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Introduction

UM The rare decay B®— K*0utp~

SM penguin Possible NP
d > d d > d
BO f K*O BO K*O
b —t—r— —t 5 b ¢ ¢ 5
\\\ W+ . I,
ZO‘L%< e z' "
pt wt

b — s flavour changing neutral current
Forbidden at tree-level and only occurs as loop-process in the SM

New heavy particles can give significant contributions,
affect branching fraction, angular observables

Model independent description in EFT (Anp >> mw > my > Aqep):

4G
Hett = = Vs ViE 2G4 Atne = 35-0;
Wilson coefficient
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Introduction

he B — K*'[— K7~ ]u"p~ angular distribution

Decay fully described by three helicity angles
Q = (0,0, ¢) and ¢* =m2,

A 20 240 o > .
Four-differential decay rate < P(Bd_éljﬁ ppT) S Li(@) fi(Q)

with ‘j’(qz) bilinear comb. of decay amp. and fz(ﬁ) angular terms
Conventional apporach: Measure ¢?-integrated angular observables
2
) ) fqmax I'( 2)+I_i( 2) dq2
Si(qmim qmax) = mm
thax dI'(¢?) dF( 2)
j‘q dqq + q d 2

1

mm

!See backup for details
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a*-binned approach

UM The ¢2-binned B°— K*1+ 1~ angular distribution

Angular distribution in bins of ¢ given by

1 3T +1) 9 5 2 2
. ) 2 31— F)sin? 0 + F cos? 0
AT +1)/d2 a0 o L1 (1~ FL) SN O o i cos™ O

+ %(1 — F1) sin? 0 cos 26,

— F, cos? Ok cos 20p + Ss sin? O sin® 0 cos 2¢

+ Sy sin 20 sin 26y cos ¢ + S5 sin 20 sin 0y cos ¢

+ %AFB sin? O cos Oy + S7 sin 20 sin 0 sin ¢

+ Sg sin 20 sin 26, sin ¢ + S sin? O sin® 6 sin 2¢]
Fi,, Apg, S; combinations of K*0 spin amplitudes

depending on Wilson coefficients ¥, Cé/), Cﬁ)) and form factors

Perform ratios of observables where form factors cancel at LO

Example: P! = S SHEs A oy ls
5= Uhoom R
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http://arxiv.org/abs/1303.5794
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q“-binned approach

RWTH 7
ACHEN P2 anomaly

[JHEP 02 (2016) 104]
T

LHCb

[ SM from DHMV
[JHEP 12 (2014) 125]

E R
o [GeVFcA

In 2 bins [4.0,6.0] and [6.0,8.0] GeV?/c* local deviations of 2.8 ¢ and 3.0 0
Global BY — K*0u* i~ analysis finds deviation corresponding to 3.4
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-binned approach

RWTH 7
ACHEN P2 anomaly

L L L
e LHCbdata o ATLASdaa
= Belledata © CMSdata
[ SM from DHMV
72 sm from ASZB

|
o
[é)]
[Trrr[rrrrT

e
o [GeVE A

In g2 bins [4.0,6.0] and [6.0,8.0] GeV?/c* local deviations of 2.8 and 3.0 ¢

Global BY — K*0u* i~ analysis finds deviation corresponding to 3.4

[JHEP 02 (2016) 104] [ATLAS-CONF-2017-023]
[CMS-PAS-BPH-15-008] [PRL 118 (2017) 111801]
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2 L
q“-binned approach

R Conventional q? binned approach

Global fits include ¢-binned angular obs. S, (Pé;)) and correlations
Typically construct x? from b — s data?

- T -,
WP = (8o — SiR(C, X)) Cov (S5, 3 (Sa - stb(e,, X))
Theory nuisance parameters Xth
Resulting confidence regions depending on WC

.0
[EPJC 77/(2017) SN — s Significance around 5¢, hadronic
5 J/ / / —— LHCb . . . .
! [ // | BRowy uncertainties under discussion
| — all
10 i Y \

\ Many other global fits:
[arxiv:1704.05340]

“ [JHEP 06 (2016) 092]
[NPB 909 (2016) 737]

Re O}

flavio w212

5
~20  -15 -10  -05 00 05 10 15
Re )P

2LHCb published B — K*°u* 11~ on HepData: [hepdata.net/record/ins1409497]
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Direct fit method

RACHEN Proposed ¢?-unbinned direct fit method

Use d4F(BZ?§§;;N+”_) =3 Ti(q?1Ci, X) £:(SD) directly
as PDF in likelihood fit (“(decay) amplitude analyis”) at low® g2

Use Implementation of d*T'/dQ dg? from [EOS] and [Superlso]

v Pros:
No loss of g2-information _ o
9 } Expect higher statistical power
q° and angles used per-event
Use of all events in a single fit — Expect higher fit stability
Automatic inclusion of (also non-linear) experimental correlations
X Cons:
Relies on calculation

Requires unbinned efficiency corrected data

3For high ¢? OPE relies on integration over g2

C. Langenbruch (RWTH), LHCb Implications Workshop Direct fits


https://eos.github.io/
http://superiso.in2p3.fr/

Direct fit method

RWTH : 4
ACHEN T heory nuisance parameters

SM cc loop

o>
I
L
~§i
A
ISH
S|
I
Q)

Form factors

V(q?), Aoa2(¢?) and Ty 23(¢?) from combined fit of
LCSR [JHEP 08 (2016) 098] and lattice [PRD 89 (2014) 094501]

Use covariance matrix as multivariate Gaussian constraint

Subleading corrections
Non-fact. subleading Aqcp/my, corrections following [ o0 (2056 757

Factors (1 4 aq,, L + bo,||, L %) to corr. hadronic terms
Re/Im(a;) (Re/Im(b;)) constrained around 0 with o = +0.1 (£0.25)

“full list in backup

Direct fits
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Direct fit method

RWTH
ACHEN S-wave con
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S = N w s 9

f Use m g, distribution to separate P-wave
3 and S-wave contributions
d Parameterisation [NPB 868 (2013) 368]
; s Tges [m
3 BWk-(m%,) = —5 X x-/
E M — Micr — iMpT g
E grc
£ BWK* (mZ 7r) = Nm - .
B o [(mn—%Fn/Z)Z—miw
0.6 0.8 1 1.2 14 1
m2K*7) [GeV¥e'] 4 ]

. 2
(g = iCx;/2)" = micy
K*r~ system can be in S-wave conf. (non-resonant decay/scalar resonance)

Four-differential decay rate needs to be modified

dIT(BY— K—mtpt - d0(BY— Kt p~ 3 g
(Bo Komtptur) g SR KB S @)
dQ dq2 dQ dq2 P—wave i=10
0B Katptpn) | dT(B°— Kontptp”)
A dg? dQdg? dm3,
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https://arxiv.org/abs/1207.4004

Direct fit method

RWTH : :
AACHEN Experimental nuisance parameters

[JHEP 02 (2016) 104] [EPJC 77 (2017) 161]

S F ‘ o % 2 3
IS L!,"Cb o= 1S 20E  LHCb simulation E
D r B - KTy 1 o 18F ) =
= 600 7T S .ef " Constrai ngd JUCY S o £
S i 15 uf-° Unconstrained ",ﬂ“ 3
@ 400 4 5 Bf oot E
L 1 35 10F - K

S [ 1 @ 8 ;— gﬂ" VTV VVV vy —;
2 2000 1 & efes” LA R
O :+ 1 4 :!-v-" v ~
] 2 3
05200 5400 5600 0™ =looo 2000 3000 _ 4000 ,

o
m(K*rr ") [MeVic? m,,, MeVic

Model background:
Exponential in Mg
15t order polynomials in €, ¢2, M.
Acceptance effect, for simplicity: flat
Performed toys to check ¢ resolution, found to be negligible
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Direct fit method

TN Single pseudoexperiment (low ¢?)

X Simulation 2 of Simulation 2
> 500) S F %ﬁ S
0} = >
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E ]
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£ 3004 e
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@ [GeVc'] cos(6,) cos(6y)
=2 E " - ™ . .
& 200 Simulation 2 900) Simulation .
2 1508 = + Simulated events
& 180F } % 3500
S 160f = 700} .
Z g ——— Signal component
£ } S 600l
A Z s B
H —— Background component
7 400}
I
300 S-wave
200
100| .
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[ mXK*7) [GeVic']

Generate simulated events (yield corresponding LHCb Run 1+2 exp.)
Fit pseudoexperiments to validate the method and study its sensitivity
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Direct fit method

RWTH . :
AACHEN Single pseudoexperime

— 68.3% direct > — 68.3% direct

A@ [ F
O 52 5 el e 90.0% direct 0*3-45 ----- 90.0% direct
5 L0 0 e, 0 95.0% direct T e 95.0% direct
g [ T 3% bimed| B r —— 68.3% q>-binned
~ N R A B 90.0% ngb;:::d & 3.6 - 90.0% q-binned
L ++95.0% q*-binned r - 95.0% q*-binned
4.8; —3.8j
4.6 4
adl —a2f
i 44
al —4.6/
[ Simulation r Simulation e
30 b b b b bl b —485 e
—3 42 0.4 —0.38-0.36—0.34-0.32 -0.3 —0.28 38 4 42 44 46 48 5 52
Re(C) Re(C,)

Direct fit more precise than ¢°-binned approach of the same toy
For quantitative statements we study large ensemble of 500
pseudoexperiments
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Direct fit method

RWTH \ ey e : _
aacheEN Validation via Pseudoexperiments

s ot & 70p
s 2 F
E 60F Re(C,) pull dist. E 60 Re(C,) pull dist.
g F x=0.03+0.04 3 X =-0.02 %004
] 50; =098 £0.03 5 50 6=0.99+0.03
= £ =
£ 4d0F £ 40
30F 30
20F 20
10~ 10
e e o A wr e S e e e i WA W
B oo (Re(C7)4“’d-Re(C7)g°"e'Aad)/6 B - (Re(C9)‘J'"“-Re(Cg)“mﬁ’d)/o'
£ F pull mean  pull width
E sof Re(C,,) pull dist. Single Wilson coefficients
5 pa T osom Re(C7)  003+004 0.98£003
E E Re(Cy)  —0.02£0.04 0.99 +0.03
e Re(Clo) —0.00+0.05 1.03+0.03
E Pairs of Wilson coefficients
R Re(C7)  0.03£0.05 1.02+0.03
10F Re(Cy) —0.04+0.05 1.0240.03
T Re(Cy)  —0.01+0.04 0.97 % 0.03
U

‘
E N Re(Ci)  0.03+0.05 1.01+0.03

Pull distributions important for fit validation p; = %
Pull distributions of direct fit method centered around 0 with width 1

— Direct method unbiased, errors estimated correctly
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Direct fit method

Aty Sensitivity to Wilson coefficients

s £ F
E sob Re(C,) value dist. E 50E Re(C,) value dist.
8 F + X =-0.3371%0.0006 g F X=4.276 +0.007
5 E .6 =0.0139 £0.0004 s 40 6 =0.153+0.005
S 40F 2T
s F St
Toab a 30F +
200 201 +
10; 10; .
ot T o e NG
038 036 034 032 03 028 384 42 44 46 e4(‘<§q)
é £ direct ¢*-binned
£ 50? Re(C,) value dist. Single Wilson coefficients
& af N o D Re(C7) 0.0139 £ 0.0004 0.0159 & 0.0005
z F Re(Cy)  0.1534 £0.0049 0.1625 + 0.0052
- 30:’ 3 Re(Cyp) 0.1833 4 0.0058  0.2291 + 0.0073
20F Pairs of Wilson coefficients
E Re(C7)  0.0193 £ 0.0006 0.0252 =+ 0.0008
10F Re(Co)  0.2130 +0.0068  0.2555 + 0.0081
o ) Re(Cy)  0.1715 4+ 0.0054  0.1868 =+ 0.0059

%&5354 Re(C1p) 0.2054 4 0.0065 0.2667 + 0.0085

Improved performance of direct method
compared to ¢*-binned approach
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Direct fit method

RWTH :
AACHEN Form factor nuisance parameters

£ o0F £t
§ 5
£ F o value dist. E sop o value dist.
g S0F X=0.3690 + 0.0008 g8 X=-1.367 £0.010
5 F 6=0.0179 +0.0006 o 6=0212£0.007
2 af 2 0
e £ F 1.
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205 200 1 + +
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% o
£ ast . £ 60F
§ ¥ 5
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3 £ X=0.06+006 g SO0F = 0.2968 £ 0.0008
NS [N g=135+004 5 6=0.0172£0.0005
g 305 \ z 40F
e 30F
205 3
156 200
10F- 3
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SE ) 3 )
O: LA L I Il n ul L L I L ERCH I
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Data allows to constrain parameters beyond FF covariance matrix

Direct method gives stronger constraints than ¢’-binned approach
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Conclusions and Outlook

RWTH :
amcHEN Conclusions

Presented method to directly determine Wilson coefficients from
unbinned B® — K*0u* 1~ data

Allows more precise determination of Wilson coefficients
Allows to further constrain FF Nuisance parameters
= Better exploitation of the data

Requires unbinned efficiency corrected (background subtracted) data
Should also continue to publish (theory-ind.) ¢2-binned results
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Backup

MO 7;(¢2) and angular terms f;(3)

i Ii(g?) £:(S)
I 3 [IAF2 + AL + AR+ |AT2] sin 0

Lo [ A2+ ARP cos? ¢

25 L [JAFP & AL+ JARP + LARP]  sin® 0 cos20;

2 —|AF2 - AR cos? 0 cos 20,
304 [|Alj_|2 - \Aﬁ‘ 24 AR — |Ah‘ Z} sin? O sin 0 cos 2¢
4 \/ch (A&Aﬁ‘* + AORAﬁ*) sin 20 sin 26, cos ¢
5 V2Re (A(I)‘Alf - A{}AT*) sin 20k sin 0y cos ¢
6s 2Re (Aﬁ‘A&* - Ah‘.AT*) sin® O cos By

7 V2m (AID“Aﬁ* - A?Ah‘*) sin 20 sin 0 sin ¢

8 \/Tim (Al 4 ARAY) Sin 20 sin 20, sin 6
9 Im (Aﬁ‘*AIL‘ + Aﬁ*/\i) sin? O sin® 6 sin 2¢
10 3 [LAKE + 4B 1

1 /iRe (AfAb + AFAR) cos O

12 -1 [lAL% + AR %) cos 26y

13 - \/gRe (ALAL + ARAR) cos O cos 20,

14 \/%Re (,Aé‘.A‘I‘“* + .ASRA?*) sin O sin 20 cos ¢
15 \/gﬁe (ALA — AR AR sin O sin 0y cos ¢

16 \/3tm (AfAf — ARAR) sin O sin 6 sin ¢

17 f3m (LAl + ABAR) sin O sin 20; sin
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Backup

Aty Decay amplitudes

A = /] (s + e % (et 1%“)1%+%wsﬂcfﬂm(q?)}

AL(R) _Nf(mB mK* ){ [(C leﬁ') F (C /eff)] Al( )
mpB — M=
2
)
N
AL _

eff
2mK* \/qj{ [(CQ

X [(mp — mic« — ¢*)(mp +mg=)A1(¢?) — A

— ™y F (5 - i)
Az(q?)
mp + mg=

A
+ 2my (C5T — T [(mQB + 3mgr — ¢%)T2(q%) — WTS(if)] }
B K+

A = %ﬁ{%@&f e + —(CP - Cp) po(a?),

. 2VAB
with N = Graem|Vib Vis|y [ 7o 5ts
om [Veb Vis| 3102475 m%,

Depending on Wilson coefficients Cg,)g,lo and form factors V' (¢?), Ao,lyg(qg), T172,3(q2)
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Parameter Value

CKM parameters

A 0.807 £ 0.02
A 0.22535 % 0.00065
p 0.128 + 0.055
7 0.375 + 0.060
Quark masses and scales
me (1.275 £ 0.025) GeV
mp (4.18 £ 0.03) GeV
i 173.3 GeV
m 4.2GeV
S-wave parameters
¢ 0.22 +0.03
ds 7 (€ [0,427])
194! 0.1 (€[0,0.2])
arg(gr) /2 (€ [0, +27])
Subleading corrections
Re((ZO,”’L) 0+£0.1
Im(CLO,H,L) 0+£0.1
Re(bo’”’l) 0+£0.25
Im(bO,H,L) 0+£0.25
RB(COJLL) 0+0.1
Im(CO,H,L) 0+0.1

C. Langenbruch (RWTH), LHCb Implications Workshop

Parameter Value

Form factor parameters

ago 0.37 +0.03
ajlo ~1.37+0.26
ado 0.13+1.63
afh 0.30 + 0.03
o 0.39 +0.19
agh 1.19+1.03
afhe 0.53+0.13
agh? 0.48 =+ 0.66
af 0.38 £ 0.03
af —-1.174+0.26
ay 2.42 +1.53
ot 0.31 4+ 0.03
ay’ -1.01£0.19
adt 1.53 +1.64
ol? 0.50 £ 0.17
al? 1.6140.80
ad 0.67 +0.06
af?s 1.32£0.22
ades 3.82 +2.20

Direct fits
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