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 Introduction

< Why are we interested in flavour physics?

< Three ways of CPV
< Phenomenology of mixing

« Selected measurements at LHCb (only a few spectacular ones)

< The LHCDb detector
< Mixing and CPV for beauty
<> Phase ¢, from B%, — Jp ¢
< CKM angle y from B* — DOK*
< Rare decays of B — K*uu
< Mixing and CPV for charm
<> Searches for mixing and CPV in D% — Kix*
< Ap asymmetry from D® — K*K-, D% — m*m
<> Model-independent searches for CPV in D* — sa*n*, D% — ma*nd
< A; asymmetry from D® —» KK*mr*, D° - ma*nn?

« Summary
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Why are we interested in flavour physics? %

The main goal of particle physics is to search for physics beyond the Standard
Model (SM)

There are two ways of search for New Physics:
» direct searches for produced new objects (Atlas and CMS)

« LHCDb contributes to indirect searches:

<> testing of the SM by precision measurements of
especially processes which are very well predicted

< finding of disagreements is indirect indication
for the existence of new objects

< in particular we are interested in:
» CPVinBandD
— CPV in SM is too small to explain the observed size of matter
domination over antimatter in the Universe
— it is a good tool in searches for New Physics
» and very rare decays (B and D) — highly suppressed in the SM
A.Ukleja
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Three ways of CP violation %

DO — as an example, the same for B, BY A , f = anti-f

1. in mixing (indirect) \ anti-D° /'ntl A

DY — anti-D° # anti-D%® — DO
2. in decay amplitudes (direct) antioA
D—-f # anti-D — anti-f anti-D° »f = anti-f

3. in interference (indirect) \ /A\v
. DO

between direct decays and
decays with mixing

— | I

» Mixing is described by box diagrams and q W 1 C
direct decays by tree and penguin diagrams c : U c t :

* Inloops new particles could be exchanged — —

« CPV in mixing does not depend on final state (universal)
« Direct CPV depends on final states and it has to be searched everywhere it is
possible: D — hh, hhh, hhhh, ......
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Mixing of neutral mesons THCD|
Neutral mesons can oscillate between matter and anti-matter:
K°—K° . (ds)— (ds)
BO—B° .  (db)—(db) ; BY—BY .,  (sb)—(3b)
DY - DY | (cu) — (cu)

mass eigenstates are different from flavor eigenstates

() = aE) L (R T (12)

‘D172> _ p|DO> 4 q|l§0> (D? — as an example, the same for BY, BY,)
Two parameters describe mixing:
mass difference Am: decay width difference AT
— Mo—M1 Am — PQ—Fl £
L=""7 =T Y= "9 T or
experiment theory m = (my +mz)/2
Am:MH—ML—Q\Mlg\(l—i—%“Ml ||28’L7”L2¢—|— ) I' = (F1+F2)/2

AT'=Tgy —T'p = 2| 12]cosp(1 — é ||]FjQ||2 sin*¢ + ...)

weak phase: ¢ = arg(—Miz/T'12)

Am, AT", ¢ — measured experimentally
A.Ukleja LHCb results on CPV
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Mixing of neutral mesons %

o 0 3
Chavez, Cowan, Lockman, Int.J.M.Phys.A27(2012)1230019 D" mesons:  very, very slowly

2  K%mesons: very slowly
@ £ — Z 7 4 —_— 1
E | DO _, DO |« B,mesons: slowly
c &)
_E [ @ K ) 102 é’u « B mesons: fast!
;é:,o.s— -
! o B3 Jw|__, For charm:
: /—’ — x=0.0074
0 ] 10°¢ y ~ 00048
' T « X, yvery small
ﬂ : * mixing is very slow
z (c) (d) : e very precise
£0.5- —0.5
2 o measurements needed
— BOS_) BOS 1 >
BO — BO \/ 1 For BY:
R S N R N » x=26.82 (large)
/ I time y = 0.058 (much smaller than x)
For BO: The frequency of BY, — anti-BY; oscillations is the highest.
x=0.775 On average, a B% meson changes its flavour 9 times
y = 0.007 (very small) between production and decay
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LHCDb - precision detector THCY

Single-arm forward spectrometer covering range: 2<n<5

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

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

Run 1:
1/fb (2011), 2/fb (2012)

For each 1/fb:
~28k B% — JAp(uu) o(K*K)
~2M D**t — DOY(—KK*)r*

VELO

RICH1

Magneto—/ r J J L B = || %
IT& OT K
RICH2 ECAL HCAL MUON

VELO - resolution of IP: 20 um, decay lifetime resolution ~ 45 fs: 0.1 t(D?)
Excellent tracking resolution: Ap/p = 0.4% at 5 GeV to 0.6% at 100 GeV

RICH — very good particle identification for & and K

Dedicated trigger lines for beauty and charm with high efficiency

The polarity of the magnet is reversed repeatedly during data taking

LHCb has possibilities of precise measurements of beauty and charm particles
A.UKleja LHCb results on CPV 14/04/2015 ]
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Beauty part

(the selected LHCb measurements on B meson decays)
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0 : R0 TTPeT LHCD
Measurement of the BY, — anti-BY, oscillation THCY

We use flavour-specific decay mode:

B% — D’ Example: D-, — K*0K-

five D-; decay modes:

@& D KK * data
— fit

D'S — (I)(K+K')J'IZ' -Bg%DgnJr

D-, — K*(K*n)K- 2000} M B’—>D.K*

D- K*K-mt- misid. bkg.
s . LHCb Il comb. bkg.

D, — Kna'w
D, — an'n

candidates / (15 MeV/c?)

0
_ ] 5350 5400 5450 5500 5550

LHCb: 1/fb 2011, 34000 BY, — D-r* (D_ ") invariant mass [MeV/c?]
New J.Phys.15(2013)053021

g = ' e Tagged mixed
S} I YARAS ° Taggedunmixed '™ gifferent flavour— at decay and production
Z 400 TS ARV VRN —— Fit mixed RN
% I “X AV _ , the same flavou
= & MER Ay e Fit unmixed
= i ——
2 Lol The oscillation frequency:
N . Am, = 17.768 + 0.023stat + 0.006°Yst ps™
I Most precise measurement to date
O ,
0 1 2 3 4 agrees with world av. 17.69 = 0.08 ps™
decay time [ps]
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The CPV phase ¢, from B, decays %

The measurement of ¢_ is crucial in LHCb:
« measured from B%, — Jp X, mainly: B, — Jp(uun) ¢(KK) (golden mode)

¢ Vi Vs
q)\antl BO /<I>D / —
from direct decays: f"ﬁT mixing: .
q)s = q)M — 2(|)D oP = arg(VVie) ¢ = Zarg(vtsVTtb)

- — V(1) V(22
tree (dominates) oD Penguin (negligible) w(1)  Vis(A?)

Vis(W2) - V(1)

 interference between direct decays (D) and decays with mixing (M) allows us to
measure the value of ¢,

 if new particles are exchanged in box diagram, then value of ¢" will be different
« very well predicted in the SM:  ¢M_ =-0.0368 + 0.0017 rad
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The CPV phase ¢, from B, — Jhy K*K- decays e

The relative orbital angular momentum of the

BY. — Jhp(uru) ¢(KK) final state (mixture of CP-even and CP-odd):
[ N L = 0 1 2
pseudo scalar vectors
CP even CP odd

The various components

of CP can be separated
statistically by measurement
of three angles

____________________________

The decay rate: TS o< Y hi(t) fu(Q)

contains I',, AL, ¢, Am, t

The phase is accessible experimentally via a time-dependent angular analysis to
measure the time-dependent CP asymmetry

A.Ukleja LHCb results on CPV 14/04/2015



The CPV phase ¢, from B?, — Jp(uu’) K*K- decays %

LHCDb: 3/fb, ~ 96 000 signal candidates Phys.Rev.Lett.114(2015)041801

5 3500 T 1w 3500 ——mMm—r—————F————1———— . 3500 —————F—————— 11—

S C ] =} C -}

& 3000F LHCb 3 = 3000F S 3000F N LHCb

= 2SOOWW £ 2500 g 2500 \ //

= 2000 ; 1 2 200l g E N\ /

= 2000F o CP even o 4 © 20004 5 2000 F \ -t /

g 1500~ NG e NG 5 1500 E S 1500 \ /

= - E i © OO N /

2 1000E. -~ CPodd .- 100} 1000 - sz

@) 500;_ \\_//S-W&VG\‘-—’/ —; 500; 5()0;— ///” \\\\\
0""_'._'__g_'T'_'._'—.'_'(l)_'_.'_'._'_.'_';"_'._'_‘ 0___ i O_l_zl_.l_.l_.l_:(.)l‘_s.l_.l_.l_.l_.(l)_.l_.l_.l_.l_o.l‘;.l_.l_.l_.l\.

@ [rad] cos B

_ The most precise measurement:

& 10

N

S 0 ¢, = - 0.058 * 0.049(stat) + 0.006(syst)

5

§ 10

3 L agree with the SM: ¢3M, = -0.0368 + 0.0017

o

The statistical error is higher than systematic.
It will be reduced using data which will be recorded
soon

107!

Decay time [ps]

In Warsaw we work on B%, — J/hp(e*e’) p(K*K)

14/04/2015
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AT [ps™']

A.Ukleja

The CPV phase ¢, from B?, decays

T e T :
i DO 8 b’ HFAG
0.15}
! 68% CL contours
(Alog £ =1.15)
0.10l \CMS 20 fb™"
- Sh 3o
0.05}
ATLAS 49 fb"
0.00L, . . . N ]
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

LHCb measurements: the world most precise,
agree with other experiments, agree with SM predictions
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CKM angle y %

The vy is the only CKM angle that can be directly measured at tree-level

VudVJ —_— I
Y = arg (— VchC{) Vub - |Vub| e'l

* theory:
vy is known very well dy/y = O(107) [JHEP1401(2014)051]

e experiment:
< v Is not known very well
< Many different channels to study — typically B* — DK* decays
interference between b — canti-us and b — uanti-cs transitions
(colour suppressed)
gives vy sensitivity
< It is quite challenging to measure since the decay rates are very small

BR(B- - DK ,D - nK)~2x10"7

<> Some final states with K% (hard to reconstruct)

A.Ukleja LHCb results on CPV 14/04/2015




Measuring y from B decays %

Many different channels to study — typically B* — DK* decays
 interference between D° — f and anti-D° — f gives y sensitivity

Vcb ub (Y
L ] 8 DO @ anti-DO
B ;VLIT1L< B
Vas
S S

K- K-
Colour Favoured Colour Supressed
rB = |A(SUP) o B i-DOK- B- — DK- litud
Parameters B = A(FAV) ratio — anti- to B-— amplitudes
ofinterest: 55 = gpav — dsur  strong phase difference

[(B™ — (hh)pK™) o 147} +2rpcos(ds 1)

The equivalent expression for the charge-conjugated decay B* — DYK* is
obtained by making the substitution y — -y

CP-violating parameters: x4+ = rpcos(dp £ ) yr = rgsin(ép £ )

Today: world’s most precise single measurement
A.Ukleja LHCb results on CPV
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Measuring y from B decays THCD|
To enrich sample we reconstruct: B* — D°h*, D% — KO h*h-, where h=K or =«
KO. — mtm™

S

LHCDb: 3/fb (2011+2012)
Example for the decay chain: B* — D°K*, D% —» KO x*n, ~2.6k candidates

long KO category, ~0.8k events downstream KO category, ~1.8k events  JHEP10(2014)97
200( ” LHCH ] 400l ﬂ LHCb |

150k - i — bk | The y measurement

— Da b does not depend on

------- Combinatorial

------- Combinatorial

100f 200|

the KO, category

- === Part. reco.

5200 5400 5600 5800
m(DK*) [MeV/c?]

= === Part. reco.

N
)

Candidates / (10 MeV/c?)

Candidates / (10 MeV/c?)

)

75200 5400 5600 5800
m(DK*) [MeV/c]

The two K9 categories:

I 10: long — the K% vertex is reconstructed
=y in the VELO
== 29 downstream — track segments of
N | the pions cannot be formed in
the VELO
A.Ukleja LHCb results on CPV 14/04/2015




Measuring y from B decays %

. + O+ 0 0 -
= ; L B =3 5 | T T T T T
b — — — —
S LHCb | & | LHCbDb .
> . > .
o L
O O :
NSI 7| _ N§+ A= —~
T 1L :
TR TN T (NN TN TR WA SN N T SN SH S PR SRR R NN TN SRS TN S N SR T S W
1 2 3 | 2 3
m?2 [GeV?/ 4] m2 [GeV?/ ¢4]

m2 = mz(Kgﬂi)
« The analysis is performed in bins of the D decay Dalitz plot and existing
measurements of the CLEO-c experiment are used to provide input of the D
decay strong-phase parameters
 The CP asymmetries are not uniformly distributed in the phase space, some

regions of the phase space are more sensitive, it shows importance of a
strong phase.
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Measuring y from B decays s
JHEP10(2014)97 gy y i)
o Confidence levels LHCb: 3/fb, B* — D%K*, D% — KO *m
| ‘ :
oo I p 1 The Dalitz plot fit is used to measure CP-violating
oif f® - parameters:
b N v, =(=774+24+1.0+£0.4) x 1077,
I HO)] B — (—=2.24+25+04+1.0 2,
ol Rl Y+ = ( ) x 10~
b | E
B ] r-=(25+25+1.0+0.5) x 1072,
ot s | -
R B® o = (754+29+05+£1.4)x 1072,
0%3 02 -0.1 0 0.1 0.2 03
x The third error arises from the experimental
(»J) 1oL - knowledge of the D decay strong-phase
‘_|‘ ' E B—DK, D—KShh, 3fb™ (robust and full) parameters
11 | I i
08F LHCb | < The measured values are consistent
06k unofficial - with the world average of results from
I (62 +15) previous experiments
04 L ")/ ]
E....683%
02F 4 + World’'s most precise single
0 A 95.5% . R R measurement
50 100 150
y [7]
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Measuring y from B decays

Combining all LHCD tree-level y measurements
LHCb-CONF-2014-004

’_] 1 i | [ | ! | ! [ T |
Q LHCb -
06F .
02F .
C9s.

50 60 70 8 90 100 110

Yy [°]

LHCb: arXiv:1208.3355

A.Ukleja LHCb results on CPV 14/04/2015



Rare B? —» K*(—K*x’) u*u~ decays %

Rare flavour changing neutral current (FCNC) decay (proceeds via a b- to s-
quark) is forbidden at tree level in the SM

It only occurs via electroweak penguin and box processes

SM diagrams NP diagrams
W

RNVAN

b
New, heavy particles can

— S
t o enter in competing processes
~, ZY and can significantly change
ut « the branching fraction
of the decay
t
b . t; — 5 b———v—v——35 « and the angular distribution
W > \W ' HT of the final state particles
‘xﬂ_ X’u_
fire pt

14/04/2015
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Rare B? — K*9(—K*r’) u*u~ decays AHCD |

The final state of the decay can be fully 4
described by three angles and g2=m?

The CP-averaged angular distribution of the decay:
1 (r+r) 9
AT +D)/d@2 a0 32«
— Fy cos? 05 cos 20, + S5 sin® O sin? 6, cos 20
+ 54 sin 20 sin 26, cos ¢ + Sy sin 20k sin 6, cos ¢

3(1 - Fy)sin® O + Fy, cos” O + §(1 — Fy) sin® O cos 26,

un %AFB sin? A cos By + S7 sin 20 sin Ay sin )

+ Sg sin 20 sin 20, sin ¢ + S sin® Ok sin” O, sin Zgb]

S, — CP-averaged observables (relationships reduce the number of observable)
F (= S,) — the longitudinal polarisation fraction of the K*C
AFB( 3/4 S;) — the forward-backward asymmetry of the dimuon system

A.Ukleja LHCb results on CPV 14/04/2015




Rare B? —» K*(—K*x’) u*u~ decays %

LHCDb 3/fb, 2011+2012 LHCb-CONF-2015-002
(‘\lb C ' | T
K LHCb |
% i preliminary A
S 600 —
= 600 |
v |
% 4001 —
2 4001 |
O
5 [ ]
a0 ]
2001 .
0500 5300 5600

m(K ' utu™) [MeV/c?]

Full g% range: 2398 + 57 events

A.Ukleja
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Rare B? — K*(—K*x) u*u~ decays %
LHCb-CONF-2015-002

Example in one g bin The CP-averaged observables F, Ay and S
LT Lch;b'_ - are determined from a simultaneous unbinned
O L preliminary . . . .
= 100 59— K01 signal maximum likelihood fit to three angles and
o 1< <60cvyet | invariant mass distributions in g2 bins
g 50

Good agreement of the fitted function with the data
IS observed

m(K ™ utu”) [MeV/c?]

S LHo, | 3 wioe | S i ]
> r preliminary 1 100 preliminary || & - preliminary -
£ 60 -4 £ 1 = 6o =
= | 1 2 =
M 1 M 4 2
K40
1 2 0 2
¢ [rad]
signal component background component
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Rare B? —» K*(—K*x’) u*u~ decays

LHCD
D)

The measured CP-averaged observables F, S;, S,, S; (LHCb-CONF-2015-002)

LLT] 1 [ L e L oy — T T 1 T T T
§ LHCb 05 LHCb 7
0.8~ ] preliminary . | preliminary
B SM fi ABSZ ] i SM fi ABSZ
0.6~ + [1-503-055r3(311]l[11411-3161t - [1-503.055291?[11411.3161]-
B oH — 'I i *
0 4 '_ + ] j_‘-—o—- _
y —— : F —
02F -] I ]
- 0.5 -
O | PR [T TR TN TN TR [ S S L | PR (T T TN TN TR [ S S
0 5 10 15 0 5 10 15
q* [GeV?/ ¢4 q* [GeV?/ ¢4
N T — T r T T N 1 T T — T
) )
0-5 LHCb 05 LHCb
I preliminary i preliminary
i B SM from ABSZ ] ?i B SM from ABSZ ]
+ [1503.05534][1411.3161]4 . [1503.05534][1411.3161]
O O ——
-0.5- = -0.5F =
| L | L L L L 1 L L L L L L L | L L L L | L L L L 1 L L L
0 5 10 15 0 5 10 15

g [GeV?/c4

g [GeV?/c4]

examples

We determine the P’ series observables: P’y 5 = Sy5/+/Fr(1 — Fp)

A.Ukleja
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LHCD

Rare B? —» K*(—K*x’) u*u~ decays AHCD |
= S5/ Fr(1— Fp) . LHCb-CONF-2015-002
aﬂ‘”l_""l""il""l"'; <CLLO-5_ —
LHCb I . |

preliminary

0.5 :]. s
C + SM from DHMV ]

[1407.8526] ] 0 '
Of —4— i i LHCb i
[ ] I preliminary i
0.5 + [ B SM from ABSZ
i + _+_ -0.5 [1503.05534][1411.3161}
n IR T T IR T T AR T T SRR R TR T

e 0 5 10 15
0 g2 [GeV?/c4]
q° [GGVZ/C“] Altmannshofer et al. [arXiv:0811.1214]

A naive combination of the deviations in two bins
of P’.: 4 <g?< 8 GeV? give a significance of
3.70 agreement with the SM prediction

The g at zero of Az is a good probe of New
Physics. The zero-crossing point of Az is
determined to be 3.7*98 . . GeV?, which is in
good agreement with the SM prediction

-02f GMSSMyy

g* (GeV?)
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So far:
 LHCDb experiment has broad and important beauty program

« Many world’s most sensitive measurements:
< precise measurement of ¢, =-0.058 £ 0.049(stat) + 0.006(syst)
< CKM angle y=72.9"2, % from B decays

<> Some interesting deviations in rare B® — K*%u*u~ decays:
observable P’ in 4 <g?<8 GeV? give a significance of 3.7¢
agreement with the Standard Model

A.Ukleja LHCb results on CPV 14/04/2015
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LHCD
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Charm part

(the selected LHCb measurements on D meson decays)
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SM predictions for charm

e |n SM:

< expected CPV in charm sector
is small < 10-3 (much smaller
than in the beauty sector)

< SM predictions vary widely ——

< New Physics contributions can
enhance CPV up to 102

Int.J.Mod.Phys.A21(2006)5381 ;
Ann.Rev.Nucl.Part.Sci.58(2008)249

LHCD
|} D)

1.00E+00 S s e S s s o e e e e e B S S e s s s s e
1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 3
1.00E-01 | ’ X g
é m]
C 1 .OOE-02-77- Il A N = = = = ﬁ A- é Il = = . -A - = . - -[] - E]- - > m
S 1.00E-03 { & |, s o @
= = A 4 2
©O = 1.00E-04 I . . . D
o) A
8 = 1.00E-05 | ba st : o
N - A A A
o 1.00E-06 | 4 <
o QO
1.00E-07 | T -
1.00E-08 | SM @
1.00E-09

triangles |x| ; squares |y|

« Perfect place for New Physics searching (small background from SM)

, ——— - w L ———
u J d C
DO g4 v S ﬁ)

b

Mixing via box-diagram, short range

A.Ukleja LHCb results on CPV

K* .
o>
K- + e + 3h...

Mixing via hadronic intermediate states, long range
(difficult to calculate)
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The tagging of D° flavour %

LHCDb uses two statistically independent methods to identify D° flavour

<4 pion-tagged method (exclusive) prompt DO i
the sign of slow pion from D* decays is used
to tag the initial D° flavour
DY
D** — DOt 7o
D* — anti-D%m

T K~

< muon-tagged method (inclusive) darv DS g
the sign of muon from semileptonic B decays =~ °¢¢°"“@" s
is used to tag D flavour

B- (anti-B°) — D w anti-v,, X
B* (B°) — anti-D° u* v, X

Vp A

' (DY

A.Ukleja LHCb results on CPV
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D° — anti-D° mixing Lel

Measure the time-dependent ratio of D decays with Wrong Sign to Right Sign

R(t) _ N(D°—=K*Tr™) PRL 111 (2013) 251801
- N(DV—K-—7t)
DCS (M
Do S ke ws DO el K- RS
\ / """" w\@bﬁﬁ? """"""
mixing mixing DCS (\?)
DO
In the limit of small mixing |x|,|y| << 1 and for no CPV: DCS — double Cabibbo
d
N t :13,2 —I— /2 B su.ppresse
R(t) _ WS( ) — Ry + \/Ey’t . Y £2 CF — Cabibbo favoured
Nas(@) 21T T
/‘ If CPV not negligible
the ratio of the interference of mixing R* (1) + R- (1)
DCS to CF the DCS and mixed decays  parameters (for D9) (for anti-DO)

decay rates (M

' =xcosd+ysind y =ycosd — xsind
d is a strong phase difference between DCS and CF amplitudes

A.Ukleja LHCb results on CPV 14/04/2015




Results for D° — anti-D° mixing Lel

We determine the time-dependent WS/RS ratios
in thirteen D° decay time bins

PRL 111 (2013) 251801

Direct and indirect CP violation

R* for D** — DOg*, RY [1073] 3.54540.08240.048
R~ for D* — anti-DO yt [1073] 5.1+ 1.2 +0.7
, , 2?2 [107%] 494 6.0 +£3.6
o @ e premmmeemmmmeed R, [1073] 3.591 £0.081 £ 0.048
"'g ______ LHCb _: y/_ 10_3 454+ 1.2 £0.7
LHCb 3/1b = No-mixing hypothegis #°~ [107°] 6.0+ 5.8 +£3.6
(201 1+201 2) = 4 is a line parallel X2/ndf 85.9/98

0.23M WS decays
DO — K*r~

54M RS decays
DO — Kt?

A.Ukleja

¢ to the t/t axis

lIlllIll

IIIIIIIIIIIIIIIIIIIIIIIIII

No direct CP violation

oF b ; Rp [1073] 3.568 £0.058 + 0.033
yt (1073 4.8+ 0.9 +0.6
. 22+ (1075 644 4.7 £3.0
A Y~ [1073] 4.8+ 0.9 +0.6
IIIIIIIIIIIIIIIIII 227 (1075 4.6+ 4.6 +3.0
| 1 2/ndf 86.0/99
— R - No CP violation
} --------------------- ‘ ------------------------- 3 [Rp [107°] 3.568 +0.058 £0.033
1|y [107%] 4.8+ 0.8 £05
3 ]a? [107%] 55+ 4.2 +£26
20 \F /ndf 86.4/101
tr
DO — anti-D°% mixing is observed
LHCD results on CPV 14/04/2015




Translation into D? — anti-D° mixing parameters %
Estimated confidence-level (CL) regions

PRL 111 (2013) 251801

T UL AL B BN BRI B |
- LHCb (a) CPVallowed 1 (b) No direct CPV | (c) No CPV
o 1 | _
I €l
ol 1 i e ol
= 0
w4l T N N
I 1 [ 997%CL IR
o[ --D68.3%CL : 1 --DP%68.3%CL I --955%CL
[ —D%68.3% CL 1 —DY68.3% CL [ —68.3%CL
O-OII(I)OI10I2 I”—()I.llI”(I)”IIOI.II”IO{2” -OIII%OIIOI2
. C X' [107] \ No mixing
DO — anti-D® mixing is observed
Results assuming CP conservation: CP-violating parameters:
x?2=(55%£4.9)x10° 1. CPV in mixing
Y = (4.8 +1.0)x 1073 0.75<|g/p| <1.24 (68.3% CL)
R, = (3.568 + 0.066) x 103 2. Direct CE}/ -
Ap = R£+R9 = (—-0.7£1.9)%
X2 is very small DD
Measurement is more sensitive to y’ No indication of direct or indirect CPV
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A asymmetry THCH

The asymmetry of the inverse of effective lifetimes in decays of D® and anti-D°
to CP eigenstate: K'K* and mr*

A = I'D°->KTK )-T(D°—-KTK~) _
F p—

F(DO—>K+K_)—I—F(D_O—>K+K—) ~ (%Am + Ad)y COS¢ — $Sin¢

[\

A = 1952 — 1P A Ar? — | Af|* in mixing direct
pr— d P — 2
Tl + 1mg) Arl? + [ A

A makes a measurement of indirect CPV, as the contributions from direct CPV

are measured to be small compared to the current precision
M.Gersabeck et al, J.Phys.G39 (2012) 045005

We measure A in two ways:
1) in B—>Duw X and B — anti-D°u*X (arXiv:1501.06777)
2) in D*—>D%x*, and D* — anti-D’m, (PRL 112 (2014) 041801)
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A asymmetry THCD|
B->D°wX and B — anti-D°u* X (arXiv:1501.06777, L = 3/fb)

DY anti-D% — K'-K*, 2.3M events DY anti-D° — wx*, 0.8M events

—~ ?(103 T T T T <h ?('103' ' ! ' !
L 160F LHCh A —Dat = o f LHCb ~ Data
e 140 [}  —Total fit Clt — Total fit
- }(2)8 3 f -._- - DVSKTK 7 40F ; S
S sof Py [Comb-bhe 3 T g0E Bl Comb. bkg
S Ok ! b 2 F K bkg.
o - B - — E :.'
5 20 e 10
- T~ 5 e .
E Ot‘l"rl-llr"-“'lJl"*l".H'.Fl"—"—ll.l" il BUAE BLEL b '!: E Ot g™ - = L "Mé
5 1 1 3 _5E I 1
1850 1900 1300 1850 1900
MK K*) [MeV/c?] M@ rtt) [MeV/c?]

 The raw CP asymmetry (A™@%) is determined from fits to the mass distributions in
50 bins of the D° decay time
« The value of A.. is determined from a 2 fit to the time-dependent asymmetry

t
op (1) = Ay — Ap;

 The A™V is affected by the detection and production asymmetries which introduce
shift to the constant term. It introduces a bias on A% ; (Agp = Ad" - — AL thT)
but not on A,..

A.Ukleja

Phys.Rev.D85(2012)012009

LHCDb results on CPV 14/04/2015




A, asymmetry Kick

1) In B—->D%uw X and B —anti-D°u*X (arXiv:1501.06777, L = 3/fb)

D0 ,anti-D% — K K* DO, antl DO - mt

" 4Data 4 g 15 ILIHICb +Data —

— Linear fit ] 2 q — Linear fit 3

i+ 1o band; B {4+ 1o band:

| - _ S

= 3

_ ] ] 1 1 3 A =< E ] ] 1 a
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

t [fs] t [fs]

AL(K'K*) = (-0.134 £ 0.077 *0026 . )% | | A (wr*) = (-0.092 + 0.145 *0.025 ) %,

2) Consistent with previous measurements in D** — D%xz*, and D* — anti-D%m
(PRL 112 (2014) 041801, L = 1/fb)

A (K'K*) =(-0.035 £ 0.062 + 0.012) % Ap(mrn) = (0.033 £ 0.106 + 0.014) %

* No significant difference between the two final states
* No evidence for indirect CPV within 1 per mil
(Expected value of CPV in SM is small < 103, predictions vary widely)

14/04/2015
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Searches for CPV in multi-body charm decays %

Decay products form many resonance
states visible in Dalitz plot
= strong phases vary from region to region

D* > ottt
PLB 728 (2014) 585 f2(1270)/lfo(1370)
3:—' AL B B (a

Acp o sin(¢p1 — ¢2)sin(dy — d2)

5
O
weak phases strong phases N;
)

3000

2500

2000

The charge asymmetry can be measured
locally in the regions of Dalitz plots

1500

 No clear indications where CPV would e <—f,(980) 341000
appear 0.5 f,(980) 5 5500

« To find asymmetries we compare locally 0(;' 7 0s 1 15 — -0
Dalitz plots for D* and D- (we perform p/ s, [GeV/cA]

here searches based on techniques
that are model-independent)

14/04/2015
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Searches for CPV in D* — g na*n?t

Binned method

* In each bin we calculate a significance of
a difference between D* and D-

POP = N (D e v (D)

« To cancel global asymmetries (production
asymmetry, etc.) we normalize Dalitz plots

« If no CPV (only statistical fluctuations)
then S, is Gauss distributed (u=0, 0=1)

« We calculate 2 = 2S'.? to obtain p-value
for the null hypothesis to test if D* and D-
distributions are statistically compatible

p-value € 1 in case of CPV

A.Ukleja LHCb results on CPV
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LHCD
|} D)

PLB 728 (2014) 585
. Charm _  anticharm
T
Bediaga et al.
_ Phys.Rev.D80(2009)096006
% ;rjngsse.eo /2;g
B P1 123.4 £ 11.11
if asymmetry Monte Carlo
; | lH Hl_‘ H ‘ | | ’V
-10 0 10
DP
SCP
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LECh
PLB 728 (2014) 585

Searches for CPV in D* - nn*n?t
Binned method

LHCb 2011, 1/fb ~3.1M D* — wr*x*
100 adaptive bins

;E 3E L IR L B AL L +4 & S | | L ; |
~~< B n . N
s © M. Sif L @
S 2N L, 8 LHCb
s F B 2 8 A
mE 2-_ ] +1 K | \_
| & I N©)
1.5_ 0 : | /
Iy I
-2 i i
05F LHCDb 3 2_— -
O:' L N I B 4 o) H—— L . q\.\ L
0 0.5 1 1.5 -4 -2 0 2 4
S, [GEVZc?] Scp

We tested uniform and adaptive binning schemes with different bin numbers

Scp distributions agree with the normal Gaussian function
No evidence for CP asymmetry using binned method

A.Ukleja LHCb results on CPV 14/04/2015




Searches for CPV in D* — nntnt %

Unbinned k-nearest neighbour method (kNN) PLB 728 (2014) 585

 To compare D* and D- we define a test statistic T
which is based on the counting particles with
the same sign to each event for a given number
of the nearest neighbour events

ni—+n_
T:nk(n++n)z+ k 1[(7/ k’)

I(i,k) =1 if i" eventand its k" nearest neighbor
have the same charge (D*—D* , D-—D")
I(i,k) = O if pair has opposite charge (D*—D")

T is the mean fraction of like pairs in the pooled sample of the two datasets

We calculate p-value for case of no CPV by comparing T with expected mean
ur and variance o

p-value € 1 in case of CPV
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Searches for CPV in D* — g na*n?t

Unbinned KNN method

To increase the sensitivity
of the method we divide
the Dalitz plot into regions

Two different divisions:
7/ and 3 regions defined
around resonances

All p-values are above 30%

No evidence for CPV

using binned and unbinned
methods and both methods
provide similar sensitivities
for CPV searches

A.Ukleja
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Searches for CPV in D° — nn*n® %

Unbinned energy test method

 We define a test statistic T, which depends on the distance
between events pairs in the Dalitz plot Ax;

1 n.n
( ~1) E :¢(Axu) pr- ) (Axy)
/J>/ IJ>I i
i,j are D° tagged events i,j are D° tagged events i(j) is a DO(DO) tagged event

A_>~— 2,j 2,i 2 2,i
Xu—(m — Myp, My3 — m23,m13 m13)

w(AxU) = eprx -/202 is the metric used in the analysis

B.Aslan, G. Zech, NIM A537 (2005) 626
M.Williams, Phys.Rev.D84 (2011) 054015

» Itis analogy to the electrostatic energy for negative and positive statistical
charge distributions which is at minimum if the distributions agree

* If no CPV then T will fluctuate around a value close to zero
« T>0 incase of CPV and a corresponding p-value is calculated

14/04/2015
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Searches for CPV in D? — nn*n? THCD

Phys.Lett.B740(2015)158

660k D°— w'n® decays (2012, 2/fb)

Decay dominated by p’’% resonances:
000, p*m, p*

« Using unbinned energy test method, for no CPV hypothesis:
p-value = (2.6 £ 0.5) %

 Result consistent with no CP violation
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Search for CPV in D° — K*K'n*n ILHHECIQI
JHEP10(2014)005

We measure CP-violating observable A, which is built using triple products of final
state particle momenta in the D° center-of-mass frame

[0 (Cr>0)—T o (Cr <0)
I' 5o (Cr >O)—|—FD0 (CTr<0)

. ~ = — — 1 F— —é >0 —F_ _é <O
foranti-D%  Cr = P - (P X Pr+) Ar = rigé—c&oiwﬁﬁg—cﬁ@i

for DO: Cr =P+ - (Pt X Pr—) Ar =

But A; and anti-A; can be non zero if there are final state interactions

« CPV vanishes when strong phase of two interfering amplitudes (6,-9,) is zero
+ while A;is maximal

Acp o sin(¢pr — ¢2)sin(dy — 62)

weak phases strong phases

A o sin(¢p1 — ¢p2)cos(61 — 02)
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Search for CPV in D° — K*K'n*n ILHI:IECIQI
To probe direct and indirect CPV, A is measured: LHCb 3/fb (2011+2012)

1) in integrated the phase space LHCb-PAPER-2014-046

for DO: A;=(-7.18 £ 0.41 £ 0.13)% Large asymmetries can be
for anti-D%  anti-A; = (-7.55 £ 0.41 £ 0.12)% explained with final state
A;=(0.18 £ 0.29 + 0.04)% interaction effects
2) in different regions of the phase space 3) as a function of D° proper time

done by dividing the sample using variables
m2(K*K"), m?(r*), cos(B(K*)), cos(8(w*)), ¢

T S a2 e
> 6fPreliminary . > 6} Preliminary
z 4_— ‘ ‘ [ — z 4t
22—“ ‘ l’ }H f N S S
ot i W i i o gt
4F 3 Al
6F o /ndof=26432 - 6| . /ndof = 7.0/10
A e
Phase space region DO proper time [ps]

No evidence for CP asymmetry
Measurements have small syst. uncertainties (larger datasets will improve result)
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Summary ARCH
So far:

« LHCDb experiment has broad and important beauty and charm physics program

* LHCDb has performed spectacularly well in Run 1 (2011+2012, 3/fb) confirming
so far the robustness of the Standard Model

« Many world’s most sensitive measurements:
< precise measurement of ¢, =-0.058 £ 0.049(stat) + 0.006(syst)
< CKM angle y=72.9"2,.0 from B decays

< Some interesting deviations in rare B° — K*0u*u~ decays:
observable P’; in 4 <qg?<8 GeV? give a significance of 3.7¢
agreement with the Standard Model

<> first observation of charm mixing in a single measurement

<> so far, all results are consistent with CP conservation in charm, but we are
within 1 per mil sensitivity for CP searches in (very close to the SM)
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Prospects %

Future:
 We enhance discovery potential during 2015-18 > 8/fb at Vs=14TeV (Run 2)

 We add new measurements and improve existing ones with more statistics,
for example 6y ~ 490

« LHCDb upgrade (starting 2019) plans to collect ~50/fb data in 2022 and reach
sensitivity which are comparable or better than theoretical uncertainties

e CP violation at LHCb has a large room for improvements!
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LHCb upgrade

LHCD
|} D)

EPJ C73(2013)2373

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb~! by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50fb~")  uncertainty
B? mixing 28, (B — Jh) ¢) 0.10 [138] 0.025 0.008 ~ 0.003
28, (BY — Jh) f6(980)) 0.17 [214] 0.045 0.014 ~ 0.01
as 6.4 x 1072 [43] 0.6 x 1073 02x107% 0.03x1073
Gluonic 281 (BY — ¢¢) - 0.17 0.03 0.02
penguins 23T (BY — K*0K*0) - 0.13 0.02 < 0.02
281 (B — ¢K?2) 0.17 [43] 0.30 0.05 0.02
Right-handed 281 (BY — ¢) - 0.09 0.02 < 0.01
currents (B — ¢v) /1o —~ 5% 1% 0.2%
Electroweak — S3(BY — K*9uTu=;1 < ¢* < 6 GeV?¥/c?) 0.08 [67] 0.025 0.008 0.02
penguins so App(B° — K*Outpu™) 25 % [67] 6 % 2% 7%
Al(Kptp;1 < ¢? < 6GeV?/ct) 0.25 [76] 0.08 0.025 ~ 0.02
B(BT — ntutu™)/B(BY — Ktutu™) 25 % [85] 8 % 2.5% ~ 10 %
Higgs B(B? — utu™) 1.5 x 107 [13] 0.5x 107 0.15x 1072 0.3 x 107"
penguins B(B® — utu)/B(BY — putp) —~ ~ 100 % ~ 35% ~ 5%
Unitarity v (B — DY K®) ~ 10-12° [244, 258] 4° 0.9° negligible
triangle v (B? — D,K) — 11° 2.0° negligible
angles B (B — Jh K?) 0.8° [43] 0.6° 0.2° negligible
Charm Ar 23 x 1077 [43]  0.40x 1073 0.07 x 10~° -
CP violation AAcp 2.1 x 1073 [18] 0.65 x 1072 0.12 x 1073 -~
LHCDb results on CPV 14/04/2015
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Y angle ARCH

Viud Jb)
y=arg | ———.
( ‘/Cd cb

Several D decays are used:
- Counting analysis:

 GLW: CP eigenstates (e.g. D—-KK) [1,2] Decay Wld.th
« ADS: flavoured states (e.g. D~ Krm) [3-5] asymmetries
. GLS: singly Cabbibo suppressed (e.g. D - K°.K) [6] and ratios

- Amplitude analysis: Dalitz plot

. GGSZ: 3-body CP conjugate states (e.g. D~ K°_Ttm) [7’8]} distributions

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

“GGSZ” Giri, Grossman, Soffer, Zupan, hep-ph/0303187;
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CP violation ggf‘%
Huge direct CP violation in decay amplitudes seen in B/B* decays
LHCb 2011+2012, 3/fb Phys.Rev.D90(2014)112004
B > KTK 7~ Bt s KTKrnt

N | T N

=350 @020 MR E B B* KK~ ]

(QD) 300F Combinatorial,f

—_ B¢—4-body

Q 250 ks B—"4-b0dy ]

<200} j o BKKK

7150 =ErSkaatr 4

L |

—E 100 —5

= 50 s ]

o B 7 T _ 0y

e 0 s Sl o e IPPPIRIPE | o O T

O Y51 52 53 54 55 51 52 53 54 55

m(mK'K) [GeV/c2]  m(mwK*K) [GeV/c?]
Acp= -0.123 +0.017 £ 0.012

Neutral particles give possibilities to measure CP violation in three ways:
in decay amplitudes, in mixing and in interference
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Identification of BY_ flavour THCD|

same-side (SS) @SS tagger. " ‘gmb. .
< uses the fact that s quark needed for >
the hadronization of the BY, is produced
In association with anti-s quark
< in about 50%, anti-s quark forms
a charged kaon
<> uses charge of kaon correlated with BO,

opposite-side (OS)
< uses the fact that b quarks at LHC are
predominantly produced in pair with anti-b
< uses charge of lepton or kaon from second B decay
or global charge of particles coming from secondary vertex (vertex of B)

LHCb uses both sides to identify flavour of BO,

Total effective tagging efficiency: (1-2w)?
€ — efficiency of each tagging algorithm, w - frequency of events with wrong tagging

SS,: Eff=(1.2+0.3)% OS: Eff= (2.6 + 0.4)%
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Searches for CPV in D° — mr*n? Lu’“’il\ﬁ

The nominal T value measured in data is compared to a distribution of T values
obtained from 1000 permutation samples

« where the flavour of each candidate is randomly reassigned to simulate
samples without CPV
/ Phys.Lett.B740(2015)158

~ BT
5 LoF LHCD / 5 Measured: T = 1.84 x 10

/ For no CPV hypothesis:
5 p-value = (2.6 £ 0.5) %

World best sensitivity for CPV in
DO — mwrtnd

i Result consistent with no CP violation

T value [10°]
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