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Motivations

Feynman Diagrams Rare decays

b — sl transitions (loop diagrams)

0= 0= I

Three angles (O or 0, 6;, ¢)and g* describe the complete kinematics of the

o
-

decay

Angular observables (coefficients) are connected to Wilson coefficients, sensitivity
to C7 C9, C10
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- First angular analysis of decay modes, following
branching fraction measurements

- Wilson coefficients measured through angular
observables, sensitive to NP

- Tensions with SM found (eg P measured witha 3.5¢

deviation from SM prediction)

e« LHCbdata © ATLAS data

= Belledata © CMS data
"] SM from DHMV
SM from ASZB

JIEP 12 (2014) 125, JIEP 09 (2010) 089,
JIEP 0§ (2016) 098 , Eur. Phys. J. C75 (2015) 382
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+ S7sin 20 sin 0, sin ® + Ag sin 20 sin 260, sin @
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ATLAS JHEP 10 (2018) 047  CMS PLB 781 (2018) 517541
Belle PRL118, 111801 (2017) LHCb JHEP 02 (2016) 104
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Event Selection 5
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- J/ywand y(2s) removal 1200 —
Data: upper Sideband
: : : 1000 LHCb Unofficial
* Loose requirements on kinematic and
«n 800 A
topological variables =
g 600 A
g
* PID requirements = 400
200 A
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Hb_TAU

Kinematic and topological variables after pre-selection, plots show
discrimination between the MC simulated data and the background, upper
sideband, of the LHCb data
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Event Selection 6
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Event Selection

1.00

e ROC
- MVA (XGBoost): 095 -
« MC simulated data as signal .
- LHCb data as background, ROC curve produced by the %
: MVA, multiple sets of € o]
selecting only upper variables are tested, the set 2
: ith the highest AUC i P
sideband mass e ey 2
0.75
- K- F0|d|ng LHCb Unofficial
 The MVA is Spht into k folds o7 00 0.05 0.10 .(.).Z'LS 0.20 0.25 030
False Positive Rate (FPR)
to reduce biasing .
MC: Signal
LHCb Unofficial Data: Upper Sideband
107 3
Future Steps 10t | Probability predictions of
: the MVA which determines
- Complete MVA training ) the likelihood of an event
_ - ‘ being signal or
Reweigh MC to r_ngtch data . background
- Calculate PID efficiency
- Optimise MVA and selection
10° E
0.'0 0.12 Of4 0.'6 0.18 lA'O

bdt_response
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4D Likelihood Fit

< ' ' | | ]

0.6 7]

0.43— _f

0.2 f— _f

- Three angles (0, 0, ¢) and invariant mass 0_ —
- Fitting model pre-determined using toy 02 - -
pseudo-studies 04 _ —

- Perform fit in bins of g* —0.63— LHCb Simulation Unofficial —
T )

Future Steps

- Investigate issues: bugs or is the model too

complex?

- Apply to data post-selection

Alex Ward
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0.2 04 0.6

0.8

s

2D negative-log likelihood correlation between F; and

Ag , using simulated, 1000e event, pseudo-studies

and S wave, angular distribution

- Included mass distribution

- Pseudo-studies performed using data generated from 3D, P

- Added backgrounds for each of the four dimensions

- Issues with results (poor performance with low number of

events, ~50)
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3D Angular Distribution

3D Distribution

1D Projections:

Integrate 3D
over two angles

S-Wave

Alex Ward

MWAPP
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Angular Folding
Obtained from LHCB-PAPER-2013-037, there may be differences in S’s and A’'s naming.

These angular transformations
(’foldings’) are chosen to
simplify the pdfs as much as
possible, reducing the free
parameters in the fit without
losing any experimental
sensitivity.

2.1 Measuring P,
Applying the transformations:

¢ — —¢ (for ¢ <0)
¢ — m—¢ (for 6, > 7/2)
0, — wm—46 (for¢91>7r/2)

§ ar -2 §(1—F)'29 + Fpcos 0 +1(1—F)'29 20, —
I'dcosf,dcosOxdp 8 |4 1) sin” O 1COs" Uk + 4 1) sin” Ok cos 20,

F, cos? 0 cos 20, + S5 sin? Ok sin? 0, cos 2¢ + Sy sin 20k sin 26, cos ¢ ]

2.3 Measuring P’7
Starting from Eq. 1 and applying the following set of transformations:

¢ — m—¢(¢>m/2)
¢ — —m—¢(¢p<-7/2)
0[ — 7T—91(91>7T/2)

1 dar 973
I'dcosf,dcosfx dpdg? 8 |4
Fy, cos? Ok cos 20, + S sin? O sin? 6 cos 2¢ + Sy sin 20w sin A, sin & |

1
(1-Fp) sin? Ok + Fy, cos® Ok + 1(1 — Fy) sin? O cos 20, —

2.2 Measuring P}

Applying the following set of transformations:

¢ — —¢ (for ¢ <0)
6, — m—0, (for 6, > w/2)

1 d’T _9 §(1—F)s.in20 + Fy cos? 0 +1(1—F)sin20 cos 260,—
I'dcosf,dcosfxdep 8m |4 L K L KTy L K ¢

F, cos? Ok cos 26, + S sin? Ok sin® 6, cos 2¢ + S sin 20 sin 6, cos ¢ ]

2.4 Measuring P}

Applying the following transformations:

¢ — m—d(¢>7/2)
¢ — —m—¢(¢<-m/2)
6, — m—6,0,>m/2)
0k — m—0k(0, >m/2)

1@ _9s
I'dcosf,dcosfxde 8m |4
F; cos? Oy cos 26, + Sgsin29Ksin29gcos2¢+SgsinQGKsinQGL;singb]

1
(1—Fyp) sin? 0 + Fr cos® Ok + 1(1 — Fp) sin? O cos 26, —

All include ‘nuisance’
parameters FI , S3

Alex Ward
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P Transformations

Fr(1— Fy)
Sy
Fr(1— Fy)

LHCb-ANA-2013-006

¢——9¢
P[i,S4Z QS—)ﬂ'—Qﬁ
95—)71'—95
P5I,S5Z ¢_)_¢
9g—>7r—94
p—>m—¢
Py, Sr: S p——m—¢
94—>7T—91
p—o>m—¢
PSI,Sgl ¢_>_7T_¢

GK—)W—HK

A. - _A

LHCB-.

for ¢ <0
for 6, >m/2 (3)
for 0, > /2,

for p <0
for 6, > /2,

(4)

for ¢ > w/2
for < —mw/2 (5)
for 6, > 7/2,

for ¢ > /2
for ¢ < —7/2
for 6, > 7/2
for 6, > /2.

(6)

PAPER-2013-

037

Common terms, only P’ value differs

between 3D P’ observable projections

9 |3

1
— | =(1 — Fp)sin® 0k + Fy, cos® Ok + Z(l — Fyp)sin’ O cos 20, —

8 |4

p 1 . p p
Fy cos® 0k cos 20, + 5(1 - FL)Agf) sin? O sin® 6, cos 2¢ +

Alex Ward

MWAPP

1
fdcongdCOSHqub T 81

1
T

1
r

d3r 9

3 1
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F; cos? Ok cos 26, + 5(1 - FL)A(TQ) sin’ Ok sin? §, cos 2¢ +

V Fr.(1 — Fy) P, sin 20 sin 26, cos ¢ ] )

d°r 9 |3 . 9 2 1 . 9
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F; cos? 0 cos 26, + 5(1 - FL)A;Q) sin? Ok sin? 8, cos 2¢ +
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1
Fy, cos? 0k cos 20, + 5(1 — FL)Agg) sin? Ok sin® 6, cos 2¢ +

VFo(1 = FL) P, sin 205 sin 6 sin ¢ ] .

dsr 9 [3 1
— |-(1 - Fp) sin? 0 + Fy, cos® Ok + 4_1(1 — Fy) sin? O cos 26, —

1
fdcosOEdcoseKdng - 87 4(

1
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3D Angular Distribution - Mass

Ptot — fsigpsig(ﬁa m) + (1 — fsig)Pbkg(ﬁa m)

Prkg(cos ), cos Ok, p) =

2
Z ¢;T;(cos 91)] X
i=0

Z c;T;(cos HK)] X [Z ck Tk (0)

7=0 k=0
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3D Angular Distribution - Amplitudes

i | I fi
Ls | 3 [J AR + AL + | A2 + | AR?] | sin® Ok
le | |AG + A cos? O
25 | 1 [lAﬁP AL 2+ AR + |A‘j|2] sin? O cos 26,
2c | —|AL]2 — | AR|? cos? O cos 20,
3| 4 [lAY? — |AV2 + AR — |AR?] | sin? 0y sin? 6, cos 26
4| \/ARe(AFAT + ABARY) sin 20 sin 26, cos ¢
5 | v2Re(AF AL — ARAR) sin 20 sin 0; cos ¢
6s | 2Re(A AT — AFAT) sin? O cos 0
7 ﬁIm(AﬁAﬁ* — AFA) sin 260k sin 6, sin ¢
8 | y/Sim(AFAL + AFAT) sin 20 sin 26, sin ¢
9 | Im(Aj* A} + A™AT) sin? O sin” 6, sin 2¢
S; = (Ii —l—L) / (((11;2 + j;) and
A = (L,—I_z)/(;ﬂ; + dF>.
¢>  dg¢?
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5 [l AE[2 + |AS ]
V/ARe(Ak Ay + ABAE")
—3 [l + |AST?]

—/ ARe(Ab AL + ARAR)
V/ 2Re(AB AL + ABATY)
V/3Re(ALAY — ABAT)
/3 (AL A — ABAT)
V(AR - ABAR)

[As|” + |AS[?

1

cos O

cos 20,

cos Oy cos 26,

sin Ok sin 26, cos ¢
sin Ok sin 6; cos ¢
sin Ok sin 6; sin ¢

sin Ok sin 26, sin ¢

[Aor|” + [AyL)? + ALl + [Aor]? + |4 r]” + |ALR|?

MWAPP

o AGP A+ JASR A+ [AG? + AR + [Af[? + [AF[? + AT 2 + [AF[?
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3D Angular Distribution - Amplitudes

s A . ]
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Event Selection

Hb_ENDVERTEX_CHI2
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Correlations of the variables used to train the MVA. (a) LHCb data used as the
background sample, (b) MC simulated data used as signal
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Data / MC Sets

Physics /

Decay Phase-Soace Event Type Sim Year (Version - Num Evt)
2011 2012 2015 2016 2017 2018
O%SJ:U’ Physics 11114022  09b - 2M 09b-2M  09c-0.5M 09c-05M  09e-2M  09h - 0.5M
BsO — Phys 13114011 09 -2M  09b-2M  09c-05M 09c-05M  09e-2M  09h - 0.6M
fO(980\u+u-—
BO - Phys 11114001  08e- 1M  08b- 0.5M  09c-1M  09b - 1.4M -_
Ks«0u+u—
KBOOU-I_-:J Phys 11114002  09i- 2M 09i - 4M 09i - 2M 09i - 4M 09i - 4M 09i - 4M
BO — J/{ p0 Phys 11144008 08e- 1M  08a- 0.5M 09c-05M 09d- 2.1M  09h-0.5M  09h - 0.6M
Bsfg(g’S 6’)/‘1’ Phys 13144014 09c- 0.5M 08a- 0.5M 09c-0.5M  09c-0.5M  09h-0.5M  09h - 0.5M
BO — J/YK+0 Phys 11144001 08f - 6M 08f - 8M 09c-2M  09c-155M  09i-5M 09i - 5M
BO "nJ/ WK Phase Space 11144050 08c-1.4M  08c- 3M - 09h - 1M 09h - 1M -
B sO ;’,J /b Phys 13144201 - 08a- 1M  09h - 1M 09h - 1M 09h-5M  09h - 5.4M
B s0 . J/ e Phys 13244410  08i- 1.3M  08i- 1.5M - 09d - 2M 09h - 4M 09h - 4M
0'38; Phase Space 11114025  09k- 2M 09k - 2M 09 - 2M 09 - 2M  09k- 2M 09k - 2M
BsO =  phase Space 13114012 09k - 2M 09k - 2M 09 - 2M 09 - 2M  09k- 2M 09k - 2M
fO(980)u+u-—
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