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Part 1:

Introduction
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angle vy

v 1s the least well known angle of the unitarity triangle.

“combined y measurements” “full triangle fit”
v = (66T12)° CKMfitter ICHEP 2012~ = (67.7153)°
v = (75.5 + 10.5)° UTfit pre-ICHEP 2012 v=(68.5£3.1)°

o Ditficult to measure, as the decay rates are small (they contain V_ ...).

e v can be determined entirely from tree decays.

e this is a unique property among all CP violation parameters

e examples:

BR(B- - DK~ ,D - Kgntn™)=3.7x10"%-28x 1072 =10"°
BR(B_ —DK—,D — TFK) ~92x 10~7 (1) LHCD first observation

with 100 events
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e Tree decays:

angle vy

* negligible theoretical uncertainty: &v/y = O(1079)
e provides an important Standard Model set point (“standard candle™)
* hadronic parameters can all be determined from the data

e v from loop decays:

e for example B — hh (or at a later point B — hhh)

e one can (eventually) look for New Physics by
comparing to tree decays
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angle vy
» The y-related equations contain features that make the statistical treatment very
challenging.

e There are two established groups combining y measurements: UTTit (Bayesian) and
CKMfitter (frequentist). There are always lively discussions.

« HFAG humbly refrains.

* Both B factories (BaBar, Belle) and LHCb have performed their own y
combinations (all frequentist).

CKM= ol

......

CKM

I Unitarity Triangle fit

* A global analysis of measurements determining the CKM matrix parameters
in the framework of the Standard Model and some of its extensions.

« Graphical and numerical constraints on CKM matrix elements, predictions on
rare K and B meson decays, theoretical parameters, etc.

+ The statistical treatment is based on Frequentist statistics and Rfit (Range
fit) for the theoretical uncertainties.

Welcome to the web site of the UTy;; Collaboration

[

Specific Studies

Update of a/go at CKM 2012
(updated October 9, 2012)

. W7 Combine all available measurements of CP
= =¥ 24 violation and rare decays in the flavour sector into
| A | aglobal Unitarity Triangle fit

‘ Plots & Results

Preliminary results as of ICHEP 2012
(updated September 27, 2012)

Bayesian frequentist
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=1 Check the validity of the CKM mechanism in the
Standard Model and determine accurately the
parameters of the CKM matrix
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VllS

e This was, and still 1s, the most important channel to measure v.

e We need to reconstruct the D / D-bar in a final state accessible to both to achieve
interference.

e Choice of final state labels the “method”: GLW, ADS, GGSZ
e (Can also use excited D's and K's

e Or any final state with the same K quantum numbers, e.g. B — DKnn

Neckarzimmern 13.02.2013 vy at LHCb 17



B — DK

“GLW” “ADS”, “suppressed”
' DOK* \ ' D0K+
K+)DK+ K 7T+)DK+

\\} DK+ ) \P DK™ '

Phys.Rev.Lett 78 (1997) 3257

Phys.Lett. B253 (1991) 483 Phys.Rev. D63 (2001) 036005

Phys.Lett. B265 (1991) 172
Gronau, London, Wyler Atwood, Dunietz, Soni

Neckarzimmern 13.02.2013 vy at LHCb 18



B — DK
 GLW
e Use CP eigenstates such as D — K'K-

e Therefore rp =1 and 0p =0,7 (for CP+, CP-)

* Normalize rates to the Cabibbo-allowed D — K™rt~
e ADS

e Use doubly Cabibbo-suppressed states such as D — K"

e Enhanced interference (allowed — suppressed /
suppressed — allowed) but bad statistics.

« needs external input on hadronic parameters r_ and o,

. GGSZ (“Dalitz”)
 Use 3-body self-conjugate modes such as D — K t'm

e hadronic D parameters vary across Dalitz plot

* Model dependent or independent

Neckarzimmern 13.02.2013 vy at LHCb
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originally:

modified:

Repy =

Acpy =

Gronau, London, Wyler

DCP+K )

[(B~—D¢p, K~)+ (Bt —Dgp, KT)

T(B~—D°K~) +T(Bt*—DK+)] /2 Repr = 147 :I:@o:gé COS Y,
[(B~—D% K~)-T(Bt—D%, K*) Acpy = +27rsin o4 sin 7y |
I(B-—D¢p, K~)+T'(Bt—D¢p K+) Reopt

Acpr = 0 means no direct CP violation — but still can measure 7!

Eight-fold ambiguity in the angle v.

Neckarzimmern 13.02.2013 vy at LHCb
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amplitude ratio r,

The B amplitude ratio drives the sensitivity:
_ A(Bt - D°K™)

rg = |A(b — u)/A(b — ¢ TB_A(B+—>ﬁK+)
LHCb average: 0.097 +/- 0.008
3702 g 0 T lBBn_
o 60 | g F ABAR -
E’}GO f J(f)/) X ]‘/TB ; f’“? M preliminary _f
£50 ¢ % s | .
%‘ 40 t BaBar'06 (347 M) __
30 | g BaBar'05 (227 M)
20 Belle'04 (275 M)
10 |
0! - - .
0 0.1 0.2 0.3

Plots taken from slides by Karim Tabelsi:

http://beauty2009.physi.uni-heidelberg.de/Programme/talks/tuesday-session4/karim_ckmfitter.pdf

http://agenda.infn.it/getFile.py/access?
contribld=115&sessionld=29&resld=0&materialld=slides&confld=1066
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Part I11:

time 1ntegrated observables
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Derivation of usual observables

— —_ i(6, -y) =
0 Ve snetvy, i
enters wi C
Vcb S opposite sign for B+
¢ C e S
B_ ]2 - D0 B_ ]2 Vcs _ K_
u u u u

Define B decay amplitudes:

A(B~ — D°K™) =A.e"-,

strong phase:

A(B‘ — EOK_) :Aug"'(au_’ﬂ constant under CP
weak phase:
CP conjugated amplitudes: sign under CP
NO 10
A(B+ — D K+) =Aqe", A's: real, positive

A(BT — D°K™) =A%t

Neckarzimmern 13.02.2013 vy at LHCb
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Derivation of usual observables

Define D decay amplitudes: CP conjugated amplitudes (neglecting
CP violation in D decay):
A(D® — f) =Agpe™ A(D? — f) =Apes
AD® — f) =Ape®s AD® — f) =Az"r

(Af — Af, AJF — Af)

DK™
B~ <: _D_K_>fDK

A(B~ = D|— fIK™) = ACAfe’i(5c+5f) + AuAfei(équ—»y)

Form combined amplitude:

Take squared modulus to get rate: master equation
[(B™ — D[— fIK™) = A2A} + AZA% + 24, A; A AR5 100 77))
= AgA?; (rp+ 15+ 2rgrpcos(dp +0p — 7))

Neckarzimmern 13.02.2013 vy at LHCb 24



Derivation of usual observables

Have defined amplitude ratios: Have defined strong phase differences:
TB:Au/Ac 5B:5u_6c
rp = As/Aj Op = 0F — Oy

Sum with other B charge: cos(a — b) + cos(a + b) = 2 cos(a) cos(b)

['(B~ — D[— f]h") + (BT — D[— f]h")
= 2A2A% (rp + rg + 2rprp cos(dp + dp) cosy)

Analogously form the difference, divide: cos(a —b) — cos(a + b) = 2sin(a) sin(b)

I'(B~ — D[— f]h~) —T'(Bt — D[— f]h")

['(B~ — D[— flh™) +T'(B* — D[— f]h")

— 2rpTp sin(0p + 0p) siny observable:
r% + 1% + 2rgrp cos(dp + dp) cosy CP asymmetry

ACP —

Neckarzimmern 13.02.2013 vy at LHCb 25



Derivation of usual observables

We can also form the ratio to rates from another D decay. Example: D — KK and D — K1t

I'(B~ — D[— flh™)+ (BT — D[— f|h")

R:

['(B- — D[— glh—) + ['(B* — D[— g|ht)

| rp; + 18+ 2rprpgcos(dp + dpyf) cosy

Residual term:

Sometimes it is more convenient to work with the inverse ratio rD = rD":

rH, + 1% + 2rprpg cos(dp + dpg) cosy

observable:
charge-averaged
ratio

['(B~ — D[— flh™) = AZA% (1 + rprh + 2rprpcos(dp + 0p — 7))

2
Aj

'r‘%f +1r% + 2rprpscos(dp + dps) cosy

R

Neckarzimmern 13.02.2013
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Derivation of usual observables

In case of GLW, we know specific hadronic values:

rD =1 (CP eigenstates!) and
6D =0 (CP+ eigenvalue 1) and
oD =1 (CP- eigenvalue -1)

Also, rB ~ 0.1 and rD(K1r) ~ 0.06, thus the denominator is sometimes assumed to equal 1:
B(D - KtK")
B(D° — K—nt)

~

= 0.1021 4+ 0.0024

R = - (14 r% £2rgcosdpcosy)

Or, when using the “CP notation”:
Do D% + DO B(D — fep) 1
o \/§ B(D — fﬂavor) 2

I'(B~ = D[— CPt]K™) +I'(Bt — D|— CP+]K™)
['(B- = D[— flav]K~) + I'(B+* — D|— flav]K ™)
=1 —|-'r% + 2rgcosdpgcos-y .

Repr =2

Neckarzimmern 13.02.2013 vy at LHCb 27



Derivation of usual observables

One can also form the ratio to a different B decay. (Example: B — D)

Then, we need additional hadronic B decay parameters.

"B — TDK, TDn
0 = 0pK, ODx

I'(B~ = D[— f][K")+I'(B™ = D[— f]K™)

['(B~ — D|— flm—) + (BT = D|— f|n)
%+ 15 + 2rpgrp cos(dpx + dp) cosy
r% 4+ 1%+ 2rp.rp cos(dpr + dp) cosy

RK/?T —

One can go further and form a double ratio to measure Rcp. Then, the residual

ratio of branching ratios cancels:
RKK
K/xn

K
RK/?T

Repy+ =

Neckarzimmern 13.02.2013 vy at LHCb 28



GLW and ADS observables

GLW observables
p . _ 2A0(B~ = DopeK™) + T(B* = Dop+K*)]
o= ['(B- — D°K-) + (Bt — DOK+) '
F(B_ — DCP:I:K_) — F(B+ — DCP:EKJF)
Acp+ =

F(B_ — DCP:I:K_) -+ F(B+ — DCP:EK_I_) .

Repr =1+ T% + 2rp cos 0 cos 7y

Acpi = :|:2?“B sin 5B sin ’)//chj: .

4 observables, 3 parameters.

But there is an inherent 8 fold ambiguity.

Neckarzimmern 13.02.2013 vy at LHCb 29



GLW and ADS observables

e traditional ADS observables

R — I'B- > D[»>nKT|K")+I'(BT - D[ n"K~|K™)

AT T(B- - D[— K-nt]K~) + T(B* —» D[- K*+r~]K™) correlated
Aire — I'(B- = D[—>nKT|K™)-T'(BT - D[—>n"K~|KT) observables

ADS T (B~ - D[—» n~K+]K-) + (Bt — D[= ntK-|K™)
Raps = r% + 'r%{ﬁ + 2rg gy cosycos(dg + dxr)
Aaps = 2rg i sinysin(ég + k. )/ Raps

ADS observables
B, = ['(B* — [r*KTF]|pK?)
=7 I'(B* = [K=rF|pK*)
1 2 2
=5 (rB—|—rKr—|—2rBrKrcos(5B—I—cSKr:i:'y)) N~ 1

2 observables, 5 parameters (2 are “external” input on D system)

Gives good precision on rB.

Neckarzimmern 13.02.2013 vy at LHCb 30



GLW and ADS observables

“LHCDb-style” observables

RyJ. =| 0.0774
e We use single ratios and their full truth relations. Ry, =| 0.0773 £
* We also use the asymmetry of the ADS favored modes: k/m =| 0.0803 =
AE™ =—-0.0001 &
A — F(B_ — D[—> K_?T+]K_) —_ F(B+ — D[—} K+W_]K+) A%ﬂ —| 0.0044 +
™ " T(B- — D[-» K—7t|K~) + [(B* — D[- K+7-|K+) AKK —| 0,148 40
_ 2rg Tk Sinysin(dg — dxy) AT | 0.135 40
1+ 7% 1%+ 2rg rg.cosycos(0g — Okr) AKE _|_0.020 + 0
_ . . A™ —|—0.001 £ 0
. \éVE V?]rec \I/)eryt btad at reconstructing neutral particles, so we miss the Rz =| 0.0073+
- SHES. R} =| 0.0232+
« We also suffer in D — K nin (will talk about it in a minute!), so R =| 0.00469 4
the best precision will come from GLW/ADS like measurements. R =| 0.00352 4
e But counting parameters, this only works when using many final
states. all part of
e At LHCDb, we chose a more “factory like” approach. same analysis!

Neckarzimmern 13.02.2013 vy at LHCb 31



LHCb
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Ma net =
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LHCb

e one arm forward spectrometer

e b pair production
correlated

e covers 1.9 <n <49

e tracking stations
before and after
magnet

e particle identifi-
cation by two
RICH detectors
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PID system

e Ring Imaging
Cherenkov
Detectors

! Sy, /
1 aerogel I i
cosfh = — Ha | spherica
/872, ), | _—mirror
— =

_ beam pipe

gt} III'- L

VELO exit window

e 3 radiators dhard
. . mirror
covering wide
momentum
range

RICH 1

(side view)
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LHCb — Kaon/p1on separation
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Luminosity Plot

LHCb Integrated Luminosity pp collisions 2010-2012
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B — D(hh)K: Observables

Define observables as yield ratios (some systematics cancel).

e Charge asymmetries:

Af — ['(B~ = [flph™) — I‘(B-I— N [f]Dh+) final states [ﬂD:
h T(B- = [flph™) +T(B*+ = [flph™) Ef’;lg

Charge averaged Kaon/pion ratio:

I'(B* — [flpK™)
['(B* = [flp7™)

o _
RK/‘JT T

e Suppressed/favored decay ratio: " 13 observables

. _ I(B* = [r*K¥]ph*) R
™ I'(B* - [K*7xF|ph?)

= ’r% + ?% + 2rgrp COS@F\éB -+ 5D)

strong phase diff.

R

Neckarzimmern 13.02.2013 vy at LHCb



B — D(hh)K: Analysis method

e Most backgrounds are combinatorial

multivariate analysis (BDT) with 20 variables

e Charmless backgrounds
exploit large forward boost of the D

 Simultaneous fit on 16 slices
2 (charges) x 4 (D modes) x 2 (K/m)

e Dominant systematics
intrinsic charge asymmetries (A

particle ID (R, )

cv)

Neckarzimmern 13.02.2013 vy at LHCb
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B — D(hh)K: favored ADS mode

LHCb

B'—J-[K'J':"]DK'

mis-ID(m) = 3.8%

5600
m(B) (MeV/c?)

B—DK|[ ; |B—Dm

LHCb
B —[K ':u:*]D:rl:'
Eppp, = 96.2%
~5400 5600
m(B) (MeV/c?)

Events / ( 5 MeV/c?)
]
S

Events / ( 5 MeV/c?)

£

8

=

LHCb

5600 5
m(B) (MeV/c)

t:\b_

LHCb

BT—[K +:rr]D:':+

A

" 5200

ARXIV:1203.3662
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B — D(hh)K: GLW CP+ mode

Events / ( 5 MeV/c?)

£

Events / ( 5 MeV/c?)
= =9
2 8

Neckarzimmern 13.02.2013
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B — D(hh)K: GLW CP+ mode (IT)
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B — D(hh)K: suppressed ADS mode

)
Elﬁ
N
%10
Q

B(BT - DapsK*)~2-107"

23 events

5400

Events / ( 5 MeV/c?)
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B — D(hh)K: Results

0.0774 = 0.0012 £ 0.0018

0.0773 = 0.0030 £ 0.0018
0.0803 = 0.0056 =+ 0.0017

—0.0001 £+ 0.0036 =+ 0.0095
0.0044 £ 0.0144 £0.0174
0.1480 4 0.0369 =+ 0.0097
0.1351 = 0.0661 = 0.0095

—0.0199 £ 0.0091 £ 0.0116

—0.0009 £ 0.0165 =+ 0.0099
0.0073 = 0.0023 =+ 0.0004
0.0232 4= 0.0034 = 0.0007
0.00469 = 0.00038 £ 0.00008
0.00352 £ 0.00033 £ 0.00007
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ARXIV:1203.3662

B — D(hh)K: Results

RgJ. =  0.0774+0.0012 £ 0.0018
R/ =  0.0773£0.0030 £0.0018
&w = 0.0803£0.0056 + 0.0017 | l

\
Repy = < K/ﬁa RK/‘JT > /RK/‘JT
= 1.007 = 0.038 = 0.012

The GLW
charge-averaged ratio,
D(CP) over D(flavor).
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ARXIV:1203.3662

B — D(hh)K: Results

The GLW
charge asymmetry

AKK

0.1351 = 0.0661 = 0.0095

T
AK

0.1480 4 0.0369 =+ 0.0097 I

ACP-l- ~ < K/?T’AK/‘JT

= 0.145 £ 0.032 £ 0.010
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ARXIV:1203.3662

B — D(hh)K: Results

(

0.0073 = 0.0023 =+ 0.0004
0.0232 4= 0.0034 = 0.0007
0.00469 = 0.00038 £ 0.00008
0.00352 4= 0.00033 £ 0.00007

Raps(x) = 0.0152 4 0.0020 + 0.0004‘m
Aups(x) = —0.520 4 0.150 4 0.021

Rps(x) = 0.00410 + 0.00025 + 0.00005

| Aaps() = 0.143 £ 0.062 + 0.011

The ADS observables
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Belle

BaBar

CDF

LHCDb, 35 pb™
HFAG average
Belle Dalitz
BaBar Dalitz
CKMFitter
LHCb, 1 fb™

Belle

BaBar

CDF

LHCb, 343 pb™
HFAG average

LHCb, 1 fb"!

ARXIV:1203.3662

B — D(hh)K: Results

—— e —

—_—

1.03 + 0.07 = 0.03
1.18 = 0.09 = 0.05
1.30+0.24 = 0.12
1.48 + 0.31= 0.12

1.11+ 0.06

—_—-

0.98 = 0.06
0.974 = 0.033
0.981= 0.022

1.007 = 0.038 = 0.012
L L L

m il
1

15 2
I:{CP+

4

+0.0044 +0.0007

0.01 63-0.0041 -0.0013

0.011+ 0.006 = 0.002

0.022 + 0.009 = 0.003

-

0.0166 = 0.0039 = 0.0024

0.0160 = 0.0027

ol

L

0.0152 = 0.0020 = 0.0004

0.01

0.02

0.03 004 0.5

I:*ADS

Y

Belle 0.29 = 0.06 = 0.02
BaBar — e 0.25 = 0.06 = 0.02
CDF — _0.39 + 0.17 = 0.04
LHCD, 35 pb ' [ et e 0.07 = 0.18 = 0.07
HFAG average — —_— 0.270 = 0.040
Belle Dalitz |- —_— 0.21= 0.14
BaBar Dalitz — — 0.16 = 0.06
CKMFitter — —_ 0.187 = 0.032
LHCb, 1 fb' - <+ 0.145 = 0.032 = 0.010
-0.2 0 0.2 0.4 0.6 0.8
ACP+
Belle — A | 03%% b
-0.86 = 0.47 '
BaBar - —— -0.16
-0.82 + 0.44 = 0.09
- -0.39 = 0.17 = 0.02
LHCb, 343 pb™' — —
-0.46 = 0.13
HFAG average | i
LHCb. 1 fb™ |- -0.52+ 0.15 = 0.02
15 1 05 0 05 1
AADS

at LHCb
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multi-body D decays

vy at LHCb
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multi-body D decays

* Interference can only occur at same points in phase space, 1.e. the
requirement “same final state” 1s not enough.

e The magnitudes of the D decay amplitudes and the strong phase
difference become functions of the phase space.

e Introduce effective quantities averaged over phase space!

)2@ < phase space point

[ Ap(m
K3m fAD(:rﬁ,)?dfﬁ
)

IAD(?’?L AD (?’ﬁ,)eiﬁ(ﬁ)d’fﬁ
VS Ap(i)2difi x [ Ap(i)2di

Rj: = ’I’?B -+ T?(S'H‘ —+ QEKgﬂTBTng COS(:E"}’ —+ 6}3 -+ 6K3ﬂ)

—— ——
the “coherence factor”, external input a new (eff.) strong
phase diff.

Neckarzimmern 13.02.2013 vy at LHCb 53



multi-body D decays

The Ghana Plot

350

CLEO
300
250

200

(deg.)

150

6K3n

100

50

0 A P B P P PR
0 010203040506 0.70809 1

RK3r
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four-body ADS

“LHCDb-style” observables:

similar as before; only now each interference term has the extra
coherence factor

2 2
1 + 75T k3, + AKK37 BT K37 COS(dp — OK3r) COS7Y
?
1+ 7rT2r% .+ 2K k3,5 k3 COS(0% — Okar) COS7Y
2K K3 T BT K3 SIN(0F — Ox3r) sin(7y)

Rg?: = Rcab

AKS-rr —
i 1+ rT2ré . + 2Kk3.TETK3r COS(0% — Ox3y) COSY
AK3TF . QHngTBTKg?T sin(ég — 5K3'rr) sin Y
K = 2 .2 ;
1+ 747%,, + 2KK3:TBTK3r COS(0p — OK3r) COS7Y 0
RK3:rr — TE2 + TE{EW + 2HK37|‘TETK37T COS(&E + 5K37r _ ’Y) D K,]T?T?T
T 1475212, + 2Kp3xT BT K3r COS(0% — Ogcar — 7Y)
RE _ I 4+ 1%+ 2653, T BT i3 COS(0F + Oxar + )
T 14+ r52r2. + 2KK3:T 5T K3r COS(0% — Oxcar +7Y)
RKgﬂ- . T?B + T%{gﬂ- + 2EK3?TTBTK3?I' 805(63 + 6K3'rr - ’Y)

1 + TJ%T%,(gW + 2KK3:TBTK3r 008(55 — OK3r — ’}’)
RKgn- _ T% + TE(?:?T + 2HK3TI‘TBTK3TI‘ CDS((SB + 5K3'rr + 'T)
Bt 1+ r3r2, + 2Kka3xTBT K3 c08(0p — Oxar +7)
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LHCb-CONF-2012-030

four-body ADS

First observations of these decay modes!

Neckarzimmern 13.02.2013

B~ BT
53 LHCb LHCb
§ 15 Preliminary ] Preliminary ]
o
Z  10fLd —
% |T \ B —[xK +:r|:+:r|:]DK ' | y B+—>[ﬂ"K':r|:+:r|:']DK+
R AT
E :-..:"' - " 1 + i 4 —
e .. i, il' ) " HTH l“ - I:-llll # it = M :r #44 iﬂ ..
LHCb LHCb -
' Preliminary Preliminary
30§ -
20 B—[nK'n'w] w B'—[n'Kn'w] n* .
. . pol. L 4 N ' IR L4y “Jr-|
5200 5400 5600 5800 5200 5400 5600 5800

m(Dh™) [MeV/c?]
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LHCb-CONF-2012-030

four-body ADS

war  L(B™ = [K ntn nt|pK~

+T(B+ —

Ktnatn |pK™)

B = (B~ — [K—ntn—nt|pn

+T(B* —

Ktn—mtn|pnt)’

)
7)
AKST — (B~ = [K ntnTn"|ph™) —T'(BT — [KTn 7w~ |ph™)
I'(B~ — [K—ntntn—|ph~) + T'(B* — [Ktn—wtn~|pht)’
RIEAmE ['(B* — [r*KTrt7~|ph™)
h ['(B* — Kiﬂ':':ﬂ""ﬂ' |ph*)

Rgjn = 00771 =+
AKs = 0029 &+
AB3™ = 0006 &+
R = 00072 *
R = 00175 F
RE3™= = 0.00417
RE3™+ = 0.00321 *

Neckarzimmern 13.02.2013 vy at LHCb

0.0017 =+ 0.0026

0.020
0.005

0.0036
0.0032

0.0043
0.0039

0.00054
0.00050

0.00048
0.00045

+ 0.018
+ 0.010
+ 0.0008
+ 0.0010
+ 0.00011
+ (0.00011
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Giri, Grossman, Soffer, Zupan, hep-ph/0303187

GGSZ

e Idea: take advantage of the D strong phase variation over D phase space
rather than averaging it away

e then no external input on D hadronic parameters 1s needed, no coherence
factor

» Fit the Dalitz plot: “Dalitz method”. Most precise at B-factories.

 GGSZ use self-conjugate three-body final states
DY - Kn—n™t D’ - K¢K K+

e Need to mput the D decay amplitude. Chose CP eigenstates, neglect CP
violation:

AD® — f) = Ape? = f(m?,m3)
ADC — f) = Apei = f(m},m?)
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)

m2 (GeV?/c?)
o

D° - Ken—nt

Neckarzimmern 13.02.2013

Dalitz Plot

W; (Q6A4\Cy)

CP

(neglecting CPV)

vy at LHCb

BaBar ARXIV:0804.2089

3
i

d
™

> A
ws (G6AL\C,)

DO — K2r—nt
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BaBar ARXIV:0804.2089

Dalitz Plot

_m? (GeV?/cf)
= o o0

[a—
S
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GGSZ

Remember the master equation:
— — i(dp+dp—
[(B™ — D[— fIK™) = AZAT + ALA% + 2A.Ap A AR ("0 1P
= AEA?— (’r% + 1%+ 2rgrpcos(dp + 0p — fy)) |
Allow for non-constant D amplitudes and strong phases:

L(BY =D[— Kgn~n*]KT) o< |f(mz, m2)[* + rplf(mi, m3)[’

T 2T‘B|f(m3c= mi)”f(mi: mi)l cos(dp + 5D(m2¢= mi) F7)
We can now plug in an amplitude model (Breit-Wigners, ...): model dependent analysis

But the fit for rB, 6B, and y was found to be biased, when rB not far enough from zero!

Reparametrize in terms of unbiased Cartesian Coordinates:

ry =rgcos(dg =) Y+ = rgsin(dg £ )

(BT - D[ KQn ™™ |KT) o | f|* + (0% +32) | fe|* +2 [xxRe[f f1] + y=Im[fr £1]]
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0.2

0.1

D

-0.1

-0.2

GGSZ Cartesian Coordinates

_a) ey ﬁ:;ﬂ u.az u.ai— c)

i rg=0.1. 0.2} 0.2f

(xeys)  (X4Y9) . : 5

=02 "0 2":' . 01} 01

__. ______ of of

D 01f ~u.1§—

3 ~u.2; 02

- GGSZ constraint 03 GLW constraint 03 ADS constralnt

B B T R R % R 9. "-'u.:i"-'u.z'“iu.i"'u"'l':1"'hz'"ha”'h4 B R R X R X R P 04
. Matteo Rama at FPCP2009

Express GLW observables in terms of cart. coordinates:

Repr (1 F Acpy) — Rop— (1 F Acp-)
4
Rcpy + Rep— — 2
5 .

_ 2 2
r — xj:—l—yi
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model independent GGSZ

d_-:'-. 3- _Ig ﬁ_—:--. i ™
| (a) | X 1.8
- > i
L 5 L i
O - - O 1.6 -
~— 0 S~ : )
e | 2- L o | -
= . £ £ =
i g 1.4 g
" = - =
- aa) - s
Al 1.2} 1,
1F
M 1 L 1 L " " M 1 i PO T T T N TR TN TN NN TR TN SN NN TNNN SN AN N
1 2 3 1 12 14 16 18
m? (GeV’/c") m? (GeV*/c*)

One can avoid the model dependence by performing analysis in bins of Dalitz plot.

Then, one uses external information about the effective strong phase and
magnitude in the bins.

Ni, = hp+ [K:Fz' + (2% + Y3 ) Kei + 2/ KK _i(zica F y+8ﬂ)] J5. (JA||A| cos 6p) dD
C; — t — ,
N;, = hg- [Kﬂ + (22 + 2 Kz + 2V KK _i(v_caq £ y_.sﬂ)] \/ Jp, A2 dD \/ Jp, [A]2dD

Ki = yields in bins (s, analogously for sin)
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ARXIV:1209.5869

model 1ndependent GGSZ

3_I
L £3

;;\.03: |

(C)_: 3~

[ P R e serearalf i PP [ B s serar il P
1 12 14 16 1.8 1 1.2 1.4 1.6 18
m? (GeV¥ct) m? (GeV¥c?)

T-stations
m -
va%/ ‘DD’

—~

- Unusable

Magnet

Neckarzimmern 13.02.2013

0.2F

02 03
X

r_=( 00%£434+1540.6)x 1072
y_=( 27+524+08+23) x 1072
ry=(-103+45+1.8+1.4) x 1072
yr =( —0.9+3.74+08+3.0) x 1072
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v from GGSZ and GLW/ADS(hh)

— ]
Q 12 DK GGSZ =
™

DK GLW/ADS(hh)

1

0.8

0.6

04

02

0 20 40 60 80 100 120 140 160 180
on
Y L]
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Part I11:

time dependent measurements

Neckarzimmern 13.02.2013 vy at LHCb
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method

e It 1s also possible to use tree decays of neutral B mesons [1]!

» Using charged final states, interference 1s achieved through mixing.

u c
Vol K+ vovy D,
S S
W ° W
b - - ¢ 0 § > > u
By Vi D; B v o
- —
S S b 3
* B-factories performed such measurements KM - DO)K() G A0S
. o« . wineriz - --- D(*) K(*) 3 Combined
with B — D* 1, constraining sin(2p+y) ol lsmEB e KM
 Much better sensitivity expected in B, — D K: ;
large amplitude ratio, finite decay width T ;
difference:
AF — 0.091 :|: 0.0l 1 pS_l (HFAG fall 2012) 0.0 0:‘ . ‘2J0»"-[ kau"”' .G\()\;"r'*.v;(;.-:"1;‘5’3';‘.1‘;0. . ‘ulm' ‘\u;u ,1;0

Y (deg)

[1] R. Fleischer. New strategies to obtain insights into CP violation through B — Di}K ¥, D’{":):K T,
and By — D*nF, D**+7¥, ... decays. Nucl.Phys., B671:459-482, 2003.
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four decay rates

O
_\)/
B) - DFK~ BY — DFK~

B) - D, K 0 5+ DK

each has their own time dependence

strictly, only two are needed for y

Neckarzimmern 13.02.2013 vy at LHCb
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four decay rates

dl'go_, ¢(t Al t _ ATt
By (1) = Z|Af2(1 + |Af %) [cosh( 5 ) + Dy smh( 5 )

dt e Tst

+ Cf cos (Amst) — Sy sin (&mst)]

ATz, (¢ z ATt inh (ALt
P =l ey [ (55) 4 oy (55°)

dt e~ T'st 2 2
— C} cos (Am,t) + Sy sin (&mst)]
dl o, #(t) _ . ATt _ ATt
df;_gst = Z|A7P(1+ | A7) [cosh ( 5 ) + Dysinh ( 5 )
+ Cycos (Am,t) — Sgsin (.&mst)]
dPBn_}f(t) - 2 - &I‘St . &I‘St
ool oA 2] (T4 X% [cosh ( 5 ) + D#sinh ( 5 )

— Crcos (Am,t) + Sysin (&mst)]
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terms of decay rates

0.15

exp x acc (under cosh)

« ” 0.1 {exp x acc)xsinx 5
untagged” — 2"

{exp x acc) x cos x5

{exp = acc) x cosh

0.05 i (exp x acc) x sinh x 20

TS

0.05 \

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
‘{”5{1 1 2 3 4 5 6 7 8

IIII|III¢I|IIII

“tagged”

T T[T T T [TTTT
e
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parameters

v o= (O3 - () G|l

C

A SYout

— |Af | et (Arz/r1—(v+d0))

’

ei’AT2 /T1

A = (E)ﬁ — (M) (V:bvcs) A
q/ Ag VigVie/ \V Vi / 1 Ay
= |\p|eiAr2/mit ()

%
|

Here, A represents the strong phase difference between the interfering amplitudes.

Weak phase: y and the Bs mixing phase

1 — |)\f|2 QIm()\f) QRB(Af)
CETIINE  TTTIEINE P T TP
+ | Af] + | Ayl + | Ayl
1— A2 2Tm(X7) 2Re(} )
Cr=— 11 | 5="000 0 poo 2
1+ |Af|2 1+ |Af|2 T 14 g2
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parameters

Assuming CP conservation in mixing, p/q| =1
and CP conservation in the direct decays, |Af| = |Ay| , |Af] =|Af
wefind |\ = A
and thus Cy = Cf renaming
rp.K = |Af]
Five observables Om = —28s
o _1 — TED K
1+ DK
D 2rp.x Cos(A — (v — 20s)) D — 2rp.x cos(A + (v — 20))
= 2 ) f = 2 )
l+7rp K l+7rp K
5. _ 2rp. x Sin(A — (v — 20;)) 5. _ 2rp. .k sin(A + (v — 26;))
g 1+ T%SK ’ 1+ T%SK '
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B.— DK

e Sensitivity to vy expected to be large.

e Eventually, there could be some sensitivity to CPT violation:

Kundu, Nandi, Patra, Soni, ARXIV:1209.6063

e [Uses the best of LHCD:

o excellent time resolution needed to resolve fast BS oscillations
o relies on flavor tagging to tell B, from B -bar

 fully hadronic decay, need excellent PID
 relies on hadronic trigger that reconstructs secondary vertices online
e time acceptance 1s important

Neckarzimmern 13.02.2013 vy at LHCb
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LHCb-CONF-2012-029

mass plot

* selection based on boosted decision tree
 rich physics backgrounds — all could have different time structure!
* employ an “sFit” technique (“cFit” available):

 use B mass as discriminating variable to compute per-event weights

 fit proper time only with signal PDF Signal yield = 1390 + 98
Includes:
g 300 D 2>KKn, nnn, Knn
> A
S - LHCb Preliminary L_=1.0 fb"
s lsj'ma 1B—DK
= __ EEERN 1€na —
2 200 .
g C_] B(d's)_}(gs K
= B B.— D, '(.p)
2 k C_1A,—D;
O it - Ab - Ac
100 - 2 @l B, —> DK
+ B Combinatorial
gl{}[} 5200 5300 5400 5500 5600 5700 5800

m(D K) [MeV/c’]
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LHCb-CONF-2012-029

time dependent DsK

Candidates/(0.2 ps)

10" E -
- — B— D'1K+
10? g — B~ DK’
F - B~ DK*
) [~ samam B_;.. DSK'
10 E — Untagged DK*
= wunne Untagged DK
10'4 1 1 1 I 1 1 1 | 1 1 1 I Lol L | iy 1 .I..I..I..I..I..I..I..
2 4 8 10 12 14
T (BS — D, K) [ps]

Ht

O B
L el |
——
——
—
- C o
-y
i ——
—.—
B ——
e —
——
-
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8 10 12 14
T (B, = D, K) [ps]

vy at LHCb

Candidates / 8 fs
S,

[a—y
=)
%]

10

LHCD preliminary
Simulation

3 ,,.111_ ! -
o L\ P
-400 -300 -200 -100 0 100 200 300 400
At [fs]
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LHCb-CONF-2012-029

systematic uncertainties

C St S Dy D¢

Toy corrected central value 1.01 -1.25 0.08 -1.33 -0.81
Statistical uncertainty 0.50 0.56 0.68 0.60 0.56
Systematic uncertainties (ostat)

Decay-time bias 0.03 0.05 0.06 0.00 0.00
Decay-time resolution 0.11 0.08 0.09 0.00 0.00
Tagging calibration 0.23 0.17 0.16 0.00 0.00
Backgrounds 0.15 0.07 0.07 0.07 0.07
Fixed parameters 0.15 0.22 0.20 0.40 0.42
Asymmetries 0.12 0.01 0.04 0.00 0.02
Momentum /length scale 0.00 0.00 0.00 0.00 0.00
k-factors 0.27 0.27 0.27 0.08 0.08
Bias correction 0.03 0.03 0.03 0.03 0.03
Total systematic (osat) 046 050 0.35 043 0.46
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time dependent DsK

LI e e ] L B e

my extraction
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Neckarzimmern 13.02.2013

Part 1V:

gamma combilination
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Combination

 We now have measured a total of 24 y-related observables.

What does it mean for y?
What about the other parameters (1B, ...)?
e There i1s no easy answer (yet) to “what 1s the error on y?”.

A few choices to make:

e What about the Dzt system? We're the first including it.

 What about external input on the hadronic D systems? We use CLEO
information at a deep level.

e What about CP violation in charm decays?
* Frequentist / Bayesian?

Neckarzimmern 13.02.2013 vy at LHCb
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Parameters

Table 2: Overview of prominent parameters of the input analyses. The symbol h stands
for h = K, 7. The colour code is: green are parameters that enter more than one analysis;
purple are parameters describing hadronic ) systems; orange are parameters describing
(mostly not-well-known) hadronic B systems; blue are B mixing parameters. The second
part of the table is not included into the combination yet.

Analysis N, | Parameters
BT — Dh+, D — hh, GLW/ADS 13 Y, B, (SB, B 535 RK/'H’D
K 6K‘J‘T! AD—>KK AD—J»mr
Bt — DK*, D — KJhth~, GGSZ 4 |~,rg, 0p
Bt — Dh*, D - Knmm, ADS 7 |7 7B, 0B, T, 0%, RK/x,
TK3r, OK3r, KK3n
Cleo DY — K?‘T, D - Krnnm 9 Tp, YD, 5K-rr; (5}(371-, RK3r,
Tk, Tkar, B(KT), B(KmrT)
CP violation in the charm system 2 | AR AL
charm mixing 3 | zp, yD, 5;(.,_,, Tk
B® - DK% D — hh, K* - Km, GIW | 2 |, r&", 0K kK"
Bt - DKYntn~, D — Km, ADS 2 |, rpimT 6DK"'”‘" KB Thms OKn
B® — D7~ time dependent 5 |, Ap+tr—y Op+a—, Amyg, sin 23
B? — DF K~ time dependent 5 | v Ap.x, Op.k, Amg, T's, AT, ¢,

Neckarzimmern 13.02.2013
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combination strategy

e Form combined likelithood (using the GLW example):

» Observables i/ = (Acpy, Repy )T
» Physics parameters £ = (v,rp,0B)7
» Truth relations % = f(Z)

Rcp+ =14 1% £ 2rgcosdpcosy,
Acp+ = £2rpsindpsiny/Rop+.

» Construct likelihood and x?

1 1, o1 L
L(Y) = N &XP (—5(9 — ) Voor (7 — yt))

X°(9) = -2 L(7) .

* We use a frequentist method to compute confidence intervals.

Neckarzimmern 13.02.2013 vy at LHCb
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statistical treatment

» The “usual” approach is, to find the global minimum of the y¥* and to compute the
profile likelihood.

e Then, one can turn the Ay into a confidence level, assuming it is distributed “like
that of a Gaussian”: 1 — CL = Prob(Ay?, ndof=1)

e This 1s equivalent to “Minos”, where one “goes up by 0.5”

» Using the profile likelihood 1n this way 1s neither frequentist nor Bayesian.

1 1
@) i i
1 — —
Q - ]
0.6 — Not
i ] sufficient
i - |
0.4F - here!
02F —

e
N
E:’-
o
@)

(?. 0.08 0.1 0.12 0.14 0.16
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statistical treatment

Repy = 1+ 1% £ 2rgcosdgcosy
Acpi = :|:2?“B sin 53 SiIl’)//chi 5

e The combined likelihood has a very rich
direct product of rB
and angular terms

structure:
* many nuisance parameters
e many trigonometrical functions, thus
many local minima
e dimensionality of the likelihood depends on ? e
the value of the nuisance parameters, 5 F N —
potentially affecting the coverage 5 = =
e We use a Feldman-Cousins based S E = E
frequentist method. 2 | = E
« likelihood ratio ordering £ = E
» We compute the actual distribution of the pheass b
test statistic (Ay*) using toy Monte Carlo. i
Figure: Confidence belt (plot from FC
paper physics/9711021).
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Plugin method

Scan for one specific physics parameter, x:

1. Find global minimum x2. and the most probable values for Z.

2. Fix x to g and minimize with respect to the non-fixed parameters,
- Lo 2 2 2 2
i.e. obtain &', and (x%,,)". Calculate Ax* = xZ:, — (Xiin)' -

Generate a Toy MC result for 4, yioy, by interpreting the likelihood as
a PDF of v.

4.\ Repeat the first two steps on the toy result, i.e. calculate Axfoy.
5. \Calculate (1 — CL) as the fraction

1—CL= (5)

The best-fit values! (Plug them in here.) coverage (but tends

What the values to use for the parameters? Doesn't guarantee
to be close).

Neckarzimmern 13.02.2013 vy at LHCb 84



LHCb-CONF-2012-032

B — DK only

1ot LS
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This is about as precise as the B-factory legacy combinations!
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LHCb-CONF-2012-032

B — DK only

q 1 I | I I | I | ! 1 Ii | ! ! I | ! : 1 | | | ] [ I [ 1 | I | 1 | I | ] !
O [ ' ' 1
- L LHCb
0.8 Preliminary  —
0.6 |
i o
04\ J
N 0.6
-:- --------------------- 0.4}
02— 0.2
B 0;2;50 -100 50 o 50 100 150~
e y (deg)
| | | | | .
00 20 40 60 20 100 120 140 ARXIV:1301.1029

Y [7]
This is about as precise as the B-factory legacy combinations!
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LHCb-CONF-2012-032

B — Dm only
dl 1II'I"'I"'I"'I"'LI"'I"'I"'IIII

0.8

0.6

0.4

02

0 20 40 60 80 100 120 140 160 180
o
y [']
This is much more precise than expected.
But (almost) no constraint at 20.
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LHCb-CONF-2012-032

full DK & Dn

e L L L

1fh- LHCb

Preliminary

1-CL

0.8

0.6

0.4

02

I B B
i|||||

9%

00 20 40 60 8 100 120 140 160 180

y [°]

The sharp D minimum affects the full combination!
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LHCb-CONF-2012-032

full DK & Drn

imO.OG_I I I I I I I | 1 I I | I 1 I | I I 1 | 1 I I l I 1 I | | I 1 | I I ]
_  Dh GLW/ADS(hh, K3r) + GGSZ LLHCb -
0.05\— Preliminary —
0.04[— ]
0.03 B
0.02[— -
N 1 Profile
001~ X 1 likelihood
N 1 forillustration
O_I | | I | | | | 1 | 1 | | 1 | | | | 1 | 1 1 | I | 1 | | | | 1 | 1 1 I_
0 20 40 60 80 100 120 140 160 180
Yy [']

Large value of rB1r is favored.
This is about 10x larger than the expectation.
But at 20 the expectation is more or less covered.
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vy at LHCb

157)°

DK only, LHCb at CKM2012
preliminary
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B4 (Cleo)
8D (D—K3n)
kD (D—K3m)

B3 (Cleo)

B2 (Cleo)

6D (D—Kmx)

B1 (Cleo)

yD

xD

v+ (DK GGSZ)

x+ (DK GGSZ)

y- (DK GGSZ)

x- (DK GGSZ)

R+ (Dx K3n ADS)
R+ (DK K3m ADS)
R- (D K3x ADS)
R- (DK K3z ADS)
Ry, (K3m)

Afav (Dn K3m)
Afav (DK K3m)
R+ (D= Kx)

R+ (DK Kmx)

R- (Dn Kx)

R- (DK Kx)

R, ()

Ry, (Km)

Ry KK)
Afav (Dnt Km)

Afav (DK K)
ACP (Dt )
ACP (D KK)
ACP (DK nm)
ACP (DK KK)
Acp(D—KK) H
Acp(D—nm) ||||||||||||||||||||||||!|||||||||||||||||||||||

25 2 1656 1 05 0 05 1 15 2 25
pull (fit-obs)/c(obs)

%*/(nObs-nPar) = 12.14/(35-17), P(?,18)=0.840

rrrerrerrrrrertrrrrrr T T T T T T
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Dh GLW/ADS(hh, K3r) + GGSZ Prob

1.2

1-CL

Dh GLW/ADS(hh, K3r) + GGSZ  Plugin

1 1 ] 1 ] 1 I I 1 LI I I | I | | | I I I I | I I I | | I I I I |

LHCb

0.8 Preliminary

0.6
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0.2

| |
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