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introduction

clﬁn:lﬂaining the CKM matrix at LHCb
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m LHCb is all about B mesons; naturally we measure Amy, Amg
m LHCb is especially competitive in angles:
m 3, from b — ccs transitions
meg B — J/iuo, JIWKK, J/pmm (well, ¢s really)
] sin(ZB) from BO —)_]/’(/)Kg [arXiv:1211.6093]
m 7 from tree-level decays
B time-integrated: B — DX-type measurements (ADS/GLW & GGSZ

methods)
m time-dependent: B’ — Dr, BY — DK
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http://ckmfitter.in2p3.fr/www/results/plots_moriond14/ckm_res_moriond14.html
http://arxiv.org/abs/1211.6093

news from S;

m took 3fb™ " of data during run 1, results becoming available
| example: Bg —)j/lﬂﬂ’-i_ﬂ’_ [arXiv:1405.4140]
h—<—T—<e—F—=e35 _
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m sensitive to mixing phase ¢s; — assuming no penguin pollution,
¢s = —2fs
m fully tagged analysis
m 77~ spectrum contains different contributions, so need
m modelling in m,+ -
m full angular analysis to disentangle different angular momentum
contributions
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http://arxiv.org/abs/1405.4140
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news from Bs

£ oof + signal | LHCb' Cdemal | LHCb' e
é osf ° background ° hé:kgmu"d 14;’
tracks other B oap @ E ® = E )
opposie side 05) O F L 1 " == 7 s
5 5 02F ,; 01:— . E §
0.1F —— 4  005F === R
= E| E == iz
same side (SS) 0() ﬂ‘ 1 ()Tﬁ? 0‘4 Ss(ll.i 00 0.1 U‘.Z ()‘.3 0‘.4 0(;5 f
160 : . m improved tagging:
S LHCb = B ¢ —tagged canditates/all =
S nmf 3 (68.68-£0.33)%
g 1000 3 B mistag rate 7, dilution D=1-2p
Z soof 3 = 0OS+SSK combined give
é 600 3 eD? = (3.89 £ 0.25)%
o) H -
S ;‘Zj 1_m ¢;=(70+68+8)mrad
N . , : 155 (allowing for direct CPV)
w0
o Rt A o 0° m eager to see BY — J/v¢
-5 . .
0 2 4 6 8 7 (to be released in the coming
Decay time [ps] % months)
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~ measurements
b&:ll'tlp slides

v measurements

M. Schiller (Nikhef) Constraining the CKM matrix at LHCb July 28th, 2014 5/36 ﬂ’ﬁ’]



~ from trees

'ylﬂl!?zlsurements: the present

0.3 —
1.0

Y

excluded area has CL > 0.95

5
[CKMFitter, Moriond 2014]

m v is least well measured angle in unitarity triangle
m needed for New Physics predictions, SM value can be measured
from tree-level decays
m avg. from dir. meas.: v = (70.0*7])° (Moriond 2014, prel.)

m without dir. measurements in fit: v = (66.4713)°
= still some way to go to bridge “sensitivity gap”
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~ from trees

'ylﬂ'l!t’zlsurements from tree decays

m involve measuring interference between two decay paths, one
involves V,;, since v = arg (— /s
ub» Yy = arg VeaV5,

Vad Vus 1—22/2 A AX}(p — in)
Vekm = ( Ve VeV ) = < e -2 1- 222 AN2 —|—(9()\4)

Vid Vis Vib (1—p—in) —AN? 1

m e.g. “workhorse” of time-integrated v measurements:

B~ — f Do K~
Vm‘ S
W~y
/ A A
p ——t———— B D i .
v, _ - Ag, Ap: (magrntude of)
u — u B —> DO K \N amplitude(s)
A rg, rp: suppression factor(s)

b Vb f Do K
—— " 5g, 8p: strong phase

N - B_ _) EK— /\ difference(s)

— ABFBel(éBiw) ADI‘DE’(;D
u u
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~ from trees

'yKr(!'rh trees: main methods

m time-integrated measurement methods

= GLW
Gronau, London, Wyler, [Phys. Lett. B 253, 483 (1991), Phys. Lett. B 265,
172 (1991)]

m ADS
Atwood, Dunietz, Soni [Phys. Rev. Lett. 78, 3257 (1997), Phys. Rev. D 63,
036005 (2001)]

m GGSZ/Dalitz
Giri, Grossman, Soffer, Zupan [Phys. Rev. D. 68, 054018 (2003)]

m time-dependent measurement methods, e.g. B; — DK
Aleksan, Dunietz, Kayser [Z. Phys. C, 54 (1992), p. 653], Fleischer
[arXiv:hep-ph/0304027v2]
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time-integrated ~

t’#léflntegrated ¥

time-integrated ~
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time-integrated ~

d@ﬁu/Dalitz method: D — Kg7r+7r*
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m D decay amplitude f{m? , m*) depends only on Dalitz variables
M. = (Ply + Pl )?

m (B~ — (Kintn)pK™) ~
fim )+ rge0=) i )
= need D decay model or measurement of density
and phase over Dalitz plane (charm factories)

m fit for x; = rgcos(y £ dp), y+ = rgsin(y £dp) = =
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time-integrated ~

analysis of B~ — D°(K%hh)K~ (h =, k)

3 = X <
LHCb Preliminary |5 < KoE
> > >
< 3 >
< S 65 91 =
S b I 2
N L= g & £
o = g 14 a
w = =
g 2 & &
I+ & | 12 a
o
-9
L L L L @) E N
! 2 3 1 2 T o 1 2 P T 12 14 16 I8
m2 [GeV 4] m? [GeVY '] D, = m (GeV/et) m (GeV/e*)

m count events in each Dalitz bin (N;)
m get D strong phase in bins from CLEO (c;, s,)

m check fraction of D in bin i with B® — D*~p*v on data, correct
with ratio B~ — D°(K%hh)K=/B® — D*~ptv from simulation
(f+)

NF ~ frit rg?fei+ 20/ frifri(xeci £ yesy)
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time-integrated ~

GGSZ3th analysis of B~ — D°(K%hh)K~

U — 2025 - - ~ . .
0.2 L}ILCZ:TSB :;::ry " LHCb ,vm Lqu. S Projection of contours

" ’ B 0.2} preliminary 1= preliminary (@\I onto 1-D gives 68.3, =
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Xy =(-77+24+1.0+04)-1072 yi=(-22£25+04+£10) 107%

=(25+254+1.040.5) 1072 y. = (7.5 £29+£05+£14)-107%C

>

_ +0.019 +15 +14y\0 -
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[ single 3fb~' LHCb measurement as good as B factories or
]fbi Comblnatlon Of LHCb' BaBar v = (69'”7) [arXiv:1301.3283]; Belle: v = (68'*'115 )°,
[arXiv:1301.2033]; 1fb 1 LHCb B — DK combination: o = (721'%)°, [arXiv:1305.2050v3]

. . -1
m will supersede result with 1fb™": v = (44733)° camemetnon, 25500y
it . ~ o —1 (late breaking news: 1fp—! model-dependent
m sensitivity: o(y) ~ 25°v fb GGSZ: [arXiv:1402.6211])
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http://arxiv.org/abs/1301.3283
http://arxiv.org/abs/1301.2033
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http://arxiv.org/abs/1209.5869
http://arxiv.org/abs/1407.6211

time-dependent ~

t’#léfljependent Y

time-dependent ~
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time-dependent ~

t’ﬁléfljependent B, — D,K: basics

m interference between mixing and decay:

\/UH u
h——<——p w //< 5
1 AB 5 / z
§ —»— & V

BB i
D¢ K* |
—_— \/(5 S
b «j«j«— 5 BOS s BOS /‘ W //,< z

. > ! > ! > ——
: b e iom ABstei(‘S*'V) ’ Vo '

m not colour-suppressed = large interference
m weak phases v, ¢, (mixing), strong phase §
m sensitive to v + ¢m, but ¢, small effect 213042600
m measure 4 decay rates:
ng—>Ds_K+(t)’ ng—>D§rK*(t)’ rgig_>D;K+(t)’ r372_>D;rK—(t)
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time-dependent ~

gl H ABT K decay rate equations

m work out decay of BY, B? to final states AD; K*), f(Dy K-)':

N VioVis Vup Vi | A7 & a | (rEem)
DS KY Vi Vi Vi Vs | Ag Dy K+
Vaos = VioVis Vb Vcs 7f S a _jetrem)
Dy K Vi Vis Vi Viis | Af 5 Kt
_ 2 _ o
. 1= X | L A, . 29N s
= 15N . 2 f T IrN . 2 /AT
T+ 12 | 1+ 1A s | T e e |
T— A |2 —2RA PISO N
DI K DT K DY K
VA ST A= ] T ]
+ _ + _ + _
DY K Dy K Dy K

dngﬂf(t) N

=i \Af|2(1 + |)\f\2) (cosh (AT”) + Afér sinh (%) + Cycos (Amt) — Sgsin (Amt)
e A
cﬁseij{f ~ \Af\z |B‘2 1+ |,\f\2) (cosh (%) + AfAr sinh (%) — Cycos (Amt) + S¢sin (Amt)
=0 .2
jseijlé ~ |A | (1+|>\f\ ) (cosh (%”) + A2T sinh (AT”) —Cfcos(Amt +Ssm Amt)
M ~ \;HZ|5‘ (1+1X42) cosh (A—”) + A2T sinh (A—rr) + G cos(Amt)f.?sm(Amt
dte=Tt e ! 2 7 2 i

'use convention where Ams=my—m; >0and AT =T =Ty >0
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time-dependent ~

tj_;(—HDSK: strategy

MDFitter
- k-f:
sWeights — Ndlsmbunun

acceptance
tagging
decay time resolution

CP observables

m disentangle signal and background with multidimensional fit
(MDFitter, mg,, mp_, PID of K)
m two fitter frameworks for the time-dependent part (time, time

error, mistag)
m sFit: uses sWeights to subtract background on a statistical basis
m cFit: classical fit, all BG described with full physics PDF
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time-dependent ~

d_;(—HDSK: results from 2012 CONF

m to get things right, you need to understand:
m backgrounds
m acceptance €(1): else A2, A2T biased

m decay time resolution o else Cy, S, Sz biased

m flavour tagging (produced as BE/ES): else Cr, Sy, Sz biased
m here’s our preliminary result (2011 data, 1fb~")

300

E LHCb Preliminary 1.0 fb"! _
LHCh Preiminary L =1.015" §, 10 Cf - 1.01+0.50+0.23
» +Sn‘na]BaDk g | } Sf =-1254+0.56+0.24
3By, aD K 5

S =—0.08+0.68 +0.28
o AT =1.334£0.60+0.26
I e ad: Y A-Ar =0.81+0.56+0.26

— Unlag ed D‘K
. Lo Lo e D TR I e — [LI 1Cb-CONF-2012-029]
100 5200 5300 5400 5500 5600 5700 5800 2 4 6 10

MDS“\W ) (B, H D, K) lsz

m 1st (preliminary) measurement of time-dependent CP
parameters in B; — DK

m if you were to extract v, you’d get o, ~ 60° (don’t do it, you
need both stat. and syst. correlations, and even we don’t have
the syst. ones!)
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https://cds.cern.ch/record/1477943?ln=en

time-dependent ~

iMproving B, — DK

m disentangle signal and background better: use mg,, mp,, particle ID
— signal yield: from 1390 + 98 to 1809 + 52 on same data set!

)
T

LHCb — Daa LHCb —+ Daa
Si = Si

]

7

o
 FTTTRTLNTAN mmus! mm ,w umu 2 I [T
Vl,lx,n,,qum b

S
5300 5400 5500 5600 5700 800
m(D7K*) [MeV/e?]

070 060 1950 3000
m(K*K!, o, Kinnt) [MeV/e?]

[arXiv:1407.612

Companion In(L(K/))

LHCb

—+ Data

— B> D/
— acceptance

m acceptance from B? — Dy control
channel

m Dy /DK acceptance ratio: use 10
times the MC stats

much reduced acceptance systematics!

6127]

7

g
5 10 15 i
(B! D ") [ps] _:"_
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time-dependent ~

iMproving B, — DK

m better flavour tagging: from ey gD? ~ 1.9% to €gD% ~ 5.1%

m for cFit: full description of partially reconstructed/misid. BGs
m reconstructed time off by (m/p)reco/(M/P)true)
m use k-factor correction (from simulation)

B LHCH 2 f LHCb —+ dua
=BT 3 Z 10 e
S < —_— B?)ﬁDlK
g I B, - Do
g 8 B! = DIt pt)
S 3 (By. A = X
2 -E ------- Combinatorial
5] 3
N } 5
| N
AN Jil :
2 4 6 8§ 10 12 14 2 4 6 8§ 10 12 14 X
(B~ DK [ps] T(B > DK [ps] &
sFit cFit
Cp=0.5240.25 £ 0.04 Cp=0.53+0.25 4+ 0.04 .
AfAr =0.29+0.42 4 0.17 AfAr =0.37 £ 0.42 + 0.20 S
A}Ar =0.14+0.4140.18 Aj-ér =0.20 + 0.41 4 0.20 [
g
Sp=—1.09 £ 0.31 % 0.06 Sp=—1.09 £ 0.33 £ 0.08 T
Sp= —0.36 £ 0.34 £ 0.06 §5=—0.36+ 0,34 + 0,08 b
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time-dependent ~

iMproving B, — DK

1
g f T T 250 aaa
s - F E E
o8y 157 LHCb & 200E LHCb
E 150 E B
0.6 | E £ 1
E 100 F E : -
F q E 0.6 1 8
048 6839 50 E s
02l E 0 e 04F 32
[ 9550 S0E E 02F e
) I A RO I Eo F T T s
20 40 60 80 100 120 140 160 180 050 100 150 200 250 300 35 20 40 60 80 100 120 140 160 i80 32
Y[l vI[°) vE s

m extract v based on cFit results

7=(15T5)° 6=(3")" rox=0537¢3

m sensitivity: o(y) ~ 36°Vfb ™!
— competitive!
m plan to add more final states for 3fb~", also with neutrals like

BS — D5(Dsv)K
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time-dependent ~

m LHCb is working on multiple fronts to constrain the CKM
matrix

m run 1 of the LHC was exciting, and many good results are out
m first results for ¢; from the full 2011+2012 data set
m first results for v from the full 2011+2012 data set
m first measurement v = (11572%)° from B — D,K
m there are many good things ahead, too:
m B; — J/v¢ on the full run 1 data
m more 7 sensitive measurements will be updated to the full 3fb™"
m last but not least:
m improve sensitivity by adding new final states to analyses
m run 2 and the LHCb upgrade are ahead!
— LHCb is a versatile tool to constrain the CKM matrix, and
exciting times are ahead!
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backup slides

GEWméthod: D to CP eigenstate (77 or KTK")

// A A ’
b —m— B D c— d
cb — — od
u u B 7 DO K u u
1) K-
b Vb u ( T T )pe K V., d

B — DK/ v 5

i(6g—
_— ABI'BG( B ’Y) AD d g

m (B — (7777 )pKF) ~ 14 %+ 2rgcos(6g F )
m 2 observables:

m A _ r(37—>(7"+7"7)90/<7)—r(3+—>(7"+‘ﬂ'7)D0K+) _ 2rgsin dgsin
CP+ = T(B=—(r*m ) K )T (BF—(nFn— ) o K7) 1+r%+2rp cos §pcos y
F(B~ —s(nt ) oK)+ (B — (7 ) o K+
.RCP+:2( (") po KT)+I( (rTr ) KT)

r(B— —D°K—)+T(B+—DK+)
1+ 3 + 2rgcos §5cos
m 3 unknowns (rg,dg,7)
= need to combine with other method(s)
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backup slides

/Jﬁg'l'nethod: D’ — Kr

’ A A ’
b ——————c B D B
Ve _ a a a Ves
] — - U B — DO K —>( K 7T+)DKU ]
7-5/(71'
b Vb u >§( Aprpe D Vie s
BT — DK —(Ktr)pK v T
V.< s T «—1/—47 d
- H; - ABrBe'((SB_’Y) Ap . Vi . .
] u

m 4 decay rates:
m (BT — (K¥n%)poKF) ~ 1+ (rgrp)? + 2rgrp cos(dg — 5™ F )
m [(BT — (KEnF)pKF) ~ 13+ 3 + 2rgrp cos(dp + 687 F 7)

m 2 observables:

A (BT = (Ktw ) o KT)=T(BF (K™ 7 t) o kT) 2rgrp sin(8g+587 )sin v
W Aaps = T(B= —(Ktm =) po KT )+T(BY (K= 7 ) po KT) ™ R4r +2rBrDcos(6B+6K7")cosw
F(B~— (K7™ )0 K™ )=F(Bt = (K~ =) 0 KT)
B Raps = r(37—>(/<fw+)z2/< )T (BT = (KT 7~ )D ) — = rhtrpt2rgrp cos(8g+A5T )cos y

m 3 unknowns shared with GLW (rg, 65,7), 2 new ones (rp, 57)
= need input on rp, 557, and combine with other, method(s)
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backup slides

Aﬁ%LW/GGSZ measurements at LHCb

m LHCb has a wide variety of ADS/GLW measurements:
m classic ADS/GLW: B~ — D°h~ (h=m,K, D — K* K=, 777, K¥n%t)

[1203.3662]

m ADS B~ —» D°h™ (h=m,K, D’ = KfnFntn ot KFntn™)
[1303.4646]

m ADS/GLW B’ — D°K** (D" — K*K—, KT =)
[1212.5205]

m ADS/GLW B~ — D°K~n"n~ (D° — K~ nt, K" K=, 777 7)
[LHCb-CONF-2012-021]

m ADS/GLW B~ — D°h~ntn~ (h=K,n, D" — K"K~ ,n*n~, KFz%)
(in preparation)

m GGSZ measurement efforts are gaining momentum, too...

m classic B~ — D°(Kh*h™)K= (h = K, =)
[1209.5869], [LHCb-CONF-2013-004]

m B = D'(Khth"Yhntn~ (h=K,7)
(in preparation)
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BE — DK* combination (incl. 2012 data)

*ylgol"rlbination: B* — DK* incl. 2012 data

LHCb ~v combination:
B* — DK* combination
including 2012 data
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backup slides BE — DK* combination (incl. 2012 data)

'ylgol"rlbination: approach

m use various (fit) parameters «;:

Bt — prt (P-violating weak phase ¥
r(B~ — D'K~)/F(B~ — D'x~) Reab
— m—
Bt — Dot ABB™ — DOn—)/A(B~ — DOn—) = rgel®8 =) g, 6%
BE — DK* A(B~ — DYK~)/A(B~ — D°K~) = rge®8—7) rg, 0g
D— KErT AD® — 7= KT)/AD® — K~ nt) = rgpe Okn s —Okom
D— KErFrtr— amplitude ratio and effective strong phase diff. rGrs —8K3n
coherence factor K K37
direct CP inD — K*K~ AD KK
asymmetries inD— nhn— AT
Other D system D mixing Xps YD
parameters Cabibbo-favoured rates r(D — Kr)
(D — Krmm)

m frequentist approach:

m express various observables A; in terms of fit parameters
m use a y?-derived likelihood contribution f; for the various
measurements

fiocexp (—x2) o< exp (—(Al@) ~ Avaps) Vi (Al@) — Ajbs))
m then combine:

-\ Aobs| A (.~
£(a@) = [ [AAP|Aa)
i
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backup slides BE — DK* combination (incl. 2012 data)

m LHCb GGSZ model-independent measurement B* — DK* with
D— th"‘ h= (1 fb_], 207171) farxiv1209.5869]
m strong phase of D decay over Dalitz plane taken from CLEO
[arXiv:0903.1681]
m inputs: x4, y+
m GLW/ADS modes B* — DK* with D —s hth= (1fb™",2011)
[Phys. Lett. B712 (2012) 203] [arXiv:1203.3662]
m inputs: AK™ AKK AT R RE
m ADS modes B* — DK* with D —s K=rFx+z— (1fb~', 2011)
[LHCb-CONF-2012-030]
m strong phase variation over D phase space absorbed in
coherence factor kg3,
m inputs: AT, RIET, RIET
m LHCb GGSZ model-independent measurement B* — DK* with
D— thJrh* (2 b, 2012) [LHCb-CONF-2013-004]
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backup slides BE — DK* combination (incl. 2012 data)

BE BIDK* results: g, 0B, Y
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backup slides BE — DK* combination (incl. 2012 data)

plgéfln method

1-CL

107 0.5 <

m evaluating confidence level for a

107

parameter (e.g. ), we use - A
X2(@) = —2log L(a) ol
vI°
m call best fit point @nin, anin = Xz(&min) [LHCb-PAPER-2013-020, in prep]

m call best fit point & . (v0) with ~ fixed to v = 7o
m get profile LH £(o) = exp(—x2(&";,)/2)

m for each value of v, get p-value (1-CL) with a MC procedure:
calculate test statistic Ax? = x?(a,.,) — X*(@min) > 0 for data
generate a set of toys Atoy with parameters set to @/,
for each toy, calculate Ax? as in step 1
1— CL= NAX? < Ax?)/Nroy
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https://cds.cern.ch/record/1529955?ln=en

backup slides BE — DK* combination (incl. 2012 data)

s%tHnatic uncertainties

m plots and confidence limits above need to be corrected for
m undercoverage

m plug-in method does not guarantee coverage
m evaluate actual coverage using toys: determine conf. intervals in
toys, count how often the true value is inside

a | 1o (n=0.6827) 20 (n=0.9545) 30 (n = 0.9973)
DKE only 0.6646 £ 0.0067  0.9453 & 0.0032  0.9911 + 0.0013
Dx¥ only 0.6532 + 0.0048  0.9492 4 0.0022  0.9912 + 0.0009

DKt & DnE 0.6616 £ 0.0067 0.9586 + 0.0028 0.9958 + 0.0009
m scale up conf. intervals in data by n/«
m correlations in systematic uncertainties for 2/4-body GLW/ADS
modes
m plots below assume zero correlations
m need to correct by running toys with random correlation matrices
m B* — DK* unaffected, B* — Dr* largely affected
m full combination needs confidence intervals scaled by a factor 1.07
(1.04 for second best intervals)
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backup slides combination (incl. 2012 data)

d(J—?IDKi: contours
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backup slides BE — DK* combination (incl. 2012 data)

time fit: Flavour tagging

m need to know flavour at production: B; or B?

tracks

opposite side (OS)

same side (SS)

m b quarks are produced in pairs

m can learn something from other B in the event, or fragmentation:
opposite side tagging/same side tagging

m can “guess” initial flavour ey = 67.5% of DsK events
m guess wrong in about w = 36.3% of cases on average
m effective tagging power (1 — 2w)? = 5.07%

m use event-by-event mistag prediction to increase sensitivity
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[EOTHI O  time-dependent B; — DsK

t’#léfljependent B, — D,K

time-dependent Bs — DsK
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kfactors (1/2)

backup slides

time-dependent B; — DsK

m lifetime is calculated along the lines of t = X5y — ?@W%

m for partially reconstructed and misid’ed modes, we get

wrong

m idea: take correction factor from MC:

_ (mBS/W)true
(mg,/1P|)reco

m can correct by substitution t — k-t

B decay

B decay

mg

A

“ 6000
4000 H

1000

6000

so00

4000 {3

3000

AT

2000 {4

1000
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[EOTHI O  time-dependent B; — DsK

kfactors (2/2)

_ ‘ ‘ ‘ o~ —— ‘ ‘ ]
[N o 4 D ]
= 300— LHCb Slmulatlon 4 8 300— LHCb Slmulatlon 15
S r 1 S r 1 =
> f B - D, 1 3 _F B — Dynt 1 2
< 250 T . 4 Sosob . 4 =
~ L u ~ L 4 :_f‘
@ C ° ] ! C ¢ 1 =
< 200 = = 200 -4 %
=t r 13 r 1 =
b=l . o 4 = L o 4 =
5 150; *: 5 150; *: 2
100 : 1 o0f : 1 2
s0f . s 50 o 1z
O: | | Ma"c . | [l 0: | | ,ﬂp"0 . | 1 ;
0.96 0.98 1 1.02 0.96 0.98 1 102 5
k-factor k-factor =

m put into generator(s) for DsK/m (toy simulation)
m can also use it in cFit to get the BG description correct:

dr
.E(
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Z,E(t; rAT Am) — /dkP(k) t; k', kAT, kAm)


http://arxiv.org/abs/1407.6127
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