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Rare B decays

b — s transitions
loop suppressed in the SM
> Very sensitive to New Physics

b — s transitions are multi-scale processes (My,, mp, Aqcp)

Low and high energies separated with Operator Product Expansion

VVis ) (Ci0;+C/ O]
1,10,S,P

4G,

Hefr = NG

» Long distance: represented by local operators - O;
» Short distance: Wilson coefficients - C;
contain all the high energy physics effects

New physics in the effective framework:
 Modified Wilson coefficients: ¢; = ¢SM + ¢NP

« Additional New Physics operators: %;CN? ONP



Rare B decays

b — s transitions
loop suppressed in the SM
> Very sensitive to New Physics

b — s transitions are multi-scale processes (My,, mp, Aqcp)

Low and high energies separated with Operator Product Expansion

4G \ o
Hegs = _ﬁvtbvts Z (C; 0; + C; 0y)

1,10,S,P

* Electromagnetic dipole

) * Semileptonic
05" o my, 56, Pp(1yb F*

09(’) X .S_')/‘uPL(R) '?yu'g
01(2)) < SyHPpry Cyuyst

0
8 15 S
’ W
gL
4 //=
o+

!
y
Coro s

) ‘LLI’LL S .VWL

A

Yy




Data on rare B decays

Many experimental data available, each sensitive to one or more Wilson coefficient
Inclusive decays
e B> X,y (BR) — ¢0
« B->X,¢t¢~ (BR) —— fixed combination of ¢{", c{"”, ¢
Large experimental uncertainties, improvement expected from Belle II

Exclusive decays

- B> K"y (BR) "

e B, - u*tu~ (BR) fixed combination of &), ¢{", c$”

e B> K¢*¢~ (BR,angular obs.)

«( B - K*¢*¢~ (BR,angularobs)] -  various combinations of ¢}, ¢S”, ¢
e B, — ¢ £T¢~ (BR, angular obs.)




Theoretical framework of B - K* 7 ¢~

Observed in experiment: B » K* (- KTn~)¢* ¢~
Angular behavior of K* and m~ ——> additional information on the helicity of K*
Diff. decay distribution described by dilepton invariant mass g2 and three angles 8+, 8,, ¢
d*T
= 2 0k, 0
dq?dcosOy-dcosO,dcos¢p  32m /(@ O, 0 4)

](qzl GK*l 0{; ¢) = z:i ]l(qz) fi(eK*' 9{" ¢)

. : : LR ,LR ,LR 4LR 4LR
Angular coefficients /,_o —> transversity amplltudes\Al VAT AT A ’AS,

/

- Wilson coefficients ,c”,c,cl
* 7 independent form factors : V,4g 15, T1 23

Standard observables:

- - L ar _ 3
Differential decay distribution: Epeiain (J1 —1?2
dT dr 3 dr
2dc059{)/dq2 o 8]6/ dq?

Forward backward asymmetry: Arz(q%) = [ 01— | 01] dcos6, 2

effr. 2
Forward backward asymmetry zero crossing : g2 =~ —2m,mp C‘BC—(%) + 0 (as, A/my)
7
Longitudinal polarization fraction: F; = 143 = —2]C/ﬂ
R AP a2 2/ aq?

Besioes zero crossing, at leadung order dependent on Form Factors



B —» K* ¢t ¢~ observables

Many other angular observables...
» minimize form factor uncertainties
» sensitive to specific Wilson coefficients

Optimized obervables:

(P)pin = i fbin dq?[Js + J3] (Po)pin = lfbin dq?[Jes + Jos
v 2 fbin d(IQ['JQS + 'JTQS] 2/bm 8 fbih (17(}2[.]23 + -jﬁs]
<1D,r>b_ — 1 / (llqg[v];l — j—l] <P:>b — 1 / (‘qu[-f' 14 jr]

v l;in bin v 2"}\fliim bin ’ ?
(Fg)bin = -] / dq®|J7 + J] (Pg)bin = _—}f dq*[Js + Jg]
wﬁ’iﬂ bin bin + bin

with N];-m = \/— fb'm dq"? [-]-25 + jzs] fbin dqg[jgc + jgc}
+ CP violating observables and other combinations

Or alternatively :

(s,c) | 7.(s,0)
Ji O+
.Si== L :

dr . dr
dq2+dq2


http://arxiv.org/abs/0807.2589
http://arxiv.org/abs/1005.0571
http://arxiv.org/abs/1202.4266
http://arxiv.org/abs/1303.5794
http://arxiv.org/abs/0811.1214

Full for factor vs. soft form factor

At low g2, two theoretical approaches:

“Full FF” = “SoftFF” op |(—,a,)
b

all 7 indep. FF (V, 4012, T123) Exploring symmetries — 2 indep. FF (£, &)
factorisable corrections

as; — known analytically
1 .
— — unknown — fact. power corrections

mp
\‘ dimensional arguments
™ fit with full FF

Con: analytically unknown 1/m,,

Con: correlations among FF
uncertainties need to be provided corrections

Pro: includes factorizable corrections Pro: correlations among the Full FF considered,
only by construction (two indep. FF)

by default
Both methods receive contributions from non-local 4-quark operators 0;_¢ & Og
A A )

)

™ non-fact. corrections — calculated in QCD factorization at LO in (m -
b K*

. A A :
higher powers of (m—,E ) : unknown ——— non-fact. power corrections
b K*



BSZ form factors vs. KMPW form factors

Two main LCSR results for form factors at low g
Bharucha et al. (BSZ)

BSZ form factors, smaller th. uncertainty compared to KMPW:

Khodjamirian et al. (KMPW)
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http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/1006.4945

Form factors from lattice results

At high g? lattice results from Horgan et al.
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correlations of the uncertainties included

“Lattice + LCSR” fit of BSZ applicable for whole g region
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http://arxiv.org/abs/1501.00367

Experimental measurements

SM predictions in soft FF and full FF using KMPW and BSZ form factor results

BY — K*0pu+,—

Observable | Soft FF (KMPW) | Full FF (KMPW) | Soft FF (BSZ) | Full FF (BSZ) |
(107 x BR)
¢ €[0.1,2.0]GeV? | 1.379 1.379 | 1.577 1.573
q® €[2.0, 4.3] GeV?2 0.801 0.793 0.956 0.994
g? € [4.3,8.68] GeV? || 2.082 1.969 | 2.110 2.281
(Fr)
q® €[0.1, 0.98] GeV? 0.176 0.175 0.241 0.249
¢ €[1.1,25]GeV2 | 0.645 0.634 | 0.716 0.725
q®> €[2.5, 4.0] GeV?2 0.768 0.769 0.814 0.809
q® €[4.0,6.0]GeV2 || 0.714 0.731 | 0.758 0.741
q? €[6.0, 8.0] GeV?2 0.612 0.635 0.646 0.626
| (Pé) [l

q® €[0.1, 0.98] GeV? 0.658 0.658 0.655 0.661
¢ €[1.1,25]GeV2 | 0.252 0.246 | 0.252 0.252
q® €25, 4.0]GeV? —0.401 —0.413 —0.399 —0.387
q® €[4.0,6.0]GeV2 || —0.769 —0.821 | —0.767 —0.718
q2 € 6.0, 8.0] GeV? —0.888 —0.948 —0.873 —0.816

« Soft FF and full FF approaches give very similar SM predictions (difference < 10%)
* SM predictions more sensitive to choice of form factor (KMPW or BSZ)



Experimental measurements

Experimental Results

Most but not all, good agreement between SM prediction and measurement



B decay anomalies

Three main anomalies from LHCb:
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https://cds.cern.ch/record/1706212/files/LHCb-TALK-2014-108.pdf
http://arxiv.org/abs/1406.6482
http://arxiv.org/abs/1506.08777
https://lhcb.web.cern.ch/lhcb/Physics-Results/LHCb-CONF-2015-002.pdf

B decay anomalies

Tensions depend on SM predictions, not the same for different groups
« Different SM Wilson coefficient

« Hadronic input parameters: decay constants, inverse moments, ...

 Different choices for form factors

» Soft FF or Full FF approach

Possible explanations for the LHCb anomalies
- Statistical fluctuations

« Theoretical issues

* New Physics!



B decay anomalies

NP manifest itself in term of modified Wilson coefficients: C; = C;™ + 6C;
e Ry — lepton non-universality C* # Cf

Effect of benchmark contributions to Wilson coefficients

® BR(Bs—> ¢ u*u)

12y
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B decay anomalies

Various observables are interdependent through Wilson coefficients

6 C; effect on some of the other observables (F;, S3)

10— 107 T T
r — 5M ] [ — 5M
I —  &CT=ell [ —  CT=ell |
el -—-  &C7=-01 B -—- =01 |
L — 6C9=+1 ] 0E —_— co=+1 |
-—- 69=1 | - cor=-1 |
Fo — GCI0=+l ] | —— Clr=+1 |
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[y ; [y r ]
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e Sensitivity to C; different for various obs. and bins
e aspecific 6C; while reducing tension for one observable can increase tension in other observables

L= jlobal analysis reguived



Global fits

Global analysis of the latest LHCb data
Relevant Wilson coefficients:

)~ ~0)
€77, G Chg

With
 Scan over the values of 6C;
e Calculation of flavour observables

« Comparison with experimental results
 Constraints on the Wilson coefficients C;


http://superiso.in2p3.fr/

Global fits

Evaluations of uncertainties and correlations:

e Experimental errors and correlations
3fb~1! LHCb data for B - K* u*u~: provided in LHCb-CONF-2015-002

e Theoretical uncertainties and correlations

study of more than 100 observables

(at a later stage, selection of the relevant operators for each fit)

Monte Carlo analysis

variation of the “standard” input parameters: masses, scales, CKM, ...

for B, —» ¢ u*u~ mixing effects taken into account from

decay constants taken from the latest lattice results

using the B(s) — V form factors of the lattice+LCSR combinations from (BSZ)
including correlations

using the B — K form factors of the lattice+LCSR combinations from , (AS)
including correlations

for the exclusive decays, two approaches: soft form factors, full form factors

two sets of hypotheses for the uncertainties associated to the factorisable and
non-factorisable power corrections

== Computation of a (theory + exp) correlation matrix


http://arxiv.org/abs/1502.05509
http://arxiv.org/abs/1503.05534
http://arxiv.org/abs/1411.3161

Global fits

For the exclusive semi-leptonic decays, two approaches and two evaluations of the
uncertainties for each decay

At low g*:
- Soft form factor approach

uncertainties of the factorisable and non-factorisable power corrections parametrised as
2

. q .
A, = Ay (1 + a; exp(igy) + C GeV2 bkexp(19k)>

where A are the transversity amplitudes A,, Ay, Ao, 4¢, As
a, € [—10%, +10%] or [—20%, +20%)] ¢, Oy € [-m, +7]
by € [—25%, +25%] or [-50%, +50%)]
- Full form factor approach
uncertainties of the non-factorisable power corrections parametrised in a similar way
a, € [-5%, +5%] or [-10%, +10%)] O, 0y € [—m, +m]
by € [—10%, +10%] or [—25%, +25%]

At high g#, uncertainties parametrised as
Ak - Ak(l + ay eXp(l(,bk))
ay € [—10%, +10%] or [—20%, +20%)] by € [—m, +7]



Global fits

Global fits of observables by minimization of

y2 = (5th _ 5exp) , (Zth n Zexp)_l , (5th _ 5exp)

-1. . . .
(Zth + Zexp)  is the inverse covariance matrix

58 observables considered for leptonic and semileptonic decays:

BR(B - X5 v)

BR(B = X;7)

Ao(B - K*y)
BR'W(B - X; u*u™)
BRM8"(B — X, u*u™)
BRI°Y(B - X, ete™)
BRMeN(B —» X . ete)
BR(Bs — u*u™)
BR(Bg —» u*u™)
BR(B - K" u*u™)

BR(B — K°u*u~)
BR(B* » K*tu*tu™)
BR(B - K*ete™)

Rk

B - K*u*u™: Fy, Apg,
S3,S4, S in five low g2
and two high g2 bins
Bs » ¢ uTuT:BR, Fy

in three low g2 and
two high g2 bins



Global fits

Statistical approach:
1. Determination of the minimum of y? — best fit point

2. Computation for each point of the scan the difference between y? of that point
with the y? of best fit point

3. Find the 1 — 20 regions corresponding to the number of d.o.f.

Interpretation: considering the best fit point gives the “real” description, which
variations of the parameters are allowed



Fit results for two operators {Cq, C1p}

Soft form factor approach Full form factor approach

with 10% power corrections with 5% power corrections

0_5 I T T | T T T | T T T T T ﬁgé%\CL T ] 0_5 I T T | T T T | T T T T T ﬁgé%\CL T ]
| (des%cL | | (des%cL |
32 | 22 |
Q 0 Q 0
o | o |
w w
-0.5 - X? =47 05 x?> =51
1 | | | 1 1 | 1 | 1 | 1 | | | 1 1 | | | 1 1 | 1 | 1 | 1 | | | 1
04 02 0 0.2 04 02 0 0.2
5C,/CM 8Cy/Cs"
with 20% power corrections with 10% power corrections
0_5 I T T | T T T | T T T T T ﬁgé%\CL T ] 0_5 I T T | T T T | T T T T T ﬁgé%\CL T ]
| (des%cL | | (des%cL |
32 | 22 |
QO 0 g 0
o | o |
w w
2 _ [ 2
05 X = 05 x =51
| | | 1 1 | 1 | 1 | 1 | | | 1 1 | | | 1 1 | 1 | 1 | 1 | | | 1
04 02 0 0.2 04 02 0 0.2
5C,/CM 8Cy/Cs"

* (Cy in more than 2o tension with SM value, no tension in Cy

* Going from 10% to 20% power correction in the soft FF approach slightly decrease tension
« Going from 5% to 10% power correction in the full FF approach has no significant effect



Fit results for two operators {Co, Co}

Soft form factor approach

with 10%

with 20%

» Having Cq in the fit still Cq is in more than 2¢ tension with SM value, no tension for Cq
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02

power corrections
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x% =47
1 | 1 Il ‘ Il
-0.5 0 0.5
8Cy/C
power corrections
T Messeer —
g [JeewcL 4
E x2 =44
1 L.
-0.5 0.5

0
8Cy/C

Full form factor approach

with 5% power corrections

020

-0.5 0 0.5

8Cy/C

with 10% power corrections

020

8Cy/C

 Fit does not improve — no preference for a modified Cq or Cy
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Fit results for two operators {C§, C5}

Soft form factor approach

with 10% power corrections

0.2— Deswer
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s 0f
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'o =
04
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| 1 1 1 | | 1 | | | 1
-2 4 0
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2.
Q C
=
o 0.2
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Full form factor approach

with 5% power corrections
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al ‘EeswcL
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* More than 20 tension for Cé‘, non-universality improves the fit
»  Universality condition (§C¢ = §CJ') is barely allowed at 20 level




Fit results for four operators {Co, Cg, C1¢, C10}

Full form factor approach with 5% power corrections
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More than 2o tension for Cy, even in the four operator fit
{Co,C10} = x* = 51, {Co, Cg, C19,Cip} = x> = 50

L—= adding primed WC doesn’t improve the fit



Fit results for four operators {C},C§,C4" , C¥

Full form factor approach with 5% power corrections
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* More than 2¢ tension for Cq
- In the four operator fit, it is possible to have 6C§ = 6§C) ———  8CF # §CE

(o, €3} » x* = 51,{C5, G5, G5, C5°) > x* = 40
[L— considering lepton flavour violation improves the fit



Fit results for four operators {Cy ,C§, CY, , C4o}

Full form factor approach with 5% power corrections
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* More than 2¢ tension for Cq
» In the four operator fit, it is possible to have §C§ = §C —— 8CL, # §CF,

* {Co,Cr0} = x* =51, {C5, C$, Cro, Cfo} = x* = 41
considering lepton flavour violation improves the fit



Conclusions

Conclusions:

 Factorisable power corrections have small effect at observable level

 The fit results do not depend very much on wheather one uses soft or full
form factor approach

* In the two operator fit going from 10% to 20% power correction in the
soft FF approach slightly decrease tension in Cy, this is not case when
going from 5% t010% in the full form factor approach

« In two operator fit there is a 20 tension for §C§ = 5CY

* In four operator fit, possible to have §C§ = 665‘ but flavour violation
takes place in ¢4 or ¢

 Considering lepton flavour violation the fit is significantly improved



Thank yow



Backup

Transversity amplitudes

Vv 2m
LR _ eff / / b /
AJ_ = N\/i\/X[ |:(Cg ‘l‘ Cg) :F (Cl[) + Cl())} MB + Mper + q (C + G7)T1:|

A 4m E
LR _ eff / =Y 1 b K*
ALR = -NVB(E = i) | [(G57 - C) F (Cuo = Clo)] g o+ (5 - oy
Lr_ N off v /
Ayt = QmK*\/?{ [(Cg Cy) F (Cro Cl())]
X [(M2 —m3 — ¢2)(Mp +mg-)A; — ) Az ]
B K Mp + mg~
eff / 2 2 2 A
—I—me( 7 —07) [(MB+3mK* —q )T2— 5 5 Tg]}
—_f : :
— _ - A
[ (Cro — C1p) + mgmb(CQ2 CQZ)] 0
2N
AS — —Hb )\(CQI - Cégl)A(}

To compute the transversity amplitudes we need to have control over all the form factors



Backup

Transversity amplitudes (at LO for large recoil)

att = SR = ) [t oty o+ )] + 22 5+ )]st
aprt = BB O ey ¢ty 5 (€ + )] + B2 - e @)
ag " = S ) [ic3 ) % (Cuo+ Clo)] + (G - O @)
0= M) [ocho = )+ 2 EC = )| iy )
A — _2N(M]29 — qz)(C’Ql B Oé?l)%é.”(qg)




Backup

4
M T T =Y 3280
ﬁ%t:ate dg® dcos6 dcosé, dg 327 @°.6,6¢.9)

spins

3(@*,6,,6,4) =23 (@) f,(6,,6¢.9)

J(q?, 00,0k, ¢) = JPsin® O« + J¢ cos® O + (J5 sin® O« + JS cos® Ope+ ) cos 26,
+ J3sin? O« sin® Gy cos 2¢ + Jy sin 20 i« sin 20, cos ¢ + J5 sin 26 i« sin Oy cos ¢
+ (J§ sin? O+ + JS cos® O+ ) cos Oy + J; sin 20+ sin 6 sin ¢
+ Jg sin 20« sin 20, sin ¢ + Jg sin? O« sin® O, sin 2¢



Backup

(2+ 52)
4

4 2
[|A 2+ ALP + (L—)R)}ntﬂfR (ALAL + AL Al )
2 ! =20 4
T = 1AFP + AT + =5 [| A + 2Re(AF AT + 5714517

Jp =

75 = O [lAkP 4 1akE + (2 - B)] |

= 2+
Z—Be [|AF?+ (L — R)] .

207 1AL — AL + (2 B)]

Jy = ﬁﬁe [ (AOAH D+ (L - R)} ;
= V20; |Re(AFAL") — (L = R) - \TZ—R (A A5 + 4 As)] =
Jg =28, [Re(AFAL) = (L= R)] . -
Jo = 2J5 + J¢
JG —4ﬁgﬂRe [AbAY + (L — R)] ,
V2
— V25, [Im Ap Al )—(L—>R)+W—\/L£ m(AL A +ARA*)] ,
¢

5 = %ﬂ? Tm(ab4L") + (2= R).

= 82 [m(Af" %) + (L= B)] .






Backup

V, A, form factors at low g*
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