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Introduction

loop and CKM suppressed
SM amplitude
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L
w w
N

valuable probe for indirect
search of NP
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large no. of experimentally
accessible observables




Introduction

Angular analysis in well known helicity frame [Kruger, Sehgal, Sinha, Sinha ‘99]
e_

£+

d*T'(B — K*(t(™)
dqg? d cos 0; d cos 0y, do

The differential distribution

9
= 39 [If sin? O +17 cos? O+ (15 sin? O +15 cos? 0k ) cos 20, + I3 sin? @5 sin® 0, cos 20
T

+ 14 sin 20 sin 20; cos ¢ + I5 sin 20k sin 6y cos ¢ + I sin? O cos 6,

+17 sin 20 sin 0; sin ¢ + Ig sin 20k sin 260; sin ¢ + I sin? O sin? 6; sin 2¢}
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Motivation

» [, = shortdistance + long distance
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Motivation

I, = shortdistance + long distance

% Non-factorizable
Wilson coefficients: contributions:
perturbatively calculable

Form-factors:

non-perturbative estimates
from LCSR, HQET, Lattice ...

no quantitative computation

2z Challenge: either estimate accurately or eliminate
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Model Independent Framework

» The amplitude A (B(p) — K* (k)¢ (™) [RM, Sinha, Das ‘14]
G _ 5 2 ;
= CECVV | § Co (I s9" PLblB) - 2T (K[sio™™ g, (myPa + m. P )bl )

V2r 1
1672 7 * | gl 2\ /. -
e Z Uyl +C o K*|57" PLb|B) £,,75¢
i={1—6,8} -
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Model Independent Framework

» The amplitude A (B(p) — K*(k)¢*(™) [RM, Sinha, Das *14]
G _ 5 2 ;
= CECVVE | § Co (K97 PLblB) - 27 (K[sio™™ g, (myPa + m. P )bl )

V27 q
167'('2 - * | = b R\ /, -
e Z Uyl +C o K*|57" PLb|B) £,,75¢
i={1—6,8} -

Wilson coefficients
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Model Independent Framework

» The amplitude A (B(p) — K*(k){*e™) [RM, Sinha, Das ‘14]
_ o )
=Gy v |4 Gy (K*|57"PLb|B) — 6;7 (K*|sio"" g, (myPr + msPr)b| B)
V2r q
167 By, +Col K™ |57 Pub|B) Byyst
— q2 Z Yt + 10< ‘87 L ‘ > T 5
i={1-6,8)

Wilson coefficients

lorentz & gauge invariance
allow general parametrization
with form-factors X;, V;
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Model Independent Framework

2z The amplitude A (B(p) — K*(k)€+€_) [RM, Sinha, Das ‘14]
— GFaV;bV;; {Cg <K*|§7“PLI)\B> — 26; <K*|§ia“”qy(mbPR + mSPL)b|B>
\/§7T q

167
-

Wilson coefficients

i={1—6,8}

Z CZ'/HZH }K*yuf +010<K*\§7“PLI)\B> 0y, st

lorentz & gauge invariance
allow general parametrization
with form-factors X;, V;

HE ~ <K*i/d4aj eiq'mT{jgm(x),Oi(O)}B> — > parametrize with ‘new’

[Khodjamirian et. al’10]

form-factors = j@
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Model Independent Framework

2 Absorbing factorizable & non-factorizable contributions into

09_, C(J) C —I—Ac(fac)( )—I—AC(]) ,(non- faC)( )

-
~2CE )X
2(mp+mg ~ 2(mp+mg
(22 )C7yj_'yj_ (qu )C7yj+
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Model Independent Framework

2 Absorbing factorizable & non-factorizable contributions into

Oy —> C(J) Cy _|_A0(fa<l)( )—I—AC(]) ,(non- fa»C)( 2)

W_/
~2CE )X
2(mp+mg ~ 2(mp+mg
(22 )C7yj_'yj_ (qu )C7yj+

2 Most general parametric form of amplitude in SM

.Af: R (09 + Cl())]?)\ — GVA .At‘ =0

myp=0

Form-factors: Fy = Fa(&X;)and Gy = Ga(Y;)
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Right-Handed Current
% Chirality flipped operators () <= ()’
Sy, Prb (> 5v,Prb
510, Prb {——=> 510, Prb

2 |In presence of right-handed gauge boson or other kind of new
particles like leptoquarks etc..
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RH Current

» Amplitudes A = ((Cq + %) F (Cro + (1)) FL — G4
Aﬁf = ((5!9"0 —C5) F (Cro = C10)) Firo — 910

. : o Re(g)\) )\ _ Cio / Oé
2 Notation ) = 7 Re(Cg) &= Cro § = Cro
g¢ _ gll C":o 14
» Variables R, = == . Ry = = . Ry = =
e =1 - T -
. §|| QNJ_ GVO 2mpmpCy [Grinstein, Prijol ‘04]
2 HQET Imit — = —=— = — = —« , ALy
J,—_-H F Fo q2 [Bobeth et. al '10]

——> 1o =71 =7TL =7 ignoring non-factorisable

corrections
—— > Ro=R|# R,

B
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RH Current

At kinematic endpoint . M exact HQET limit
[ polarization independent
non-factorisable correction

1 2 2
» Observables Fy(q2..) = B F(0imax) = =5 Aa(Gimax) = o

F1 (max) = 0, ArB(dimax) = 0, A5.7,:8,9(¢max) = 0-
[Hiller, Zwicky '14]

2 laylor series expansion around § = qfnax — 612

Fr = % + FMo 4+ B2 6% 4 P68

FL= FWs 4 FO52 4 pOg3
App = Appd? + Afs% + AL 53

As = AWsE 1 AP s34 4P)53
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RH Current

1.2 - <

MR

15

20

Fit to 14 bin LHCb data including correlation among observables
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RH Current

1.2 -

1.0¢

1.0} - 0.8}
_ "H‘ _ 0.6}
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06—— | 1L | 6.89x1.65 |—9.79 =2.47| 3.83 =0.86
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RH Current

2 Limiting analytic expressions

5 W2 — W1  WVwr —1
RJ_ (qmax) — w2\/w1 — 17 RH(QmaX) — wo — 1 — RO(QmaX)
RV O 1 (249 - A3 1 (249 - A3
Wy = 1201‘— 12an Wy = or
248 3 ALY 3y (3F) + FY) 0 6al) (3R + P
3. ———r
/v_ | between slopes
SM prediction oL\ — 1
_1' -------------------
0 5 10 15 20
R,
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Results in C;,/Cio — C4/Cho

2 —————————
1. -
2 of " : »  More than 50 deviation
S it ' > C,/Cio = —0.63 +0.43
| C}/Cio = —0.92 4 0.10
-2}
_3: ...................
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Results in C;,/Cio — C4/Cho

2 —————————
1F ]
K of " : > More than 5o deviation
S ' . Cy/Cho = —0.63 £ 0.43
2 C}/Cro = —0.92 £ 0.10
_3: ------------------- o ]
o _é'm/CE ° 4 1 r/Cro = 0.60
reduced significance of deviation —— ~ 0
for lowered r/C1¢ value e
O 4|
Other kind of NP like 2’ ISR
as hinted in global fits | 9
[Altmannshofer, Straub '14] Se 2 2 0 2 4
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Results in C;,/Cio — C4/Cho

rr———v—v—v—-rrr—r—rr————a——a
| r/C1o = 0.84 > SM input
1. -
o Of
I | |
S| | 1 0.43
| | | 0.10
_2.- _ ]
, = OF
O |
B4 2 o [ C
C'10/C10 D _1_ r/ 10—0.60
reduced significan  _,|
for lowered 7/ |
_3.
) 4 —6
Other kind of NI
as hinte
[Altmannshoter Straus™12] s =4 =0 2 4

C10/Cro
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F'it to form factor observables
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F'it to form factor observables
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Convergence of coefficients
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Resonances

cC bound states added: J /v, ¥(25),1(3770), ¢ (4040) 1)(4160),10(4415).

Observable — Form-factors + Kruger & Sehgal parametrization

0.4.'

Asymmetries decrease

0ol in high ¢ region

o0
< 0.0 makes observable

w1 unphysical

-0.2}

_0.4}

Random variation of each strong phases
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Resonances

cC bound states added: J /v, ¥(25),1(3770), ¢ (4040) 1)(4160),10(4415).

Observable — Form-factors + Kruger & Sehgal parametrization
04 (7m Tm T M T TRy .
R et |  Asymmetries decrease
0.2} o in high ¢* region
m N ﬂ .
= 0.0 = f makes observable
“: i \\\/ 1
| S Z w1 unphysical
—0.2.' S '
Y s e
0 5 10 15 20
2
q

Random variation of each strong phases
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Resonances

cC bound states added: J /v, ¥(25),1(3770), ¢ (4040) 1)(4160),10(4415).

Observable — Form-factors + Kruger & Sehgal parametrization

04F {57‘( St 5 S5m St 5rr}

Asymmetries decrease
In high q2 region

6 6 6 6 6 6

makes observable
w1 unphysical

Random variation of each strong phases
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Resonances

cC bound states added: J /v, ¥(25),1(3770), ¢ (4040) 1)(4160),10(4415).

Observable — Form-factors + Kruger & Sehgal parametrization

o4t A~ | -
| , , ﬂ Asymmetries decrease

In high q2 region

makes observable
w1 unphysical

Random variation of each strong phases
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Lepton non-universality

2 Discrepancies in neutral current B decays

BR(B — K™ pup)
BR(B — K*ee)

RK(*> — =11n SM

[LHCb "14,17]
Ry = 0.745700°9 £0.036  ¢° € [1:6]GeV?

Ri2Y =0.660707510 £0.024  ¢* €[0.045: 1.1] GeV?
REA™ = 0.685 0060 £0.047  ¢* € [1.1:6] GeV?

LHCDb '1
® = dBR(B, = éup1)/d4*| oy ov B
= (2.581537 £0.08 £0.19) x 107% GeV > (exp)
= (4.8140.56) x 107® GeV~? (SM)
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Lepton non-universality

2 EXxciting discrepancies observed in charged current B decays

-
[

41
| HE = v, (1+ ONPY) (Epv,br) (Foy*ve L)

V2

BR(B — D™ 1v)
BR(B — D®)/fy)

R(D(*))

t € {e, p}

R(D) = (1.34£0.17) x R(D)sm, R(D*) = (1.23+0.07) x R(D")sm

combined de@
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Lepton non-universality

2 Constraints from other modes [LHCb "17]

(3.0 £0.6%7035) x 1077 (exp.)

BR(B; — —
( i) (3.654+0.23) x 1077 (SM)

well in agreement
BR(B — K™up) < 1.6 (2.7) x 1075
BR(BT — KTu®7F) < 4.5(2.8) x 107°
BR(B, — 77) < 6.8 x 107?

BR(BC_ — T_D) 5 5% [Grinsten et.al’16]

Quite challenging to explain all anomalies together by evading
all the bounds.
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Lepton non-universality

2 NP operators with 2nd & 3rd generation fields
HYY = A1 (QarvuLsr) (Qzry"Lar) + Az (Q217,Q31) (FrRY TR)

B Directly contributes to R(D™*))

D
0 =

T =cosO 1 +sinfu

Contribution to b — St is generated

20 Rusa Mandal, IFIC



sin @

Lepton non-universality

0.04

» 95% C.L.
> 99% C.L.

0.02f

> Allowed by Bt — KTpu~ 77

-0.02F

> Ai(=Ay) = —2.92TeV ?

sin 0 = +0.022
) '0—43.4 -33 -32 -31 -30 -29 -28 -27 -26
A,[TeV™?] :
XZSM/dOf ~ 0.0 ~ X allowed Jregion/d“o'f ~ 35
é’i@@‘éw Ry ~ 0.86, Ry-"" ~ (.88, RV ~ (.90,
20”;7/ R(D™) ~1.25 x R(D™)gpr, @ ~ 4.1 x 10~3GeV 2.
6’[/@/
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Lepton non-universality

0.04 rrmrmr—r—yer—r—r—ryr—rrrrpr—r—r—r—r—r—r—r—r . S
\ . .
\\\\\\\\\\\ \\\\\\\\\ Allowing 20% breaking
@ | S
VY % B Ry
| | =R« :
> A from quantum corrections
= UO0F ] H Rpe .
” ey OF unknown dynamics of the
>K U1 .
@owed) UV completion of the model
~0.02 7 BooTT
(disallowed)

-0.04

2 /d.of ~2

— X allowed region

v

oy
Y060 Ry ~0.80, Ry~ ~0.83, R ~ 0.88,

o, R(D™)~124x R(DW)gy,® ~ 3.8 x 1073GeV
/5’1/@/

22 Rusa Mandal, IFIC



Lepton non-universality

» Another discrepancy at b — ¢ charged current [LHCb '17]

R, — BR(B. — J/¢ 1v)
1Y = BR(B, — J/v uv)

= (2.5+0.97) x R},

In the same direction as of R(D(*))

. considered operators can also explain

7 SU(2)p, triplet type operators are also explored [1712:01593]
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Summary

Popular approaches Our approach

o Combine allb — s transitions & Most general parametric form of

SM amplitude
_|_
many decay modes I.e observanles g _y g*pty— observables
+ +
more hadrcilr_nc uncertainties eliminate hadronic uncertainties

conservative assumption of

non-factorisable contributions o
no/minimal dependency on

form-factors & independent of
non-factorisable contributions

™M Focusing on low q2 region ™ Conclusion derived at endpoint

24 Rusa Mandal, IFIC



summary

M Formalism developed to include all possible effects within SM

M Strong evidence of RH currents derived at endpoint limit —

2 systematics studied by varying polynomial order & bin no.
2 finite K™ width effect is considered

2 resonance effects increase the deviation

25 Rusa Mandal, IFIC



summary

M Several hints of lepton non universality are observed
by various experimental groups

M In terms of effective operators we show a possible explanation
to all the anomalies together

2 The model has only two new parameters
2 It predicts some interesting signatures in the context of B decays such
as B, > 17, B— K% ur

M Opens up way to construct UV complete theory

A Fluctuation? Wait for more data to be accumulated!
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summary

M Several hints of lepton non universality are observed
by various experimental groups

M In terms of effective operators we show a possible explanation
to all the anomalies together

2 The model has only two new parameters
2 It predicts some interesting signatures in the context of B decays such
as B, > 17, B— K% ur

M Opens up way to construct UV complete theory

[
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Complex part of amplitudes

» SM amplitude Ay = (Cj -

- Cho)Fa — 9\

» Complex part ex=Im(C3)Fy — Im(Gy)

2 lterative solutions

Vol [APy APy ArPiPar.
€1 (ro—r)FL _ 3v/2 4 3rCho ]
o V2rl} - Agrg AgPor) B A7P2T”-
” (ro—7 ) FL _3\/571 - 4Pyry 37Clo _
Eg = V2rT} - AgPyro Asmy ArPiro.
" (ro—rFL 3v2Par ) Cdre o 3xCy I

| CINCINNATI
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Complex part of amplitudes

¢° range in GeV* eL/+/Ty e /+/Ir co/\/T¥
0.1 <g”<0.98 | —0.048 +0.116 —0.047 +0.103 0.020 £+ 0.111
1.1<¢*<25 | —0.010+0.078 —0.010 +0.078 0.078 +0.172
2.5 < g> <4.0 | —0.009 +0.079 —0.008 £ 0.080 —0.025 + 0.212
4.0<g*<6.0 | —0.026+0.097 0.014 +0.093 0.032 + 0.234
6.0 <g” <80 | —0.011+0.088 —0.046 + 0.078 —0.132 + 0.129
11.0 < ¢* <12.5| —0.011 £ 0.050 0.038 +0.074 —0.078 +0.114
15.0 < ¢* < 17.0 |—0.0003 + 0.067 —0.027 +0.071 0.020 = 0.072
17.0 < g* <19.0| 0.006 £ 0.076 —0.090 & 0.090 —0.040 + 0.088
EN

iy,

| CINCINNATI

values with errors are consistent with zero
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Resonances

Parametrization in Wilson coefficient Clg [Kruger, Sehgal '96]

8 . 4 2 my cC . ~
g(me,q?) = —ln—2 — — + L P/ () g0 4T RE ()
42 x(z — ¢°) 3

10y

Z 9¢* Br(V — l—l_l_)FX)talF}‘l/ad

2 2 \2 2 TV 2
- (q _mV) _|_mVFtotal

| CINCINNATI Rusa Mandal, IMSc



Solutions

o s(E) Pk Fi =20(1+€*1 +R3)
L = XI= .
2 P1Apg [P = 2¢ (1 - €)*(1 + 1)
L+¢ 1
Ry =+ (1_ )PlFu t3h FLP; =20(1-¢)°(1+ Rg
2 Arp AppP; =3¢ (1-€%)(R) + R.)
_ 49 (%E)PZFL t2%  V3AP,=3¢(1 - &%) (Ro + Ry
NS As
- (%)QPlApBFL
, —

| CINCINNATI Rusa Mandal, IMSc



Effective operators

2z Hamiltonian and relevant operators for b — s

e

Heﬁ — Vi V* Cz Oz .
\/§ tb Vis z@: (:u) (:u)
_ € - v 4 )
O7 = 63 my (50, Prb) F*
el _
Og (57, Prb) (1" 1)

- 2
167; Cog — Cg + Cglg\IP
€ _ _
O10 = 152 (50 PLd) (B w1) | Cig — Cro+ O
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