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Introduction

loop and CKM suppressed
SM amplitude

b ¢ s s

t
sensitive to new
w w . .
particle in loop
UV

—

N

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




INntroduction

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

E-I-

dT(B — K*(+¢-)
dg? d cos 0; dcos 0 do

The differential distribution

— 3% [I‘f sin? O +I¢ cos? Ox+ (15 sin? O + IS cos? Ok ) cos20;+ I3 sin® @ sin? 6; cos 2¢
T

+ 1 sin 20k sin 20; cos ¢ + 15 sin 20k sin 0; cos ¢ + I sin? O cos 6,

+ 17 sin 20k sin 0 sin ¢ + Ig sin 20k sin 20, sin ¢ + Iq sin? O sin? 6; sin 2(;5}
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Motivation

» [, = shortdistance + long distance
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Motivation

[, = short distance + long distance
% Non-factorizable
Wilson coefficients: contributions:
perturbatively calculable
Form-factors: ki

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

no quantitative computation

2 Challenge: either estimate accurately or eliminate
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The discrepancy

[LHCb-CONF-2015-002]

LHCb _
preliminary ]

SM from DHMV
[1407.8526]
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ICHEP2016CHICAGO 4 Rusa Mandal, IMSc



The discrepancy

[LHCb-CONF-2015-002]

Wl_""l"'l |

LHCb
preliminary

SM from DHMV -
[1407.8526] ]

o l
) T *l
1 I L. 1 L ]
10 15
g? [GeV?/ 4]

2.90 discrepancy in each bin
Fr(1— Fy)
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Model Independent Framework

P The amp”tUde A (B(p) — K*(k)€+€_) [RM, Sinha, Das ‘14]
G _ 9 )
E2 ViV |4 Co (K*|57* Prb|B) — C’;7 (K*|5io" g, (myPr + msPr)b|B)
V2 _ q
1672 _ i _ |
TR Z 0yl +C 1o K™ 579 PLb| B) £y,yst
i={1-6,8} _
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Model Independent Framework

The amp”tUde A (B(p) — K*(k)€+€_) [RM, Sinha, Das ‘14]

o Gpoz
— \/§7T

20 = —
q27 <K |SZO—'u QV(mbPR + msPL)b|B>

Vi Vi {09 (K*|sv"Ppb|B) —

1672 _ . o ]
i={1-6,8) _

Wilson coefficients
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Model Independent Framework

& The amplitude A (B(p) — K*(k)¢*¢™) [RM, Sinha, Das "14]

GFOz
 \Vor

1672
-— >

T {1 6,8

Wilson coefficients
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V;ibvz; {09 <K*’§’y’uPLb|B> —

20 ‘e L -
q27 <K 15167 g, (mp PR —|—mSPL)b|B>

} 0,0 +010<K* IEVMPLb|B> 0y, 50

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

2 The amplitude A (B(p) — K*(k)(*¢™) [RM, Sinha, Das ‘14]
%:%bv;;; {09 (K*|5v" Ppb|B) — QQC; (K*|5i0"" q,, (myPr + msPr)b|B)

1672 _ . o ]
-— >, GH} }5%8 +C o K*|579" PLb| B) £y,y5¢

Wilson coefficients . .
lorentz & gauge invariance

allow general parametrization
with form-factors X;,

HE ~ <K*i/d4x eiq“T{jgm(x),Oi(O)}B> — > parametrize with ‘new’

form-factors =
[Khodjamirian et. al’10]
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Model Independent Framework

2 Absorbing factorizable & non-factorizable contributions into
Co—s O = Co +AC5™ (@) + ACH @0 (¢2)

W_J
~20E )&

2(mp+my) ~ 2(mp+my)
bq2 Cr Yy — V= qu Cr Y+
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Model Independent Framework
2> Absorbing factorizable & non-factorizable contributions into
Co— Cg’ = Ty +AC5™ (¢) + ACE" ™" (¢?)

W_J
<202/ &,

2(mp+my) ~ 2(mp+my)
bq2 Cr Yy — V= qu Cr Y+

2 Most general parametric form of amplitude in SM

=0

me=0

AV = (C3 F Cro)Fa — Gy Ay

Form-factors: 7 = Fa(X;)and Gy = gNA(yj)
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Hadronic parameter extraction

2 SM amplitude A o (CA F Cro)Fa — G

| - Vi Fi . FiCily o 2 N ?
& Notation P, = TR vl S (Re((jA) Re(C2 )]—“,\) |
2 5 independent IN 5 equations of observables
FL=u 2+2C Solution for LHCb data:
P2 = w2 +2¢ ( == JFLassuming C1o&usingBR 1y
, 9¢ > == conventional form-factor |/
AFB — (u” ::fUJJ_)
2Pl P1'={> ./TH '={> A1
A2 = i) (u - U )2
ST gpz V0T Po=—> JFo = A
V2
A — 2 i
1= pop, (20 uou)
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Hadronic parameter extraction

> SM amplitude A . (OA T Cro)Fx — G

2 2 9
7 Notation Py = % Py = ]]-%, G = ]:?(;10, uy = sz (Re(gA) Re(Cj )}",\)
2 5 independent IN 5 equations of observables
Fl =u 249 Solution for LHCb data:
FrPy2 =ug2+2¢ ( = Fiassuming C10& using BRI ¢
5 9¢ 5 ==> conventional form-factor
App = 553 (v £ uL)
2 = F| =
9¢ 2
2 S £
Az 4—P§(U0——UL) LN Fy —D
A, V2 (QC + uou”) Unaffected by resonances
mP1Ps as independent of C3
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Hadronic parameter extraction

0.0 . . . . . 0.0 r —r — 0.0 . . . . -02 . . . .
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P, P, P, P,

+ form-factors from LCSR [Bharucha et. al'15] & Lattice [Horgan et. al’'15]

P,
P,
P,

veSignificant deviations in several bins
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Hadronic parameter extraction

g° range in GeV* V(q°) A1(q°) A12(q°)

0.1<qg*<0.98 | 0.677+0.092 0.570+0.077 0.246 +0.034
3.050 3.400 0.88c

1.1<qg*°<25 0.625 +0.071 0.409 +=0.046 0.326 £ 0.047
2.780 2.000 0.690

6.0 < g° < 8.0 0.485 4+ 0.045 0.598 +0.073 0.252 4+ 0.025
1.270 3.180 1.780

11.0< g <125 | 0.166 +0.018 0.560 +0.065 0.450 + 0.054
5.640 1.760 1.81c0

15.0<g*<17.0 | 0.828+0.12 0.649 +0.098 0.496 + 0.074
2.790 1.380 1.51c0

form-factor values from LCSR ¢? < 8 GeV? & Lattice ¢ > 11 GeV*

yveSignificant deviations in several bins
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S Is it new physics

" f it is. what kind of

Which variables are
sensitive

Only resonances

How to be
completely sure
from theory!



Right-Handed Current

» Amplitudes A" = ((Cy + ) F (Cro + C1 ) FL — Gy
Aﬁ,’f = ((Ql)"o — ) F (Cro = 1)) Flro — §||,o

B : B Re(/gvk) )\ . Cio / OS/)
2 Notation ry = 7, Re(CY) § Cro § Cheo
(";_L _ (;l 5_0
2 Variables R = —=° , Ry ==& , Rp = =
T 1+ =1 - YT o1
G G, G 2mpympC Grinstein, Prijol ‘04
> HQET limit 4 = 20 = 22 = —n =Pt (Gl

—— > T =7 =7L =7 ignoring non-factorisable

corrections
—— > Ro=R|#R,

B
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RH Current

At kinematic endpoint | Mexact HQET limit
[ polarization independent
non-factorisable correction

1 2 2
> Observables FI(¢max) = 55 F)(dmax) = 5+ A4(dmax) = -

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

> Taylor series expansion around § = ¢2_ — ¢°

1
Fr =5+ Fp)o+ FP08 + FP6°

FJ_ — (1)5 1 F(2)52 4+ F(3)53
App = AWs7 + A2 55 1+ AB) 3
Ay = AWs3 4 AP 57 4 AP)s3,
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RH Current

1.2 - X

1.0' H ‘ AN

ICHEP2016CHICAGO

Fit to 14 bin LHCb data

12
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RH C

urrent

1.2

1.0

\\
\\
~

e
-

1.0
0.8}
0.6}
+ L, 04}
h s 0.2}
_________ 0.0 L
oW (1072 | 0?1073 | O®(107%)
Fr | —2.94+1.36 | 12.27 +2.05|—=5.73 +0.72
F, | 683+1.75 |—9.67+2.59| 3.77 4+ 0.90
Ar|—30.59 +£2.37| 26.75 +4.42|—4.00 £+ 1.83
As |[—16.57 +2.36| 6.77+4.18 | 1.94 £+ 1.61
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Fit to 14 bin LHCb data
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RH Current

2 Limiting analytic expressions

2 W2 — w1 2 vw — 1 2
RJ_ (qmax) — w2\/w1 — 17 RH(QmaX) — wo — 1 — RO(QmaX)
1 2 2
with wy = § Fi) and wy = 4 (ZAé - A%]%)
1)2 1 1 1N
2 40) SARRHY + P
I
/v_ | between slopes
SM prediction 0 —— 4
_1' -------------------
0 5 10 15 20
R,
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Results In Ciy/Cio — Cqy/Cho

D et
r/Cqio=0.84 > SM |nput
1. -

2 Of »  More than 50 deviation
S »  (y/Cro = —0.8340.82

i C4/Cro = —0.90 + 0.28

=6 4 2 0 2 1

C'10/Cro
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Results In Ciy/Cio — Cqy/Cho

S
r/Cqio=0.84 > SM |nput
1.
2 > More than 5o deviation
S »  (y/Cro = —0.8340.82
A C§/Cro = —0.90 + 0.28
A — . . 2. i .
-6 -4 -2 0 2 4 | r/C1o = 0.54 |
C'10/Cro | _'
Significance of deviationis . _
smaller for lower r/Cyo values 3 |
S il 5
Other kind of NP N _5
ike Z' etc. | |
e 4 2 0 2 4
C10/Cio
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sSummary

M Formalism developed to include all possible effects within SM
M Approach differs due to no/minimal assumption on hadronic estimates

[ Discrepancies in form-factors extracted form data —

2> complex contributions of the amplitude are included
> systematics added for bin-bias
2 resonances can't affect all of them by definition

4 Strong evidence of RH currents derived at endpoint limit —

2 systematics studied by varying polynomial order & bin no.

> finite K *width effect considered

2 resonance systematics & experimental correlation can reduce
significance of deviation

4 Fluctuation? Wait for more data to be accumulated!
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sSummary

M Formalism developed to include all possible effects within SM
M Approach differs due to no/minimal assumption on hadronic estimates

[ Discrepancies in form-factors extracted form data —

> complex contributions of the amplitude are included
> systematics added for bin-bias

> resonances can't affect all of them by definition

4 Strong evidence of RH currents derived at endpoint limit —
> systematics studied by varying polynomial order & bin no.
> finite K * width effect considered

2 resonance systematics & experimental correlation can reduce

significance of deviation

4 Fluctuation? Wait for more data to be accumulated!
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Back Up



Hadronic parameter extraction

2 3 independent form-factors at low recoil of ™  [Grinstein, Prijol ‘04]
[Bobeth et. al’10]

:> Up = U = Ul ignoring non-factorisable
— T contributions

q° range in GeV? Uo u| U
15 < ¢* <17 (0.000 4 0.016{0.013 +0.153{0.367 4 0.025
17<¢* <19 |0.166 4 0.014]0.000 £ 4.579|0.260 4 0.048
15 < ¢® <19 [0.120 + 0.007[0.004 + 0.4410.244 + 0.026

¢ not satisfied with 3fb~* LHCb data
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Complex part of amplitudes

2 SM amplitude Af’R = (éé\ T Cro)Fx — G
2z Complex part ex Elm(éé\)]:/\ - Im(@})

> |terative solutions

£ = \/§7TFf -A9P1 n A8P2 B A7P1P2’f’_|_-
T (ro—rFL 32 4 3nCio |

- \/ﬁ’/TFf i Ag?‘o | Ang’l‘H B A7P2r||-
| (TO_TII)]:_L _3\/§TJ_ | 4P1r | 37‘(’6’10 ] |

e — \/§7TFf — AgPl’rO | Ag’r” B A7P1’I‘0-
° (7“0—7“||)-7'1 _3\/§P2m 4y 3#510 | |
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Complex part of amplitudes

q” range in GeV? 5L/\/E €||/\/ITf 80/\/ITf
0.1 <¢g*<0.98 | —0.048+0.116 —0.047 +0.103 0.020 + 0.111
1.1<¢g*<25 | —0.0104+0.078 —0.010+0.078 0.078 £ 0.172
2.5<¢*<4.0 | —0.009 +0.079 —0.008 + 0.080 —0.025 4+ 0.212
40<¢*<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 4 0.072
17.0 < ¢* <19.0| 0.0064+0.076 —0.090 &+ 0.090 —0.040 + 0.088

€

iy,

values with errors are consistent with zero

ICHEP2016CHICAGO Rusa Mandal, IMSc



Chi-square

ex 2 ex 2 ex 2 2¢€X 2 2 2€X 2 2
X2: FL —F_L + FL —FL + A4 —A4 + AFB _AFB + A5 —A5
AFe AFE AAY 2AZ AAZ 2AZ A AL

e Contributions from complex part of amplitudes are considered.

e Systematics are added for each observables due to bin average effect with
the introduction of new parameter 3 (nuisance).

O — O + B Ospirt

Ogpire: maximum deviation of bin-average value with fitted g function
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Fit to form factor observables

1.2 <
1.0}
0.8}

LT:O.6-

0.4}

—

| R~

0.2}

0.0

<
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-0.4

0.5}

0.0f~

-0.5¢}

Rusa Mandal, IMSc



Convergence of coefficients

0.0y

-0.2}
-0.4}

~ _ -06}

ca
Yq -0.8}

- ~~
1] N m
J N LI_

(2)

-1.0F |
: e Order3
_1'2:- Order 2
~1.4F e Order4
2 4 6 8 10 12 14 16
Bin no
0.0 —————T——————————————————
-0.2} 2 i1y
; . ¥ i { IR
-0.4}
= -0.6} |
~— LO [ ®
~ —osf | l
_1'02- 1 e Order3
~1.2¢ Order2
e Order4
R P S S TP S
2 4 6 8 10 12 14
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1.0f e Order4 '
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oof +ttitireze.
2 4 6 8 10 12 14 16

Rusa Mandal, IMSc



Convergence of coefficients

0.8

| e Order3 :
0.6 Order2 |
| e Order4 j
~J ! : [ ) |
0.0} : g g -
_0'22- - 4 - 6 - 8 - -1.0- - -1.2- - 14 - -16
Bin no
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Resonances

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

Observable — Form-factors + Kruger & Sehgal parametrization

04¢r {77‘( frc 7t 7 77t 77’(’}
| 12" 12 127 12" 12 12

Asymmetries decrease

0.2} o in high ¢ region
< 0.0 makes observable
| W1 unphysical
02| runpny
~0.4}
0

Random variation of each strong phases
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Resonances

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

Observable — Form-factors + Kruger & Sehgal parametrization

04¢r {57‘( St 5 S5m St 5rr}

Asymmetries decrease
in high ¢ region

6 6 6 6 6 6

0.2}

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)1)(4415).

Observable — Form-factors + Kruger & Sehgal parametrization

0.4} -
| , , ﬂ Asymmetries decrease

ool o in high ¢~ region

o0
< 0.0 makes observable

w1 unphysical

-0.2}

_0.4}

Random variation of each strong phases
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W1- wWo Values

3 FO g pd 1 (24 - A3 1 (249 - A3
wi =g O gy A W= Y O
App As 3 AR (SFL + F ) 6 Ax <3FL + F} )

Real limit ~ Complex limit f.mtéd[‘gl”v%i i

""""""" w41.09::0.33h098__0.33‘118_:0.35

1 0.93+0.36 0.85+0.30 1.02+ 0.40

- w2d—2.87:—669h—285__1254 """ 2484+ 5.95

—2.00 £ 6.18 5—2.59 + 6.22 | —2.30 = 5.51

ICHEP2016CHICAGO
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Observables & Relations

Our observables <:{> LHCb
2 3

1
F\. =-(1-Fr+2S83), Ay=——=S54, As =-S5,
2 T 4

2 3

3
App=—Apg", A7:ZS7, Ag = _;587 A9=%59-

2\/58”80 8A5AFB
er 97T(FJ_ — 2;;)

Ve E)

Ay=

) - 543 \/(Fn ST (P FE) - daty

ve¢ Valid for entire q2range, only assumes SM gauge structure,

W almost free from hadronic assumptions except one!
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Observables & Relations

B 2\/§5||80 i S8AsArpB

Ay -
T‘-Ff Om (FJ_ — 2€—J‘)
2




Observables & Relations

B 2\/§8||80 o S8AsArpB
7TFf 97T(FJ_—2€3‘)

Ay

Imaginary part of amplitude ~ asymmetries A7, Ag, Ag
~ 0 for 3ftb~*LHCb data

depends on form-factor ratio P, = F, /F|

A2y, i, )

P, = —
QEK*mB

in leading 1/mp [Beneke, Feldmann ‘00]

free from O(ay,) correction — reliable theoretical input
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Observables & Relations

o4 _

| — LHCb |
0.3} Relation .

o s T

-0.1

% s 10 15 20

Ay deviates by~ 20 only at 0.1 < ¢® < 0.98 GeV?
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