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82/5 — 32/5 oscillations: Physics motivations

In the Standard Model Bg/s — Bg/s mix through the box diagrams b i i q

The two mass eigenstates By and B; have:
B Amg x m%/VmBqBABq féq(V;{7 Vip)? qg=d,s
m Alg x
mime, Be, 5, (Vg Vi) + Vig Ves Vig VerO(m2 /m7) + (V& Vep)?O(m / m))

Current WA: [HFAG Summer 2016]
m Amy = 0.506540.0016+0.0011 ps~—!
s Ams = 17.7574+0.020+0.007 ps—1!
m Al /T4 = (-0.241.0)x1072 09 0

constrAaln the apex (ﬁ, ﬁ) of the CKM unitarity triangle

m Bg, féq uncertainties limit the precision of Vekym

2 g0 2 g
T5,B5,  Ju,Bp, &

. . . . . - - ‘this work -
Some of the theoretical uncertainties cancel in the ratio: were o

- Ams __ Ma; X 62 ‘Vrs Fermils/MILC 12 ————
- 2 —o—+—5— |Fermilb/MILC 11
Amy mpy |th‘
ot —E— HPQCD 09 e —
Np=241 Ny=2+1

m { = 1.26840.063  Lattice QCD, PDG2016—[FNAL&MILC: arXiv:1205.7013]

= 1.206£0.019 new calculation [FNAL&MILC: arXiv:1602.03560] O | FMB T e
0.‘04 Djﬂﬁ 2'08 0.‘1 l.‘l 51 .I21 l.‘27 1 .‘33
GeV’
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5 oscillations: measurement of Amy s

Best precision is achieved by measuring the time-dependent mixing asymmetry in flavour-specific decays:
(£)—Tgo_, ¢(t)
h _ Bo—n’ B —f exp —(Amg 0¢)?/2
w AD() = W ~cos(Amgt) = ATP(t)x(1—2w)e (Amg at)™/2 cos(Amg t)

assuming no CPV in mixing and Al; = 0

The average statistical significance is:

8 S~ /NJ2 fign/erag (1 — 2w)2 e~ (Bma 00)*/2

Experimental key-factors fully addressed by LHCb:
m Signal yield and background suppression: /N /2 f;g [LHCb: 2008 JINST 3 S08005]

¥
M4 MS
M3

large o),
£"* = 3 fb~! in Runl (2 fb~! in Run2, so far) sm| _— SIS piep M

T3 RICH2

tracking: impact parameter, momentum, mass resolutions | A\
particle identification: (p/7/K/p) Vocator i B =

m Flavour tagging: \/€rag(1 —2w)? =3 — 6% ki e 7“
m Opposite-side (OS e,u, K, Vertex, Charm) 9N i)
m Same-side (SS: 7w, p and K ) .
2 Lo ;
m Decay time resolution: e (Amgot)”/2 PO s R e R Viruas i
m excellent vertexing o; ~ 45 — 55 fs

n

n

m efficient trigger and reconstruction
n

]
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BY — BY oscillations: Measurement of Amy at LHCb

Amy was first measured at DESY by ARGUS [Phys.Lett. B192 (1987) 245-252] then at Cornell, LEP then at

B-Factories.
[LHCb: Eur. Phys. J. C76 (2016) 412]

Previous LHCb measurements used data samples of increasing size of
BY — D*~putuuX 08 M events

different “flavour specific” hadronic and semileptonic By decays

[LHCb: Phys. Lett. B709 (2012) 177, Phys. Lett. B719 (2013) 318, Eur. Phys. J. C73 ~ O T T T
(2013) 2655] ® 25F LHCb — Data
3 '~ — Totd fit
= 2p /% —— D 7

3 (. 0

. 1 € 1sp 4 b"

Latest LHCb measurement exploits the full Runl data sample (3 fb™1) 3 /| Comb
— most precise determination of Amy [LHCb: Eur. Phys. J. C76 (2016) 412] L% F / ! E

§

m Uses semileptonic B} — D)~ p+1,, X decays s5F 7 E
m large branching ratios (B ~ 2-5%) O a0 I8 1900
m Event reconstruction & selection: Mcr [MeV/ic]

m reconstruct D* 7 — [_)0(—> Ktw~)r~ and D~ — Ktn 7w~ Bg — D ptruX 1.6 M events

decays x10°

u D(*)7u+ from a common vertex (displaced from PV) § LHCb +' Data
m missing neutrino: cannot apply mass or kinematic cuts to the By , 3 100- —— Total fit]
only to D°, D*~ or D™ 3 —— ggrr:]db

m vetoes on mis-ID J /4, Ac - :
= Background: % 50 g

m Combinatorial i

m D from B decays

s BT — D(*)7#+7TAV,L L % =T

1800 1850

1900 ‘
M [MeVicg]
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BY — BY oscillations: Measurement of Amy at LHCb

B+ — D™~ pu*xtu, background:

m it is expected to be 10% and 13%, BUT its B is known with a precision of 10% [PDG2016]

m its fraction is correlated with the fit value of Amy

— need to suppress it to reduce the systematic uncertainty

MVA classifier was developed to discriminate such
background from the signal:
m inputs:
m geometrical and kinematical info on the B candidate
(D))
m isolation info on additional tracks reconstructed in a
cone around the B candidate direction

m training:
m on MC samples of signal B® — D*~ ptv, and
Bt — D*7,U‘+TI'+VH
= output (BDT):
m used both as selection cut (suppression of 70%) and

to evaluate on data the remaining fraction (—3%
and 6%)
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[LHCb: Eur. Phys. J. C76 (2016) 412]

Bg — D™ “Jru“X in 4 tagging categories
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BY — BY oscillations: Measurement of Amy at LHCb

[LHCb: Eur. Phys. J. C76 (2016) 4

BY —» D= uFu,x
Event reconstruction suffers from the missing neutrino: _ ' ' ' . _
[]
m By momenta & decay time are corrected by a k-factor g LHCb ig%
determined on MC: o 16 %
14 o
12 §
Mgo - L 10
t= B~ with k(mg) = (Ppn),/PEr®) g
Poor, - </ K(mp) w/Pa 0 3
mi H H it 4 g
— limited time resolution B - D uv,X 2 o
03 1 1 1 1 0
3000 3500 4000 4500 5000
m, [MeV/c?]
i

Flavour Tagging:
m determine gmix from the tagging decision&the charge of the p (gmix = £1)
m Split in four categories of increasing mistag w to gain sensitivity

m Tagging power: eD? ~ 2.3-2.6%
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BY — BY oscillations: Measurement of Amy at LHCb

Fit stratergy:
[LHCb: Eur. Phys. J.

m fit the mp— /mpo&dm=mp._-mpo distributions: . .
disentangle Signal+B" (sWeights) from other backgrounds FBd = DT utuuX BY 15*7“ Fupx
1 1
(combinatorial + D° from B)

g ER:
5: 1 tHoo ] 5% LHCb ]
m perform an sFit to the weighted distribution of the decay < +Daa s +oaa ]
time: 8% A I e
& 20) B bkg. L“w 8" bkg
P(t, Gmix) = (1 — fg+)S(t, qmix) + g+ B (£, Gmix) wf ER ]
S(t, gmix) < a(t) [eft/ﬂ' (1 4 gmix(1 — 2w) cos( Amg t)QR(L)QF (k)
m time acceptance a(t), fg+ and w extracted from fit to data RS S
. . . . 0 x— 4 . . .
m convolution with resolution functions from MC R(L),F (k) B = B (0 X I O I CERep s
% 0.5] LHCb
of
05F (¢)
0.5 +’ ‘ ‘
OW’ wEy
05( (9 r (h
5 10 5 10
tlps]
Assuptions: Aly = 0, ‘Q/P| =1 similar plots for Bg = DT ptr,X
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BY — BY oscillations: Measurement of Amy at LHCb

[HFAG Summer 2016]

Results: [LHCb: Eur. Phys. J. C76 (2016) 412]

Mode 2011 sample 2012 sample Total sample ALEEED Oy f—e—i o

Amy [ns™Y  Amy [ns7Y] Amy [ns™!] oo
BY - D~ pTv,X 506.2 + 5.1 505.2+ 3.1 505.5+2.7+1.1 -
B§ — D* pty, X | 4975 +6.1 508.34+4.0 | 5044+344+1.0

combination 505.0+2.1+1.0
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Systematic uncertainties:
o
D~ ptuy [ns™Y] Dty [ns™H R
Source of uncertainty | Uncorrelated  Correlated | Uncorrelated  Correlated eaman Dl
BT background 0.4 0.1 0.4 - AT
Other backgrounds - 0.5 - -
k-factor distribution 0.4 0.5 0.3 0.6
Other fit-related 0.5 0.4 0.3 0.5
Total 0.8 0.8 0.6 0.8
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Most precise measurement, dominates the average.

WA : Amy = 506.441.9 ns—*
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BY — B? oscillations:

Ams was first measured by CDF in 2006: Ams = 17.77 +0.10 & 0.07 ps~! [CDF: Phys.Rev.Lett. 97 (2006) 242003]

Previous LHCb measurements used partial Runl data samples of

“flavour specific’” BY — D3 (3)7t decays [LHCb: Phys. Lett. B709 (2012) [LHCb: New J. Phys. 15 (2013) 053021]

177], and semileptonic BY decays [LHCb: Eur. Phys. J. C73 (2013) 2655] o
= 4000 ) D, —on ;:]l‘l'["
z MB- D
. . _ = W B DK’
The most precise LHCb measurement exploits 1 fb~! of Runl data 7 20 LHCb omisid b,
sample [LHCb: New J. Phys. 15 (2013) 053021] 3 I comb bkg.
m Uses B — Dy wt decays ~ 34000 signal events =S ]
m hadronic flavour specific decay with the largest B (~0.3%) )i ass [MeV/c]
m Event selection: reconstruct Dy in 5 fully reconstructed : |» DK
decay modes: ¢m, K*K, (KKT)nonres, K7 and 37 z WE D
. . . .. . . = 2000 W B'-=DK"
m MVA selection for an optimal discrimination of signal from : LHCb misid. bkg,
background 3 M comb. bkg
400 S0 S0 5950
(D &) invariant mass [MeV/¢?]
2 L Dorra ¢ data 3 5 P T
=z 2 —fit z — it
2 500 2 Weon = 2000 :R'anw
3 z BoD K = B'—DK"
F LHCb oo LHCb = mud ke
S & 3 1000 M comb. bkg.
li-l‘i'\l) 5-115() 5500 5550 5350 5400 5450 5500 5550
(D_ ") invariant mass [MeV/c?] (D ") invariant mass [MeV/€?] 5350 x‘;’“‘ : mf:':::m[ m-:-“_"l‘hw’:jff’
v
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https://arxiv.org/pdf/1112.4311.pdf
https://arxiv.org/pdf/1112.4311.pdf
https://arxiv.org/pdf/1308.1302.pdf
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BY — B? oscillations:

[LHCb: New J. Phys. 15 (2013) 053021]
Fit strategy:

« Tagged mixed

m perform a simultaneous fit of the 5 data samples of all
contributions

P(m,t,ot,q,m) = Pm(m)Pt,q(t, qlot,n)Po,(0t)Pr(n)
P =figS+ 22 f, bkg

® Pm(m) mainly discriminate signal from background ! 3 l
contributions decay time [ps]

u Pt,q(t, q‘”h 77)
m Use per-event decay time resolution model (o) ~ 44 fs
(Poy(0+)), calibrated on data using prompt Ds&m
m Use per-event OS and SSK combined tagging decision and
mistag: €D? = 3.5+0.5% (P (1))

d unmixed

400

— Fit mixed

Fit unmixed

il
=
=
b=
-

200

Systematic uncertainties

. Source Uncertainty [ps—]
Result: Ame = 17.768 + 0.023 & 0.006 ps~" i S

i Momentum scale 0.004
Most precise measurement to date. Decay time bias 0.001
Total 0.006

More recently LHCb determined Am;s also in the analysis of B — J/¢K+ K™~ for ¢s and Al
measurements: Amg = 17.71175%5 4+ 0.011 ps~! [LHCb: Phys. Rev. Lett. 114 (2015) 041801]
(see also G.Cowan’s Talk)
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BS — BS oscillations:

The decay rates of B; and By to a given final state f can be different, therefore:

F(BY(t) = f) o e~Tat [cosh(Arqt/Q) + AL [ sinh(AT gt/2)+ AL cos(Amgt)+ AT sin(Amqt)]
F(BI(t) — ) o e~Tat [cosh(Ath/2) + Al sinh(AT gt /2)— A%0E cos(Amgt)—Amix sin(Amqt)]
assuming |q/p| =1

The untagged rate: T(BY(t) — ) oc e~ "' [cosh(Alqt/2) + Af - sinh(ATqt/2)]

assuming production asymmetry Ap = 0

The effective lifetime ngff_)f depends on yq = 2Al; - Tg:
f 2
et 1 1 14+ 2AKrya +yg
Bamf g1 —y2 1+ Al yg

AT 4 can be measured by comparing T;g_” in different decay channels (different AfAr)
For example: [T.Gershon, J. Phys. G 38:015007, 2011]
] AfAr = 0 for flavour specific decays

m Al = cos2f for By — J/pK2
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BS — Bg oscillations:

[LHCb: JHEP 04 (2014) 114]

Bg — J/':;!KSO 17k events
gzoooé LHCb R
Strategy: measure effective lifetime ngf using 2 1s00E- 3 g
£ 1o0f E é
= E 3
m BY — J/4pK*0 (flavour specific) 3 "L 3°
0 0 . 4 + u =
= By — J/9K; (CP eigenstate) 5 et i i WHEIRE e 2 R L
P ANER AN Yl Iy RITIRS VY 2k TUPICTER By T‘JM H ‘m P
Selection: ;WWH 4 : .
mJy K [MeV/c: t[ps
m Runl data sample (1 fb~1)
A . oo BY — J/wK*®  70.5k events
® minimize any decay time biasing J—— d o - o )
lection L 18 i
selection cuts S0 Lo Ef- 1
. 3 eoof 13z 1
Fit strategy: 3 oo ER 3
m fit the distributions of time and invariant £ “®f R A
mass: 8 L 3
P(m, t) = fugS(m, t) + 32 . Bi(m, t) e
. . g 0 IS
m time resolution o ~ 45, 65 fs 20 iy H B Ay
5150 5200 5250 5300
m(Jy K*t) [Mev/c?]
v
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82 — BS oscillations:

Effective lifetime results: [LHCb: JHEP 04 (2014) 114]
eff _
TBS%J/@;K*O = 1.5244-0.0064-0.004 ps
reff = 1.4994:0.01340.005 ps i inti . o
BSHJ/U"KE p Systematic uncertainties T;gaj/uk*o T;S‘}J/, HKO Aly/Ty
[fs] [fs] x10~3
VELO reconstruction 2.3 0.9 4.1
Simulation sample size 23 2.9 6.3
Mass-time correlation 1.8 21 4.7
Trigger and selection eff. 1.2 2.0 4.0
f 2 Background modelling 0.2 2.2 3.8
sof 1 1 14+ 2AKrya +yg Mass modelling 0.2 0.4 08
By—f = — 2 f Peaking background - 0.3 0.5
2 M1 1+ A eaking backg
q Yq ar¥a Effective lifetime bias - - -
By production asym. - 1.1 1.9
A o LHCb length scale 0.3 0.3 -
m Al = 0 for flavour specific decays Total 39 79 107

m Al = cos2f for By — J/pK2

we measure:
My = 0.656 + 0.003 & 0.002 ps—!
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From the measurements to the SM-CKM picture

[CKMfitter Summer20!
Measurement ‘ Value reference

Amy [ps~1] | 0.505040.002140.0010 [LHCb: Eur. Phys. J. C76 (2016) 412]

0.5064+0.0019 [HFAG Summer 2016]
Ams [ps™!] 17.768+0.0234-0.000 [LHCb: New J. Phys. 15 (2013) 053021]
17.757+0.021 [HFAG Summer 2016]
AT4/Ty (—4.442.5+1.1)x102 [LHCb: JHEP 04 (2014) 114] El
(-0.14£1.140.9)x 102 [ATLAS:JHEPOG (2016) 081] E
(-0.241.0)x 1072 [HFAG Summer 2016] E
Within SM, such measurements constrain 5 *
2 <
[Vl = 0.2150 & 0.0004(exp) =+ 0.0107(lattice) [PDG2016]
t

[see previous talk by E. Gamiz]

Wl x10° v, 1 x10° Vg 1Vl
With the latest, improved LatticeQCD calculations T ] awg N
2 .
|Vis|© o . o o this work o
Vol = 0.2052 =4 0.0032 [FNAL&MILC: arXiv:1602.03560]: oo
—B— a=2] BoKmu'y [——8———
a tension (O(20)) arises when comparing |Vis|, | Viq4| results
from mixing measurement with results from tree-processes CKM unitarity:
L L full H
- aal tree ——
Bl b e Maen
7 8 9 35 39 43 0.18 0.19 0.20 0.21 0.22 0.23

Vecchi

surements of Amy

and AT at LHCb"

s


https://arxiv.org/pdf/1604.03475.pdf
http://www.slac.stanford.edu/xorg/hfag/osc/summer_2016/##DMD
https://arxiv.org/pdf/1304.4741.pdf
http://www.slac.stanford.edu/xorg/hfag/osc/summer_2016/##DMS
https://arxiv.org/pdf/1402.2554.pdf
https://arxiv.org/pdf/1605.07485v1.pdf
http://www.slac.stanford.edu/xorg/hfag/osc/summer_2016/##DG
http://iopscience.iop.org/article/10.1088/1674-1137/40/10/100001/pdf
http://http://ckmfitter.in2p3.fr
https://arxiv.org/pdf/1602.03560v2.pdf
https://indico.tifr.res.in/indico/contributionDisplay.py?contribId=126&confId=5095

From the measurements to possible hints of NP ?

Straub, Talk @ LHCb Implication Workshop 2016]

Aomaies  LFUvolation _ ulook

T e) > Using CKM from tree and
’ matrix element from
FNAL/MILC
» best fit 1.50 from SM
= » Currently probing SM at
10% level in CP conserving,
few-% level in CP violating
observable

David Svaub (Unverse luse)

Iroduction  Anomaies  LFUvlaton _ Quiook Flavur Ouiook

Status: new physics in B mixing

- matrix element from
a FNAL/MILC

‘ > Using CKM from tree and

> best fit again 1.50 from SM

David Svaub (Unverse lusta)

toduction  Anomalies  LFUvioton  Ouook Finour: Oulook

AM, error budget

AM o B Vio Vigl? = 15, B, (V2 + VapVEs — 2V4VooVis cOS )

Relative uncertainty:
> Theory: 15%
> Experiment: 0.4%

(Using FNAL/MILC bag perameters
and neglecting the correlation
between fyo and 5%

David Staub (Universe lsta)

toducton  Anomalies  LFUviolaton _ utook Favour Outook

AM; error budget

My o £, By, | Vio Vi = 1B, [ V2 (1 + 0(A?)]

Relative uncertainty:
> Theory: 9%
» Experiment: 0.1%

Clearly, need lattice & CKM from tree
to make progress!

(Using FNAL/MILC bag parameters and

neglecting the correlation between fs, and
)

BY)

DavidStauh (Unverse o)

plots can be reproduced from this link to the open source code flavio

Current measurements are compatible with SM in 1.50
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From the measurements to possible hints of NP ?

L7y volaton

Status: new physics in B® mixing Future constraints from B® mixing

Dream scenario:

» Using CKM from tree and
matrix element from > current central values
FNAL/MILC \ » 0 100.5%

» best fit 1.50 from SM | > éﬂ" 10 0.5%
» Currently probing SM at |
— 10% level in CP conserving, 1N > Vip and Vep to 1%
few-% level in CP violating f > Y1005
observable |

Status: new physics in Bs mixing Future constraints from Bs mixing

Dream scenario:

> Using CKM from tree and
matrix element from
FNAL/MILC

> best fit again 1.5 from SM

> current central values
> 3,10 0.5%

» Bg, 100.5%

> Vi and Ve 0 1%

> Y1005

Re(Cvuz/CEYy)

plots can be reproduced from this link to the open source code flavio

Future improvements can reveal NP



https://indico.cern.ch/event/549031/timetable/
https://flav-io.github.io/

Conclusions

m LHCb measurements of Amy and Ams have reached a precision of %o, and dominate the
current World Averages.

m Together with the measurement of Al'y and AT, they provide useful constraints to the CKM
parameters | Vis| and |Viy| and important tests of the SM.

m The precision of |Vis| and |V,y| is currently limited by theoretical uncertainties.
m Latest Lattice QCD calculations allowed a factor ~3 of improvement in |Vis|?/|Viqy|? with
respect to previous calculations that renewed the interest on Bg — By mixing parameters.

Looking forward for further improvements on theoretical computations and on experimental
measurements (for prospects at LHCb see talk by V. Chobanova)
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Flavour Tagging: identifying the initial B flavour

SS Pion
SS Kaon
SS Kaon NNet B =

SS Proton g h
88 Pion BDT / \

B°

Signal Decay

Opposite Side

0S Kaon
OS K. NNet

0S Muon

OS Vertex Charge
OS Electron

0S Charm

OS tagging: exploits the properties of the decays of the b-hadron opposite to the signal B [LHCb: Eur.
Phys. J. C72 (2012) 2022

o, e (b—d ), K(b—c—s), Qux (inclusive secondary vertex reconstruction)

SS tagging: exploits the hadronization process of the signal B, or in the decays of excited states B**
m SS7, SSp [LHCb: LHCb-PAPER-2016-039, arXiv:1610.06019] (tag the B, ) (see also M.Calvi's Talk) ,
m SSK  [LHCb: JINST 11 (2016) P05010] (tag the Bs )

tagging power: £(1 — 2w)? ~ 3 — 6% depending on the B decay channel
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