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introduction Bg mixing

Bg/s mixing

h —=a——=——=— J m mixing goes through box diagrams
| | mAm, ~ m%vmgqﬁquq(vfévtb)z a=d,s
m AL, ~ mymy, By f, ((V;Zth)zﬂL

B |Vig/Vis| = 0.2053 + 0.0004(exp) £ 0 05 o0 s w0
0.0029(lattice) (ppc2o1s
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b B S g ViaVisVegVer @ (mg jmi) +
gt Lo, (VéaVep) 2O (mjmi))
B current WA: [Hriav 2018
m Amy = (0.5064 = 0.0019) p$_1 e T T ]
m Al/T; = (0.2 +1.0) - 107° N N
m Am, = (17.757 = 0.021) ps* Fsinzp ]
m Al /T; = (0.132 = 0.008) “:’EK am, ]
m constrain apex of unitarity triangle: = eoby ( ;
Amg — %§2|h|2 [ Vgl o
Amyg mg, Vid s o
2 (j;fés . -m; Y & ;
mget & = Bufs, from lattice QCD g.;g-‘u - G
<



http://www.slac.stanford.edu/xorg/hflav/osc/PDG_2018
http://ckmfitter.in2p3.fr/www/results/plots_ichep16/ckm_res_ichep16.html

measuring Amg

measuring Am,

measuring Amg
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measuring Amg

measuring Amg

m best precision from time dependent mixing analysis in flavour
specific decays

% 7(t) Fo (t)
~f
] A,t,hqix = Bq

o ,(t)+ro G cos(Amgt)

m experimental factors affecting significance:
m signal yield: \/N/2fig4

m large bb x-section, large data sample (so
far, ~ 5.5fb"! in run 2)

m efficient trigger, reconstruction, excellent
momentum and vertex resolution

m excellent particle identification

m diluted through time resolution:
2
e~ (AMa%0I2 (g ~ 45 — 55fs)
m diluted through flavour tagging:

J€tag(1 —2w)2 ~ (3...6)%

m opposite side: e, u, K,Vertex,charm
m same side: T, p, K
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measuring Amg measuring Amg

measuring Am, at LHCb

. . /‘
combinatorial 1800 1850 1900
My [MeV/e?]

~14MBy —~ D ptvX

; 2sF LHCh + Daa ]
i i - o ~\ — Total fit]
m from semileptonic B > D™~ v, X 2 0f ) - Tow iy
3 (N R
decays St / \\ b
m large BR ~ 2 — 5% 2o 1 \\ ]
4
- = — — sk 7 E
m reconstruct D*~ - DY(K* 7)1~ and /o N
D > K‘'m ™ O=Ra0 1860 iff,?[Mc\I/??%
n D(*)*uJr form common vertex, missing ~0.8MBg ~ D* utvux
x10°
v o T T
H 2 r LHCb —— Data -
m cannot apply mass/kinematic cuts on By, 2 ' — Total fit]
0 *— — ds = [ ——- Signal =
onlyon D”,D*"",D = Comb. ] ™
m veto mis-ID J/y, A, g s 2
-
— 58] -
m BGs: D from B, B - D® utmty,, ;
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http://dx.doi.org/10.1140/epjc/s10052-016-4250-2

measuring Amg measuring Amg

measuring Am, at LHCb

m physics BG: B > D™ putmty,
m expected at ~ 10% level, but BR is only known with a precision of
10%
m fraction of BG correlated with fitted value for Amy
m model correctly, reduce BG for low systematic uncertainty
m train MVA classifier to discriminate
this BG from signal
m train on MC, in 4 separate
tagging categories
m inputs:
m geometrical and kinematic info
on D™~ system
m isolation of tracks in cone

(e)

F' — Data ()
I — Total fit
- B signal

[Eur. Phys. J. C(2016) 76:412]

Jof. TDB* bke.
around it s ) i ‘
m use to suppress this BG by 70% O e E—
m use to evaluate remaining fraction Ba = D* utvuX
(3%(D*~ v, X)/6%(D~ uv, X)) on data
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http://dx.doi.org/10.1140/epjc/s10052-016-4250-2

measuring Amg measuring Amg

measuring Am, at LHCb

m further complication: v, escapes, X not reconstructed
L My, L
m need to correct measured decay time: t = Do K(mg)

m with: k(mg) = (PD(*m/ngue

— decay time is smeared, only average correction known

5 T 5 Pg
Q = 9 =
: 3 2 03
~= E -~ 25 E

< 20X 1

= <3

S 158 ©

S =

S 1037 g

B— D utv,X 3 5 8¢

- D ugvX A o3 i 3 :

3500 4000 4500 5000 3000 3500 4000 4500 5000 CI:

my [MeV/c?] my [MeV/c?| 2
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measuring Amg measuring Amg

measuring Am, at LHCb

10° . . — 35, 10° .
; j: LHCh | g:_m LHCb
B gdmix = =1: mixed/unmixed from p  i» ff:}m'ml 18 iiﬂ“‘”", 1
charge and flavour tagging decision ke e
10F

m 4 categories in mistag w to gain -,
sensitivity *H
m tagging power
e(1—2w)? ~ 2.3 —2.6%
m fit mp- and mpo/S,y = Mpx — Mpo
distributions

[Eur. Phys. J. C(2016) 76:412

)

m use to extract sWeights for signal +

B* (subtracts combinatorial + D° UW—

><:.

from B): o o ¢ | | E

5 10 5 10 R

P(t, dmix) = (1= fy)S (L, dmix) + S BT (£, dmix) o
St dmix) = a(t) (e”"(1 + dmix (1 = 20) cos(Amat))) ® R(t) ® F(k)

m from data: acceptance a(t), fz+, w
m from simulation: resolution R(t), correction F (k)
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measuring Amg

measuring Amg

measuring Am, at LHCb

ALEPH D] 0j
ALEPILOIt
ALEEH)
B result: (e phys. ). c2016) 76:412] oy
oeLaI
DELPHID, /%.
Mode 2011 sample 2012 sample Total sample "'”:‘«'»'Edr‘r
Amg [ns™!] Amg [ns7!] Amg [ns7!]

Bq — D’u*vuX 506.2 = 5.1 505.2 = 3.1 5055+ 2.7+ 1.1

By~ D* ptvyX  497.5£6.1 508.3£4.0 504434+ 1.0 "‘1,\u,5:

505.0+2.1+1.0 4

opaL mu,«.

combination
orAL D
oraL

m systematic uncertainties:

Source of uncertainty Bg — D ptvuX [ns1] By — D* "t vuX [ns1] 00D oSt
Uncorrelated  Correlated  Uncorrelated  Correlated manar .w..‘w“ »

B background 0.4 0.1 0.4 BARARM

Other backgrounds - 0.5 - - BABAR D' ‘54\’.‘1?:}

k-factor distribution 0.4 0.5 0.3 0.6 BABARD ly(gapi!

Other fit-related 0.5 0.4 0.3 0.5

Total 0.8 0.8 0.6 0.8

LHCD By wl/OST
(Y

B Mmost precise measurement, N )
dominates WA

LHCh D yost
)

Average of 32 above

CLEOYARGUS
(g measurements)

World R

0482 50,044 20,024 ps
0404 20,045 20027 ps

o200 200
0430 £0.043 4 ps”
oasszoms s
usw-ao-omip’

0.497 £0.024 £0.025 ps”
0414 0034 s

0503 £0.064 £0.071 ps™
0500 £0.052 £0.043 ps™

2020016 ps”
001620010 ps”
0.493£0.012:20.009 ps”
0492 20,018 20013 ps”
051120.007 20007 ps”
0511 20.005 20006 ps”
0509 20,017 20020 ps”
0.503 20,008 20010 ps”
0499 20,032 20003 ps”
0516 20,005 20,003 ps”
0.503 0,011 20013 ps”
0

20002100010 ps™

05065 £0.0019 ps”
0498 20,032 ps”

05064200019 ps”

0.35 0.4 045 0.5 0.55 0.6 0.65

Heavy Flavour
Averaging Group
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measuring Am; at LHCb

m decay rates for By and B; to final state f can be different, so

Ip,-p(t) =e " (cosh(AL,t/2) + Al sinh(ATt/2)+

A?g‘f cos(Amyt) + ATC"pix‘f sin(Amqt)>

Tp-p(t) =e 4 (cosh(AL,t/2) + AL sinh(ATt/2)—

A?}?'f cos(Amyt) — A?Pix‘f sin(Amqt))

m time-dependent analyses of Bg decays
give access to

z o Tagged mixed E
= o Tagged unmixed o
n Amﬂ . , . f: 400~ 04 —— Fit mixed @
m sometimes also Al (we’ll see in a E o Fit unmixed g
bit...) % 200 :
m often a flavour-specific channel like z
B, — D, will give the best results % i 2 3 s =
. . . . decay time [ps] %
m will look into B; = J/WK" K™, since it’s Ams from BY — Derr
newer...
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http://dx.doi.org/10.1088/1367-2630/15/5/053021

measuring Amg measuring Amg

measuring Am; at LHCb

m do a time-dependent analysis of B, - J/WK K :

m usually people do this to learn about mixing phase ¢

m complicated angular analysis
m corresponding to a data set of 3fb™!
m > 95k B, —» J/WK"K~ candidates, very clean
m main BG: combinatorial, K/ mis-ID, subtracted using sWeights
m flavour tagging: opposite side + same side Kaon,

€(l1 —2w)* = (3.73 £0.15)%

o T T < T T
2 'k LHCb e 4 2T 1
[5) F L |- i o 3 12
s | I 1 2 i
=) i - [~ 1 w»n [ 1=
2 : - 1§ 10000 1=
S 10° = ‘..“* ERRS L -E
o E - S E § r 1=
3 [ iy Ty, o s [ 1=
= o S 5000 =
'g r + o r 1=
5 10 by gt e | ¢
O 10° by ot E L 1=
fif | © ;
PR MUY SRR NS I Y PO IO B =1 T v
0 I
990 1002 1014 1026 1038 1050 5300 5350 5400 :
m(K*K') [MeV/CZ] m(J/y K'K) [MeV/cz]§
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http://dx.doi.org/10.1103/PhysRevLett.114.041801

measuring Amg measuring Amg

measuring Am; at LHCb

m final state J/@wK* K™~ is mixture of CP eigenstates
m depends on relative angular momentum of J/y and K*K ™ -system
m to learn about ¢, need to disentangle CP-even and CP-odd
component (for details, see talks by Maria, Varvara, Pavel)
m analyse decay rate as function of helicity angles
cos(0k),cos(0y), dn

K- E

$h
/ > . Oy
‘i’\}/ K'K BY ot i

K* N

14

[Phys. Rev. D 87, 112010 (2013)]

m forward geometry of LHCb cuts into these angles
m model 3D angle-dependent efficiency using simulation

m helps to disentangle Bs y and Bs 1.
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https://indico.cern.ch/event/684284/contributions/2952442/attachments/1716730/2769887/mvieites_CKM_CPVB2VV.pdf
https://indico.cern.ch/event/684284/contributions/2952419/attachments/1716803/2770035/phisLHCb_CKM2018.pdf
https://indico.cern.ch/event/684284/contributions/2952432/attachments/1718208/2772765/ATLAS_phiS.pdf
http://dx.doi.org/10.1103/PhysRevD.87.112010

measuring Amg measuring Amg

measuring Am; at LHCb

m simultaneous fit in decay time and angular analysis
m long- and short-lived component separated thanks to different

angular dependence!

3500
3000
2 b g PPy i
2000
1500

Candidates / (0.2 ps)

1000
500

Candidates / (0.05w rad)

Candidates / 0.05
Candidates / 0.05

N
[T PR AT N

=)
8
3
A At

Phys. Rev. Lett. 114, 0418

cos By
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http://dx.doi.org/10.1103/PhysRevLett.114.041801

measuring Amg

measuring Am; at LHCb

Parameter Value 2
Ts [ps 1] 0.6603 + 0.0027 + 0.0015 <
ATy [ps™*]  0.0805 + 0.0091 + 0.0032 &
lAL 12 0.2504 = 0.0049 + 0.0036 &
14012 0.5241 + 0.0034 + 0.0067 =
8 [rad] 3.26019 £002 E
5. [rad] 3.087014 + 0.06 -
¢ [rad] —0.058 + 0.049 + 0.006 2
IA| 0.964 + 0.019 = 0.007 ¢
Amg [ps ] 17.711%9%3 + 0.011 =

measuring Amg

CDF2 hadr+semilept
am’

LHCb D(3)x"
(0036 1b)

LHCb D*X
aom’)

LHCb D"
aom)

LHCb Jryp
[EXY )

Average

Heavy Flavour
Averaging Group

m hugely complex fix, but gives access to

m Amg,
m [, AT,
B mixing phase ¢;

7
S
}_H
[ IRl

[

I I I I
174 176 178 18 182

Am_(ps™)

m amplitudes and phases of different angular components
m LHCb measurements in B? — Dyt and B? - J/WK"K~ dominate

the WA

M. Schiller (Glasgow)

Current experimental status of AT and Am

September 18th, 2018

17.77 £ 0.10 = 0.07 ps™
17.63 = 0.11 = 0.02 ps"
1793022+ 0.15ps”
17.768 + 0.023 = 0.006 ps”

17.711° 055 = 0.011 ps™

17.757 £ 0.021 ps™
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http://dx.doi.org/10.1103/PhysRevLett.114.041801
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
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measuring Al

measuring Al
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measuring Al measuring Al

measuring Al at LHCb
m have already seen B; — J/WK K~ with K"K~ in the ¢(1020)

region (phys. rev. Lett. 114, 041801 (2015)]
m similar example: use higher KK~ invariant masses: e os 2017 037
m also uses 3fb!
m similar to analysis with KK~ in the ¢ region
m more than 33k candidates with mgg > 1.05 GeV

T
LHCb
o data

— Fit

— - 6(1020)

S-wave

— - £,(1525)

0(1680)

— £,(1270)

—— £,(1750)

—— £,(1950)

¢s = 119 + 107 + 34 mrad,

IA| = 0.994 + 0.018 =+ 0.006,
2333@ W T, = 0.650 + 0.006 = 0.004ps ",
S o e A, AT, = 0.066 + 0.018 + 0.010ps~

[JHEP 08 (2017) 037]

“ i T T W =0 gor 9 0o upe

i _

1 T3 3 3
my.g-[GeV]

B can combine both:
¢s = —25 45 + 8mrad I, = 0.6588 £ 0.0022 = O.OOlSps_1
|A] =0.978 = 0.013 = 0.003 AI; = 0.0813 = 0.0073 = 0.0036ps_1
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http://dx.doi.org/10.1103/PhysRevLett.114.041801
http://dx.doi.org/10.1007/JHEP08(2017)037
http://dx.doi.org/10.1007/JHEP08(2017)037

measuring Al measuring Al

measuring Al

m have already seen how to get AI; from time-dependent mixing
analyses

m other method: effective lifetime depends on y,; = 2AI,/I};:
eff _ 11 1+2akv+yd

T 1
Ba=f T Tyl-yvi  1+4ly,

m can use different decay channels (different AJACF) (e.g. [JHEP04(2014)114])
m B — J/WK* (AL = 0)
m B® - J/WKY (AL = cos(28))

m can use measurements of Al; for many things on the theory side
m e.g. to derive bounds on quark-hadron duality, to mention a recent
example [arXiv:1603.07770v2]
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http://dx.doi.org/10.1007/JHEP04(2014)114
http://arxiv.org/abs/1603.07770v2

measuring Al measuring Al

measuring AIl; at LHCb

m idea is to measure effective lifetimes of e.g.
m B > J/WK?

m trigger on u, 3fb~! data sample
m minimise decay time biasing selection criteria

m fully reconstruct decay, model efficiencies with MC and control
channels

m fit time and invariant mass

12000 3 2 -
3;”"’”“’ LHCb | § " LHCb ':‘ 10° LHCb 4
= 8000 4 = wE <
5 5 wE 4 —
E R 2 £ =
E - . fA 2 ‘s iz
. - - £ . o - . 19
3 bt b = il LRER) = et bR b = 2 R R b S
[ iy [ARTEOR T LR RRLL 2RI 2 ST S el S
P M) : ; B R ML) ! ; i o
mhy K') [MeVie?] tlps] m(ny KD [MeV/er] sl =
~ 71k B® > J/pK* ~ 17k B — J /@K
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http://dx.doi.org/10.1007/JHEP04(2014)114

measuring Al measuring Al

measuring AIl; at LHCb

m of course, (effective) lifetime measurements require precise control
of efficiency as function of decay time (and flight distance)
m two main contributions:
m VELO reconstruction efficiency as one moves away from beamline

radially (p)
m combined trigger and selection efficiency as a function of time

Q g = 1
E 3
& 095 ot v N 1
5 +T 4+ + ——]
09 = UL o ]
096 4
055 A
- osaf" 3 =
08 ’ LHCb )
E 1 ©
0.75F Ei 092~ 1o
£ 1 <
07 L L . o7t L L L 09 . L1 g
: 2 4 6 2 4 6 ’ 1 10 %
p [mm] p [mm] tlps] =
online reco offline reco combined trigger + selection eff.
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http://dx.doi.org/10.1007/JHEP04(2014)114

measuring Al measuring Al

measuring AIl; at LHCb

W results: yHero4o14)114]
Tpo_j/pk* = 1.524 £ 0.006 + 0.004 ps

To_jpk? = 1.499 £ 0.013 = 0.005 ps )
vEs m combine from these results:

m use 70, = 11 1e2ahyety I; = 0.656+0.003 0.002ps "
BamS T N1y v aly, AT; = —0.029+0.016+0.007ps ™!
AT
| AJACF = 0 for flavour specific decays Tdd = —0.044 = 0.025 = 0.011

m AL = cos(2B) for B — J/ywKY

Source Tg+/Tgo TBQ/TBU TAp/Tgo T+ /T~ T"\b/TAE TB()/TE() Al /T
Statistical uncertainty 5.0 8.5 18.0 4.0 35.0 8.0 25.0
VELO reconstruction 1.6 1.7 11 - - - 4.1
Simulation sample size 2.0 2.2 2.8 2.1 5.3 3.0 6.3
Mass-time correlation 1.6 1.2 2.3 - - - 4.7
Trigger and selection eff. 1.1 1.8 1.5 - - - 4.0
Background modelling 0.3 0.1 1.5 0.2 3.0 1.4 3.8
Mass modelling 0.2 0.4 0.2 0.1 0.2 0.2 0.8
Peaking background - 0.3 0.7 - - - 0.5
Effective lifetime bias - 1.0 - - - - -
BO production asym. - - - - - 8.5 1.9
Total systematic 3.2 3.7 4.4 2.1 6.1 9.1 10.7

m ATLAS has a decay-length dependent analysis with ~ 139k B — J/@K?
and ~ 685k B — J/wK*?, yielding Al;/T; = —0.001 = 0.011 = 0.009

[JHEPO6 (2016) 081]
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http://dx.doi.org/10.1007/JHEP06/(2016)081

conclusion

conclusion

conclusion

M. Schiller (Glasgow) Current experimental status of AT and Am September 18th, 2018 22 /25 %



conclusion

conclusion

m LHCb measurements of Amy , Am; still dominate WA
m experimental status similar to that of last CKM
help constrain CKM matrix — important test of SM
more and more of run 2 data is analysed
new results are being produced
stay tuned for more!
m also some progress on A in the last year or so
m also stay tuned for more!
m theory limits current precision of |V;s| and |[V;4]
m looking forward for the lattice to become even better

M. Schiller (Glasgow) Current experimental status of AT and Am September 18th, 2018 23 /25 %



backup

M. Schiller (Glasgow) Current experimental status of AT and Am September 18th, 2018 24 /25 %



I; versus Al

Contours of A(log £) = 0.5

T BY — DuX [Phys. Rev. Lett. 119
s iaid - 161;0172017;\/\& o
£ ~

m BY - Dyt [Phys. Rev. Lett. 113,
172001 (2014)]

[ ] B,(g)aj/’q/,/() [Phys. Rev. Lett. 109,

0.15 B — J/yprm, T/ fo 152002 (2012)]

m BY > J/we [Phys. Rev. Lett. 114,
041801 (2015)

Theory

0.10 Combiried é m BY - J/wKK [JHEP 08 (2017) 037]
B\ ccKK S m BY - w(25)¢ [PLB 762 (2016)
I 253]
0.05 N
) ~
B! — DDy, J/yn O  w BY - J/yn [Physics Letters B
> 762C (2016) pp. 484-492]
0.0 £ w BY - DDy [Phys. Rev. Lett. 112
862 0.66 0.70 0.74 = 111802 (2014)]
FS[PSA] o
m many lifetime measurements in BY sector by LHCb, pinning down I and
AT,
m excellent laboratory to test quantitative understanding of AI; from first
principles
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