
— needs too large couplings to get Ry, /R, right!

e |dea of light vr explored in other models.
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First attempt to explain Rp via tree LQ, and Rk vith LQ in loops required large y°*
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U (3,1)3
Ly, =27 Qi U'L; + 2% driy,Ul'lRj + hec.

Minimal: xp=0
0 sl { .bk\*
Kl Kl v L (xL)

*
V;b ts@em mU1

U2 (VxL)Cgl (CL‘I}?)*
2‘/(,‘() m?jl

S
=
|

2
_ 2y [ Ves e vcdxde,] /
L L L L
Vb Ve

- 2
QmUl

Cannot compute loops unless specifying UV completion (bunch of new parameters)



Direct Searches

e LQ pair production



Direct Searches

e LQ pair production

Decays LQs Scalar LQ limits | Vector LQ limits
jj 7 | Si. Ra, Ss, Uy, Us

bb 77 Ry, S3, Uy, Us 850 (550) GeV | 1550 (1290) GeV
tt 7 Si. Ry, Ss, Us 900 (560) GeV | 1440 (1220) GeV
jipjt | Sy, Ry, Sy, Uy, Us | 1530 (1275) GeV | 2110 (1860) GeV
bb juji Ry, U, U, 1400 () GeV | 1900 (1700) GeV
tt juji Si. Ry, S5, Us | 1420 (950) GeV | 1780 (1560) GeV
jjvi | Ry, Ss U, Us 980 (640) GeV | 1790 (1500) GeV
bb v S1. Ry, S3. Us 1100 (800) GeV | 1810 (1540) GeV
tt viv Ry, S5, U, Us | 1020 (820) GeV | 1780 (1530) GeV




Direct Searches

e Monitor large pr tails of pp — 0/




Direct Searches

e Monitor large pp tails of pp — ¥/
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- —— bborr 13 TeV ATLAS, 36 fb~! -
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mg, [TCV]



Direct Searches

e Monitor large pp tails of pp — ¥/

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

- —— bborr 13 TeV ATLAS, 36 fb™! -
4_ -=== bb —= uu )

| —— 8§ > TT
b === 8§ = U
[ —— CC O TT
| == CC > up

1.0 1.2 14 16 18 20 22 24
Mg, [TCV]



Direct Searches

e Monitor large pp tails of pp — ¥/

3.5 - — gg Ll 13 TeV ATLAS,36 fb~! :
| — - [ :
3.0¢

10 12 14 16 1.8 20 22 24
my, [TCV]



Revist R

LRQ = yg @igRj R2 — yg ﬂRiRQiTQLj -+ h.c.

0 0 0
If yr=0 and yr= (0 y 0
0 v/ 0

loo VUbV;’s u wl\*
Cgl — _Cf(l) = Z ViV yLk (yLl) Fru,tw)

u,u’ €{u,c,t} / /"

charm important <0



Revist R

mg,= 1.2 TeV
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Revist R

mg,= 1.5 TeV
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Summarizing

Single LQ solution to both kinds of anomalies

Model | Rp | Rpe || Rio & Ry
S | x| v X
Ry | x | v X
R, | X | «x X
Ss | v | x X
v, | v | v v I} -
Us v X X Mgy

On



More on U,

? miy, = [.5 TeV Belle
_9 Lt tomm 1 1nm

NI EEEEI BRI I BRI BRI BN BN PRI
107 100 108 107" 1077 1077
B(t-ud)



More on U,




Plausible Model to accommodate all

Combine 2 SLQ



Model to accommodate both anomalies

In flavor basis
LD Z/R QilriR> + z/;;' 'ZLR,L-}V%; + 47 QF ito(1455)L; + h.c.
Ry = (3,2,7/6), S5 = (3,3,1/3)
In mass eigenstates basis
L O (Vekmyr EL)Y u, RJR(S/';) + (yr Ej)"” dp,ily 'R(2/3)
+ (Ugr yr Upmns)? ﬂ;%zVL]R( /3) — (Ug yL)"¥ kg, L]R(S/g)
— (y UPMN&,)U d'C f S(l/g) \/51/“ d}f 5(4/”
+ V2(Vikm ¥ Upnins) ﬂ'L?VL; S5~V — (Ve )i wiS €, S5 +he.



Model to accommodate both anomalies

Ry = (3,2,7/6), S3 = (3,3,1/3)

£ 5 (Vern v B Wiy B + (un B})” Bty RS
+ (Ur yr Upmns)” ﬂ'mu'[{,- Réz/:‘) —(Ur yr)" ﬂ;ﬁg’bj Ré?)/i%)
— (y Upmns)” diS vy, S\ /2y 4,0, S(4/3)
+ \/5( Vekm ¥ Upmns )ij ﬂL?VL,;S;i_w) — (VekMm ¥)ij ﬁf,(a‘@’z,; S:gl/:;) + h.c.

and assume
YR = y;:zr Y= YL
0 0 0 0 0 0 1 0 0
yRE};= 0 0 0 |,Ugyr=10 w;" wyi"|,Ur=10 cosf —sinb
0 0 yir 0 0 0 0 sinf cosf

Parameters: MR,, MS,, ?/1[)27-» fl/z“. ,?/ET and ¢

Phenomenology suggests § ~ 7/2 and y;,” complex



Model to accommodate both anomalies

Leg = —4\?; Veo [((1+ gv)(upyudr)(Cpy*ve) + gs (i) (drdy) (Cryr)

+ g1 (1) (aRUuudL)(ZRO'“VI/L)] + h.c.
e Coefficients g; in terms of y-couplings (up-type and down-type quarks):

gs =4 gr = vi_ (k) gy = — Yae (VY") e
L 4\/5 m}?zg GF Vud 4\/§ mgq GF Vud

H=TR,

u € {u,c}, de{s,b}, ) € {u,1}. NB gy is tiny!



Model to accommodate both anomalies

mg, =08 TeV, mg, =20 TeV

04



Model to accommodate both anomalies

R" eXP = 2.488(10) x 107° [PDG], RK M = 2.477(1) x 107° [Cirigliano 2007]

e/ p e/p

'K~ — e p)

K
ey = DK~ — p—)

R P = 0.995(45) [Belle 2017], R”, P = 1.04(5) [Belle 2016]

R _ T(B — D™ )
“e ™ (B — DM en)

B(t — pg) < 8.4 x 107° [PDG]
Loops: Am;? = 17.7(2) ps~' [PDG], Amz® = (19.0 £ 2.4) ps~' [FLAG 2016
Loops: Z — up, Z — 17, Z — vv [PDG]

1— 7"
IV —0.959(29), 94 — 1.0019(15)  Z¥ = 0.961(61), 24 = 1.0001(13)
9y gA 9y gA

NP = 2.9840(82)




Model to accommodate both anomalies
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Model to accommodate both anomalies

mp, =0.8 TeV, mgs, =2TeV, |6] ~n/2

A LHC 13 TeV. 100 b~

00 02 04 06 08 10 12 14



B(B-Kur) x 107

Interestingly. ..

Belle excl.

-

=
Y 1 Y v

lO 15 20 25 3.0 3.5 40
= B(B->Kw)/B(B-=Kyy)*M



Gravy: viable SU(5) GUT

Our choice of Yukawas biased by SU(5) GUT aspirations

Scalars: Ry € 45,50, S; € 45. SM matter fields in 5; and 10,

Operators 10,10,45 forbidden to prevent proton decay

Available operators

1,0

RL — ; ,"b . L . } ,\, ‘7}\.'. ’: ",(,'
10;5;45:  y' uRpRye™ Ly,  y3 Qcp €v (77 83) " L]

319
. . . LR —1 a* J,a

While breaking SU(5) down to SM the two R3's mix — one can be light and
the other (very) heavy. Thus our initial Lagrangian!

Yukawas determined from flavor physics (low energies) remain perturbative
(< VA4rm) up to Agut = 5 x 10* GeV, if we use 1-loop running



