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Forward arm spectrometer
» 2<n<5

» a(pp—>X)iney = 60 mb
» 0(pp—CC)ing ® 6 mb
»> a(pp—bb)i,g = 0.3 mb

Outer Tracker
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LHCb

- one arm forward spectrometer LHCb MC
\s=7TeV

* b pair production angles
strongly correlated

- covers 1.9 <n <49

- 100'000 bb pairs produced per
second (10* x B factories)

o(bb) = 284 4+ 53ub  [PLB 694 (2010) 209]

o(ce) ~ 20 x o(bb)  [LHCb-CONF-2010-013]

LHCb acceptance: 2<n<5

ATLAS/CMS acceptance: |n|<2.5
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CP violation

- Matter/Antimatter, baryon genesis
-+ CP violation 1s one crucial ingredient (Sacharov)

+ The CKM matrix is the one place in the SM with CP violation.
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CP violation

- Matter/Antimatter, baryon genesis
-+ CP violation 1s one crucial ingredient (Sacharov)

+ The CKM matrix is the one place in the SM with CP violation.
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CP violation

- Matter/Antimatter, baryon genesis
-+ CP violation 1s one crucial ingredient (Sacharov)

+ The CKM matrix is the one place in the SM with CP violation.
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CP Violation in the SM: CKM matrix
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N\
d Vi Vu@ d
()(v i3 )() o O © |c

v Vie Vis Vi b o () t
flavor
. . mass d 5 EJ
eigenstates eigenstates
Cabibbo
Kobayashi
matrix elements determine transition probabilities: Maskawa

F
“‘41/ 5 e
K SR \«/ + S W

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 12



CP Violation in the SM: CKM matrix

Unitarity condition

Viv =1

implies

VudVay + VeaViy + ViaVi, = 0

normalize it:

>k >k
VUdU’blllvtdtb

= ()
Vcd ch vcd ;E,
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CP Violation in the SM: CKM matrix

Vud Jb
Vcd Cﬂz)

‘/td 1;;)
Vcd c>lf<)

T T*
y=arg | —
Vcd‘/,jb

Area corresponds
to the total CP violation
in the Standard Model.

-1 =0

Triangle in the complex plane.
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CKM angle vy

This 1s the least well known angle of the unitarity triangle.
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CKM angle vy

This 1s the least well known angle of the unitarity triangle.
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CKM angle vy

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

“combined y measurements” “y meas. not in triangle fit”
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New Physics 1n (anti)particle oscillation?

Some neutral particles can transition into their own anti-particle
(mixing):

S — e, T ¢ lr

| t [
B.S' W: | \w B_;

- q
[ V. SR W

There are only 4 particles that can oscillate:

- D%mesons: very, very slowly
- K’mesons: very slowly

- B, mesons:  slowly

. BS mesons: fast!
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New Physics 1n (anti)particle oscillation?
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New Physics 1n (anti)particle oscillation?
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New Physics 1n (anti)particle oscillation?

“‘unmixed”
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~ g .
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New Physics 1n (anti)particle oscillation?
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- mixing introduces a weak mixing phase 23

- the mixing phase could (have been...) easily affected
by new physics!
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New Physics 1n (anti)particle oscillation?
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New Physics 1n (anti)particle oscillation?

LHCb<1.0fb"'+ CDF 9.6fb '+ DQ 8fb ' + ATLAS 49fb~"

S 02T T R T T
IUJ - r" D@“‘ m . . , . " : . . 2
2 0.20F : - DO 8fb ™"
C i HFAG
- £ 2013 | o 92014
4 0.15_— '-‘
L ' Z00Mm M$ 20fb Preliminary
0.10[ | 0.12 i 68% CL regions
: s P - . AlogL=.15 1
0'05:_ \\\CDF ."”Sl\ 'I—m | ’/— ! | 4
g | 2 0.10F CDF 9.6fb™" & —
1.5 1.0 -0.5 = TLAS 4.9fb | Fa.'!2.014 |
regions
0.08 " .15 |
0.06+ /
the mixing ————— | | |
-0.4 -0.2 0.0 0.2 0.4
(alm< @°°* [rad]
| T ———
15 -10 -05 0.0 0.5 1.0 1.5
%cEs [I’ad]

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 24



Phys. Rev. D89 (2014) 033016, arXiv:1309.2293.

New Physics 1n (ant1)particle oscillation?

- Example: model independent analysis of the room for new physics
in meson mixing (Ligeti et al. 2013):
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Phys. Rev. D89 (2014) 033016, arXiv:1309.2293.

New Physics 1n (ant1)particle oscillation?

- Example: model independent analysis of the room for new physics
in meson mixing (Liget1 et al. 2013):
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Phys. Rev. D89 (2014) 033016, arXiv:1309.2293.

New Physics 1n (ant1)particle oscillation?

- Example: model independent analysis of the room for new physics
in meson mixing (Liget1 et al. 2013):

M{iZ’S — (M{iés)SM X (1 + ha,s 62’13001,3) |
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the ultimate test

0710.3799

“the nightmare”

Clermont-Ferrand, March 2015

T.M. Karbach / CERN / LHCb

1110.3920

“the dream”
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the ultimate test
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the ultimate test
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. e
v 1s known very well Ory,

- v can be determined entirely from tree decays.
» this 1s a unique property among all CP violation parameters
* hadronic parameters can all be determined from the data
- negligible theoretical uncertainty (Zupan and Brod 2013):

p—_p —7 JHEP 1401 (2014) 051,
57/7 ~ 0(10 ) arXiv:1308.5663.

- vy can probe for new physics at extremely high energy scales (Zupan)
« (N)MFYV new physics scenarios: ~O(10* TeV)
gen. FV new physics scenarios: ~O(10° TeV)
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. c
v is not known very well e,
ey,

it 1s quite challenging to measure!

The decay rates are small.

BR(B- - DK~,D -5 nK)~2x 1077

Low nterference effects of typically 10%.
Fully hadronic decays — hard to trigger on.
Many channels contain a K in the final state — low efficiency.

Many channels contain a ¥ in the final state — very challenging at LHCb.
Many decay channels involved.
Many observables — statistically challenging.
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Clermont-Ferrand, March 2015

First® method to measure y

® of this talk

T.M. Karbach / CERN / LHCb
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first method to measure vy

<

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

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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first method to measure vy

VEG/D K\
T Dl\
O

Depending on the final state f_ the method 1s called:

“GLW” “ADS”
Gronau, London, Wyler (1991) Atwood, Dunietz, Soni (1997, 2001)
Phys. Lett. B253 (1991) 483 Phys. Rev. D63 (2001) 036005
Phys. Lett. B265 (1991) 172 Phys. Rev. Lett. 78 (1997) 3257
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B — D(Kn)h: ADS favored mode

1 fb—l LHCb

B—>[Kn'] K

mis-ID(m) = 3.8%
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Phys. Lett. B712 (2012) 203, arXiv:1203.3662.

Clermont-Ferrand, March 2015

T.M. Karbach / CERN / LHCb

5600 5
m(B) (MeV/c)

36



B — D(nK)K: ADS suppressed mode

B(BT = DapsK*)~2-1077

Acp = —0.520 & 0.150 & 0.021

()

R

> 15 LHCb
> 23 events

v

< 10 e
2 B—[nK*] K
L

e

@

SRR

LHCb _
73 events

B+—>[n+K']DK+

LA b L

5600

Phys. Lett. B712 (2012) 203, arXiv:1203.3662.
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first method to measure vy

- Define observables as yield ratios (many systematics cancel).

Charge asymmetries:
_I'(B~ = [flph™) —T'(BT = [flph™)

Al =
" (B~ = |[flph™) + (Bt = [f]ph™)
Kaon/pion ratio: Form a system of equations.
4 4 Need more observables than
Bl ['(B* — [f][pK™) parameters!

K/ = T(B — [f]pr®)

— many different D decays

Suppressed/favored decay ratio (2-body example):

. _ T(B* - [m*K¥|ph*)
h T T(BE = [KEnF| ph¥)

= ?”‘QB —+ T‘% + 2rrp COS@F?B —+ 5D)
Y

strong phase diff.
Clermont-Ferrand, March 2015 38
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first method to measure vy
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| —— B—DK, D—hh, 1fb"! (robust)

B—>Dh, D—hh, 1fb™ (full)
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Second method to measure vy

T.M. Karbach / CERN / LHCb
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Giri, Grossman, Soffer, Zupan, hep-ph/0303187; Bondar 2002 (unpublished)

second method: “GGSZ”

 Idea: perform an GLW/ADS type analysis in
every bin of the D decay phase space

* GGSZ uses B — DK followed by
self-conjugate three-body final states

D’ — K3n— 7t

D'+ KK Kt
*  Most precise at B-factories.

« (Observables: the “cartesian coordinates”
Ty =rpcos(dp £ )

y+ = rpsin(dp + )

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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“Dalitz plot”
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BaBar ARXIV:0804.2089
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O
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second method: “GGSZ”

“long K" (N~700)

200

— DK*
D=
------- Combinatorial

- - Part. reco.
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400
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0 .
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JHEP 1410 (2014) 97, arXiv:1408.2748.
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KS reconstruction

Clermont-Ferrand, March 2015

T.M. Karbach / CERN / LHCb
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KS reconstruction
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KS reconstruction

“Iong”
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KS reconstruction

E : “Iong”
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second method: “GGSZ”

Kontn~ data (~ 2600 candidates):

T of T of
> | > |
) )
O | )
NSI 2_ NS-'- 2_
1 1
VNS St i | MRS SRS, R e
1 2 3 1 2 3
m2 [GeV?/ c?] m?2 [GeV?/c*]
2 — 2 0
ms = m*(Kgn™)
JHEP 1410 (2014) 97, arXiv:1408.2748.
Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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second method: “GGSZ”

Kontn~ data (~ 2600 candidates):

%' 3L ' ' l % iF I T |
> | > |
L (5
© | <)
£ S| 2 NgL 2l
1 -
- m2[GeV¥ ¢4 m? [GeV?/¢*]
CP violation (?) 2 _

ms = m*(Kan*)
JHEP 1410 (2014) 97, arXiv:1408.2748.

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 48



second method: “GGSZ”

R = - -
] LI) 12__ B—DK, D—KShh, 3fb™ (robust and full) B
s : i
1 ' | ' ' |
08 LHCb
unofficial

0.6
04

7= (62719)°

03 02
T+ =rgcos(dp =) 0 B
Y+ =TB Sin(53 j:f)/) 50 100 150

o
y ]
JHEP 1410 (2014) 97, : :
arXiv: 1 40(8.27 4)8. World's most precise single measurement!
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Third method to measure y

T.M. Karbach / CERN / LHCb
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third method: time-dependent

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

Bs — DFK™

S
u
Vi KT 3\
W S
OE - * - c s
B, Ve, L weak phase:
S - S
c > (,7 Il /88)
% B,
W S
S — U
B (V) K*

Phys. Lett. B387 (1996) 361, arXiv:hep-ph/9605221.
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third method: time-dependent

B-factories performed d & pr-
such measurements W ;)/Cfu, WlJJ)Cd
1 0 + -
with B - D" : : .
g =

constraining sin(2+y)  B° 4 D~ B g

Q. Ol

--- D(*) K(*) ALL 3 Combined

L — sin(2B+y)] —— CKM fit
L U S I L N N R
i 1 BaBar 2005,
a 71 hep-ex/0504035
g oo/ 1 Belle 2011,
2 b 1 arXiv:1102.0888
f [ A CKMfitter 2015,
: arXiv:1501.05013
e '2|0' | 14101 ) '1(;01 I‘I"'{éol | lul;ol | J‘ihgbl 180

Y (deg)
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third method: time-dependent

BS 1s much better suited than B . !

expected large interference effects of ~ 40%

finite decay width difference adds sensitivity:
AI'’ =0.091 £0.011 ps™' (HFAG fall 2012)

It 1s still a pure, clean tree decay.

Only possible at LHCb:
B_ statistics: large b-quark production cross section
fully hadronic: full real-time reconstruction on trigger level
* time resolution: o(t) ~ 501s
flavor tagging: distinguish B_from anti-B_(tagging power ~5%)

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 53



flavor tagging

FV
SV
. SS kaon
—>
).
W 3
By

e

same side

opposite side

SV
Y > 0S kaon
b - X1~ \ 0S muon
0S electron
OS vertex charge

o = (1 — 2w)? 0 X 1/+/Eoft
cet = 5.07% (for By — D,K)

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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third method

<)
B) - DIK~

()7
B) - DK™

. time-dependent

S

BY - DFK~™

B - DKt

each has their own time dependence ...

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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third method: time-dependent

dlpo_,5(1)
dt e Tst

dFEQ—}f(t)
dt e~ Tst

dl g0, #(t)
dt e~ T'st

Clermont-Ferrand, March 2015

= 3145

ATt _ ATt
= Z|Af2(1+ |Af?) lcosh ( 5 ) + D¢ sinh ( 5 )

+ Cf cos (Amst) — Sy sin (&mst)]

2 ATt _ ATt
%|Af|2‘§‘ (1+ |Af]?) [cosh( 5 )+Df31ﬂh( 5 )

— Cf cos (Amgt) + Sy sin (.&mst)]

_ - ATt _ ATt
- %\Af—|2(1—|— IA71%) lcosh( 5 ) +Df5111h( 5 )

+ Cfcos (Am,t) — Sfsin (&mst)]

2 . ATt ATt
(14 A7) [cosh ( 5 ) + Djsinh ( 5 )

— Crcos (Am,t) + Sysin (&mst)]

q
P

T.M. Karbach / CERN / LHCb
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third method: time-dependent

+ Cf cos (Amst) — Sy sin (&mst)]

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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third method: time-dependent

lcosh (%) + D¢ sinh (&gst)

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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third method: time-dependent

dl'pg (1)

ATt ATt
— 1 2 2 3 \ : 3
o Tt = S|Af[P(1 4+ |Af|%) lcosh ( 5 ) 111h ( 5 )

os (Amist) @in (&mst)]

(1)
dFE_iQ—}f(t) 1 2 &Fst . ﬁrst
g ol 2| Ag|? ‘E‘ (14 [As]?) [cosh( 5 ) + Dy smh( 5 )
— Cf cos (Amgt) + Sy sin (.&mst)]
(2)
dFE_iQ—}f(t) 117 12 T 12 &Fst . &Fst
T = S|A7[*(1+ |Af|%) [cosh( 5 ) 111h( 5 )
+ C cos (Amit) @;in (&mst)]
(3)
dFBQ—}f(t) — 2 - &Fst . &th
ool Sl AF 12 (T4 X% [cosh( 5 )+Dfsmh( 5 )
— Crcos (Am,t) + Sysin (&mst)]
(4)

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 59



third method: time-dependent

0.15

decay x acc (under cosh)

— (decay x acc) x sin x5

T

“‘untagged” —g.1.

— (decay x acc) x cosh

(
)
(decay x acc) x cos x5
)
)

0.05

(decay x acc) x sinh x 20

M\{\[\f\/\ NN r———
e

~0.05— d
E W
B “tagged”
0.1
_ _l | | | | | [ | | | | [ | [ | | | | | | | | | | | | I I | | [ | |
015 1 > 3 4 5 6 7 8

time [ps]

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 60



third method: time-dependent

o~ 400 2 F
L F LHCb —+ Data ) . LHCh —+ data
> 350 T L Signal B® - DFK* — 10° total
o PUE s s o — — B! > D,K*
= F B Combinatorial ~ 0 S
(" 300F- 0 e S SN ¥ B) - D
~— - - Ab — AJ(K ,T) § Fo MINY B(s) s m*}—(n+ p)
g 20F C_1A,—Dp g Ot e (B AD) > X
= - Bl B, - D" (n+,p*) S Nl e Combinatorial
< 200F Bl B - DY(K:) 8§ 10

= Bl &) 5
8 150 [ B DK™ -

|

5300 5400 5500 5600 5700 5800 3 4 6 8 10 12 1z
m(D*K*) [MeV/c?] T (B! — D;K*) [ps]
~ -1 ~ —
N, ~ 1770 (1 o) »: ——
e C
JHEP 1411 (2014) 060, <
arXiv:1407.6127. o
02} +
. . . -0.4F 7]
hint of an oscillation! > asymmetry
o o1 02 03

T modulo (2n/Amy) [ps]
Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb



third method: time-dependent

Assuming the Bs mixing phase to be (LHCb, arXiv:1304.2600)
¢s = 0.01+0.07 (stat) £0.01 (syst) rad

we constrain vy (arXiv:1407.6127):

7 = (115753)°

interference parameter is large!

= O B e B S M i v l4———m—— T
@) . : | } a - ]
I L 5 :H b | S o _
~ 08 1572 L C 1 1.2: LHCb ]
: i _ I E
0.6 n - 0.8 R
04 683 4 L\ 0 < X E
= ; : . 0.4 } {
0.2 i | B - .
O PR T AN TR TR T T ST T NN ST T T M N Lo Iew v v by oy T T T T T .

0 20 40 60 80 100 120 140 160 180 007720 20 60 80 100 120 140 160 180
v [°] v [°]
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Clermont-Ferrand, March 2015

Combining all LHCb tree-level
Y measurements

T.M. Karbach / CERN / LHCb
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vy combination

Two combinations:

robust B — DK-like
full B — DK-like and B — D~

Inputs:

>

>

>

Clermont-Ferrand, March 2015

Bt — Dht, D — hh, GLW/ADS, 1fb™" 12033662
Bt — Dh*, D — Knnm, ADS, 1fb~!
updated: Bt — DK%, D — K2hh, model-ind. GGSZ, 3fb™*
new: Bt — DK+, D — KK, GLS, 3fb~" 14022982

1303.4646

1408.2748

new: B® — DYK*0 D — hh, GLW/ADS, 3fb™" 1407.8136

new: B - DFK* 1fb™*

1407.6127

T.M. Karbach / CERN / LHCb
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http://arxiv.org/abs/1203.3662
http://arxiv.org/abs/1303.4646
http://arxiv.org/abs/1408.2748
http://arxiv.org/abs/1402.2982
http://arxiv.org/abs/1407.8136
http://arxiv.org/abs/1407.6127

vy combination

LHCb-CONF-2014-004
Frequentist (plugin-method)

LHCb

Preliminary

1-CL

0.8

0.6

04

0.2

RN RN A B R R R B R

50 60 70 80 90 100 110
Y [°]

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb
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on the way to the degree precision

- We add another channel: B — D%, “full combination”
- Less sensitivity to vy, but larger statistics

- A fluctuation causes much increased apparent sensitivity, and highly
non Gaussian behavior — to be interpreted with care!

—

i robust
Lu) 12 - LHCb-CONF-2014-004
— B full

17—

LHCb
Preliminary

0.8}
06}

I|l|||l||l||l|l|||

Illll

| 1
100 110
66
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| —

o
D

Clermont-Ferrand, Marc



on the way to the degree precision

« The effect of D’ mixing does affect the determination of .
» Already accounted for in the LHCb combination!

+ Next up: also K’ mix ...

AN
B J/N3
\) :[SEK o

D- IIIIIIlIlIIIIIIIIIIIIlIIIIIIII

; ; Figure: LHCb D° decay time
A =~ \/.’L‘D +yp/TB acceptance for BT — DK™,
D — hh.

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 67



vy combination

Table: Summary of results for v from the B factories BaBar and Belle, and from
LHCb, and combiners. Errors correspond to 68% confidence or credibility.

experiment result date

BaBar (69116)° Jan 2013

Belle (68%15)° Jan 2013
LHCb 1-3fb™" prelim. (67 £+ 12)° Apr 2013
LHCb 1fb~! (72.619:7,)° Aug 2013
LHCb 1-3fb~" prelim. (72.979:3)° Sep 2014
UTfit (68.3 £7.5)°  post Moriond 2014
CKMfitter (70.0X7-7y°  Moriond / Jun 2014
CKMfitter (73.215:8)° Sep 2014

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 68



4 I ' 1 * I ' 1 ; I
- Circle

GammaCombo £ [ B

1 2D Gaus & Circle
| — 2D Gaus & Cy

Gaus

Combination framework:
fork me on github.com!
GammaCombo Manual (pdf)

Dependencies: 2

git, cmake, C++11
boost, ROOT, RooFit

aGaus

TMK, Matt Kenzie, Max Schlupp,
Florian Bernlochner

Installation:

git clone https://github.com/mkarbach/gammacombo.git
cd gammacombo

mkdir build; cd build

cmake

make install -3j4

cd ../tutorial

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 69


https://github.com/mkarbach/gammacombo
https://github.com/mkarbach/gammacombo/blob/master/manual/GammaComboManual.pdf

Clermont-Ferrand, March 2015

Outlook

T.M. Karbach / CERN / LHCb
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Updates of the existing

Many inputs yet to be updated to 3 fb™":

» BT — Dht, D — hh, GLW/ADS( 1fb™*
» Bt — Dht, D — Krrm, ADS(1fb™?
» updated: Bt — DK*, D — K?hh, model-ind. GGSZ, 3fpt
» new: Bt - DK+, D —» KK, GLS, 3fb™"

)1203.3662

1303 4646

1402.2982

1408.2748

» new: B —» DYK*0 D — hh, GLW/ADS, 3fb~" 1407.8136

» new: BY — D;FKi@)momm

Clermont-Ferrand, March 2015

T.M. Karbach / CERN / LHCb
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http://arxiv.org/abs/1203.3662
http://arxiv.org/abs/1303.4646
http://arxiv.org/abs/1408.2748
http://arxiv.org/abs/1402.2982
http://arxiv.org/abs/1407.8136
http://arxiv.org/abs/1407.6127

More channels to be added

There are many more possibilities:

BT — Dht,D — Krn®

BT — Dh",D — nnr’

BT - Dht,D - KKnn

B - DK**. D — Khh

BT — DKnnw,D — hh, Khh

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb

ADS
GLW

GGSZ

GGSZ

GLW /ADS/GGSZ
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A new method

- Idea: analyze the B° Dalitz plotin B — D°Kr

+ Gershon, Williams [arX1v:0909.1495]

» This resolves ambiguities!

+ A 10deg error on y seems not

unreasonable! (Dalitz model unknown).

& ®
1501 —

1000 g

50

] | 1
% 50 100 150

Y

Clermont-Ferrand, March 2015

1.2
1
0.8
0.6
04
0.2

0

BY - DVYK*0 5 DOK

already contributes now!

:_ B—>DK*, D—hh, 3fb™ (robust and full) _:
: | .
: LHCb -
B unofficial ;
2 683% i A
S 955% 9
50 100 150

v [°]

73
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A new method

- Idea: analyze the B® Dalitz plot in B — DK r

+ Gershon, Williams [arX1v:0909.1495]

- This resolves ambiguities! ST e
A 10deg 611;1‘101" 011; yl.steemsdn(;t ) BY s DOK*O _y DOK
unreasonable! (Dalitz model unknown). already contributes now!

= — - .
o QI) 12 B—DK, D—>hh, 3fb™! (robust and full) -
150 — - ]
15 :
08F -
0.6 .
50 04 gg3q, L\ .
0.2
b 50 100 150 0 50 100 150

v y [°]
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LHCb Run2 expectations

Table 28: Statistical sensitivities of the LHCh upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fb ™" recorded during Run
2) and for the LHCb Upgrade (50fb™"). An estimate of the theoretical uncertainty is also given — this and the potential
sources of systematic uncertainty are discussed in the text.

. Type Observable LHC Run 1§ LHCD 2018 | LHCb upgrade  Theory
G &2 (©) B mixing os( B = Jhy @) (rad) 0.050 0.025 0.009 ~ 0.003
O O ds(B® = Jf fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
© A4(B?) (10-3) 2.8 1.4 0.5 0.03
O © Gluonic o= (BY = ¢¢) (rad) 0.15 0.10 0.023 0.02
&) penguin ¢ (BY - K*K*0) (rad) 0.19 0.13 0.029 < .02
) 23%(B° = ¢K?) (rad) 0.30 0.20 0.04 0.02
Right-handed O BY — ) 0.20 0.13 0.030 = 0.01
currents T “'{B_ﬂ' — &)/ T 5% 3.2% 0.8% 0.2 %
Electroweak S3(B” = K*utpu~:;1 < ¢* < 6 GeV*/c?) 0.04 0.020 0.007 0.02
penguin gz Arp(B° = K% ™) 10% 5% 1.9% ~ T
A(Kptp—:1 < @ < 6GeVE/ ) 0.09 0.05 0.017 ~ 0.02
B(Bt = ntutu~)/B(Bt = Ktutyu~) 14% % 2.4% ~ 10%
Higes B(BY = ptp) (1079) 1.0 0.5 0.19 0.3
= Lonouin R(R s VBB o ) DN ] 1()1% 0% ae B Ut
© (@ ©) Unitarity (B = DIK+)) 4° 1.1" negligible
© triangle v(B? = DFK#) 17° 11° 2.4° negligible
© ( © © ) angles 3(B° = J/y K}) L7 0.8° 0.31° negligible
C harm AN = KT K) (1000 3.4 2.2 0.5
CP violation Adep (107%) 0.8 0.5 0.12

Smileys indicate “on trackness”, added by Tim Gershon (LHCb Implications Workshop Oct 2014)

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 75



LHCb Run2 expectations

Table 28: Statistical sensitivities of the LHCh upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fb ™" recorded during Run
2) and for the LHCb Upgrade (50fb™"). An estimate of the theoretical uncertainty is also given — this and the potential
sources of systematic uncertainty are discussed in the text.

. Type Observable LHC Run 1§ LHCD 2018 | LHCb upgrade  Theory
G &2 (©) B mixing os( B = Jhy @) (rad) 0.050 0.025 0.009 ~ 0.003
O O ds(B® = Jjv fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
© Aq(B9) (10—3) 2.8 1.4 0.5 0.03
O © Gluonic o= (BY = ¢¢) (rad) 0.15 0.10 0.023 0.02
&) penguin ¢ (BY - K*K*0) (rad) 0.19 0.13 0.029 < .02
) 23%(B° = ¢K?) (rad) 0.30 0.20 0.04 0.02
Right-handed o B0 —= ) 0.20 0.13 0.030 = 0.01
currents T “'{B_ﬂ' — &)/ T 5% 3.2% 0.8% 0.2 %
Electroweak S3(B” = K*utpu~:;1 < ¢* < 6 GeV*/c?) 0.04 0.020 0.007 0.02
penguin gz Arp(B° = K% ™) 10% 5% 1.9% ~ T
A Kptp—:1 < @ < 6GeVY/ ) 0.09 0.05 0.017 ~ 0.02
B(Bt = ntutu~)/B(Bt = Ktutyu~) 14% % 2.4% ~ 10%
Higgs B(BY = putp) (10°7) 1.0 0.19 0.3
= Lonouin R(R s VBB o ) 1A 0% ag B U
© (@ ©) Unitarity (B = DIK+)) O
© triangle +(BY = DFK+) 17° 0] (’)/ ) > 4
&) ( & O ) angles 3(B° = J/y K}) 1.7° -
Charm AN = KT K) (1000 3.4 0.5
CP violation Adep (107%) 0.8 0.12

Smileys indicate “on trackness”, added by Tim Gershon (LHCb Implications Workshop Oct 2014)
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current systematic effects

Tree-level measurements of y will by systematics for
a long time (not at the current dataset).

» first method (B — DK GLW/ADYS)

- instrumental charge asymmetries
(known to the per-mille level,
B — J/y K asymmetry needed as input, magnet polarity flip)

- calibration of particle 1dentification

example result:

Acp = 0.0849 4+ 0.0201(stat.) £ 0.0010(syst.)
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current systematic effects

Tree-level measurements of y will by systematics for
a long time (not at the current dataset).

» first method (B — DK GLW/ADYS)

- instrumental charge asymmetries

(known to the per-mille level,

B — J/y K asymmetry needed as input, magnet polarity flip)
- calibration of particle 1dentification

+ second method (B — DK GGSZ)

efficiency corrections over the Dalitz plot

+ third method (B, — D K time dependent)
)

» decay time resolution

- decay time acceptance > completely different sources!
« knowledge of Ams, Al's, I's
y
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Clermont-Ferrand, March 2015

Conclusion

T.M. Karbach / CERN / LHCb
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Conclusion

LHCDb is getting closer to a tree-level precision measurement of the CKM triangle!
(Might need a little help with [Vub| though!)

1.5

| lexlﬂudled lare|a hals CIL >]0.g|5 ! U I iy | A | T | 1 -5 B I e)(Icim:lle‘:I Iarea hEIls CIL >|0 gI5 | T T | L T T 1 | 1T 1T 1 i
i | ] - o Y , i
L 2013 - i Stage Il i}
1.0 B 'Y((l) ] 1.0 — Y((I) ]
3 2013 1 : - LHCb upgrade:
05 o E e [Vuol_ ~2022 1
1= 0.0 |- Y | S /) U R o — i
i ] i 045 T ]
05 - - o5 Y&y(@)& V| ki
K 1 i s e ~[ i
1.0 v(0) - 10 - v(0) 030/ : -
- Y | : A , “%os ot 015 om0 025
_1 .5 i I | | | I 1 & | l I | 1 1 1 1| | I | 1 1 1 1 ] _1.5 1 1 10 | I | L1 1 1 | L1 1 | 11 1 1 | L1 1 |
-1.0 -0.5 0.0 0.5 1.0 15 2.0 -1.0 -0.5 0.0 0.5 1.0 15 2.0
p p
Ligeti et al., 1309.2293
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Clermont-Ferrand, March 2015

Backup

T.M. Karbach / CERN / LHCb
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LHCb, arXiv:1408.4368

“v from loops”

~— 180

- 138; gg’ —_: K:K— 200
w
.

T S S (N SR TN SN ENN N R SN EN SO SO SO I S TR
0 0.2 0.4 0.6 0.8 1
U spin (same mass of d and s-quark) breaking K

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 82



LHCb, arXiv:1408.4368

“v from loops”

| 7 = (63-5%1%)0

Bayesian analysis

0.01

Probability density
o
o
N

100

150
Y [°]

o

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 83



arXiv:1303.0846

“v from loops”

o000 000 4
X

{ BN I BN N N

[ I B N ]

FIG. 1: Kinematic boundaries and symmetry axes of B —
Knmand B — KKK Dalitz plots. The symmetry axes divide
each plot into six zones, five of which are marked 2-6. The
fifty dots in the region of overlap of the first of six zones from
all Dalitz plots are used for the v measurement.

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb

New method by
London, Bhattacharya,
Imbeault, Rey-Le Lorier:

B — hhh

h=K,r

Y = (77 L 3)0

(take with a grain of salt)

Well suited
for LHCb!
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Clermont-Ferrand, March 2015

GGSZ or the “Dalitz” method

illustration:

-0.0

-0.1

-0.2

-0.3

X

T+ —

rpcos(dp =)

X

0.4 LI N L L L L L L L L L L LB B L 0.4 LN LA L L L L B Y B B OO
I | excluded area has CL > 0.95 i B L | excluded area has CL > 0.5 Lt B

C ; b r TN ’ . 7

" GGSZ | - 2 GLW |
02 ? - 02 AN N -
01 '@ - 01 I R =
L 4 N ' i C . ' L ! - ]

r B' .-, B . i B" : | . 1 B ]
Y T - ) NSRS S =
01 : - 01 o P =
02 i . 02 B ; =
NEYS Ck § . FEYS CK -
C FPCP 13 : _ r FPCP 13 - AN ,' 7]
-0.47""|""|""|““]""""'I""""r _0_47|\|\M\||||\|\|HH‘\|_\|‘|J|||\|\|‘\\1\7
04 -03 -02 -01 00 01 0.2 0.3 0.4 -04 -03 -02 -01 -0.0 0.1 0.2 0.3 0.

0.4
-0.4

0-47I\I\‘\\I\I\I\I|I\I\
I | excluded area has CL > 0.95

0.3
0.2

0.1

FPCP 13

7I\I\{\\I\I\IJI|I\I\J\I

\I‘IIIII\I\I‘\\\

03 02 -01 -0.0
X
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y+ = rpsin(dp + )

T.M. Karbach / CERN / LHCb
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LHCb-CONF-2014-004

Combination

Table 2: Observables used in the robust combination.

LHCDb Analysis

Observables

B+ — DK*, D — hh, GLW/ADS

DK KK DK KK T
ADKEK pDKxr RKK R

K DK K
K/m» K/ RK/W? A ’
DK,K DK.K
R_|_ 71" R_ s

fav

BT - DK*, D — Krrr, ADS

DK, K3 DK,K3 DK, K3
R_|_ ; ?‘I” R ; ?‘I” A JK3m

— fav

Bt — DK*, D — K2hh, model-
independent GGSZ

Ty Ty Yoy Yy

B* — DK+, D — KK, GLS

RKSKTF DK,KsKm APK KsKn
DK, fav/sup? “ fav » < Tsup

BY — DK* GLW/ADS

DK*Y KK DK* K DK*' KK DK*0 rx
ACP ’ Afav ’ RCP ’ ACP

DK*® xr 5DK*° Kr 5 DK*° K
Rep , R R

7

BY - DFK* C'y, AJ‘?‘F, A‘%F, Spy S

Auxiliary Input Observables

CLEO-c B3GR

Belle, CLEO Rws(D — Krr)

CLEO RAS5T kBT SR

LHCDb toy HgK*O

LHCb Ps

HFAG Tp, Yp, 08T, RE™ AS(KK), AM(77)

Clermont-Ferrand, March 2015

T.M. Karbach / CERN / LHCb 86



LHCb-CONF-2014-004

Combination

Table 3: Confidence intervals and central values for the robust combination.

quantity robust combination
v (°) 72.9

68% CL (°) 63.0, 82.1]
95% CL (°) 152.0, 90.5]
rbk 0.0914

68% CL 10.0826, 0.0997]
95% CL 10.0728,0.1078]
OBE (°) 126.8

68% CL (°) [115.3,136.7]
95% CL (°) [101.6, 145.2]

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 87



LHCb-CONF-2014-004

Combination

Table 4: Observables used in the full combination in addition to those of the robust
combination given in Table 2.

Bt — DK*, D — hh, GLW/ADS  ADSNK, ADT™™ ADmEr  phmkr - pbm i

fav ’ y —

Dn K3 D K: D K: :
Bt - DKt. D — Knnr. ADS RPm KT pDmKsT - ) Dm 3w - pR3n
? ’ + ? ’ ’ K/m

— fav

Clermont-Ferrand, March 2015 T.M. Karbach / CERN / LHCb 88



Clermont-Ferrand, March 2015

Combination

Table 5: Confidence intervals and central values for the full combination. The two columns
correspond to the two minima found by the fit. The most probable value is given in the
left column, corresponding to a large value of 75™.

quantity full

v (%) 78.9 72.8
68% CL (°) [71.5,84.7]

95% CL (°) [54.6,91.4]

rbk 0.0928

68% CL [0.0845,0.1008]

95% CL 10.0732,0.1085]

SEK (9) 128.9

68% CL (°) [118.9,137.9]

95% CL (°) [102.0, 145.9]

rom 0.027 0.006
68% CL [0.016,0.034] [0.005, 0.007]
95% CL [0.001, 0.040]

6™ (°) 341.8 215.6
68% CL (°) [328.7,351.4] [210.2,231.5]
95% CL (°) no constraint

T.M. Karbach / CERN / LHCb

LHCb-CONF-2014-004
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LHCb-CONF-2014-004

Combination
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0.03

0.02 )
| ¥ =l
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0 I I t 1 . |
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T
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Coverage test L HCb-CONF-2014-004

> u4e . Ny
~ 10 robust _Elugin
_ 100 .
» We test the frequentist coverage at the 800,
_ . . 60 LhpJiH]pj
minima of the combinations. 4o\ NENX
: : i . 20
» We find that the profile likelihood el
. . . 010203040506070809 1
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Auxiliary input from HFAG

comparing old and new

g [T —— 1713 POI5 . . |
= 0.064— - >
0.062F ]
; ! 0.01
0.06 —
0.058F -
- ] 0.005~
0.056} -
1 " L I L 1 " | ! L 1 I L ! L ] " ) I L ] !
160 180 200 220 240 00 0.005 0.01 0.015
o
61(;5[ ] XD

Figure: Profile likelihood contours: The “old” contour corresponds to what was
used in the previous (2013) combination (the 2009 CLEO input [25] together with
the 2013 LHCb charm mixing measurement [26]). The “new” contour is what is
used in this combination (HFAG 2014). The contours are two-dimensional 1-4¢
contours.
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Auxiliary input from HFAG

The parameter RS is the squared ratio of the doubly-Cabibbo-suppressed
amplitude DY — 7= KT to the favored one D — K 7. It is not the ratio of
branching ratios. It gets often measured in time-dependent wrong-sign D mixing
measurements:
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Figure: Evolution of HFAG results on RE™.
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