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Introduction to ¢,

A

e ¢, = —arg()\s) — mixing-induced CPV phase in B

o B? f
0 - 0 +,_— ~
decays such as B — J/yK'K™ and BY — Jjr'n M o %
S

® Assuming only a SM tree contribution < B

ViaVes
53—~ ang(n,) — [l - O - = ~2arg (72

M= 2arg( Vts V:l;) ¢D = arg(vcs ch) fM — _368‘*_’%)% mrad

no penguins [CKMFitter]

M — _37.0+ 1.0mrad

no penguins [UTFit]
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Introduction to ¢,

Ay
® Phase ¢, sensitive to physics beyond the SM even at Bg f
high energy scales that might be unaccessible in
direct searches q/p ) A
Bs

® Physics BSM could enter in the Bg—§2 mixing
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-
¢ in BY = JpKK and BY — Jpprta™

® Phase ¢ ~ —2, measured most precisely in processes dominated by b — cCs, where
(SM) penguin pollution is small

® Decays admixture of CP -even and CP -odd final states

. . Penguin-
Tree ‘IJ‘-" Penguin :/—‘—'\!]J"‘ Exchange ) Annihilation
< : - -
A Wi A .l‘ , oA (|1
T R T— = e —~—
i 13,‘.3 gu' ’ :“J v 1\,_1,]\
0 + Ikt~ BO J + =1+ -
Bs = Ju T IKTK s = 'l T
* Relatively large BF, O(10°) * BF O(107")
0 denp=
® Also measurement of I', = FH;FL, ® Crosscheck of B, — J/AWK"K
Al, =T, —Ty, Am;=my — m; ® Mainly CP -odd, direct access to 'y
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Experimental requirements

[New J. Phys. 15 (2013) 053021]

o Tagged mixed

F(E?af)fr(Bgﬁf)

r(§2—>f)+r<82—>f)

N sin ¢ sin Amgt

AR (@20) (W] sin(s.) sin(am. )

o Tagged unmixed

acp(t) = 4001~

—— Fit mixed

- Fit unmixed

X
candidates / (0.1 ps)

2001 4

Q

0

decay time [ps]
Time resolution

Bg oscillations fast, T =~ 350fs! Need excellent time resolution, o, << T
Flavour tagging
Need to know initial Bg flavour, experimentally limited by the probability of mistag, w.
Tagging power e¢,, = (1 — 2w)?
CP eigenvalue
Using angular distribution of decay products, angles 6, 6, and ¢

Y
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LHCb experiment

[See talk by Katharina Miiller on Tue 9am]
Mixing-induced CPV access through time-

dependent decay rates

LHCb pp coll. data

v Excellent time resolution Run 1 (2011-2012) -1
(o)) ~ 42 — 45 fs 7-8TeV  [L=3fb
v B flavour tagging power ~ 5% 3 Tech 2 (20}52:2812)%_1
® PID efficiencies > 95%
[ [2008 JINST 3 S08005] 1
i . [IIMP A 30 (2015) 1530022]
5m

SPD/PS
magnet
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Status of ¢ before Moriond 2019

T

@ HFLAV

£ 014 DO 8 fb !

z 68% CL contours
012 (Alog £ = 1.15)

CMS 19.7 fb!

CDF 9.6 fb

LHCb 3 fb!

ATLAS 19.2 fb !

0.4 0.2 -0.0 02 0.4
¢ [rad]

® World average dominated by LHCb

® Results consistent with SM-based global fits to data,
though plenty of room for new physics

oM = —36.875% mrad

#FF = —21 + 31mrad | [HFLAV]
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LHCb Run 1
* BY & JWKTK™:
M(KK) around ¢(1020)
[PRL 114, 041801 (2015)]
M(KK) above ¢(1020)
[JHEP 08 (2017) 037]
o BY = Jyra
[PLB 736 (2014) 186]
* B — ¢(25)¢
[PLB 762 (2016) 253]
e B 5 DID;
[PRL 113, 211801 (2014)]

ATLAS and CMS Run 1
e BY - JWK'K™ in

¢(1020) region
[JHEP 1608 (2016) 147]

[PLB 757 (2016) 97]

[CKMFitter]
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NEW BS — JWpKTK™ [arxiv:1906.08356] and BS — J/1/)7r+7r7 [arXiv:1903.05530]

® Run 2 LHCb measurements with 1.9fb™" from 2015 (0.3fb™") and 2016 (1.6fb™ ")
e B JWKTK™ in region around ¢(1020), small S-wave contribution

e BY  Jpntn predominantly BY — J/1fo(980)

Fit to m(z "7 7)

"LHCb

Yields (15 MeV)

Weighted cands. / (0.6 MeV/c?)

1000 1020 1040
m(K*K") [MeV/c?

Analysis procedure for both modes similar
® Combinatorial background suppressed with a BDT using kinematic variables
® Background subtracted using sPlot with B? candidate mass
® Careful study of angular and decay-time efficiencies, time resolution, flavour tagging
® sFit to 3 helicity angles and B cand. decay time (+ m(z*n ") for B — Jjpntn™)
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Background subtraction with sPlot

BY — Jjbm T, Nyy ~ 33 500
% 18000F E . —
3 16000F- LHCb = —e— RSdataand fit _E
E 14000 — Totd 3 — — BY. Jlynn 3
& 12000f E - 8L Jiynn E
é 10000; —_— Sgnal é e Physics background _é
F = ==+ Combinatorial background
g gg£; ---- Background é —e- - WSdataand fit —E
> 4000 [arXiv:1906.08356] [arXiv:1903.05530] 3
£ 2000 E E
0 e E
5200 5300 5400 5500 | E
MWK K") [Mev/c] 5500
m(J/y ) [MeV]
® Subtract /\2 — JppK™ with negative ® Use wrong-sign BS — J/1/)7ri71'i data
MC weights, B — I Kfn™ negligible for combinatorial
® Background in fit: . ® Physics backgrounds:
Egmbin;torial (exp.) + B® = JAKTK™ Ay — JippK ™ and BY — J/on/ (= pv)
auss.
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Decay-time resolution

® Decay time t =L-my/p, L = L(SV) - L(PV)
S
PV: primary vertex, SV: secondary vertex

® Resolution o.g obtained from fit to prompt sample formed from J/3) and two kaons
from PV (Tprompt = 0)

® Fit in bins of per-event decay-time error §, from vertex fit

—~ T — T T 1 B
S gk LHCb t Data .
© F [rxiv:1906.08356] — Total fit
P e N Resolution o et = (—2/Amf) In(D)
I F --- Wrong PV i p= 2 Feoim
§ 10°F --- Long lived 1 = ~
&3] E --- Long lived2 ] 0
ok , 1 oer(Be = JWKKT) ~ 45.5fs
1 ow(BY = JrinT) ~ 4157
10? Eo | = | E
-0.5 0 0.5

t [ps]
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Decay-time efficiency

® Using B — J/yK™(— K*77) as control channel
® Decay-time efficiency product of individual splines for data and simulation to correct
residual differences between signal and control samples
0

0 s
B 8 enmc(t)
Ed;ta(t) = Edata(t) X I\/éC

B
enc(t)
B0
® NB ¢, (t) function of I'
— access to [, — Iy (T — [y) in decay-time fit to B — J/yKTK™ (B — Jprtn™)

o} T ML | T T T AL |
of.\,glA:— LHCb [arXiv:1906.08356] -
% L 2: 1
3T ]
e P R 3
o8 .
0.6 .

2l " il

1 10
t [ps]
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Angular efficiency

® Selection and detector acceptance introduce efficiency effects in angular and m(7*x ")
distributions

® Efficiencies obtained from simulation and corrected to match the data
— Method in B — J/yK"K™ validated on B — J/K' and B’ — J/yyK* data, good

agreement
16 T T 3 13¢ T E
g 158 @ LHCb E g 128 ® LHCb 3
S 14F Simulation 3 .7 11; Simulation
% 13F 1%
B 12F fod T E
Nk 3 N 08¢
B 3 8 osf
5 osf R 07f
S 09F 4 8 %F
< osp 3 = osp
07F [arXiv:1903.05530] E 05F
) I ! L] E | ! .
06* =35 1 15 2 047 -05 0 05 1
m,,, [GeV] cos 6,
14p T 5 14p T T c
g 13f © LHCb 3 g 13f @ LHCb 3
s F Simulation s Simulation
= 12F 4 & 12F E
S 1k E E E
= E o S 1 3 : 3
£ o9f E oof E
(=} E 7 (=} E 7
Z osf 3 = o 3
o7E =
E L L L E E 1 L 1 3
087 -05 0 05 1 06 -2 0 2
cos BW X
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Flavour tagging[pos(LHCP2018)230]

® Tagging in Run 2 improved = 30% higher tagging power than Run 1
Erag(BY = JWWKTK™) = 4.73 + 0.34% (vs ~ 3.73% in Run 1)
Erag(Be — JpmmT) = 5.06 + 0.38% (vs ~ 3.89% in Run 1)

SS pion

O/’ ' SS kaon (for BY) ‘__::

s />. 0S kaon
bo e __—
b — X1~ \. 0S muon

0S electron

0S vertex charge
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Systematic uncertainties BS = J/1/1K+K_ [arXiv:1906.08356]

® Main syst. uncertainty on ¢ is flavour tagging ~ 0.015rad, incorporated in statistical

Source s |Al I,—-Ty AL Amg AL A 6L—60 & —do
[rad] [ps7]  [ps7 [ps7Y [rad] [rad]
Mass: width parametrisation 0.001  0.0005 0.0006  0.05 0.009

Mass: decay-time & angles dependence I 0.004" 0.0037| 0.0007 I 0.0022 I 0.016  0.0004 0.0002  0.01 0.004

Multiple candidates 0.0011  0.0011  0.0003 0.0001 0.001 0.0001 0.0006  0.01 0.002
Fit bias 0.0010 - - 0.0003  0.001 0.0006 0.0001  0.02 0.033
Csp factors 0.0010  0.0010 - 0.0001  0.002 0.0001 - 0.01 0.005
Time resolution: model applicability - - - - 0.001 - - - 0.001
Time resolution: ¢ bias 0.0032 0.0010  0.0002 0.0003 0.005 - - 0.08 0.001
Time resolution: wrong PV - - - - 0.001 - - - 0.001
Angular efficiency: simulated sample size ~ 0.0011 0.0018 - - 0.001  0.0004 0.0003 - 0.004
Angular efficiency: weighting 0.0022 0.0001  0.0002 0.001 0.0011 0.0020  0.01 0.008
Angular efficiency: clone candidates 0.0005 0.0002  0.0001 - 0.0001  0.0002 - 0.002
Angular efficiency: t & o, dependence 0.0012  0.0007 _0.0002_ 0.0010 0.003 0.0012 0.0008  0.03 0.006
Decay-time efficiency: statistical - - 0.0012) 0.0008 - 0.0003  0.0002 - -
Decay-time efficiency: kinematic weighting - - 0.0002 - - - - - -
Decay-time efficiency: PDF weighting - - 0.0001  0.0001 - - - - -
Decay-time efficiency: AI'y = 0 simulation - - 0.0003  0.0005 - 0.0002  0.0001 - -
Length scale - - - - 0.004 - - - -
Quadratic sum of syst. 0.0061 0.0064 0.0015 0.0026 0.018 0.0019 0.0024  0.10 0.037
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Systematic uncertainties BS = J/1/17r+7r_ [arXiv:1903.05530]

Source 'y —Tgo [y b5
[fs7]  [x107?] [mrad]
Decay-time acceptance 2.0 0.0 0.3
Tgo 0.2 0.5 0.0
Efficiency (1, §2) 0.2 0.1 0.0
Decay-time resolution width 0.0 43 4.0
Decay-time resolution mean 1.2 0.3
Background 2.7 0.6
Flavour tagging 2.2 2.3
Am 4.6 25
I'n 0.4 04
Bf - -
Resonance parameters 1.9 0.8
Resonance modelling 28.9 m
Production asymimetry .0 3.4
Total 29.9 11.0

Veronika Chobanova Measurement of ¢ _ at LHCb EPS-HEP Ghent 11 July 2019 14




Results and LHCb ¢, combination

BY — JibKTK™ [arXiv:1906.08356]

¢s=—83 41 + 6 mrad bs
|A|=1.012 + 0.016 + 0.006 A

I, — [y=—0.0041 £ 0.0024 £ 0.0015ps™ | | [, T,
AT, =0.077 + 0.008 + 0.003 ps '

—57 4+ 60 + 11 mrad
1.0113% 1 0.03
—0.050 + 0.004 =+ 0.004 ps~*

. . T LHCb
Results in agreement with previous & o141 . oo Spring 2019
measurements and SM predictions =

< 012 J/yrtaT 4.9 fo !
All LHCb [arXiv:1906.08356]
0.10

¢s=—41 + 25 mrad
|A|=0.993 + 0.010 008| ik 4
,=0.6562 & 0.0021 ps "
AT, =0.0816 + 0.0048 ps '

\ J -0.4 -0. -0. . 0.4
¢s[rad]

0.06
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HFLAV ¢, combination

® Combination with preliminary ATLAS Run 2 result [ATLAS-CONF-2019-009] (next talk)
® |n agreement with SM, experimental uncertainty on ¢, improved by 30%!
® Previous HFLAV: ¢, = —21 + 31 mrad

ﬁ 0.14 DO 8 fb ! 5

g 68% CL contours
012 (Alog £ =1.15)

CMS 19.7 fb !
0.10
¢s=—b55 =+ 21 mrad
Al,=0.0764 £ 0.0024 ps~* 0.08 Cb 4.9 fo-!
0.06 ATLAS 99.7 fb~ 1
0.4 0.2 -0.0 0.2 04
9" [rad]
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Prospects of ¢, at LHCb [LHcB-PUB-2018-009]

LHC ERA > HL-LHC ERA -
3fb-1 + 6 fb-1 50 fb-1 300 fb-1
201-2012 2015-2018 9 2021-2023 2027-2029 2031-...
Run1 Run2 Run3 Run4 Run’...
Current LHCb r:[véﬁ LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
> >

LHCb 300fb~*

® Precision will be statistically dominated

® Improvements in trigger to benefit
BY — JWK'K™ o°*(¢,) ~ 4mrad B - DID:

Total °"™*(4,) ~ 3mrad ® Include other modes, e.g.
BY — Jy(— eTe )KTK™, BY — Jpn/
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