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Motivation

The Standard Model (SM) fails to explain the matter-antimatter
difference observed in our universe.

Looking for new sources of CP violation (CPV) can help explain this
asymmetry.

0.10 [~ T T T T T T T T T T
~ %‘é‘ {;‘,K ' v excluded C
B] mixing provides a sensitive probe 0053_ | -
to new physics. i i —
Measurement of the CP violation Y g :
phase, ¢~ = —20,, allows for L T N V& B _
precision SM tests. = T~
0.05 |- B, J
- Y sin2f +
-0.10 — o | i e N L BB R
-0.10 -0.05 2.00 0.05 0.10
sb
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http://ckmfitter.in2p3.fr/www/results/plots_summer18/ckm_res_summer18.html

Motivation

S

Mixing:  om = 2arg(Vis Vi)

b Vi t Vt:’ S
B, W~ W+ B,
s Vi t Vip b

hth~

S = —23, measured in B! decays. Dependent on the CKM angle fs.
Analogous to CKM angle Sin the B system.

__ _Vts t}k)
Bs = arg ( VoV )

ESWN

mix fCP

e

q

¢S — ¢mix — 2¢dec

- Interference between mixing and
decay allows measurements of @s.
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BO . ¢ ¢ BO — J/¢K+K— BY — J/ymta

aryl/
« Run1 + 2015 + 2016 data . 2015 + 2016 data
[3.2 fb'] [0.3 fb'] [1.6 fb] [0.3 fb'] [1.6fb]
Decay dominated by a penguin Two analyses on BY — J/¢Yhth™ :
loop: chTh = K+K (¢ mass region)
— Enhanced sensitivity to 0.99,1.05]GeV /¢?
New Physics chT™h™ =171~
Decay
;} Iy b }J/\p

32 Emmy Gabriel 4 FPCP 2019, Victoria




What do we want
to measure?

Time-dependent angular
analysis used to disentangle

CP-even and CP-odd
final states.

Simultaneous fit to the

decay-time and three = B. — ¢¢
helicity angles per- b — s3s
formed to extract transition:
the fit parameters. CPV phase
¢§§s

(g2 Emmy Gabriel 5

B) = J/YKTK™
Measure
AT,

and
Fs — 1—‘d

b — ccs
transition:

CPV phase
‘)\| ¢CES
Direct CPV " °
parameter

Measure
'y —1'y
(final state
i1s 97.7%
CP-odd )

Bg — J/yr T
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.092006

Predictions and Status
BY — ¢¢ B) - J/JYKTK~ BY = J/prtn

SM predictions: ¢2°° in
context of QCD
factorisation close to
zero by SM, with errors
of ~2%.

arxXiv:0810.0249

SM prediction: ,ces SM 1.0
(IZDKMfitter P — —36-9i0.7 'mrad]

Experimental status:  HriAv 2018

Phys.Rev.D80:114026,2009 & 014 pog - [
— 68% CL contours
. . < 0.12 (A log £ = 1.15)
Certain BSM s;gnarlos CMS 1.7 b1
allow for significant CPV
0.10 Combined

in b — s5s penguin CDF 9.6 b~

decays.

Phys.Lett. B493 (2000) 366-374
J.Phys.G32:835-848,2006
Phys.Lett.B671:256-262,2009

&

ATLAS 19.2 fb!

LHCb 3 fb!

0.06

04 02 00 02 '02_4'
¢ [rad]
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https://arxiv.org/abs/0810.0249
https://arxiv.org/abs/0910.5237
https://arxiv.org/abs/hep-ph/0007328
https://arxiv.org/abs/hep-ph/0510245
https://arxiv.org/abs/0811.2957
http://www.slac.stanford.edu/xorg/hflav/osc/PDG_2018/
http://ckmfitter.in2p3.fr/www/results/plots_summer18/num/ckmEval_results_summer18.html

Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(§1) Emmy Gabriel 7 FPCP 2019, Victoria




Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging
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Signal selection
BY — ¢¢ BY) - J/JYKTK~: BY = J/yrtm™

LHCb-PAPER-2019-019 LHCb-PAPER-2019-013 arXiv:1903.05530
Boosted decision tree trained to
Neural network trained remove background events.
to remove background.
S Ag — J/1¢pK background ;: Wrong sign (T 7T
subtracted using negative combination used to
weighted MC. determine combinatorial

background shape.

~8500 signal events. ~117 000 signal events. ~33 500 signal events.
4 = o — — — —] _ _ - -
2E & 4 Ra b AL i M ke B S 18000 E 9000 £ ! ' ! 3
EY i\j{ WY W WY ‘V”‘f'%""aﬁfy»f\“”sj AN ""‘?‘% E 16000 £ LHCb Preliminary < 8000 - LHCb —*— RSdamandfit E
—~ 4 = 5 ] [} o — — Bl— Jlyxx 3
% E - 14000 |- —— Total - S 7000 o Y o J/Zm 3
> < 12000 E 2 6000 F e Pyl E
2 ~ :_ o Slgnal _: : = Physics background
; % 10000 - ] g 5000 E_ =+ Combinatorial background
; § 8000 ;_ e Background —; g 4000 ; = WS data and fit —;
g g 6000 E 2 3000 [ .
= = - ] Ed E
3 s 4000 | - £ 20006 - =
b o - ] @) . . m
sl Ay — opKN A 2 2000 J \ 1 000 3
N \ 0 L~ = o ——p—————— 0 - T, ey R
10 5200 5300 5400 5500 5600 5200 5300 5400 5500 5300 5400 5500
My, [MeV/e?] m(J/ wK*K~) [MeV/c?] m(J ) [MeV]
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https://arxiv.org/abs/1903.05530

Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(&x) Emmy Gabriel 10 FPCP 2019, Victoria




Decay-time resolution

- LHCb Preliminary

0.1 —
Necessary to resolve the fast flavour
oscillations induced by BY — B _
mixing. 0051

BY = J/WKtK~-

Decay-time resolution of ~41-45 fs
reached at LHCD.

S ™

0.1 0.15

d, [ps]
BY — ¢ BY » JWKTK™ @ BY = J/yntn
S S s .
L HCb-PAPER-2019-019 L HCb-PAPER-2019-013 arXiv:1903.05530

Decay-time resolution Prompt .J /1) sample used to calibrate the
calibrated on prompt

decay-time resolution.
pseudo-2-body samples.

{%a) Emmy Gabriel 1 FPCP 2019, Victoria


https://arxiv.org/abs/1903.05530

Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(&x) Emmy Gabriel 12 FPCP 2019, Victoria



efficiency in decay angles as a result of
detector acceptance and kinematic selection.

Acceptance (A.U.)

Angular efficiency

Need to account for non-uniform selection

« Simulated events with same selection as
data events to determine the efficiency

correction.
- Similar procedure for B? — J/yhTh~ decays.

~

III_FIIIIIIII

a0

Acceptance (A.U.)

BY) — ¢¢

LHCb-PAPER-2019-019

1E

——

13

)

Acceptance (A. U

[a—
~

12F

0.6 F

0.8F

0.4F

0.2F

:_ LHCb simulation _
S
— o0 2

& [rad]
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Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(&x) Emmy Gabriel 14 FPCP 2019, Victoria



Decay-time efficiency

0 0 + - 0 + T —
B, — ¢¢ By — J/yrTn~ By = J/YKTK
LHCb-PAPER-2019-019 arxXiv:1903.05530 LHCb-PAPER-2019-013
0 *0
. 0 _ 4 B — J/W K™ used as control mode.
Run1.BS%DS7T /w
. RO *0 — 2T ' T T ]
Run 2: 5~ — J/ @DK 2. . LHCDb Preliminary
« 5151 .
W

Different control samples
used in Run 1 and Run 2
due to difference in the
High Level Trigger (HLT).

O- o 1 e
1 10
t [ps]

{gx) Emmy Gabriel 15 FPCP 2019, Victoria



Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(&x) Emmy Gabriel 16 FPCP 2019, Victoria




Flavour tagging ¢ = tagging efficiency

D = dilution factor

Tagging power achieved:

0 + _—
B, — J/yrTw
arxXiv:1903.05530

eD? = 5.06 + 0.38%

B) — J/YyKTK™

LHCb-PAPER-2019-013

0OS muon
OS electron

- Aim: tag the flavour of the B meson at

production.

. Precision of ¢s measurement scales with the eD? = 4.73 + 0.34%
tagging power.

- Tagging algorithms calibrated using modes BY — ¢¢
with known flavour. E.g. BT — J/szf LHCb-PiPER-zo19-o19

BY -~ D xt.
s * g™ eD? = 5.74 4+ 0.43%

{gx) Emmy Gabriel 17 FPCP 2019, Victoria




Analysis ingredients

1. Selection

2. Decay-time resolution

3. Angular selection efficiency
4. Decay-time efficiency

5. Flavour tagging

(g8 Emmy Gabriel 18 FPCP 2019, Victoria




Candidates / (0.4850 ps)

Candidates / 0.100

Fit projections

Simultaneous fit to decay time and helicity angles.

10

llllllI'I'I T 1111

T T T

LHCDb
Preliminary

l 10
Decay time [ps]

(SN o
|
o
oC

Yy - -

—T
LHCDb
Preliminary

A ) S e TR PRI T ST L

bica oo oo

OS]
n
S
— :\IlllllIll“”l““l”“l”“ll U IIIIIIIIIIIII
\\ i
.

05 0 05 I

(¢x): Emmy Gabriel

Candidates / (0.314 7t rad)

Candidates / 0.100

BY) — ¢¢

LHCb-PAPER-2019-019

500 — 1 T
N LHCb B
B Preliminary N
400 - —
300 N // \ /
S AN \ // ]
200  \/ Y, \ y .
: AN N .
F N NN ]
100 — ‘\\ -
0 ;_:’.:.......-.-1_.-.=‘-.-.=.- BN P AR RSP T --|--\-\“=:-

-2 0 2
® [rad]
500 F T T T =
- LHCb i
- Preliminary g
400 ;i‘ﬁ:iit—q;#% a4t E
300 ™ 72
N N - i
B . -~ -
R ~ ~ N
200 Ssemmtia T ~
100F .- 3
0 ;r_',’.._,-._, aboca. PSRy T ..»-.,.._,_._,‘_s:,
-1 -0.5 0 0.5 1
cosb,

i)

Total fit

CP-even P-wave

CP-odd P-wave

S-wave combined
with double S-wave

S-wave component
stems from the
£9(980) resonance
(close to the
¢(1020) in mass)

FPCP 2019, Victoria



Fit projections Bs — J/¥K K~

LHCb-PAPER-2019-013
[ ] [ ] [ ) [ ) [ ] [ ) —I— — [ ]
Simultaneous fit to decay time and helicity angles in 6 m(K ™ K~ )bins.
& - ' ! ~—~ 4 T = — T 1 ' T T T T T T
§ 10000_— I I : I I ] a 10 "% 1400: ]
2 - || |+ | LHGbPreliminary] & | LHCb s 12001 LHCb
< 8000 NN 4 « 10 Preliminary § - Preliminary
S el S S O bt
5 6000 Ll 1 2 10 S goof + E
g - e g F P T~ e~ ]
S 4000|- I S 1 = 10k g o0 _~ -~ - N
2 - Y I = S S Lok E
S 2000 |- I, 1 & .t 3 2 e L
S S B s I SR
0 . | . . . . . . | L C - =T T E
o — L oL Ny S— A S ]
m(K*K~) [MeV/c?] S 0 2 0 2
Decay time [ps] @ _[rad]
~ 1400 ——M@™——————F——————1—————  — 1400 : : : -
\O - - O
S 1ok Lich 1 2 i LHCh
= - +. Preliminary { = Preliminary .
. . . N 2 1000 | 4 g 1000 -
Fit binned in m(K™K™) S o S af E
. - -7 —~ ] \ / ]
to control interference § owp - I B SN A
s NG o h - E
between S-wave and P- 00p_ e I ¢ <zl :
Y . 200 e T Ly - . 200 r /,,/’ \\\\\ ]
wave contributions. - — o ] S R o
01 0.5 0 0.5 1 0—1 0.5 0 0.5 1
cosH, cos O
Total fit CP-odd P-wave
CP-even P-wave S-wave
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Yields/ (15 MeV)

: : : BY & J/n T
F]t pFOJeCthnS ngiv:19O3{.?(7)b5530

Simultaneous fit to decay time, helicity angles and m(7 "7 ~).

— T 1 T — T —_ — — - 7=
LHCb 2 10} Cha: R LHCb 4
10° E: = SOOW
Z 10%E SN :
“~. [ = - - - .
102 | / ) , + - ';:) 0 Z é 600: i
TSR = 400 N
l!: gl // llllllllll |\i 8 ! i 0 . i
10 I'Iill N Y \\ _f 1 3 200 -
'?f“ -7 / NG i ¥
1 : 05/“"11 — : 1'.5 — 2' i 107 = 0= -2 0 2
m._. [GeV] x
—e&— Data and fit
w
e m 980 glOOO
f,(980) S o
— £(1500) ERa
0 600 -
f 0( 1790) 400 -
— fz( 1270) 200 F .
| - T R B .
]; (1525) 05 05 0 05 1

...... NR - cos by,
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Results
By — ¢¢

LHCb-PAPER-2019-019
Polarisation independent fit

¢5°° = —0.073 £ 0.115 + 0.027 [rad]
A] = —0.99 + 0.05 + 0.01

Most precise measurements
to date in this decay mode.
Measurements dominated by
statistical error.

Results in agreement with SM
predictions.

\)};lvé-

N N7 Q’A

BN R 1
¢4 Emmy Gabriel
<N I 7 o

6‘1),\“0%

BY) — ¢¢

LHCb-PAPER-2019-019
Polarisation dependent fit

Ao
%ﬁ Assumptions (due to
?¢ limited statistics):
. @5 0is CP conserving
¢mixLBo . No direct CPV

¢8’|| = 0.014 += 0.055 £ 0.011 [rad]
¢s. 1 = 0.044 £ 0.059 4 0.019 [rad]

Stay tuned for update full Run 2
data result!

22 FPCP 2019, Victoria



Results

BY = J/WKtTK™ BY — J/prntr

LHCb-PAPER-2019-013 arxiv:1903.05530

$<°° = —0.083 £ 0.041 + 0.006 [rad] | ¢<° = —0.057 & 0.060 = 0.011 [rad]

S

[A| = 1.012 4 0.016 £ 0.006 A = 1.011008 £0.03

', — Ty = —0.0041 £ 0.0024 4 0.0015 [ps ]| || Ty — [’y = —0.050 & 0.004 = 0.004 [ps™ ]

AT, = —0.0772 £ 0.0077 £ 0.0026 [ps™ ]

Most precise single measurement
of p.°°, Al'y and I's — 1'4.

All results are in agreement with
SM predictions.

(%) Emmy Gabriel 23 FPCP 2019, Victoria



Combination

LHCb have performed many analyses measuring ¢5“.

LHCb Run 1 analyses

T
B 0.14 ~1
11 B — (29)¢ S 68% CL contours
_ (Alog £ =1.15)
21 BY = DI D; 012

| CMS 19.7 fb!
31 BY — J K TR e e

range) 1~ 010 Combined
4 BY = JWKTK™

0.08 O
51 BY = J/yrtrT

ATLAS 19.2 fb!

CDF 9.6 fb*

LHCb 3 fb!

0.06

04 = 02 00 02 '01_4'
¢ [rad]

7 %
5

(¢x) Emmy Gabriel 24 FPCP 2019, Victoria
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https://www.sciencedirect.com/science/article/pii/S0370269316305226?via=ihub
http://inspirehep.net/record/1317237
https://link.springer.com/article/10.1007/JHEP08(2017)037
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041801
https://www.sciencedirect.com/science/article/pii/S0370269314004845?via=ihub

Combination

LHCb have performed many analyses measuring ¢5“.

Including the LHCb Run 2

analyses £ 014 posfo: A
g 68% CL contours
0 + . 0.12 (Alog £ =1.15)
—|— BS 7 J/@DK K CMS 19.7 fb!
LHCb-PAPER-2019-013 '
0 CDF 9.6 fb~!
+ Bg — J/¢7T+7T_ |
arXiv:1903.05530 0.08 Cb 4.9 fb~!
0.06 ATLAS 99.7 fb!
¢S = —0.040 % 0.025 [rad] S e e e
‘)\‘ — 0.991 + 0.010 Preliminary ATLAS result:
AT, = 0.0816 = 0.0048 [ps " ATLAS-CONF-2019-009
S - ) P .
T, — Ty = —0.0024 £ 0.0018 [ps~ ']

N7 6
=
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— 1000
° @ ]
Conclusion Eo me
100 A
. I S
- The latest CP violation measurements = | Py
presented have made a tremendous R gig%f;ﬁ“h S
improvement in the experimental 1o g}m
precision. | o B0allces
1 === ¢s central value [CKMFitter Summer 2016]
0.1 ' — .
. . D 23 50 300
« Currently LHCb is producing some of Integrated Luminosity [fb~]
: .
the world’s most precise ¢, —
measurements. & 0107 : LHCb
, . % 0.05-? ) v oo
- With the ongoing upgrade and more | v
Run 2 data to analyse, the statistical . ;
precision of these measurements will | . x
increase further. | . B.o oo
' v B> K'n K 7wt

5 23 50 300
Integrated Luminosity [fb™!]
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https://arxiv.org/abs/1808.08865
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B) — J/YKTK™ B) — J/¢ymntnT

Phys. Rev. Lett. 114, 041801 Phys. Lett. B736 (2014) 186

—1 Run 1 results |

== ==

|
| Parameter Value
| T, (ps™)) 0.6603 4 0.0027 &+ 0.0015
| AT, (ps7!) 0.0805 £ 0.0091 + 0.0032 |
Rk 0.2504 =+ 0.0049 + 0.0036
|Ag|? 0.5241 £ 0.0034 & 0.0067 | |
9y (rad) 3261015700
6, (rad) 3.08115 +0.06
¢, (rad) —0.058 + 0.049 &+ 0.006
A 0.964 & 0.019 &+ 0.007

17.7111393; + 0.011

(ga) Emmy Gabriel 29 FPCP 2019, Victoria



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041801

B, — ¢¢

Phys. Rev. D 90, 052011

(1 ~|Run 1 resu

|

| Parameter Best fit value

| ¢ (rad) —0.17 £ 0.15
)\| 1.04 = 0.07
All? 0.305 +0.013
Aol 0.364 + 0.012

61 (rad) 0.13 £0.23
(52 (rad) 2.67 £ 0.23

T, (ps ) 0.662 % 0.006
AT (pS_l) 0.102 4= 0.012
B 17.774 4+ 0.024

30 FPCP 2019, Victoria



Predictions

7 fb

50 fb

2003 2013 Stage I Stage 11
| Vud| 0.9738 + 0.0004 0.97425 + 0 + 0.00022 id id
[Vus| (Ke3) 0.2228 4 0.0039 4 0.0018 0.2258 4 0.0008 £ 0.0012 0.22494 =+ 0.0006 id
lex| (2.282 +0.017) x 10~2  (2.228 £ 0.011) x 103 id id
Amg [ps™1] 0.502 £ 0.006 0.507 4 0.004 id id
Amg [ps™1] > 14.5 [95% CL] 17.768 + 0.024 id id
|Vep| X 102 (b — ctp) 41.6 +0.58 4 0.8 41.15 4+ 0.33 & 0.59 42.3 4+ 0.4 [17] 42.34+0.3 [17]
|Vus| x 102 (b — uli) 3.90 £ 0.08 + 0.68 3.75 4+ 0.14 + 0.26 3.56 & 0.10 [17] 3.56 & 0.08 [17]
sin 28 0.726 4 0.037 0.679 4 0.020 0.679 & 0.016 [17]  0.679 £0.008  [17]
a (mod ) — (85.475°9)° (91.5 £ 2)° [17] (91.5 £ 1)° [17]
v (mod ) — (68.075:9)° (67.1+4)° [17,18] (67.1+£1)° [17, 18]
Bs — 0.00657 0 22°9 0.0178 +0.012  [18] 0.0178 +0.004 [18]
B(B — Tv) x 10* — 1.154+0.23 0.83 4+ 0.10 [17] 0.83 £ 0.05 [17]
B(B — pv) x 107 — — 3.7+ 0.9 [17] 3.7+ 0.2 [17]
Ag x 10* 10 4 140 23 + 26 —74+15 [17] —7 410 [17]
Ag, x 104 — —22 + 52 0.3+ 6.0 [18] 0.3+ 2.0 [18]
Me 1.24+04+0.2 1.286 + 0.013 £ 0.040  1.286 + 0.020 1.286 + 0.010
Mt 167.0 + 5.0 165.8 + 0.54 + 0.72 id id
as(mz) 0.1172 4 0 + 0.0020 0.1184 4 0 + 0.0007 id id
Bk 0.86 4+ 0.06 £0.14  0.7615 4 0.0026 + 0.0137 0.774 + 0.007 [19, 20] 0.774 4 0.004 [19, 20]
fB, [GeV] 0.217 4 0.012 4 0.011  0.2256 + 0.0012 + 0.0054 0.232 4 0.002 [19, 20] 0.232 + 0.001 [19, 20]
Bg, 1.37+£0.14 1.326 +0.016 +0.040  1.214+0.060 [19, 20] 1.214 4 0.010 [19, 20]
fBs/fB, 1.21 + 0.05 4 0.01 1.198 +0.008 +0.025  1.205+0.010 [19, 20] 1.205 4 0.005 [19, 20]
Bgp,/Bs, 1.00 £ 0.02 1.036 +0.013 +0.023  1.055+0.010 [19, 20] 1.055 4 0.005 [19, 20]
Bp,/Bg, — 1.01 £+ 0 4 0.03 1.03 £ 0.02 id
Bg, — 0.91 4 0.03 £+ 0.12 0.87 4 0.06 id

31
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https://arxiv.org/abs/1309.2293

Decay-time

BY) — ¢¢

resolution LHCb-PAPER-2019-019

Run 1: Bg — D rt
Want a decay-time Run 2: BY — J/p K™
unbiased control sample.
Run 1: stripping line for
control sample is BDT
based (same bias as our
decay).
Run 2: completely
decay-time unbiased
stripping/trigger
selection.

LHCb Preliminary
BY - D, 7"

[III‘II\[\II‘III[\[Il

(3L Emmy Gabriel 30

Different samples used in
Run 1 and Run 2 due to
difference in the Higher
Level Trigger (HLT).

LHCD Preliminary
B — J/yK*°

|]|1‘\1\‘\I1[{I{|I{Il
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External Inputs =~ Bs — ¢¢

Phys. Rev. D 90, 052011

B! decay width, 1';, and decay width difference, AT';, Gaussian
constrained to values measured in Run 1 B — J/v¢ and
Bg — J /Y combination (arxiv:1411.3104).

With enough control over the decay time acceptance, the mode
could also provide an important measurement of AT;.

External inputs of the BYoscillation frequency improves the accuracy
of the measurement (arxiv:1304.4741).

,\4 B, oscillation
Flavour-tagging frequency

(A () *AL()) = [A][AL{(1 = 2w)eT+t[sin &; cos(Amst) — cos 81 sin(Am,t) cos ¢]

1

— oS 01 (E;FHt — e"FLt) sin ¢s }

B decayrates

Emmy Gabriel (UoE) 33 Approval to go to PAPER



