Recent results on the CKM angle y with open
charm B decays at LHCb

V. Tisserand (CKMfitter/LHCb), LPC-Clermont Ferrand, France
LLR Palaiseau le 28 janvier 2019
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The Standard Model (SM) & the Unitary CKM Matrix
2 mixing of the 3 quarks families & CP violation

* the Higgs boson gives mass to elementary bosons & fermions (quarks, leptons)
through Yukawa couplings, but there is not only that ! :
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charged currents (EW) 1mply transitions between quark families : quarks decays [there
are no neutral current changing flavour (FCNC) at tree level (i.e. GIM mechanism )].
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* strong hierarchy in EW V;; couplings
for the 3 families (wrt diagonal
couplings oAN ~ (0.225)N : 5 Cabibbo
angle).

* KM (Kobayashi-Maskawa) mechanism :
3 generations 3 4 parameters: A, A, p

& 1 complex part n which phase is
the unique source of CPV in SM.
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The CKM Matrix : the unitary triangle & the very rich phenomenolgy of quark flavors

4 d - S - b g_'\ =>4 paramters (A, A, p & n) to be
< <~ <2 obtained/tested wrt data:
u " pr K'_\\%WV BQ'WV nucleons, K, D, B, & top quark
E physics.
B [~ [~ . .
Voun = =<7 =7 | Be=7 2 unitarity relation in B, system
ckm= e D - D K :.D (1t line/ 3 column):
Via V* Vig Vi
_ _ W PEb 4 1 4 S =0
¢ D' B’ |B, B, t\ﬁ Vea Ver VeaVap
N bJ O(1) + O(1) + O(1)

Unitarity triangle in the (p,n)
Parametrisation « a la Wolfenstein » phase invariant (p.n) complex plane:

& valid at any orders in A @ CKMfitter
(EPJ C41, 1-131, 2005) :
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=>» The CKM angle v is a fundamental
parameter of the SM related to the complex
phase in the KM mechanism responsible for
CP violation in quark sector

= — Already 10 years ago after the B factories
BaBar@SLAC and Belle@KEK we knew that

The KM
mechanism is
the main source
of CPV at EW
scale (i.e. @

My,z)

Kobayashi et

Masakwa, Nobel prize
of physics 2008

= So why do we still care about the CKM angle y ?
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S years after: the CKM angle y after LHC run1 in 2013 |ly=4r¢ [_ Vuqufbi|

= Astonishing/impressive overall consistency:
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= Many DK like modes combined, observables are predictable!
=» M. Karbach (RIP) : “We understand what we're doing!”
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LHCb was already competitive with only 2 years of data taking ! % 5
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The theoretical usefulness of measuring
accurately the CKM angle y in 2018 and beyond

Angle v is the least well known CKM constraint (although now only just
(i.e. similar to a)) and remains a unique CPV parameter:

= SM benchmark or standard candle - only CKM angle accessible at tree level

» Determination form tree B—»DK decay theoretically extremely clean :
[arXiv:1308.5663] —
0/ ~O (1077)

Only one caveat: New physics at tree level in Wilson coeff of interfering amplitudes C, and C, can cause sizeable (up
to 5°) shifts in y, however quite academic speculation, type of possible NP model very unclear and yet unmotivated
[arXiv:1412.1446]

= Probes NP scales extremely far beyond direct searches in ((N)M)FV NP

scenarios: ~
. Y 3
[arXiv:1101.0134] NP ™ O (10 TeV)

=» Use for “direct” vs “indirect” (i.e. “tree” vs “loop” processes)

disagreement in global CKM fit consistency test :
+ Tree level decays test the SM and are robust to New Physics (“standard candle for the SM KM
coherence tests”): L constraint to sin(2p), need ideally precision of about ~1° and below
» Loops (B to charmless decays) test for physics beyond the SM but require a clean measurement
as input & precise understanding of theory assumptions (SU(3) breaking, U-spin...). @
V. Tisserand, LHCb, LPC Clermont FD



CKM angle vy in loops and trees

Q From B — T determ|ne =T — 8 — f)/ [Gronau, London 1990]

@ Use B — 7 and B; — KK to extract v (rieischer 1099]
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The early 2018 state of play

The current world average (HFLAV), LHCb combination and
indirect determination (CKMfitter) on vy
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We entered yet the sub 5°(6%)
precision era = but still not enough!
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Yin B-—DMOK®*)

Same final state D%=[D%/D°]

See Young’s
double slit
experiment

- Vud qu b
V— arg Ved Vc*b

E
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Obtaining y : use interference between b_.cus and b-.ucs

Gronau, Wyler (91); Gronau, London (90)

A_, ocA3

A, 0N /72 + p2 eiY)
relative strong & weak phases

=> Take any spectator(s) you like. Color-allowed diagrams are also possible for
certain spectators. For color-suppressed V, , decays:

CPV asymmetry size depends upon the critical parameter :
Atot='4+’4 I'BE|A/,4 |~5-30% color/Cabibbo suppression

if r; small = small experim. sensitivity to y (precision as 1/rg)

PLB 557(2003)198

same D=[ D°/D?°] final state

=>» Experimentally unfold y, &g, and rg from
ratios of BFs and B vs B asymmetries observables

=» Hadronic nuisance parameters can be determined from data directly of from external inputs %—
10
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Experimental aspects of y measurements

=» measuring y at tree level is difficult (typical BFs <10-¢ and less, reconst.
& selection efficiencies below % ):

= STATISTICS is THE NAME OF THE GAME = efficient detection/selection/ PID/
tracking/vertexing and even neutrals

= combining many measurements/methods + inputs from charm factories (D
parameters + mixing & CPV)

= Many methods/modes to combine for optimal & redundant
determination of y (and rigorous statistical treatment possibly matters !)

= various charmed modes in B, B*, B9, A%, , B*. decays are useful to
understand/confirm possible sensitivity to BSM physics and its nature

The LHCb experiment at LHC is designed
to accomplish all of the above !

V. Tisserand, LHCb, LPC Clermont FD % 11




LHCb: Optimized for precision flavour measurements

bb production

LHCb MC
Vs =14 TeV

w2
6, [rad]

[JINST 3 (2008) $08005]
[IJMPA 30 (2015) 1530022 |

bb produced in forward/backward direction — Optimized acceptance 2 < 1 < 5
Vs =TTeV /s = 13TeV

Huge production cross-sections in LHCb acceptance

1.4 x 10" bb-pairs per b~ (Run 2) i [WB] 753 £ 14.1 141 =1 21
o2 [ub] 1419+ 134 2940 + 241
All beauty, charm and strange hadrons produced Refs. L o ool [PRL s (ootr) deaen)

BO, A%, B*, D, A%, %, 5, ...

V. Tisserand, LHCb, LPC Clermont FD W 12



LHCb: Optimized for precision flavour measurements

Heavy flavour signature Tracking: Velo, TT, IT4+OT et

L~ 7mmsv
py Bl.-
- W

BY mixing
[NJP 15 (2013) 053021]

e Tagged mixed

o Tagged unmixed
— Fit mixed

400

s Fit unmixed

candidates / (0.1 ps)

200

0 1 2 3 4
decay time [ps]

[JINST 3 (2008) S08005]
[IJMPA 30 (2015) 1530022 ]

Excellent IP resolution ~ 20 um to identify B decay vertices
Decay time resolution ~ 45 fs

Resolutions o(p)/p = 0.5 — 1%, o(m) ~ 22 MeV for two-body B-decays
— Low combinatorial backgrounds

V. Tisserand, LHCb, LPC Clermont FD W 13



LHCb: Optimized for precision flavour measurements

Calo: ECAL, HCAL
Cherenkov angle vs. momentum Tracking: Velo, TT, IT4+0OT e R P g

Cherenkov Angle (mrad)

L 0
102
Momentum (GeV/c)

K identification/7 misidentification 5

y
S

T T T T ]

O AlogL(K-7)>0 ]
1.2F LHCb Data 3
e ® AlogL(K-7)>5 ]

Efficienc!

20 40 60 80 100
Momentum (GeV/c)

[JINST 3 (R008) S08005]
P_ID: RICH1, RICH2, Muon [IJMPA 30 (2015) 1530022 ]

Excellent particle identification through RICH detectors and muon system
High identification efficiencies ex_, x ~ 95%, €,—, ~ 97%

Low misidentification probabilities ez x ~ 5%, €z, ~ 1 — 3%
— Low backgrounds from misidentification

V. Tisserand, LHCb, LPC Clermont FD W 14



LHCb: Optimized for precision flavour measurements

LHCb Run 2 trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online

detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

<)y I b

Calo: ECAL, HCAL

. — ——— ]

Tracking: Velo, TT, IT4OT

- ——
2016 pp exotica line [PRL 120 (2018) 061801]

T —T—TT Ty
Prompt Trigger Output
P> 1GeV, 17 (1) <6, 2 () <9
u-ID neural network > 0.95

LHCb preliminary*

(o]

w'p ,
N—uuy) . w(2S) Y(1S)

Candidates
S

Y(2S)
Y(@3S)

1

| Tyl
e

10°
m(up) [MeV]

[JINST 3 (R008) S08005]
[TTMPA 30 (2015) 1530022 ]

PID: RICHI, RICH2, Muon

Flexible trigger system with low thresholds: pr(u) > 1.8 GeV, Er(e) > 3.0 GeV
High efficiencies, e.g. €trigger (B — J/p X) ~ 90%

Since Run 2: Online calibration and alignment, allows use of PID in trigger

Allows low pt physics: charm, strange, exotica, ...

V. Tisserand, LHCb, LPC Clermont FD

= LO HW trigger to be removed during LHC LS2
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LHCb: Optimized for precision flavour measurements

[JHEP 02 (2016) 104]
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Performance comparison using B° —

PID: KICHL, KICHZ, Muon

LHCb compares very favourably
Largest yields (bb cross-section, large acceptance and high trigger efficiencies)

Excellent mass resolution and low combinatorial backgrounds

[TIVMPA 30 (2015) 1530022 ]

K*°u" 1~ Run 1 results as example

Negligible peaking backgrounds due to powerful particle identification

V. Tisserand, LHCb, LPC Clermont FD

@ 16



LHCb: so far accumulated statistics in LHC Run 1&2

 Instantaneous luminosity was from 3.3 to 4.4 x 1032 cm2.s™*
» the heavy-flavour cross-section is ~twice at 13 TeV compared to 7 TeV

LHCb Integrated Recorded Luminosity in pp, 2010-2018

» 2018 (6.5 TeV): 2.19 /th :
55 B o S— 2.0.1_.2 .......................
5 e 2016 (65 TeV): 1.67 /fh il PO

2015 (6.5 TeV): 0.33 /b
. 2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /fb

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
%j:; T May o sep Nov %

Month of year

-H-1-I-l-l-1-|-|-l-|-|-l-l-|-I-H-|-H-l-|-l-H-|-l-l-l-l-l-l-J-|-H-l-|-l-l-|-|-|-|

Integrated Recorded Luminosity (1/fb)

* Most published results use part of LHC Run 1 (<2013) + Run 2 (>2014) data
* Total number of b-hadrons is Run 1+Run 2 is about 5 times that of Run 1

V. Tisserand, LHCb, LPC Clermont FD 17




LHCb: Optimized for precision flavour measurements

Very similar event display
as for B — D¢p, K events B, ﬁu* )

All reconstructed tracks

Only well reconstructed tracks with p. > 500 MeV

V. Tisserand, LHCb, LPC Clermont FD



Experimental aspects of y measurements

» Theoretically straightforward, experimentally more challenging
» Branching fractions (~107) and interference effects tend to be small (~10%)
» Triggering on fully hadronic final states is not trivial (LHCb Trigger upgrade after LHCb LS2)
+ Many decay modes feature K. g or 7T0 mesons - lower efficiencies at LHCh
 Statistically challenging - many decay modes, observables and hadronic parameters
+ External inputs required for several beauty and charm parameters CLEO -c BESTH

» The golden mode B~ = DK~ HFLA .

O
+ Sensitivity from interference of b — ¢ / DK TDG

and b — 1 amplitudes
 Weak phase difference Y the same fpK~

D
for all D meson decay final states
TBB \DOK- /
19
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Measuring y : several methods and approaches
depending on the D meson decays

= Time-integrated “well known” methods that need a lot of B mesons
= counting direct CPV, N(B) vs N(B):

° GLW: D=CP-eigenstate: many modes, but small asymmetry. ris253(1991)483; PLB265(1991)172

e ADS: D=Doubly-Cabibbo suppressed decays (DCS) D°-K*m OS to B~ decays: large
asymmetry, bUt Very few events. PRL78(1997)3257; PRD63(2001)036005

e GGSZ: D=Dalitz: better than a mixture of ADS+GLW = large asymmetry in some regions,
but strong phases varying other the Dalitz plane (model dep. vs indep.) PrL78(1997)3257; PRD68(2003)054018

e GLS (Grossman-Ligeti-Soffer): “Less well known” ADS variant D=Singly-Cabibbo

suppressed decays (SCSD) both OS and SS decays comparable in size = 4 amplitudes:
3-body KK°%m dominated by coherent KK* PRD-RC 67(2003)071301 GlS

=> Largest effects due to:
Can’t be ignored/neglected any more with improved sensitivity

* Charm miXing} (especially for Dm). Ways exist to account for it, when unfolding y

e Charm CPV from modified observables (was pPro-rc72(2005)031501; PRD 67(2003)071301; PLB
649(2007)61; PRD82(2010)034033). A lot of papers + HFAG: pros9(2014)014021; PrD 87

(2013)074002; EPJC73(2013)2476; PRD87(2013)034005; PRL 110(2013)061802 ...
=» Different B-decays (DK, D*K, DK*...) =different hadronic nuisance factors (rg, Og)

for each
= Many more modes explored at LHCb and B-factories (see next slide) %
20
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Measuring y : some other methods/examples (non-
exhaustive list)

* Many-body B final states:
« B*— DK*n% B*— DK*m*m,B%°— Dn~K*, DK n
+ B.— DK*K

Aleksan, Petersen, Soffer (02), Gershon (08), Gershon, Williams (09), Gershon, Poluektov (09, 10), Gronau, London (91), Gronau et al. (04, 07), London,
Nandi (12)

USG D*O in addition tO D0 Bondar, Gershon (04)

Use self tagging D%*, D2*~ siiha (04), Gershon (08)
Use DK*& also DK*O,Z Wang (11)

Other neutral B decays:
« time dependent CPV (i.e. tagging & vertexing) : B, (B,)— D.,¥ K*or D,*
Kt it (sin(2B,+y)) or By (By) — D™)¥ p*/nt (sin(2B+y))
 time-integrated, self-tag: B; — DK™

Aleksan, Dunietz, Kayser(92), Kayser, London (00), Atwood, Soni (03), Fleischer(03), Gronau et al. (04)

Use beauty baryons: A% —DpK-
« Use other b-hadrons: B*. -D*.D & B.—D™*)%

V. Tisserand, LHCb, LPC Clermont FD % 21



Measuring y : what LHCb actually has published

Latest update is LHCb-CONF-2018-002 (ICHEP18) last was for EPS 2017

In Feb 2018 Joint BESIII-LHCb workshop in IHEP

B decay D decay Method Ref. Dataset' Status since last
combination [3]

Bt —- DK™* D — h*th~ GLW (14] Run 1 & 2 Minor update
Bt - DK™ D — hth™ ADS (15] Run 1 As before
Bt — DK™ D — hta—ntn~ GLW/ADS [15] Runl As before
B* —- DK™+ D — h*h " GLW/ADS  [16)] Run 1 As before
B*Y - DK™* D — Koh*th™ GGSZ (17] Run 1 As before
BT — DK™* D — KOhth~ GGSZ (18] Run 2 New
BY —- DK™* D — K{Ktn~ GLS [19] Run1 As before
Bt —» D*K™* D — h*th~ GLW (14] Run 1 & 2 Minor update
Bt — DK** D — h*h™ GLW/ADS 20] Run 1 & 2 Updated results
Bt — DK** D — htr~nta= GLW/ADS [20] Run 1l & 2 New
BY - DK xtn~ D — h*h™ GLW/ADS [21] Run1 As before
B - DK*° D — Ktr~ ADS [22] Run 1 As before

) 30— DK+~ D — h*th™ GLW-Dalitz [23] Run 1 As before
B - DK*° D — K{rtn~ GGSZ [24] Run 1 As before
B? - DFK* DY — hth~nt TD [25] Run1 Updated results
B°— DFq* D*— Ktg—nt TD [26] Run 1 New

f Run 1 corresponds to an integrated luminosity of 3 fb~! taken at centre-of-mass energies of 7 and

8 TeV. Run 2 corresponds to an integrated luminosity of 2fb~! taken at a centre-of-mass energy of

13 TeV.

98 observables,
40 free params.

[15] PLB 760 (2016) 117
[16] PRD 91 (2016) 112014
[17] JHEP 10 (2014) 097
[19] PLB 773 (2014) 36
[20] JHEP 11 (2017) 156

[21] PRD 92 (2015) 112005
[22] PRD 90 (2014) 112002

[23] PRD 93 (2016) 112018
[24] JHEP 08 (2016) 137

[25] JHEP 03 (2018) 059

[26] LHCb-PAPER-2018-009

I Most are Run1 based or partial Run2, many more to come soon.

V. Tisserand, LHCb, LPC Clermont FD
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http://inspirehep.net/record/1674660
http://cds.cern.ch/record/2275866/files/LHCb-CONF-2017-004.pdf
https://indico.ihep.ac.cn/event/7249/

Latest update is LHCb-CONF-2018-002 (ICHEP18) last was for EPS 2018

» We now have 98 observables and 40 free parameters [LHCb-CONF-2018-002]
Nl Quantity  Value  68.3% CL 95.5% CL
- . 7 740 [68.2,79.0) (61.6,83.7
3 H{Cb | rbk 0.0989 [0.0939,0.1040] [0.0891,0.1087]
0.8 N SOE ] 1312 [125.3,136.3)  [118.3,140.9]
- PDKT 0091 [0.153,0.236)  [0.121,0.287]
] SDKT ] 3316 [321.4,330.8)  [309, 346]
i r;;?K " 0092 [0.059,0.110]  [0.034,0.126]
- OPKT ] 40 20,132] 5. 155]
B gK ! 0.221  [0.174,0.265]  [0.123,0.309)
OPEC ] 187 [167,210] [148,239)
- rgK’”f 0.081  [0.054,0.106]  [0.000,0.125]
95 50 ] SOETT o] 3514 [314.0,350.8)  [180,360]
|| o TDfKi 0.301 [0.215’0.391] [0‘1 4,0, 49}
50 60 70 8 9% SDTEE ) 355 339,372 (321, 390)
y[° 17 0,46 0,76

Measuring y : the latest LHCb average

In Feb 2018 Joint BESIII-LHCb workshop in IHEP

02}

V. Tisserand, LHCb, LPC Clermont FD
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Measuring v : GLW D(*)K

V. Tisserand, LHCb, LPC Clermont FD

is 10 times larger than the
other slit (i.e. the b to u)

One of the 2 Young’s slit (i.e. the b to c)



Measuring vy : ADS bk

‘ One of the 2 Young’s slit (i.e. the b to c)

is 10 times larger than the
other slit (i.e. the b to u)
K T[ TT But there is an other screen with a smaller

slit behind the large in the first screen to compensate
SB+ v
DOK*

Doubly Cabibbo suppressed D decay (DCS)
V. Tisserand, LHCb, LPC Clermont FD % 25




Measuring y : ADS DK & GLW D(*)K

ADS textbook like [arXiv:1603.08993] -40% asymmetry! (only Run1)

100

50

Events / ( 10 MeV/c?)

5200

LHCb —
B KK | femmmoe-
5300 5400 5500 5100 5200 5300

5400

5500
m(Dh) [MeV/c?]

GLW DK and partial D*K [arXiv:1708.06370] (Run1& “Run2”)

ol N ' | 1r ]
= 800 ﬂ LHCb — LHCb -
T T 2 (U e e e e e e e e —— a
é 600 . Ar ﬁ -
3 400 B—|K'K| K | B*—|K*'K | K* _
g - -
5 200 — -
5 - -
L Slos e 1 - - ] 1
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800
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m(Dh”) [MeV/c?]
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Measuring y : ADS/GLW DK*-

A fit to the favoured decays CRU T S e
= B"™— DIK'K ) K
- - o
In an extended range fixes =
signal and background models. E a1 T T
© m(DK *) [MeV/c?] m(DK*) [MeV/c?]
% 300 ) o 20
ﬁ 250 LHCb B —= DK o % 15k _ __ _Lucb__ | ] _ LHCb
50— PR R (R B — D(DYK. (0) - P . I
=~ B —= DK m")K "~ BaDi(D\/)K (1) E 10 B = D(@'n) K B'= D@'n) K
- 200~ mimimi B = D (DR)K(0) 2
4 B — D (DnK "~ (+1) =
= 1501~ -en= B — D(Dx)K(0) g ° {. 'l'
= - R 2 B
E 100 — _ gombiﬁaigfaf Ko E 0 5300 5400 5500 5600 5300 5400 5500 5600
O 50 O m(DK*) [MeV/c?] m(DK*) [MeV/c?]
49605000 5100 5200 5300 5400 5500 5600 Z a0b h——_LHCO ] L LHCb
m(DK*) [MeV/c?] = B*— D) K™
=
— = 10
% 2000 {. P +
> 180 LHCb B —DK" 5 . ' :
= 160~ - B . R B — D(DY)K_ (0) 2 5400 5500 5600 5300 5400 5500 5600
= 140~ B = DK nwnm n)K B — D (DK | (=1 © m(DK*) [MeV/c?] m(DK*) [MeV/c?|
= 120— - B — D(DT)K (0)
3] - B — D (Dx")K (1) T [
5 19F —e== B = D=k (©) = ok A LHCb LHCb
S 80 B — DDk’ (=) 3 10 ) N . e
§ 60__ = == (ombinatorial =) B — DK'n) K B'— D(K 7") K
407_ % 57 _¥ ________ ¥_-_—
20 B e S ¥ A o L el ARty g L
4900 5000 5100 5200 5300 5400 5500 5600 R o o e e 1 s o o i o o
* 2 £ 55 B 53 B 58 S
m(DKF) [MeV/cr] S m(DK*) [MeV/c2| m(DK*) [MeV/c2]
Simultaneous fit to 56 subsamples: ;i
. = 8- LHCb LHCb
yields of favoured modes and Z o B = DK wawtn) K B DK i) K
s 9 i
= 4 — N — -
C P observables. 2 2M i i Hr H H \[
5 0 L " "
= 530 5400 55 5600 5300 5400 5500 5600
JHEP 1 1 (201 7) -I 56 © m(DK*) IMeV/cZI m(DK*) [MeV/c?]

(Run1& “Run2”)
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Measuring y : ADS/GLW DK*- — 1
o S e 0.9
140§— ‘," 0.8
Acp+ = 0.08 £+ 0.06 + 0.01 o | 07
o 0.6

100 ! ". 7
Repy = 1.18 + 0.08 £ 0.01 REEE D S 0
60;— 0:3
n e | 02
R4Fs = 0.011 + 0.004 4 0.001 o \\ | / .
Lol ‘\. Looils .‘.‘T*.-.-rT‘.‘.". \ .-'.". I [

ART = —0.81 +0.17 =+ 0.04
\ Huge asymmetry in ADS

1

v [°]

160 0.9

Agggﬁ = —045 +£0.21 4+ 0.14 140

120

0.8
0.7
0.6

RETTT —  0.011 £ 0.005 + 0.003

100

0.5
80~

\'.

0.4

TRET [ rrr{rrryrrr|yrrrjJ|rritr
| 1. I I I

60
Values are inputs to the b . 03
. . L . s /_/./' 02
Y combination 0P N
(Run1é& “Run2”) B R N f 0
V. Tisserand, LHCb, LPC Clermont FD ”



Measuring y : ADS DK and GLW D(*)K

— Ir | ]
O ) i
i 0.8 EPS 2017 |
L [ GLW -
i [] ADS ]
0.6 B ]
0.4 -
= ooBood BN L 08,87 (W
0.2 .
I e MM TS 9 55 o

% 50 100 150

» A single (yet broader) solution (ADs & GLW is 4-folds ambiguous)
» Require knowledge of rp, d0p, kp from charm friends
CLEO-c B¢SII

HFLAV o
V. Tisserand, LHCb, LPC Clermont FD % 29



The most precise measurement of vy :
GGSZ DK and D—Ksnt & KsKK
Model Independent Method (MIM)

+ GGSZ method for 3 body decays like D — K S7r T [Phys. Rev. D68 (2003) 054018]
« Strong phase variation across the D Dalitz plot required as an input
+ Model independent - take inputs from quantum correlated D° D° decays (CLEO-c)
* Model dependent - perform an amplitude analysis to the D Dalitz plot

+ LHCb Run Il analysis with B~ — D(Kgnm~ KSK+K K~

 New analysis with Run Il data

* Take strong phase information from
CLEO-c in bins of the D Dalitz plot

* Bins optimised for best sensitivity
to"y, strong phase is ~constant
across each bin

[3%)

|IBin number
IBin number

[LHCb-PAPER-2018-017] T 0 R

m? [GeV/c] m? [GeV¥c)

B— D**uFv, X, BT — Dr*: control channels

V. Tisserand, LHCb, LPC Clermont FD W 30



Yin B-D®OK®)

Same final state D%=[D%/D°]

V. Tisserand, LHCb, LPC Clermont FD




How does this GGSZ MIM work ?

> The amplitude for B~ — [KohTh™ |p K~ :

Ap- AD(mQ_,mi) + T‘Bei(‘sB_”’)AD(mZ_,mi)

o The Dalitz plot density :

AT Do s o o s symmetric w.r.t
= Ap(m=,m7) +rgAp(mi,m=) + mi. =m_,
mi = m(K3hF)

dm? dm?2

2rp Re[Ap(m?,m>)A},(m3, m?) e~ 0B =7)]

» Measure the yields in each of the bins of the Dalitz plot [LHCb-PAPER-2018-017]

Nt = hp (Bl + @)+ @F + 2V/Er | @es: @5
N:I:'z, = hB— (Fj:z —+ '+‘F:F@ + 2\/FZ‘F_Z'.C:|:?; +.S:|:z)

» Fraction of D and DP in each bin (from semileptonic control sample)
» Strong phase measurements from CLEO-c measurements of QC DODO decays

@ The'parameters of interest!
T4 :/TB cos (6p t£7v) y+ =rpsin(dp £ )

Ratio of B decay Strong phase difference
amplitudes of B decay amplitudes _i

V. Tisserand, LHCb, LPC Clermont FD 32



Eagerly waiting for this to be combined/deployed !
We need BESIII for this and other D decays strong inputs

o DO-Kgrrr strong phase differences ciand s BES]]I

2.93 fh! @3.773GeV 0 Model prediction
w19 @ BESIII

G 5 3 ; ¥ CLEO-c
Bins| BES-III CLEO-c BES-III CLEO-c '

0.066 = 0.066
0.796 = 0.061
0.361 = 0.125
—0.985 = 0.017
—(.278 £ 0.056
0.267 £ 0.119
0.902 £ 0.017
(.888 = (.036

—0.009 = 0.088
0.900 £ 0.106
0.292 = 0.168

—0.890 £ 0.041

—0.208 £ 0.085
0.258 £ 0.155
0.869 £ 0.034
0.798 £ 0.070

—0.843 £ 0.119
—0.357 £ 0.148
—0.962 = 0.258
—0.090 = 0.093
0.778 £ 0.092

0.635 = 0.293

—0.018 £ 0.103
—0.301 £ 0.140

—0.438 £ 0.184
—0.490 = 0.295
-1.243 £ 0.341
—-0.119 £ 0.141
0.853 £ 0.123

0.984 = 0.357

—0.041 £ 0.132
—0.107 £ 0.240

BESIII preliminary
| | | |

o
lllll llllllllllllllllllll

5 - 05 0 05 1 15

CLEO-c results can be found in Phys.Rev. D82 (2010) 112006 Si

Dan Ambrose,APS 2014
This (CLEO-c) limits the systematics on y GGSZ:
4° (strong phase map) wrt to 2° (LHCb exp.)

2° achievable, see arXiv:1712.07853

(Craik, Gershon, Poluektov: BO—DK+mn-, D—KOSm+n- double Dalitz plot analysis)
V. Tisserand, LHCb, LPC Clermont FD 33



Following the B-mass fits perform the CP fit for
Extract yields in each bin of the Dalitz plot

(“Run2”) D — KS’/T 7T (~ 3. 8K Bi candldates)

T 5 5 .0 1 5 L0
B i>0 e LHCb 2 e
e . T I f + + 1 (5 I
# 16 bins @:= 9O | NG
> c:-:&w 2_ c:lal:w 2_
L 4 \% : 1. & B \% : '.‘:': :
E 3 NS | ; : S ‘ .._t; | NS i 3 : . “ ]
1_ i N —] 1 I A . N
: 2 [ RN [ et RN
. :| 1 i AR . '-~.- mf ey T, ",‘.fn.'-_,. i
().5H|‘1‘|Hl.5‘“|2“ 2.52 izél izl:;
m2 [GeV</c?] 2070~ 2, 4 2,10 2.4
m*(Kgm) [GeV©/c™] m=(Kqm*) [GeV</c”]
Asymmetry in bins
- B:l: %DKZII yieIdS de‘termined _rZ'Q: 60 I | !\ I 1 | | | | | I | | =
iIndependently as a cross-check, 40 | LHCb_f
. . -~ . :
and compared to the nominal fit 20 |I*
O Y 8 :l' - k- » O I _i
- data fitted assuming no CPV Toof +h | E
Ty =TT =To, Y+ =Y- =1%Y0 —40f & | v
—-60 & . E:: é
» p-value of 2x10-6 disfavours 20 X IS
- | | | I L | | | I i L | -
CP_ConserVIng hypOtheSIS -8 -7 6 -5-4-3-2-11 2 3 4 5 6 7 8 -2-11 2
% Effective bin number
V. Tisserand, LHCb, LPC Clermont FD 34



GGSZ MIM Run2 &1+2

+ Following the mass fits perform the CP fit for Z-t, 1/+ [LHCb-PAPER-2018-017]
D—Ij . : . q 02 - I I
LHCIb | ) LR LHCb

O1r 1, T RUn |l results = _

Run | + [I combination syt
o __ __
“—\J.1lr | | | | | — 1 ] | L

01 01 0 60 120 y ﬁio

stat+syst+Cleo-c strong phase £ +
r_=( 90+1.7+07+04) x 1072
y.=( 21£224+05+1.1)x 1072
ry = (-7T7+1.9+07+04)x 1072
Yy, =(—1.0£1.94+0440.9) x 10*

(4, ys) — (z_y_)| = (17.0£2.7) x 1072

6.40 : first observation of CPV in
B* — DK+ with D° — KohTh™

V. Tisserand, LHCb, LPC Clermont FD

v =80°7g (F12)
rp = 0.080 T5 g1 (Y0023

6p = 110° 110 (F300)

68, 95% CL

@ 35



Time dependent CPV measurements
B.—» Dt Kt & B, —» D¥rn*

BO Vv Dt BP W W p
cb | u,cC,t L \ ub
b - & d - -
u
* *
Vcb X Vud @ d ™ Vub X Vcd @

=» Sensitive to y-2Bs (B.—D.K) or y+2B (B-—Dm), i.e. not Trees !!!!
Know B, independently — sensitivity to y [or vice versa]
V. Tisserand, LHCb, LPC Clermont FD



Time dependent CPV measurements
B.—> D,f Kt & By — D*r*
PROS & CONS

BS_) DSK (LHCb golden mode:
vertexing/PID/trigger)

e Smaller yields
» background challenges
« control samples available

e Fast oscillations

e Non-zero Al's
extra observables

e Large interference effects

BO—> D]T (challenging but
excellent LHCb sensitivity)

e Huge yields
« little background
« control sample challenges
e Slow oscillations
e Negligible Al'd
fewer observables
e Small interference effects

V. Tisserand, LHCb, LPC Clermont FD
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[arXiv:1712.07428]

(Runt) TD CPV B.— D * Kt

dl" zo t
) 0 e o (3 4 a5 (212)

+ Cf cos (Amgt) — S sin (Am,t) ]
Al t Al t
(1+ |)\f|2)@_F5t lcosh ( 28 ) + A?F sinh ( 23 )

— Oy cos (Amgt) + Sy sin (Amt) } ,

dPEQ—ﬁ’(t) ’

dt

1
= —|A;|?
514

P
q

Five observables

for three unknowns ... and similar equations for f (e.g. f = D_K*, f = D_"K")

- measure y-23_ o :1 - T%)SK Also determine strong
(up to ambiguity) 1+ T?D&K y phase difference 6
JAT _ —2rp,x cos(d — (v — 205)) AAT _ —2rp.x cos(d + (v — 205))
! L+ 71Dk Y 47k |
5, = 2rp,x sin(d — (v — 20s)) o _ —2rp.k sin(d + (v — 20s)) |
1+77 ’ 1479 —

V. Tisserand, LHCb, LPC Clermont FD W 38



TDCPVB—)D+

efficient flavour tagging
eff (5 80+0 25)%

LHCb

Candidates / ( 0.03)

e b it ot b
g ””””ﬁ f i ﬁh*WMWWW* i

{

1960

1980

2000
m(K*K -, n*nn, K- mn*) [MeV/c?]

[arXiv:1712.07428] (Run1)
5955490 signal events
TR T T &
2 1000~ Total fit 4 2 600r
s | A e Signal B! — DIK* S
S 8001 [ By > DK™ 4 n
& B B - D;" (7%,p%) = 400
— 600 Bl B - D'k ) | T
= A — D" %
o 400 -Aé%/ﬂ-(ll;*,ﬂ*) 7 % 200
-S [ Combinatorial =
5 200 =
3 S
é}ﬂ; b b S S A i b iﬂﬁﬂﬁ o
RYRIA IS LS Hf ﬁ#m{ ty mﬁﬁtf{} 1 5
5300 5400 5500 5600 5700 5800 1940
m(D_K*) [MeV/c?)
™ T T ] i T
X 04f LHCb 7 % 04

LHCb

Amix(D-

=
DK

P U R S
0 0.1 0.2 0.3
1(B'— D, K™) modulo (270/Am,) [ps]

|
A (D
|§| T
-

+

DK

I TR B
0 0.1 0.2 03
H(B!'— D, K") modulo (272/Am,) [ps]

Parameter Value
Cy 0.730 £ 0.142 £ 0.045
A?F 0,387+ 0.2¢77+10.153
ATAF 0.308 + 0.275 £+ 0.152
Sy —0.519 £ 0.202 4 0.070
S7 —0.489 4+ 0.196 + 0.068

V. Tisserand, LHCb, LPC Clermont FD

In(L(K/ 7))

(128 1—17)0
(358 F12)°

037+8531

I'D.K

3.80 evidence for CP violation
2.3c compatibility wrt LHCb@2016 average

W39



[arXiv:1805.03448]

(Run1) TD CPV Bd —> D$1'IZi

Cpo_ys(t) oce™ [l + Cycos(Amt) — Sysin(Amt)]
Tpop(t) oce 14 Cjcos(Amt) — Sysin(Am t)]
...and similar Egs. for B° (e.g. f = D1t*, f = D*11")
2
Cr = ﬁ = —C7, But rp_is about 2% so C is very close to 1 !
B
g, _ 2rpgsin [0 — (206 + )] So we have only 2 observables
Fe 1+ 72 ’ for three unknowns
2rpe sin [6 + (28 + )] =>» need external input to measure y+2
Sr= -
! L+ 77 |
x10°
{\,;“ :t_""l""l""""I""""""""""_
S H
CERS LHCb =
o 35 —— Data =
: . S 305 —— Total 3
Signal yield of 479 000 + 700 !l! 5 = B DK E
Aga]nSt 34 400 + 300 bkgd E 20 || e B >sD =
c E _ 3
. g & I5E s B—DF =
Flavour Tagg]ng Eeff = (559 + 0.01 )/) ~ ]02 ............... Combinatorial _i
S B'—>D" r* _g
?1_00;?520(')“5300 5300 5500 5600 5700 5500 3900 6000 —
V. Tisserand, LHCb, LPC Clermont FD Dz mass [MeV/CZ] % 40



[arXiv:1805.03448]

(Run1) TD CPV Bd —> D"'TIZi
favoured (F) b — cud suppressed (S) b — ticd
~ 025 j T j j j j T = = 02‘i: ' ‘ j T ‘ ' ‘ T = FBO—> (t 7<t)
T 02 3 S 0k }L E AF f —f
B 015 LHCb E g 015E LHCb E PBO—Uc(t f(t)
E 0l 4 B i E ( L 7(t)
= 3 g E E —f
= 005 3 2 0.05E s = A
S %ﬁ%’ --------- T ) 2 S T PBO—>f(t + FBO f(t)
2 0,05 ¢ 4 2 -005E =
T 0l W] H 1 3 -0iE 3 Sf—DOSSiOOQO(stat)iOOM( st)
p T — oy ER 2 [S7 = 0.038 4 0.020 (stat) 4 0.007 (syst)
s T S T T Correlations of 60% (-41%) for
Decay time [ps] Decay time [ps] statistical (systematic) uncertainties
=> rp, from external inputs (PDG, LQCD, CKMfitter): d Iy P
I - LHCD | -
(g dor |B(B® = D) s 1
= tan L ]
" ¢ st B(BO — D_7T+) 0.6~ |
= (1.82 £ 0.12 £ 0.36)% (includes 20% SU(2) breaking) 04 68.3%
)
= HFLAV B=(22.2+0.7)%, bings to CPV®@2.7 &: - 955% )
O O %702 04 06 081
ye [53 86] U [1853 266] @68% CL \sm(2ﬁ+y)\

V. Tisserand, LHCb, LPC Clermont FD
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[arXiv:1602.03445]

(Runt) 3-body decay B°— DmK*

% V*
_ _ V ch _ . ub _
s . b c _, b u
K K D Kk D
B W+ u BO w u BO w c
5 ~ _ _ _
B° ¢ D(2460) ° K*(892)° ° K*(892)°
d v d d d
cb
Im , Im
\24(B" —» DK™
+24 A(B" — DK™ +2-
:5:-.._.63
]/ ::.‘ l,::--.'.
1 M i
=> 15t idea Gershon, Williams (2009): [ 572\ 24B - DK )
use Dalitz structure of B decays - N+l 2 Re -l N2 ke
A(B® = D K*) 124(B° - D,,K")

_1— _1_
BO— DTK* [phys. Rev. D80 (2009) 092002]

= Get multiple interfering resonances which increase sensitivity to
D*, (2400)-, D*, (2460)-, K*(892)°, K*(1410)9, K*, (1430)°
=> Fit B decay Dalitz Plot for cartesian parameters
(similar to GGSZ except for the B not the D)
* Dep,— KK, mt - GLW-Dalitz (done by LHCb - [arXiv:1602.03455]) HERE !
« D— Kn - ADS-Dalitz (difficult due to backgrounds from B9, —D()K*m-)
« D— K% m*rt - GGSZ-Dalitz (double Dalitz!) p—

V. Tisserand, LHCb, LPC Clermont FD % 42



[arXiv:1602.03445]
(Run1)

3-body decay B°— DmK*

Ll'_‘ 12_ f 1 1 ! T T T T | T T T
= F . LHCb (a)
> 1o i " —0 _
S - - : B —>DK T
= sp o= 7 i
Ik : =II==I:I= ] =I:nn:l:l
< OF R
NE 4-_ Hﬂl::lﬂ = = ) nnn:@n
2 femEan = me® 2o "aap”f
e e P -1 L
:Ln EEEHH= Hnﬂ =Lao =1 I
O e e e e el B e e e — ey e e e -
5 10 20

For the first time in the
B°— DK*(892)° decay

« @68% CL

 no CPV = (0,0)

» yet weak constraint
« proof of feasibility

V. Tisserand, LHCb, LPC Clermont FD
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LHCb-CONF-2018-002

The new LHCb combination

» Breakdown the results by methods - the power of the combination

+ For example look at inputs from B decays
» Methods vary in precision and number of solutions

E 02 ' ' ‘ I ‘ - | \ ‘ | ]
< LHCb | o LHCb
Preliminary Q 03150 B Preliminary 7]
0.15F 4 ©
100+ -
0.1 ~
005k . Nr i
0 | | ! | | | | 0 | | L | L |
0 50 100 150 . 0 50 100 150 .
7] v ]

sy

V. Tisserand, LHCb, LPC Clermont FD

B'—DK*, D-h31/hh's"

L oDk DK

B=DK", D-KK/Kn/ wn

- All B* modes

Full LHCb Combination

[LHCb-CONF-2018-002]
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LHCb-CONF-2018-002

» Breakdown the results by B meson type
» Everything consistent at the 2 sigma level currently

The new LHCb combination

* In the SM they should be the same - if NP appears it could affect the different species

differently due to differing decay topologies

V. Tisserand, LHCb, LPC Clermont FD

B B ¢
- B

ecays

ecays

I B* decays
I Combination

(74 0 +5. 0)0

sy




Beauty baryon A% /=0 decays =
to D%h- final states (2011)

PRD 89(2014)03 (arXiv:1311.4823)

=>» Beauty baryon sector remains largely unexplored = this is LHCb game
field

=» Decays such as A,—»D°A and A,—D%K- can be used to measure y

Z. Phys.C56(1992)129; Mod. Phys. Lett. A 14(1999)63; PRD 65(2002)073029

L 0 O —
. ‘:77_(]\’_) ‘Ab — D pK (_.f: .\
L/ a0 0
Vi) v
) T (K7)
b vub "
K > u o

=>» LHCb has studied beauty baryon decays to D%ph- and A_*h- final states, using 1 fb-! of
data:
« The Cabibbo favored final states D°—Km* and A_*—pKm* are used. The Common pK*h
final states is used to reduce systematic uncertainties.
« A,—D%rm seen with 3 383 + 94 | See also Amp. Analysis: [arXiv:1701.07873]

V. Tisserand, LHCb, LPC Clermont FD 46



Beauty baryon A% /=% decays ==
to D%h- final states (2011)

PRD 89(2014)03 (arXiv:1311.4823)

N Ay— DK signal
------------ Combinatorial

=>» Observation of (signif incl. syst.):

------ Partially rec.
- Ap— D'pm
Ay— DOpr”
=== E(b)% DopK' signal

A% — D%K-@ 9.00 :

B(A) = DpK ™)
B(A) — Dpr~)

=(7. 3i0.8+0'5_0.6)%

.,
",
s
"

"

Candidates// (10 MeV/c?)

........

.
T,

Fox B - DpK~) N e A I
52005500 5600 "5700 5800 5900
M (D°pK") [MeV/c?]

A lot of events already = high time to move to CP analyses

LHCb has almost 15 times this is hands (ADS underway) —E EE i;i

V. Tisserand, LHCb, LPC Clermont FD 47



"0

Y measurements in B*_ decays ? | [arXiv:1712.04702]

(Run1)

Massive sample of B*_ produced in LHCb: ~30K B*.—J/ynr* with Run1+Run2
Branching fraction of B*, —J/ym+ : (0.6-2.9)x10-3

PRD 49 (1994) 3399, PRD 68 (2003) 094020, PRD 89 (2014) 034008

Able to access B*_ decays with Branching Fractions of 10->-10-¢
B*. —D*, D° decays sensitive to y with rp~1 and rp~0.1

5 C
D? Y
% C * UD
w VC”.Q _2
-—7 ) 5
D' B D

C

>

C C > C

= The branching fractions are predicted to be:

Prediction for the branching fraction [107°]

Channel Ref. [9] Ref. [10] Ref. [11] Ref. [12]
Bf — DD’ 23+05 4.8 1.7 2.1
Bf— DD  3.0+0.5 6.6 2.5 7.4
Bf — DTD° 327 53 32 33
Bf — DtD"  0.1040.02 0.32 0.11 0.32

V. Tisserand, LHCb, LPC Clermont FD



Results of B*. —D, *)*D™)9 searches

D
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* Nothing observed and upper limits set on these decays
« Absolute Branching fraction upper limits at level of 10-4-10-3, consistent with

expectations in previous slide
« Decays with D(s)* and D* are searched without reconstructing y/=°

V. Tisserand, LHCb, LPC Clermont FD
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arXiv:1807.01891

Physics with/of B, —D°K*K" decays

v Time-Dependent Dalitz analyses can be used to access CKM angles y and to obtain clean
(i.e. tree decays) determination of Bes) in B(S)-B(S) MiXing (Phys. Rev D85 (2012) 114015)

v Rich phenomenology of Dalitz structures are interesting for exited D.** charmed B-decays
spectroscopy studies

E} * (2573)" u}D”

b Dy, 4(2860)"
B?-?){ d W <
(s) 5}
(a) u (b) (

ﬁ

3
E} r: Y
D D

OB u ; u
(c) d}ao (980) (d) \ } (b

First steps:
v Analysis already performed with early LHCb dataset (0.6/fb) : observation of B channel

and only evidence for B%, mode (Phys. Rev. Lett. 109 (2012) 131801)

v" Updated measurements performed with 3/fb (Run1: 2011+2012) =» new analysis
= Improved background treatment (e.g. : B%, —»D%Km* and A, —D%K")
= control/norm. mode: BO—DOmm-

Future developments in collaboration with UCAS/Tsinghua colleagues W

V. Tisserand, LHCb, LPC Clermont FD



arXiv:1807.01891

invariant mass fit of B, —D°h*h- decays

BO—DOomm

=)
o
o
=

4000

Candidates / (8 MeV/c?)
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LHCb
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Total
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m Doﬂ_w
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Pull
1T
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V. Tisserand, LHCb, LPC Clermont FD

ratio of yields 7" go  go=(24.7£1.7)% %

Candidates / (8 MeV/c?)
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Observed for the 15t time!
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BO— DOK*K-

Inspection of Dalitz plot

(in [5240,5320] MeV/c?) B%.>DoK*K-

non subtracted background D,(2536)

(in [5340,5400] MeV/c2)

|
= k- — LI B B B 14
% 10_: LHCb  _| N 2 10k LHCb  _|pmt2
O | | o | 4 |
X _:. mixture |, koL Clean and narrow | 10
v [k 25(980)/f,(980) | = | $(1020) |
i [ 8 - 0
i 1 - - I
S : —i=e s :— ‘
[ 1 | [ 1|
L I - I -
. 4 | I - 4 )
- ? II __"F-u—. ‘l.l;-l i | | | _41.--' |
5 : [ 10 15 20 - 51 10 15 20 -
1 m%oK_ [GeV</c*] | M%o [GeV7/ et
D,(2573) " | D,,(2573) !

D;4,3(2860)

= Performed only with LHC Run1 : motivates amplitude analysis with additional LHCb data

V. Tisserand, LHCb, LPC Clermont FD



:L);I: :123.7'1?;:?)1;1 103(R) (2018) St u d 'i es Of BO(S)_) 5 (*)O(I)

v The ¢(1020) is a narrow resonance and using the selected candidates in B° S)—>D°K+K of
1807.01891 (Phys. Rev. D98 072006 (2018)) permits studies on B° )—>D(*)°¢

v’ Significant sensitivity to the CKM angle y for B, D% decays:
(Phys. Lett. B253 (1991) 483 & LHCb-PUB-2010-005)

= Precision on CKM angle vy still limited (i.e. around 5°) to indirectly constraint BSM physics

= alternate methods are very welcome
= b — candb — uinterfering transition of about same size: r;~30-50% (B°, »D*,K- JHEP 03 (2018) 059)
» For the D" decay (VV) the reconstruction can be partial, if f, known, to almost double the

BO, dataset (i.e. omit y/n® (Phys. Lett. B777 (2017) 16))

Before summer 2018:

v B(Bg — D%p) is (3.0420.8) x 10~ as measured with LHCb 1/fb with a specific
selection normalised to B(Bg — 50}?*0) ( Phys. Lett. B727 (2013) 403)

v Bg — 5*0¢ was still unobserved B

w 53
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arXiv:1807.01892

Phys. Rev. D98 The ¢_)K+K- Spectrum Of BO(S)_)_D(*)OK+K-

071103(R) (2018)

v Using selected B, candidates (see slide on invariant mass fit) in the window
mpkx €[5000, 6000] GeV/c2 obtain the following my, spectrum:

&, 80F =

E _ LHCb ¢ Daa |

- 60_— | Total _

g : ....... 1) S KK~ :

< - i .

% 40— P Background —
s T : . 427 + 30 ¢ signal candidates

Q i i } } 1 1152 + 41 K*K- background
20 __ b hll alha = ol nd J ol ’ } \ '!
_ { b +} { + } % 4
0" [EEPERNGLET TR PR T R
1000 1020 1040 1060
My [MeV/e?]

v Fit signal with relativistic Breit-Wigner PDF and background with threshold PDF proportional to
(p X q).(1 + ax + b(2x? — 1)), where p & g are the momentum of the K in the KK rest
frame and D in DKK rest frame and ¢ = 2(mg+x- — 2mxk)/90 MeV /c? — 1

v’ Fit used to obtain sPlot-projected mass spectrum T 50 g4 g (correlations with myy less than 6%)

V. Tisserand, LHCb, LPC Clermont FD % 54




arXiv:1807.01892
Phys. Rev. D98
071103(R) (2018)

Candidates / (10 MeV/c?)

The projected mass spectrum of BO(S)—)B(*)O(I)

-

— — B!— l_)*ogﬁ: longitudinal polar. |

Combinatorial background

—
B)— D ¢: transverse polar.

B — D%

1 I 1
5400

BY — DY

Invariant mass fit: _
v" Shape of B and B, decaying to D% modelled by Gaussian functions (mass difference fixed to PpG2018).
v" Shape of BY decaying to D*%) determined from simulation : sum of 2 PDFs with fully
longitudinal/transverse polarisation (f,=1 or 0) and relative branching fraction D*° to D% /D90
fixed to PDG2018 value.
v" Remaining combinatorial background modelled by straight line.

V. Tisserand, LHCb, LPC Clermont FD
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Phys Rev. D98 Fit results for B® ;D)%

+ Data

= =0 . Total |
BY - D% H .

= ------- Bl D g —

B + Combinatorial background 7]

— — B)— E*quz longitudinal polar. |

N
o
|
-
T
@!
c

N
)
|

—t
- B?— D ¢: transverse polar.

Candidates / (10 MeV/c?)

1 1 1 1 1 1 1 1 1 1 1 I 1 1 1
5000 5200 5400 5600 5800 6000
BO s D0 b BY — D% Moo o [MeV/c2]

Ny_is = 3213, N5, = 31, and N5, = 13219} with £, = (13 13)%

Observation of B%.—D*¢ with more than 7 standard deviations !

The whole procedure was repeated with various my, background fit parameters obtained from various
regions to evaluate possible biases due to K*K- S-Waves under the ¢ resonance.

Future developments in collaboration with UCAS/Tsinghua colleagues

E
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Measuring y in B%.—»D®)0¢ decays

Based on Phys. Lett. B253 (1991) 483 & LHCb-PUB-2010-005 one can define in a time
integrated manner with D Cabibbo-favoured (CF) or doubly-Cabibbo suppressed
decays (DCS) decays merged the observables (normalised rates):

D — Km, K3m, Krmm® flavour specific D —» KK & mm CP+ eigenstates
F(o(& 7)) R L(D(K K )¢

or(p(k 2 )g)+T(D(K 7)) p)
o F(D(;r*:r_)qé)
T r(D(K 7))+ T(D(K 7 )p)

R, = F(D(K_E+)¢)+F(D(K+ﬂ_)¢)
r(D(K"7)p)

R}, =
C(D(K 77 )g)+T(D(K 7 )p)
Re. = r(o(K 37)9) or D —»Ksnm KsKK with lower rates and more
r(p(x 7z )g)+T(D(K" 7 )#) | challenging
F(D(K+37z-)¢5)

Risr = r(D(K 7 )p)+ T (D(K =)o) => Precision Counting B, ->D®*)% signal rates in
those modes allows to access to y and
(r®g,, 8*)z) parameters : 8x3 observables

and 3 unknowns

o _ F(D(K_Jr+7r°)¢)
o r(D(K 7))+ T(D(K 7))

Rt . = r(p(K'z z°)¢) = with external inputs on strong D decays +
o r(D(Kx)g)+T(D(K 7)) | Bs decay time & mixing parameters  [glaWA%
y=AI's/2I's & Bs CLEO-c B¢ST

Future developments in collaboration with UCAS/Tsinghua colleagues w
57
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Measuring y in BO.—>D*)% decays

Based on Phys. Lett. B253 (1991) 483 & LHCb-PUB-2010-005 one can define in a time
integrated manner with D Cabibbo-favoured (CF) or doubly-Cabibbo suppressed
decays (DCS) decays merged the observables (normalised rates):

{(IH‘”)(H(.VH ))+4."BR T cosd, cos (S, +7) -2y, cos(2f8. 45, 7;1)}

(1-~-r,§)(1+(.v}‘f”)2)+4r3rD 0S8, Cos( 5y, + ) =2y, cos(28,+ 5, —7) R.,. =F,,.
R, = Lt )1+ (ry 7 ) |+ 4507 cos 8, cos 8, cosy =2 yr, cos (23, - 7 )cos &,
- 2 -
2[(l+r;)(l+(rlf") )+4rﬁrj” OS5, COS By, cosy — 2y, cos(ZQ?—y)cosﬁg}
&(D— K37)| Br(D' > K37)+ Br(D' > K 37) |
2 kz\? Kr R s avec  Fyy, = . o
. (1475 )1+ (57 ) )+ 4nyrs™ cos 8, cos (8. = 7) = 2m, cos (28, =5, - 7) £(D— Kr) [Br (D" > Kz )+Br(D' >K'x )]
Kr — . -
2[(1+:ﬁ)(1+(rlfn)2)+4rﬂ,»l‘}” COS 8, COS Sy, COSYy — 21, cos(Zﬁg—y)cosr)‘B} {(Hr )( ( )2)+4rR % 0088, 008 (8, )= 20m, cos (23, - 8, —y)}

K3z ™
s ol o WILB I+n ( e )+4rr C0S 0, COS O, COS ¥ — 2V, cos(Zﬁ }’)COS§:|
4| 141 +2r, 058, cos y - 2yy[1+ 215 +4r, cos 8, cos  cos| 2, +tan '[ rsin(4,-7) ]—tan '[ ’Bsm(O”f’V) ] [( )+l ) " ’ ’
2 Lereos(dy—y)) — \Ltnoos(dy+y) 5D K37)[ Br(D" > K"37)+ Br(D' > K3 )|
o = e Y ~ avec F
2{(1+r;)(l+(/-[‘;7) )+4r,,r[';“ cosé,,cosémcosy-ZJ‘chos(Zﬂ‘—y)coso“ﬁ} DaK;r)[Br(D - Kz +3F(D”%K 7 )]
mee F. E(D—)KK)B[*(Z)“—)KK) {1"’]" ( +(r.' ))+4FR u’bﬂm“cOS(g COS(@)‘ ot )721,7- COS(Zﬁ,+537 ):|
: E(D_)K”)[BF(D”_}K'TAFBr(DU_)K"T )} R 2{ 1+ )1 (“) 41N cos S, cosd, cosy 2
. r o 7 —2yr,cos(2f3 —y)cos 5,
4| 1415 + 21, cos 3 cosy —2yy[1+2r; +4r, cos 8, cos 7 cos| 23 +tan 1[ l'BSlﬂ(ISB:}’) ]—tan ‘[ rBsm(oBf‘V) D B EY s )[Br(D" — Kz )+ Br(D’ —> K zr' H
1+1, cos(d, - 7) 1+, 008(d, +7) avec F__, = - — - —
R_=F, — (D> Kr) Br(D' >K 7' )+ Br(D > K 7 )|
2{(1”;)(14-(@:)')+4/‘,,r[f"cos§,2cos§“cosy—Z_\'i;;cos(w\—7)c0555} : e e ] ‘
{(Hr,;)(u(r” ’” ) )+4rﬁRKm‘,r“ 008 d, cos(éK’m‘, —y)—Zyrn cos (2, —ék—y)}
&(D - 17)Br(D’ > 17) R, =F
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Future developments in collaboration with UCAS/Tsinghua colleagues @
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=» Efficiencies must accounts decay time acceptance  avec F .=
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Sensitivity to y in B, —D*)% decays

An educated but rough estimate of LHCb Run1+Run2 data number of quasi pure B, —-D®*)%

candidates (with only B to D*¢ events with f, =1, for a defined CP eigen-state):

decay | Kz | Kdv | K'K | »'n | Knor' | Krn'm | KKK
Do 604 228 80 23 60 52 7-8
D*(D7°)d 350 132 46 14 35 - ;
D*(Dy)o 191 72 25 7 19 - -

V. Tisserand, LHCb, LPC Clermont FD

VERY PRELIMINARY:
Expect a statistical sensitivity to
the angle y at the level of <10-15°

-120°  -60°

Detailled sensitivity study underway

with UCAS/Tsinghua LHCb colleagues,

60°

using CKMfitter package

An example of Toy

120°

experiment

180°

@ 59




LHCb upgrade schedule towards 50/fb and 300/fb
in 12 and 20 years !

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 ..

%: Upgrade la :| | Upgrade Ib [ Upgrade || =
<

current LHCb —— Upgrade | ——» Upgrade Il—»

&2 20— — = . ] %
E - () ) 300 =
& 18— ol o £
=) - - i . 8
= 16 — al sbfo —_250 =
N o & =0 £
2 143 - > m
£ 3 -
= - —200 §
g 12— - o~ ™ < 0 o
- -] (/5] ()] (7] (7] (7] . o
x 10— = = = k| e 2
] 150 €
= 3 1 =

8— _

6— —100

4— ]

] —50

2—] .

0 3 LTSI I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | L

2010 2015 2020 2025 2030 2035

Upgrade | a+b: 50fb™! after Run 3+4 at £ = 2 x 1033 cm 25!
Upgrade II: 300fb~! after Run 546 at £ = 2 x 10%% cm 251
Full Belle 2 detector data taking starting 2019, 50 ab~ ' sample 2025
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LHCb: Trigger/detector upgrade phase 1 for Run 3
starting in 2021

==

LHCb Upgrade Trigger Diagram
30 MHz inelastic event rate

TR

(full rate event building)

LHCh
Trigger and Online

:Software High Level Trigger

xclusive kinematic/geometric selection

L

Buffer events to disk, perform online
detector calibration and alignment

2V

Add offline precision particle identification
and track quality information to selections

[ Full event reconstruction, inclusive and ]
e s

i Tracke
1 \ |

Technical Design Report

Technical Design Report Technical Design Report

[
UPGRADE

CHE

LHeb

Sottware.guComputing

b
Particleldentification

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

<}y I

Removal of LO bottleneck and move to full software trigger will increase
efficiencies, by a factor of ~ 2 for hadronic modes

Upgrade | replaces frontend electronics: readout at inelastic 30 MHz rate

Far reaching detector upgrades to improve occupancy, radiation hardness
Vertex Locator — Pixel; Main trackers — SciFi Tracker, UT; RICH photodetectors

V. Tisserand, LHCb, LPC Clermont FD W 61



LHCb: upgrade Phase 2 (U2)

Physics case for an LHCb Upgrade 11

Opportunities in flavour physics,
and beyond, in the HL-LHC era

The LHCDb collaboration

Abstract

The LHCb Upgrade II will fully exploit the flavour-physics opportunities of the HL-LHC, and study
additional physics topics that take advantage of the forward acceptance of the LHCbD spectrometer. The
LHCb Upgrade I will begin operation in 2020. Consolidation will occur, and modest enhancements of the
Upgrade I detector will be installed, in Long Shutdown 3 of the LHC (2025) and these are discussed here.
The main Upgrade II detector will be installed in long shutdown 4 of the LHC (2030) and will build on
the strengths of the current LHCD experiment and the Upgrade 1. It will operate at a luminosity up
to 2 % 10%* cm =257, ten times that of the Upgrade I detector. New detector components will improve
the intrinsic performance of the experiment in certain key areas. An Expression Of Interest proposing
Upgrade II was submitted in February 2017. The physics case for the Upgrade II is presented here in
more depth. CP-violating phases will be measured with precisions unattainable at any other envisaged
facility. The experiment will probe b — sft¢~ and b — dfT¢~ transitions in both muon and electron

arX1v:1808.08865v3 [hep-ex] 24 Sep 2018

decays in modes not accessible at Upgrade I. Minimal flavour violation will be tested with a precision
measurement of the ratio of B(B"— ptp~)/B(BY— ptp~). Probing charm CP violation at the 1073
level may result in its long sought discovery. Major advances in hadron spectroscopy will be possible,
which will be powerful probes of low energy QCD. Upgrade II potentially will have the highest sensitivity
of all the LHC experiments on the Higgs to charm-quark couplings. Generically, the new physics mass
scale probed, for fixed couplings, will almost double compared with the pre-HL-LHC era; this extended
reach for flavour physics is similar to that which would be achieved by the HE-LHC proposal for the
energy frontier.

V. Tisserand, LHCb, LPC Clermont FD % 62




Looking forwards : LHCb upgrade
& gains on y precision

Physics case for an LHCb Upgrade Il
arXiv:1808.08865

Exciting times - measurements of y
are reaching a high precision era:

e We look forward to collaboration
and competition from Belle-Il

e With 50 ab!' at Belle-ll and a
possible 300 fb-! sample at LHCb:
6(y)<0.35° to tackle BSM physics in =
CKM global fit well above a few 10 ¥
TeVs

e New ideas can help us go even
further (some of them shown in this
seminar)

e Will require new charm inputs 0.1

from BES-IIl, LHCb and Belle-ll

V. Tisserand, LHCb, LPC Clermont FD
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Prospects for CKM fit

LHCb upgrade Physics case for an LHCb Upgrade I

arXiv:1808.08865

LHCb now

0.7 T T T T T T T

A ; 7 3
= ' \ -
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LHCb (now) LHCb 23 b~

LHCb 300fb~!

CKM inputs (LHCb)

sin 23 0.760 £0.034  0.7480 £ 0.0095 0.7480 % 0.0024
yrad 1.2067 095 1136 +0.025  1.136 + 0.005
Van|/|Ven| 15% 6% 1%
Amd(ps:ll ) 0.5065 £0.0020 same ...~ same
Ams(ps™) 17.757+£0.021  same same
Hadronic input (LQCD)

_ dey Bs, 0 :
&= Fo/Bn 2.0% 0.6% 0.2%

LHCb “alone”
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LHCb Upgrade la 23fb™*
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Facing other experiments

Physics case for an LHCb Upgrade I
arXiv:1808.08865

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11 ATLAS & CMS
EW Penguins
Ry (1 < ¢ < 6GeV3ch 0.1 [274] 0.025 0.036 0.007 —~
R+ (1 < ¢® <6GeV?c?h) 0.1 [275] 0.031 0.032 0.008 -
Ry, Rpr, Ry —~ 0.08,0.06, 0.18 ~ 0.02,0.02, 0.05 -
CKM tests
v, with BY — Df K~ Ho)° [136] 4° - 1° -
7, all modes (*22)° [167] 1.5° 1.5° 0.35° -
sin243, with B" — J/yK? 0.04 [609) 0.011 0.005 0.003 -
bs, with BY — J /¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [610]
¢s, with BY — DI D 170 mrad [49] 35 mrad - 9 mrad -
55 with BY — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [611]
a¥ 33 x 1074 [211] 10 x 10~4 3x 1071
Vol / IV 6% [201] 3% 1% 1% -
BY,B’—utu~
BB — putp)/B(BY — ptp) 90% [264] 34% — 10% 21% [612]
TBO ot 22% [264] 8% - 2% —
Spp - - - 0.2 -
b — ¢t~ LUV studies
R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J /) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — 1) 8.5 x 10~* [613] 1.7 x 1074 5.4 x 1074 3.0 x 107° —
Ar (= xsin¢) 2.8 x 10~ [240] 4.3 x 1077 3.5 x 1071 1.0 x 107 -
rsing from DY — K*r~ 13 x 10~ [228] 32x 101 4.6 x 101 8.0x 107 —

x sin ¢ from multibody decays

(K3m) 4.0 x 1077

(Kd7m) 1.2 x 1071

(K3m) 8.0 x 1076

V. Tisserand, LHCb, LPC Clermont FD



Conclusions

» Excellent progress from LHCb over the last few years

» As shown today we are currently exploiting

- LHCh 5

- Preliminary

our beautiful Run-Il data sample < HOf
» The Run-Il precision will be around 3 or 4 "0
degrees %
80
+ Latest combination gives 1E]
yLHCb=(74'Otg:g)o 60;‘
» Indirect measurements .70 gt
shift :
Yekmfitter=(65.6732)° 4%
» Watch this space... »

\!
q)Q

» Lots more to come from LHCb, LHCb upgrade(s) and Belle-|I!

V. Tisseran d, LHCb, LPC Clermon tFD
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Measuring y : ADS DK

ADS observables
hee (B~ = [K'n ]pK™) —T(B" = [K~7n"]pK") _ 2rgrpkp sin(dg + &p) sin(y) )
A T (B~ S [Ktr oK) +T(BY = [K—nt[pKt)  r2+r2 +2rsrpkp cos(d+0p) cos(y)
(B~ = [K'n ]pK™)+T(B" = [K 7' ]pK") _
Raps = 2 5g + 6 4
AT (B > [K- oK)+ T(BT — [KTn—JoKT) = ra+1p+2rarorp cos(d + 8p) cos(7) (4
y
N 1m%4 LHCb —
>
= E SN, 5 ~ ¥
g —>[TK K
>
89

= - . L ST} : . il + 1
5100 5200 5300 5400 5500 5100 szoo 5300 5400 5500
m(Dh") [MeV/c?|

» Much harder to extract partially reconstructed observables because of
B® — D*°K* 7~ backgrounds.

% 68
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Measuring y : GLW D(*)K

The BT — D™ KT signals

LHCb || LHCb

© a positive C'P asymmetry
observed in BTt =+ DopK™*

B'—>[:rc+rc7|DK_ B+—’|TE+J137IDK+

Candidates / ( 10 MeV/c?)

LHCb | LHCb |

o« BT —>D*K~, D*—~DnY:
D= D"+ rBei(éB_'Y)ﬁo

— o - ] + For +
B —|n'n ]D:m B'—|n*n ]Dn:

5400 5600 5800
m(Dh*) [MeV/c?|

5000 5200 5400 3600 3800

o BT —>D*"K~, D*—=D~:

_ o (bg+m—y)TY -~ |
D=D + TBe?,( BT ’7)D = 800 LHCb — LHCb -
2 % _
PRD 70, 091503 = ot e
= 400 B—|K'K | K _| B —|K'K7| K" |
% 2001.... — =
C'P asymmetries from o o
D*— Dz% and D* — Dy o i i
. . B —=[K'K | B'—[K'K ] "
have opposite signs 000 ’ i
5000 5200 54b0 56b0 58b0 5000 5260 54-I00 56b0 58l00

m(Di*) [MeV/c?]

PLB 777 (1028) 16
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Measuring y : GLW D(*)K

Defining

RET _ IN(B-—[K ntpK )+ T(Bt—[Ktn |pKt) BB~ —DK")
K/m = [(B-—[K—nt|pr—)+ (Bt = [K+n—|prt)  B(B—— D)

and averaging Ry, R.r and ASL, AT, -

5. _ DB DepK") +T(BY—Depk*t) 1
T (B~ —Dgpr) + T(B* —Doprt) ~ RE7
=1+ (rE5)? +2rE" cos 65" cosy
2r B sin §EK siny
Acpy =

1+ (rB8)2 + 2r2K cos §BE cosy

Reps = 0.989 4 0.013 & 0.010
Acpy = 0.124 4 0.012 & 0.002

PLB 777 (1028) 16

Values of these and the other observables to be used in the 7Y combination
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Measuring y : GLW D(*)K

» CP eigenstates e.g. D — KK, D — K{n® » [Phys. Lett. B253 (1991) 483]

» Gronau, London, Wyler (1991) » [Phys. Lett. B265 (1991) 172]
GLW observables
[(B~ — D&HK™) —T(B" = D&HK™) +2rg(2F "+ 1) sin(8g) sin(y)
A = = (1)

- (B~ - DL,K—)+ T (Bt — D%KT) 1+ r2 +2rg(2F++ 1) cos(6g) cos(7)
(BT = DHGK™)+T(BT — D&KY)

—1+4+r24+2r5(2F +1 ) 2
(B~ — DK~ )+ (Bt — DOK™) T 15 £ 2r8(2F 7+ 1) cos(0p) cos(7) (2)

L T T T T T 1L T T T T T
800[— n LHCb — LHCb
600 —r
B_—>[K+K_JDK_ —

]
|
|
|
|
|
|
|
|
|
|
|
1
| |
1
1
1
1
1
1
I
1
|
1
|
|
|
|
|
1
1
1
1
|
1
i
i
1
i
|
|
|
|
|
|
|
|
|
1
——
| o I+ | &

B+—>[K+K_JDK+

5000 . 5200 5400 5600 5800
m(Dh*) [MeV/c?]

» LHCDb has recently extracted GLW observables from partially reconstructed
B~ — D**K~ in the same fit - [Phys. Lett. B777 (2018) 16]

400

200

Candidates / ( 10 MeV/c? )

-
e e M ! -

5000 5200 5400 5600 5800

» Can extend to quasi- CP-eigenstates (D0 — KK7T0) if fraction of CP content, F', is

known
F=01in Eq (1) & (2) for KK and =rx —
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Measurement of C'P observables in B* — DK** decays
using two- and four-body D final states JHEP 11(2017) 156

12 CP observables from B~ —=D(— f)K*(892)~, K*(892)” - Kom™
f=K K", nat, K¥rt rfa-atn™, Kfnintza™

7

¢ I(B~=D(=[)K*) = (B = D(— [)K**) . B
AP = NS DG HE) F (BT = Do K (Aop = Arow = Aprod = Ader)

B — (B~ —=D(—= f)K*) +T'(BT = D(— f)K*T) B(D}. )
I T (B =D K )+ T(BT = Dy K1) B(DY — f)

Neglecting C'PV and The ADS modes: No C'PV expected in

mixing in D decays: favoured decays Diay

B~ —[KTn |pK*~ N N .
Acp = ATp = Acpy [ v B™—[K 7m"|pK

— to— = =
Rik = Rox = Ropy || B 2T K pe =t p IO

V. Tisserand, LHCb, LPC Clermont FD W 72



The relation between C'P observables and physics parameters:

2krp sindp siny Repy = 1+ 1% 4+ 2krpcosdpcosy ,

A —
Cr 1—|—T%+2/ﬁ:r3 cosdp cosy

x = 0.95 == 0.06,

 accounts for Kgr not from K™ (k=1: pure K*) from simulations

26 (2F 4, — 1 indp si .- — -
A 2&( ] )rpsindp sin -~y | Fin(~0.75) 1 tr—rt s
L+ 7p + 26 (2F1x — 1) cosdp cosy not a pure CP eigenstate
Rorrr =1+ r% + 2k (2Fyr — 1) rgcosdpcosy , PLB 747 (2015) 9
ADS decays need additional external inputs
2 Kn Kn Kn r5"s 0D
£ _ BT (r™)” + 2krpris™ cos(0p + 5 &)  HFLAV, arXiv:1612.07233
1+7% (r g”) + 2krprE™ cos(dp — 0RT £ )
2 K3m K3m K3m Sﬂ’ 5K3W’ K 3m
pt _'B + (rB7)” + 26 s T cos(9p + 0T 4 ) PRL 116 (2016) 241801
Krrm — ’
1+ (rpri3)? + 2krpricanr 53T cos(0p — 53T + ) PLB 757 (2016) 520

V. Tisserand, LHCb, LPC Clermont FD W 73



MRS Measure strong phases

The University of Manchester

e.g. probe strong-phase distribution of multibody decays...

D. KK eg. CP
D* — D 1+ or DO—KIV i N T

w”’—DaDb
~~ DO Kstrtr T DKt

Flavour tagged $ Y. Dep. CP-tagged ~
Distribution ~ s & , T 1s ‘ IDI2 + |DOJ2 +
IDOI2 or 150/ - W 2D
"7\5 2.93 bl @3.773GeV 8 Model predlctlon
> o 150 @ BESIII
] S | DanAmbrose,APS 204 ¥ CLEO-c
NEI 15_
0.55—
o5F
THE [ BE 8111 preliminary
ROYAL 05 1 15 2 2523 P TR S Y bt
SOCIETY mi (GeV /c ) 5 1 05 0 05 S
) .

Eva Gersabeck, Inputs for y/3 from charm decays i ﬁg I5
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aRESEN Importance of this measurement

The University of Manchester

e Most precise determination of y from a single channel from B—DK

with D—Kshh 7 = (80.0%)00)" WA= RERYE

e Uncertainty due to strong-phase inputs (CLEO-c) 4° > uncertainty

due to experimental systematic effects 2°
arXiv:1808.08865v2

10
o x LHCb
= 5 B* — DK* GGSZ
©
N 3° with 50 ab-! at BELLEII
P. Krishnan, FPCP2018
x  With v/N improvement
+  With current CLEO ¢;, s;
0173 23 50 300

Integrated Luminosity [fb™]

e |nput important for B—DKmn with D—Kshh, precision of 2°
achievable after the upgrade craik et al.,arXiv:1712.0853

ROYAL
SOCIETY

V. Tisserand, LHCb, LPC Clermont FD

E

Eva Gersabeck, Inputs for Y/3 from charm decays
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How does this GGSZ Model Indep. Method works ?

e The Dalitz plot is divided into 2n bins, from ¢ = —n to ¢ = 4+n. The

populations of bins 47 are
NI =[hp+||Fei - (23 + y7) Fai + 2/ FiF_i(z4{cai - y4l544)

= =|hp-| |Fei - (22 +y° )P + 2/ F F_i(z lcyi H y_{s+s)

Y \ 2
normalization fraction of strong phases
factors decays in bins +i from CLEO-c
o [ dm?dm?%|Ap(m?, m%)|* n(m?2, m?) from B— D** v, X with
' > J; dmZdmZ |Ap(m2, m3) 2 n(m2, m3) D** D%+, D’ 5 K2ntnt

J,dm? dm?, |Ap(m?, m3)[|Ap(m3, m2)| coslop(m? , m3) — 6p(m2, m?)]

\/fZ dm?2 dm?2 |Ap(m2,m2)|? [,dm2 dm% |Ap(m2, m2)[?

C; =

v, *B, 0B translated into x4+ =rpcos(dp £7), y+ =rpsin(dp =)

V. Tisserand, LHCb, LPC Clermont FD W 76




How does this GGSZ Model Indep. Method works ?

» Fitting the invariant mass distribution

N Ve 30

o Cross-feeds from ™ — K misid taken 3 LHCY
from control mode B~ — Dr~ § m — e ]
E ------ Co_m,lJ)Di:al_torial-
. ' ' g 2001 === Parf. reco. ]|

+ Efficiencies over the D Dalitz plot :
 Taken from simulation with data driven el Memmammsnse

corrections m(DK") [MeVic?]
» Smoothly varying | S

Signal

+ Account for differences between the
signal decays and semileptonic control

sample used to described the fraction
of D" D" in each bin

[
T

m2A(K2x+) [GeV?/c4]

V. Tisserand, LHCb, LPC Clermont FD

12

=
Efficiency relative to average

=

Candidates / (7.5 MeV/c?)

mA(Kom*) [GeV?/c4)

[LHCh-PAPER-2018-017]
8000F—————"
' ﬁ LHCb |
6000F T
— B*=DK*
4000 b
------ Combinatorial |
2000 =-=-Part.reco. |

fa]

m(D) [MeVic]

-

Simulation
Semileptonic

2
T T T T T

LHCb 14

(-] b2
Efficiency relative to average

5200 5400 5600 5800



Candidates / (7.5 MeV/c?)

Candidates / (7.5 MeV/c?)

600

400

200

100

How does this GGSZ Model Indep. Method works ?

D" —>Ks7r T

LLHCb

— B DK™ -
— Bt—:-DJ'[:
------- Combinatorial

=== Part. reco.

75200

m(DK™) [MeV/c?]

500

5400 5600 5800

Candidates / (7.5 MeV/c?)

0 0

D" — Kg

. = &
=

LHCb =

=

—_— B DK™ 1

— B =D a* . ?_

------- Combinatorial ]

== Part. reco. 'g

]

8

........ U

m(DK*) [MeV/c?]

ﬂm'ﬁm"%m'%m

JHEP 08, 176
S8000F N
i ﬁ LHCb
6000 N
i — B*—=DK*
4000 b
B B T Combinatorial |
2000 === Part. reco.
0% 5200 5400 56b0 5800
m(Da*) [MeV/c?]
KTKT
1000} h LHCb
— B*>DK*®
s —— B*sDx*
5008 || .. Combinatorial |
=== Part. reco.

5200 5400 5600 5800
m(Da=) [MeV/c?]

B~ — Dm~ used to estimate
contaminationin B~ — DK™
sample due to m— K mislD

A fit to the 8 BT — Dh™
subsamples, integrated over
the DP, fix the shapes of
sighal and bkg.

yields/bin of BT — Dn*
direct BT mass fit

yields/bin of B* — DK™ :

NT

= Niow(DE) X ==

S+

NL = hpg+ [F;i + (333_ + yi)Fi + 2/ FF_;(xycq; — y—i—S:l:i)}

V. Tisserand, LHCb, LPC Clermont FD
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GGSZ Model Indep. Method Run1/2

05 & 0.2 — T
4 8 T T T T T ' [ JTRunl
= | [ 2015 & 2016 daca [ 01 5 s i LHCb -
01 @ LHCb Combination 0.15+ —
O i j _
01 005~ : -
_ C | | ]
0 60 120 180
(o]
022 0.2 v 17l
+ o: 180 T | '
LHCb-CONF-2017-004 o i LHCb |
120~ -
60 — =
; =3 2R(;llr151& 2016 data
L JHEP 08’ 176 [ Combined resu?tta 1
1 I 1 I 1
00 60 120 180

e
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Dalitz structure of other multibody D modes

> We have a good model for the GGSZ modes (D — K¢ and D — KSKK) but
development of others (e.g. the 4-body charm decays) could prove very useful.

> Recent measurements of D° — K*7~ "7~ amplitude model at LHCb -
[arXiv:1712.08609]

> Indeed equivalent knowledge of ¢; and s; for this and related modes allows for binned
Dalitz analyses in 7 (see Tim Evans talk later)

» For some modes (e.g. D — KK7" and D° — 4r) there is a low F™ value suggesting
a Dalitz analysis could offer considerable improvement

» Many recent developments in D = "7 777~ and D° = K"K 777~ Dalitz
models with CLEO data - [JHEP 05 (2017) 143]

» Can one define optimal binning schemes for various D° — 4h and D° — hh7" from
which ¢; and s; equivalents can be extracted?

V. Tisserand, LHCb, LPC Clermont FD % 80



TDCPV B.— D, K¢

d_t> = 5|Af|2(1 + | AfP)e T [cosh( 5 ) +A?Fsmh( 5 )

+ C cos (Amgt) — Sy sin (Amyt) ],

ATt ATt
(14 [Asf)e™ [COSh( 28 ) —i—A_?F sinh (TS)

— Cf COS (Amst) + Sf sin (Amst) ] )

dFEg—ﬁ (t) ’

dt

1
= —|A,|?
5147

P
q

... and similar equations for f (e.g. f = D_K*, f = D_'K")

Five independent ) ) _

observables . L= \2 0 T=1X g4

assuming no CP 71+ A2 - 14 ‘)\7|2 ’ )\‘f_EA_

violation in mixing [
or in decay 2Im(Ay) ar  —2Re(Ay)

IETINE T TR [ IMIER

L+ [As] L+ [As] =10

S Tm(h) . —2Re(N;) | =rp ~0.4

f_1‘|“/\f|27 f 1_|_|)\ﬂ2' o
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Tagging B.— D_* K*

Same side kaon Opposite side taggers
LHCb-PAPER-2015-056 LHCb-PAPER-2011-027
JINST 11 (2016) P05010 EPJ C72 (2012) 2022
AL R R R N LR LR RE RS 30.6_""|""|""l""l """" ]
- LHCb Vi 0.5 LHCb E
041 i -
0.4\ g
0.3} ]
- i 0.3 -
0.2} .
I ] 0.21- 4 E
Ol ; 01 ]
o oz/lul.l..1.11..11..11111..:
o o1 02 03 04 %-5 0 01 02 03 04 05 T]o.s
Analysis-specific ¢
calibration:
B Dnt 7 cott 1%)] LHCb-PAPER-2017-047, 3 fb
s s g JHEP 03 (2018) 059
OS only 1294 +0.11 1.41+0.11

SS only 39.70+£0.16 1.29+0.13 _ (1_ 2< >)2
Both OS and SS  24.21 4+ 0.14 3.10 +0.18 €eff = Ciag W
Total 7685+ 024 5.80 £0.25
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Tagging B, — D*¥n*

(4))
S
q"

D0.45]

_O

w =

N =~
rTr1rr1rrrrypa

Measured mist

o
o &
wn (]

1 |

LHCb
OS taggers

0.1 0.2

Exploit fact that |C|=1 to calibrate tagging with signal channel

V. Tisserand, LHCb, LPC Clermont FD

| ‘ | | |
0.3

04II
Predicted mistag n

0.5

I 1 | I

LHCb

SS taggers

e = (5.59 % 0.01)%

| ‘ |
0.4
Predicted mistag 1

0.3

0.5
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Decay time resolution and acceptance B.— D_.* K*

100
90

O [fs]

D W B U N 1 o0
o o o o o o O
) RO AU LALA AR LARRE ARRRE ARRRE Y

—
o O

-
E .
Q
o

—— Prompt D} data

IlIIIIIHII

B’ - DiK; duta’x"

50

100
o, [fs]

N
o
)
o

Candidates / ( 0.10 ps)
o
S
S

= T T T LI
~
~
I~ -

N O o

3000

2000}

=T T

LHCb

- - - Acceptance

— Fit to decay time E

— Data

T I —

10 12
t(B{— D, 7*) [ps]

« Candidate-by-candidate resolution used to improve sensitivity
» Vertex fit gives good estimate (g)); calibrated with prompt D_ mesons

- Known lifetime of B,—~ D_1t used to obtain acceptance function
o Corrections for B, - DSK/BSA D_m differences obtained from MC

* Important source of systematic uncertainty on A%" observables

V. Tisserand,

LHCb, LPC Clermont FD
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Systematics B.— D_.* K+

Quoted relative to the statistical uncertainty

Source Cf A?F ATAF Sf ST
Detection asymmetry 0.02 0.28 0.29 0.02 0.02
Amg 0.11 0.02 0.02 0.20 0.20
Tagging and scale factor 0.18 0.02 0.02 0.16 0.18
Tagging asymmetry 0.02 0.00 0.00 0.02 0.02
Correlation among observables 0.20 0.38 0.38 0.20 0.18
Closure test 0.13 0.19 0.19 0.12 0.12
Acceptance, simulation ratio 0.01 0.10 0.10 0.01 0.01
Acceptance data fit, I's, Al 0.01 0.18 0.17 0.00 0.00
Total 0.32 0.55 0.55 0.35 0.35

Mainly from control samples — will scale with statistics
Others also appear reducible

V. Tisserand, LHCb, LPC Clermont FD
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y—23, converted to y using

P P s e ke

Constraint on y:

60 80 100 120 140 160
1

px [°]

350

300

P T i S B 5

60 80 100 120 140 160
o b

1-CL

50 100 150

s i bl

Measurements of five observables converted to constraints on three parameters using
GammaCombo (LHCh-PAPER-2016-032, LHCh-CONF-2018-002)

-2, from B, - J/y@

Y
0

I'D.K

(12875))° .
(358 111)°

037 2509

V. Tisserand, LHCb, LPC Clermont FD

3.80 evidence
for CP violation



[arXiv:1602.03445]

(Runt) 3-body decay B°— DmK*

» Some studies of future prospects of the B Dalitz method with GGSZ modes in
[arXiv:1712.07853]

» Can include GLW, ADS and GGSZ modes in single framework to improve constraints
on B Dalitz bins, sz and o;

» The double Dalitz method has sufficient information (large number of bins) to extract
¢ and s;

Double Dalitz observables (partial rate as function of both Dalitz positions)

AP = |Ag[?|Ap|® + |45 | Ap|* + 2| Ag| | Ap| | As||Ap|[(2c — o5) cos(y) — (3e5 + oc) sin(7)]

End of Run 2 (~8fb ) End of Run 4 ( SOfb 1)
~ o7 11 ~ 3T
= C —— Without D—=K 7" ] g C e W1th0ut D%K JT
O o With D—=K 7" 251 - With D—=K 7" ]
\5 —e— Fixed Civ S = \5 . —e— Fixed Cir S, ]
—+— Constrained ¢, s, ] ST ; —— Constrained c., s. 1

—m— Floated C s,

—m— Floated C, s,

N F b

oF (a) 3 05t (b)
OIISI”IIOII”15””2DI OHSII”10””15””20I

Number of B bins Number of B bins
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arXiv:1807.01891

Selection of B°,—DK*K- decays

DO reconstructed in K*m- decay

Kinematic and topological discriminating variables

Charmless B decays rejected by requiring the D meson vertex to be downstream of the B
meson vertex 3

Veto of B°->D*(2010)m*, D*(2010)- ->Dm

Combinatorial background rejected with robust MVA Fisher discriminant optimised on data
with B®—DOmr*m using sPlot technique

NN

ANERN

— — T T T T
12000

LHCb
10000

Candidates

unweighted data

1
|
| —
;l | =——f—training signal sample (*2)
I
I
I

‘l;l —f—training background sample (x2)

sum train. sig. & hklzd sample (%2)
simul. & norm. B'—»D KK~ signal

i I e :
—0.5 0 0 5 1 1.5
x; (Fisher response)

|\II|III|I—

8000

6000

4000
M“'-Ai

'.l-r.l

2000

III|III]III|III|1II|III|I

0

v’ Selections for B°—DK*K- signal and B°—»D°m*m normalisation modes differ only on the
PID of the h*h- pair (use of RICHSs)
v' One candidate/event only
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arXiv:1807.01891

1/4

invariant mass fit of B, —D°h*h- decays

v Signals modelled with 2 Crystal Ball functions (tails params. fixed from simulation) and
mass difference between B° and B for DK*K" fixed to PDG2018 value (87.35 MeV/c2)

v Surviving combinatorial background modelled with exponential function

v' Mis-identified and partially reconstructed b-hadron decays modelled from simulation with
corrections to match data

v' Specific treatment of A, -»D%m, A, ->D%K"and =, -»D%K- backgrounds constrained from
data

Likelihood function: " n
- —U tot /. .
Lpop+p- = ¢ Hpe (?n’i,DDhﬂLh—)

v is the sum of the yields and n the number of observed candidates

«  Bo—DOm*m (7 background components):

7
tot _ AT_ B .. E ( _
7)9 (mﬁoﬁ‘*“ﬁ—) — NDO7T+71'_ X 7Dsig (mDOW+7T_) £ Nj,bkg X Pjsbkg(ml)%ﬁﬂ")

j=1
. BO(S)—>D°K+K' (2 signal + 9 background components):

0]
Pgm(mﬁ)fﬁf(—) = Npo,pog+r- prg(m§0K+K—>
BO

+ Npopog+r- X Pgyg (M pog+ )

9
+ E "Nibie X Pjbka(Mpoges ge-)- —

V. Tisserand, LHCb, LPC Clermont FD J=1 % 89



arXiv:1807.01891

invariant mass fit of B, —D°h*h- decays

3/4
Fit output details
Parameter B = Drtr- B?S) — D'KYK-
my [MeV/c? | 5282.0 £0.1 5282.6 £ 0.3
oy [MeV/c? | 0.7+1.0 fixed at 9.7
0y [MeV/2 | 162408 fixed at 162
fen 0.3£0.1 0.6£0.1
Gomy, [1079 X (MeV/@)] —32401  —13+04
N s 0043243 1918474
"MBE—}EUILJFfF - 473 :I: 33
Neomb, 20266 £ 463 1720 £ 231
Ny, porcent 023 + 191 151 £ 47
Nyoo 5opeen 2450 + 211 131 4 65
N, poyic- (constrained) - 197 £ 44
Nz popic~ (constrained) - 57420
Ny, popr- (constrained) 1016 4 136 T4 +32
Ny g 50 (fixed) 8334185
A - 775 + 100
Ny 5150 1 7607 + 325 -
Noow—m 14914 £ 222 1632 £ 68
X/ndf (p-value) 52/46 (25%) 43/46 (60%)

V. Tisserand, LHCb, LPC Clermont FD

Candidates / (8 MeV/c?)

BO—Dom*m
104 :I_ I I I I I I I I I I I I | I I I I I I I IT
LHCb 1
10° | E
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invariant mass fit of B, —D°h*h- decays

4/4
Fit output details Bo(s) —SDOK*K-

Parameter B’ = D'rtr~ B?S) — D'K*K- g 10° = | | E
my [MeV/c? | 52820401  5282.6+0.3 % LHCb -
gy [MeV/c? | 0.7£1.0 fixed at 9.7 > I ) _
oy [MeV/? | 162408  fixedat162 = r N

fes 0.3£0.1 0.6+0.1 5 10°E a7 E
Qoo [10° % (MV/)™] —32401  —13404 s f b ;
Ngo o 29043 + 243 1918 + 74 = - b i
Npgo_ popen- - 473+ 33 g L
: S : i y
10 & N :
Ncomb. 20266 + 463 1720 £ 231 E H '.: .: \\ i E
N, po-r+ 023 £ 101 151 £47 : l"‘- v :
Npoporcen- 2450 £ 211 131465 i e \-‘N\ ]
JVA?%DUPK? (ConStrainCd) 17+ 44 | ¢ l ‘-i “'- o :" \\T |
7 : N ] ittt e a et
Vapopppic [comstraneed K =20 7775200 300 s400 5500
N pope- (constrained) 1016 4 136 T4+ 32 B Comb1nator1a1 background 711 -y [MGV /cz]
Npo_,5og-r+ 540 (fixed) 833 £ 185 B'>D K -
J\B@D*DKH\ = 775 + 100 — — B DK
Npo_ 5eo[ 5ot 7697 + 325 - A“, :g—> DpK -
Niow—m 14914 + 222 1632 + 68 = Ab—> Dpn
9 ] | [T By —>D K Tt
X /ndf (p—valuc) 52/46 (25%) 43/46 (60%) o B NG -
V. Tisserand, LHCb, LPC Clermont FD Low-m background % 91
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Ratios of branching fractions & efficiencies

v' Compute ratios of branching fractions:

B (BO — EOK+K_) o NB®—>5®K"‘K‘ > EBO—>507T+7T_
B (BO — 507?+7T_) Ngo_, 50, +-—

EBOLDOK+ K-

B(BY - DK+ K-)
— — — TBQ/BO X
B(B" - DVK+K-)

EBO L DOK+ K- 1

X
EBO L DOK+ K~ fs/ fa

v B (BO — EOW+7T_) from PDG2018 (including Phys. Rev. D 92 (2015) 032002)
v fs/fd from LHCb (JHEP 04 (2003) 001 & LHCb-CONF-2013-011)

v Efficiencies account for acceptance/reconstruction, hardware LO /software HLT1/2
triggering, PID and selections (including Fisher discriminant).

= Mostly computed with simulation, but PID/tracking simulation corrected with data
control samples.

= Hardware LO trigger part determined from calibration data samples.
Global efficiency corrected for phase-space effects in B%,—D%h*h- multi-body
decays on event-by-event basis using sPlot technique (i.e. sWeights).
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Systematic uncertainties

v" Many sources of systematic uncertainty cancel in the ratios of branching fractions
v Other non-vanishing sources:
= Hardware LO trigger (signal specific part). _
= PID difference in the h*h- selection for B%;,—D%K*K- signal and B°—D%r*m normalisation
mode.
= Signal and background modelling in the invariant mass fit.

Source [*] RE"Ix’+I\'_/5‘)7T+7r_ RBQ/B()

HW trigger efficiency 2.0 —

PID efficiency 2.0 —

PDF modelling S fv), 4.5

fS/fd _ 5.8

Total [%] 4.3 7.3

Where: _ —

REOK+K_/ED7T+TF_ = B(BO — DOK+K_)/B(BO — DO7T+7T_)

Ryopo = B(B® — DPKYK~)/B(B° — D°’K*K~)

V. Tisserand, LHCb, LPC Clermont FD % 93
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Results 3/fb

B(B" = D'KTK~
(B" — I ) _ (6.94 0.4+ 0.3)%
B(BO — DO71'+7T_) stat. syst.

BB - D'KTK™)=(614+044+0.3£0.3) x 107

stat. syst. normalis.

(was (4.7 £ 0.9 £ 0.6 £ 0.5) x 107" with 0.6/fb *)

B(B® — DVK+K~-
(B, = D ) _ (93.0 = 8.9 + 6.9)%
B(BY — DOK+K~-) e

syst.

BB — D'KTK~™) = (5.74£054+0440.5) x 107°

Observed !

V. Tisseran d, LHCb, LPC Clermon tFD

stat. syst. normalis.

(was (4.2 +1.34+0.941.1) x 107° with 0.6/fb *)

* Phys. Rev. Lett. 109 (2012) 131801 % 94
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Branching fractions of BO(S)—)_D(*)O(I)

B(B{,, = D)
B(BY — DOn+7—)

N Lo
Bo)

s D(0g X E(BO — EOW—'_W_)

F

NB0—>507T+7r— X E(B

0

()

— D*)0))

“Blo 5 KK

where F is 1 for B” decays and f;/f, for BY decays.

v Efficiencies computed as for 1807.01891.
v Various sources of systematic uncertainties considered [%]:

B(B)—D"¢) B(B"—D"¢) B(B!—D*"¢) B(B!—D*"¢)
Source B(B'—D0rtr) B(B'—Dortr) B(B'—D0rtr) B(BI—DO%) fr
Npp, > 0tmg 15 27.0 18 19 41
NB(]%EUW*‘?T— 20 20 20 - -
€EPID 2.0 2.0 2.0 — —
Ecrigger 2.0 2.0 2.0 - -
B(p — KtK~) 1.0 1.0 1.0 - -
fg/fdf* 5.8 — 9.8 — —
Lifetime™* 0.8 — 0.8 1.6 1.6
Total 7.0 27.1 8.4 5.2 4.4
* PDG2018 ** JHEP 04 (2003) 001 & LHCb-CONF-2013-011 *** See: Phys. Rev. D 86 (2012) 014027

V. Tisserand, LHCb, LPC Clermont FD
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Results for Branching fractions of BOS—)_D(*)O(I)

B(B—D¢)

— =(3.4+04+02)%
B(BY°—D%r+7—) ( A

stat. syst.

B(B? — D) = (3.0+03+02+0.2) x 107°

stat. syst. normalis.

Compatible and twice as accurate as Phys. Lett. B727 (2013) 403

B(BY—D*%¢)

B(BO—DOrt+7m—)

— (4_2 + 0.5+ 0.4)% Observation with more

syst. than 7 standard deviations !

B(B® — D) = (3.7+£0.5+0.3+0.2) x 107

normalis.

B(BY—D*0¢)
B(B9—DO¢)

= 1.23 £ 0.20 = 0.06

Fraction of longitudinal polarisation:

fo = (73 £ 15 + 3)%

stat. syst.

v f <90%, compatible with colour-suppressed VV open charm B°%-decays (e.g. BaBar: Phys. Rev D 84

(2011) 112007 or Belle: Phys. Rev. D 92 (2015) 012013 )

v About the same number of fully longitudinally polarised B, ->D*$ wrt B, -»D¢ : 1.23x0.73=0.9

V. Tisserand, LHCb, LPC Clermont FD

= Yet another mode for CKM angle y ! %
9%
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Search for the B°—>D% decay

= Occurs through W-exchange diagram + Okubo-Zweig-lizuka (OZI) suppression or
through ©-¢ mixing

C
b é }D
A . u
d u
g BO{ w+t o
s d d
g w
. .
S

= VYet non-significant B°—>D%% signal (~2c), interpreted as:

0 M0 . — .
BB 2D ¢) _ (1.2 £ 0.7 £ 0.3) x 107’ |mp|B(B” — D) =(1.1 £0.6 £0.3£0.1) x 107°
B(B'—=Dx+7x—) stat.  syst. " stat. syst.  normalis.

Adapted prediction from Phys. Lett. B 666 (2008) 185 + BaBar
Phys. Rev. D 84 (2011) 112007: (1.6 £ 0.1) x 1076

=>» Upper limits set on both branching fraction and mixing angle (i.e. ideally mixed states*)
assuming that the contribution from ®-¢ mixing dominates (® 90% (95%) of CL):

B(B" — D) < 20 (2.2) x 107 = 0] < 5.2° (5.5°)
Factor 6 better improvement wrt BaBar
(Phys. Rev. D76 (2007) 051103)

I

- w 080 sind w —_
w' = (uit +dd)/v/2 and ¢' = s5 (é)—(_c(.);bé 5)( 1)

*

V. Tisserand, LHCb, LPC Clermont FD



