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CP violation



CP violation

CP symmetry applies to processes invariant under the
combined transformation of

charge conjugation (C): exchange of particle and anti-particle

and parity (P): spatial inversion

S N

u

CP violation discovered in 1964 in weak interactions of neutral
Kaon decays by Cronin and Fitch

o

CP symmetry conserved in the strong and the EM interaction

The symmetry under CP transformation can be violated in
™ different ways 4
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Types of CPV: direct CPV

The decay rate of a particle to a final state f, Ay, is
different to the rate of the anti-particle decay to the
CP conjugate final state f, Az

Aj/Ar| # 1
Direct CPV occurs for non-zero Ad
Aa = (|Af? = Af1%)/(|Ag* + |Ag )
This type of CPV depends on decay mode.
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Types of CPV:indirect CPV

CPV in mixing (involves neutral particles)

The transition probability of particles to anti-
particles compared to the reverse process differs.

P(M°(t)— M°) £ P(M°(t)— M")

q/p| # 1

Occurs if;

Where p,q - complex coefficients relating the mass
and the flavour eigenstates

My 2) = p|MP) +4q|M°)
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Types of CPV:indirect CPV

CPV in interference (mixing and
decay amplitudes can interfere)

Present if the imaginary part of As is non-zero

4A; q||Ar| ;
Af = =—Nep || || €
/ PAy pP||Af

p is the CP violating relative phase between q/p and Af/A,

It involves neutral particles

The indirect CP violation is independent of the decay mode.
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CPV in K,B,D mesons

® Discovered in decays of strange and beauty mesons
containing quarks from the down sector

mass—
charge-
spin-
name-

® What about the up-sector?

Quarks

8
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Charm

® Charm is unique: only bound up-type quark system
where mixing and CP violation can occur

No CP violation at

Ved very small

® Making precise SM predictions in the D-meson sector is

difficult
e Perturbative QCD valid at energies >> | GeV

e Chiral perturbation theory valid between 0.1 GeV

and | GeV

e DY mass = 1.864 GeV ,
. e E.Gersabeck, CP violation searches in the charm sector at LHCb ﬁl‘ime
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LHC & LHCDb
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Forward spectrometer at LHC

LHCDb is optimised for heavy flavour physics

......... e bb (and c©) production angles
strongly correlated: heavily
boosted in the forward or
backward direction

LHCb MC
1s=8TeV

n2
0, [rad]

JINST 3(2008) S08005
Int. ]. Mod. Phys.A 30 1530022

Forward acceptance 2<n<5
Precise vertex reconstruction
Precise & efficient tracking
Excellent decay time
resolution ~0.1TD

Hadron identification: RICHes
Dipole magnet with reversible
polarity |
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Run | performance
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Charm production cross-sections @ 7TeV
in LHCb acceptance

frrrrjrryrryrrrrprrrep et

All ¢ species produced at LHCb gmﬂ LHCb
o(D°) =1661+129 ub =
o(D") = 6454+ T4 ub ;3,0::
o(D*+)= 677+ 83ub
o (D: = 197+ 31 |J.b 1()‘3;» T
o(A7) = 233+ T7ub L o e
py [GeVie)

® Cross section for cc in LHCb acceptance

2010 data
‘ 0(CC)pp<8CaV/e,2.0<y<as = 1419 £ 12 (stat) £ 116 (syst) + 65 (frag) ub‘ Nucl.Phys. B871 (2013) 1-20

e ~5x10'2 D% mesons produced in LHCb acceptance in run|

® Huge statistics of prompt and secondary charm: worlds’ best
sensitivity to very small CP asymmetries

ITAT
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The CP asymmetries

Measure the asymmetry in the SCS decays D%—hh
decays (h=K or T11)

r( 0 _ \_r N s 7
AcP(f)= KD f} (D f%

[(D°— f)+I(D°—f
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DO flavour tagging: prompt and secondary charm

h  Prompt charm:

D points to primary vertex
Pvi§\ Daughters of D don’t in general
+ h

The flavour of the initial state (D°.D")

is tagged by the charge of the
soft pion or the muon
N

Secondary charm:
D doesn’t point to PV

| |5
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Prompt vs secondary decays

® Reconstructed prompt D° decays = 3x muon -
tagged D° decays

® Small IP parameter for prompt decays; larger for
muon-tagged decays

® Smaller flight distance for prompt decays; larger for
the muon-tagged decays

e Different decay-time acceptances

L Ll l L] L) L] L] l . L)

r— 3 Convolution of (decay time x
time resolution) and acceptance

- B =D
" T Prompt D

IR BRI -

ll"lllllIlllllllllllllllll”ll”llllll'll"lll"

OO O O O
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3
16 D° Decay Time (ps)
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Indirect CPV in charm



Ar: Indirect CPV in D°—h*h- decays

Comprises CPV in mixing and in the interference

° M 2 —_— 2

Ar = Amy cos(l) + x sm(l) = -acpnd A, = la/p|* — |p/ql
2 1 | 2

(Neglecting direct CPV: Aqy cos @) la/p|* + |p/4l

CPV phase ¢ = B.=0.35° (theory) : tiny
mixing parameters y = AF/ (2F) X = M/F
A' =15, -I1 Am = my — my

Time dependent: Measure asymmetries of
effective lifetimes of decays to CP eigenstates

IAr=[T(D° = h* h") = T(D® = h* h™)] / [T(D° = h* h") + T(D° = h* h™)] |

Universal: does not depend on the decay mode

| 8
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Ar predictions

Phenomenology of SUSY alignment

models
correlations between CP
SM predicts Ar< |10 observables in K° and D system
Phys.Rev. D80 (2009) 076008, SN N L L A |
JHEP 1106 (2011) 089 6 / / -<
» excluded <
Enhancements up to | f “

order of magnitude
are possible in BSM

bo

-'11 X l“1

models 0f

l ||
Large Ar or final state | 20°
dependence will | — 45°
indi Y — 70°
indicate NP o1 o

excluded

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Aeg X IH‘

Ghosh, Paradisi, Perez, Spada
ez 9 arXiv:1512.03962
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Indirect CP violation in prompt D°—h*h- (1fb-')

Measurements use prompt D°—K-K* and
D%— 111" decays (I fb)

PV
Fit the asymmetries between the decay i\g\soff I
times

Ar(KK) = (-0.35+0.62+0.12)x | 0-3

Most precise measurement of
charm CP asymmetries

Ar(TTTT) = (0.331.06£0.14)x 1073

PRL 112 (2014) 041801

Oal .2_' .' gatal ' ' ' ' ' ' ' I I I Oal '2_| .I gatal ! +
=1 —Fit 1.1 — Lt
£ 1.1 | — Prompt signal >g\1 1 . — Prompt sig1¢1al ¢ I; '
a1 2 1 R dl 'E
= =
09 0.9
LHCh ~ | O3x 10® events

r 2 3 tips] = 3 tips]

ratio of D%/D° data and fit models
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Indirect CPV in muon-tagged D°—h*h- (3fb-)

Fit the time dependent CP
asymmetry to extract Ar

Araw(t)=Acpd" - Ar t/T + Ap + Ag

Ar(KK) = (-1.34 £ 0.77 026 434)x | 03
Ar(TTTT) = (-0.92 % 1.45 *025,33)x | 03

Prompt and secondary charm
results are uncorrelated

Using both tagging techniques

improves decay time coverage
21
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Direct CPV searches in
two-body charm decays



Direct CPV

® Condition for direct CPV: IA/A|=
® Need A and A to consist of (at least) two parts: with
different weak (¢) and strong (0) phases

® Divide amplitudes into leading and sub-leading parts:

A(D—f) = C(1+rel®+®) ® C is the leading amplitude

A(D— f) = C(a+re®-4)) ® ris the ratio of sub-leading
over leading amplitude

® (P violation requires difference in strong (6) and weak

phase (P): B B
ace = (|A]>-| AP)/ (| A2+ AJ]?) = 2 r sin(d) sin(})

23
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CPV in decay: SCS D°—h*h- decays

Often realised by “tree” and “penguin” diagrams

Tree-level weak decay amplitude.
® involves the CKM matrix
elements
® Vs and Ve for DO = K*K-
® VusandVdfor D° = TTPTT

One-loop amplitude (“penguin’)
® b-loop involves Vb Vb : tiny

® s and d loops: similar magnitude,

opposite sign

DO

DO

vud,vus -

V

U

+ K+

Vus ® -Ved = 0.22 gives the Cabbibo suppression

24
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What to expect!

Individual asymmetries are expected to have opposite sigh due
to CKM structure

AD° = 7ta~, KYK™) = FL (Vo Vi, = VaaVisy) (T £ 6S) — ViV (P F 16P) |

Direct CP violation depends on the decay mode: can be
different for different final states

Expect non-zero AAcp = Acp(KK)-Acp(TTTT) result in presence
of direct CP violation

25
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AAcp

I’
Acp(f) = agp(f) (1 + (z‘(j)) !/(,'P) + <t(7]_p)> adp where ycp = CrPi 1

Mostly a measure of direct CPV

The indirect CPV is expected to cancel but a small
amount could be present due to the different decay

time acceptance of the two decays

26
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Theoretical expectations

0.004

N

X 0.002

< 0.000!
T o002

acpd’™ <102 within the SM

Enhancements up to |
order of magnitude

o ° °
Qo004 possible in some BSM
| models
R
’Sb —(0.006} SUj3 limit
S

a‘}}}(DO — )

Global fit of D->hh branching ratios to topological amplitudes
including linear SU(3)r breaking and |/Nc-counting

Muller, Nieste, Schacht, Phys. Rev. Lett. | 15,251802 (2015)
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The CP asymmetries

Measure the time integrated asymmetry in the SCS
decays DY—hh decays (h=K or T1T)

LD~ f)-T(D' = 7)
r(D°— f)+T(D° - f)

ACP (f) =

But Acp this is not what we measure.VVe measure

N(D*+QDO(f)n;)—N(D*‘eﬁo(]?)ns-) £r=f=K+K'

N(D“eDO(f)Jr )+N(D*'e5°(f)ns) FeFonn

A (f) =

where N(X) refers to the number of reconstructed events of

decay X after background subtraction

We measure the physical CP asymmetry plus asymmetries due to detection effects and production

Araw =IA\CP + Aproduction + Adetection

28
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Production asymmetries

Production rates of B® and B? (or D°and D) are not the
same

gluon fusion, quarks combine with valence quark from the beam protons,
valence quark scattering, etc.

Y Example mechanism
g~ d
. = &
2 Expected to be around 1%

b

u +
e Zh
u

ap = 22 = B) —a(pp = B)
o(pp — B) + o(pp — B)

29
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Detection asymmetries ()

® Detector asymmetries

1, = S =<0
= ~(F Reversed magnet polarit
e(f) +<(f) il e
@ B-field ® B-field
Negatively Positively
P&_& e P&_& o
Positively Negatively
charged muon charged muon

Muon

® Cancel left-right asymmetries by swapping dipole field

® But do not rely only on it (detectors move, alignment
changes etc. )

30
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Detection asymmetries (| |)

® |nteraction asymmetries: e.g. K* cross-section for
interaction with matter differs from K- cross-section

3 80 T T LI L L l_._l7t+p _;
= PDG —=+TDP -
—  70F -7t d
= “d -
2 -
15} N
L Z
s —_
2 -
) -
® .
—_ -
Q Z

g

10 10°

lab momentum [GeV/c]
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Muon-tagged AAcp

Araw =Acp + Aproduction(B) T Adetection(lvl)

UNIVERSITAT
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AAcp

Main experimental challenge: separate the asymmetries

Araw =IA\CP + Aproduction + Adetection

if we take the raw asymmetry difference:
experimentally more robust

ISt

order

AA, = A, (KK)-A,, (7m)= A, (KK) - A ()

raw

33
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Cancellation of nuisance asymmetries

The detection asymmetries as well as the production
asymmetries depend on the kinematics of the decay

0
-0.2
-0.4
-0.6
-0.8

-1
-1.2
-1.4
-1.6
-1.8

_2 i i i 20 1 2 1 40 i i 1 60

Kaon p [GeV/c]

Ap,Ap (~1%) cancel to |st order but if the decays are kinematically
very different there would be a residual nuisance asymmetry:

equalise the KK and TTTT kinematical distributions by re-weighting

34
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Challenge: Individual CP asymmetries

Acp (KK)=|A,,, (KK)! Ap(u)- A, (B)

raw

n
o /
Vv

want measure

Measure the nuisance asymmetries by using control modes with CF final states (= no CPV)

Additional asymmetries arising v

A, (Kr) < BeDO(%KJr)M!!NX

T~

AD(JT+),AP(D+) < <

D" —= K a°x”

D" = K" — Acpimixint (KO)

Careful treatment of kaon
interactions with matter

Acp(mm)=Ag, (KK)! " Ay

First measurement by LHCb of the two individual CP asymmetries

- 35
UNIVERSITAT
‘ men E.Gersabeck, CP violation searches in the charm sector at LHCb %



Yields

® Using 3 fb-'data (201 and
2012 data)

® 2011 and 2012 data and the
up-down magnet polarities
independently analysed

JHEP 1407 (2014) 041
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Candidates / (1.1 Me¥?)

Candidates / ( 1.1 MeV/c?)

DO K*K-

DO— 11T

x10° I _ ><}o3 . I —
16 LHCb L 60 () LHCb
14 - Data E 30 T -e- Data
12 — Total — Total
10 ---- Signal < 40 ~0.7 My Q- Signal
80 I Comb. bkg. = 30 ) 8 Comb. bkg.
E v @D’- K
60, § 20
40 3
5
20 S
0 0
1850 1900 1800 1850 1900
M(K K*) [MeV/c?] M(T ) [MeV/c?]
0 -yt + S pu—
D= K11 D= K1 1T
x10° e "0 S
s00F- (©) LHCb J 520 LHCb E
E —e-Data E 200 - Data
400 — Total - — Total
: ~9M - Signal ] - Signal 3
300f 8 Comb. bkg. [ Comb. bkg. 1

Candidates / ( 1.1 MeV?)
o
o

200F
100F 50
0 - 0 .
1850 1900 1850

M(K*rt) [MeV/c?]

x10°

LHCb

-e- Data

180

160 — Total

140 ---- Signal

120 8 Comb. bkg.
100

Candidates / ( 1.1 MeV/c?)

0 18I50 1900
M(KJn*) [MeV/c?]
D*—K%Tr*
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World averages

50.6_— (b)
046
e 0.4¢
e 0.2F

AAcp = (+0.14 £ 0.16 (stat) = 0.08 (syst))%| & o 7
Acp(K~K™*) = (—0.06 £ 0.15 (stat) & 0.10 (syst))%| << 0 25
04
Correlation p = 0.28 0.6
Acp(n~mt) = (—0.20 £ 0.19(stat) £ 0.10(syst))% 0 8F
3
-1

JHEP 1407 (2014) 041

IIIIIIIIIII
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-1

BaBar

0.5

N '0.5' o 1
Ap(mn*) [%]

No CPV point

Most precise measurement of
these individual asymmetries

37

E.Gersabeck, CP violation searches in the charm sector at LHCb

Gk



Prompt AAcp

PV
KSOH "

Araw =IA\CP T Aproduction(D*-l-) T Adetection(ﬂ+)
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Selection of prompt D°—h*h- events

PV
KSOH m

® Soft pions trajectories are bent in different directions in the
horizontal bending plane depending on their charge

® Soft pions of one charge may easily escape the acceptance of the
detector around the edges or the uninstrumented beam pipe

® Remove regions with large raw asymmetries in the soft pion
reconstruction efficiency

reiect LHCb-PAPER-2015-055
S Magnet down l 3 Magnet up to be submitted to PRL
? : 8 % _— LA 8
" ER - h% 3
Sk : i
” 3 =< or  3UHOL PG — 0 3

_.:_-;| - -._I 'l'I- T T

| 39
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&DQGLGDWHYV

Selection of prompt D?—h*h- events

® Tight cuts on K and 1t PID to suppress mis-ID

backgrounds

e Cut on Mass DO to suppress multi-body decays

o)

— | 1 1 1 1 E 1 1 1 1 EI 1 1 | 1 1

- /+&E :
F 3UHOLPLQDU

- 1850-1884 :
- MeV/c?

S

_ [+ &E .
3UHOLELQD

- 1845- 1889:
= MeV/c?

&DQGLGDWHWHO9
|

P .. OH9 F

LHCb-PAPER-2015-055
to be submitted to PRL

UNIVERSITAT
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Selection & fit

® Cut on D?IPy? to suppress secondary backgrounds

® Fit Om = m(D™) - m(D°)

X

E—/+&E | _ _ [+ &E ' ST _

- SUHOLPLQDU . [ Preliminary ]

_ ~7.7x10° — ~2.5x10°

F events E N events -

| P[OHO F
LHCb-PAPER-2015-055 SPOH9 B [OH9 ]
to be submitted to PRL
41
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Results for the subsamples

Analysis done in 8 mralregh¥®  X*=6.3(7 ndi)
o p-value = 0.50.
disjoint subsamples _ wrtwpTos
2011 up TIS
Split by — W
e magnet polarity: test A
the cancellation of 2011 down TrS
detector related - .
effects A B
. 2012up TIS
e year: different data —e—
taking conditions 2012 dowgps
e hardware-level 2012 down TS
trigger: different
kinematiCS Of the _1.5I 1 I_|1I | ll—ol.sl L1 I(l)l L1 Io!SI L1 IJI | - 1;1‘.5
decays LHCb-PAPER-2015-055 “Ace %

to be submitted to PRL

sy 42
o E.Gersabeck, CP violation searches in the charm sector at LHCb



Stability checks

e S S o C_hoicg of the binning

—006E 3UHOL PRIDU\ 0.6 E e Time (i.e. run number) dependency
0.04 - E e Number of primary vertices
0.02 h } i | } * = e Quality of the D™+ vertex

0G4 {# 'f"H#i‘{ "ﬁ"{'}#'}'ﬁiﬂ"Hi‘;;”*‘;"{{**ﬁﬂ% ® T kinematics
oo : e DO kinematics
0.06 E e separation in phase space of the D°
0.08 F E and the 1
0.1 e DO mass (inside the signal region)
Run block e PID cuts

o 00 %F——m—m——F————7———— 3 T T |

< LHCb #2 / ndf P L ..e X QG :

— %% suHoLPLRIB U\ 061 1 ° F sunoLplHBBE E
0.0 - = E

aa e —— R S

+— 1

"0.0 = - F =

n OOQ f : ] 1 ] 1 ) 1 1 ] 1 1 1 1 ] 1 . _ - 1 1 ) ] ) ) ) ] 1 1 1 ]
0 10 20 30

LHCb-PAPER-2015-055 P12y 1XPEHBS WIPDRIVW
to be submitted to PRL 43
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Systematic uncertainties

Test alternative signal

Source uncertainty [%] _
. : and background models
Fit Model 0.016 — )
Multiple candidates 0.015 extend fitting range
Peaking background 0.011
Reweighting 0.004
Fiducial cut 0.017 ~_
Secondaries 0.004
Total 7~ 0.030 .. Exclude smaller edge & beam

LHCb-PAPER-2015-055
to be submitted to PRL

Reject randomly events with
multiple candidates - keep
only one candidate

pipe regions; select events closer

to the high-asymmetry regions
Magnet down

-'_.I o

._._...-.. T -__ %
reject<d S 3
b [0

(=

<

/+&E =) =
3UHOLPLQ[_)'-' R

B, e

3
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The final result

The most precise measurement of a time-integrated CP

asymmetry in the charm sector

N EW LHCb-PAPER-2015-055
to be submitted to PRL

AAcP prompt = (-0.10 + 0.08(stat) + 0.03(syst))%

compatible with the muon-tagged result
AAcp sec = (+0.14 £ 0.16(stat) + 0.08(syst))% JHEP 07 (2014) 041

Both results are statistically and systematically uncorrelated

45
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Current experimental status

CDF
—e

e

| BGH.@ prelim:.

LHCb (muon tagged)

—&—
3.01b

LHI_(;_Ib (I_Jilon tagged)
3.0 1b

World average
|_._|

0 1
AAp [%]

Phys. Rev. Lett. 100,061803

Phys. Rev. Lett. 109, [ [ I801

arXiv:1212.5320

JHEP 07 (2014) 041

LHCb-PAPER-2015-055
to be submitted to PRL

naive WA ignoring the indirect CPV contribution = -0.129 + 0.072%
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http://arxiv.org/abs/arXiv:1212.5320

LHCb summary of the CPV searches in D°—=h*h-
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HFAG averages including the latest results

0.015 . .
BaBar = O no CPV
Winter 16 Belle BaBar

0.010 L CDF KK+77m Belle
' LHCb SL KK+77

-~ CDF
LHCb prompt KK - LHCb

LHCb prompt 7w

0.005
SR
<% 0.000 b
< |
: |
-0.005 |~
5 o
—0.010 | 3 I
5
Contours conE
—0.015

—0.015 -0.010 -0.005 0.000 0.005 0.010

ald  aced = (0.056 + 0.040)%
Aacpdr = (-0.137 = 0.070)%

Compatible with no-CPV in the charm sector at 6.5% CL
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Complementary
searches in other 2
body decays



CP asymmetries in D = h*h™ from
theoretical point of view

Feldman, Nandi, Soni
JHEP 1206 (2012) 007

® Modes like D™ = 11", Ds = @K™, which are
induced by the same operators in the weak
effective Hamiltonian as D° = 11117, K*K~

® Could be expected to yield direct CP asymmetries
of similar magnitude.

® One can constrain direct CP violation in tree-level
decays such as D* = KY(K*%)1r*, Ds = TT* etc. in
order to test against NP contributions in charged
flavour transitions.
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CP violation in SCS D*)— K%h™* decays
A (F) = Ace () + Acprn (KO /K®) + Ay (W) + AL (D) h* = K* or T1

Cancel production and detection asymmetries: control
channel D*—®h*

Acpint(K°): small effect from CPV, only K° decays with
short times used

JHEP 1410 (2014) 25

= (+0.03+017+0149)% |  Most precise measurement of
these quantities: dominating in

T
AD ™ = (40.38 + 046 + 0.17)%. the current WA

DE KKt DE_ KO-t NO indicatiOn
ADSRSKE | AD=KIT (1041 + 0.49 + 0.26)%. ¢+ CPV
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CP violation in D= KsKs

Hiller, Jung, Schacht,
Phys.Rev. D87 (2013) 1, 014024

adit,(D® — K°K©)

odit, (DO —» K+K—)

BR(D® - K+K-)
BR(D® — K9K9)

e Using prompt DY, 3 fb-!

® Experimentally challenging:

2 long lived particles

>
@)

|
|
|

Entries / (0.33 MeV)
825883

P—

Nierste, Schacht, Phys. Rev. D 92, 054036 (2015)

~ 3,

(-2.9+ 5.2+ 2.2)% [no CPV

ad%(D° = KsKs)| < 1.1% (95% C.L.)

Only previous measurement
from CLEO:Acp=(23%19)%
[PRD 63 (2001) 071101]
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accepted for publication in JHEP
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downstream track
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Direct CPV searches in
multi-body charm
decays



Isospin decompositions of 2- and multi-body decays

Measurements in one mode can help constrain the theory
uncertainties in other decays

o _ Grossman, Kagan, Zupan,
Decomposition of the amplitudes Phys.Rev. D85 (2012) 114036
ignoring isospin breaking effects

® Decompose the matrix elements
,”4.“ \/_,A3 - \/_Al, in SM and NP contribution

® Test sum rules e.g.

A7r+7r0 — 3A3, %(A,ﬁ-,,— — fi.,r—.,r+) 75 —(A,,ro,,ro — /i,n.o.,ro)

One can build set of isospin sum rules for CP asymmetries in SCS D
decays that can be used to discriminate SM and NP scenarios

Ag+gor- =By — A1 + C3 + Bs,

1
Ap+.,r- = A3z + B3 + —=A; + By,
V2 Axk-m =Bl + J5Ai +V2Cs + B,
Ap -0 = 2A3 — By
’ 1
Apogoo = —B] + —2A1 + \/§C3 — By,

Agog-+ = —B1 — A1 + C3 — Bg,

1
Ap-w+ — .A3 - 33 - ‘EAI + Bla

sy >4
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Multi-body decays and local asymmetries

® Many ways to reach multi-body final states through
intermediate resonances

® Resonances interfere and can carry different strong phases:
Superb playground for CP violation

Local asymmetries

e potentially larger than the phase space
integrated ones

e may change sign across the phase space

e additional information about the dynamics
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Local asymmetries searches techniques

Discover CPV

® Model-independent:

Look for asymmetries in regions of phase space by
“counting”

Phys.Lett. B728 (2014) 585-595,

® binned (X2 difference method) Phys.Lett. B726 (2013) 623633
PRD 84 (2011) 112008

® unbinned (Energy test, kKN N) Stat. Comp. Simul. 75, Issue 2 109-119 (2004),

Nucl. Instrum. Methods A537, 626-636 (2005),
Phys.Rev. D84 (201 1) 054015.

® Model-dependent: Origin of CPV

Fit all contributing amplitudes and look for
differences in fit parameters
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Model independent searches

. . Phys.Lett. B728 (2014) 585595,
Binned (x? difference method) Phys.Lett. B726 (2013) 623-633

® D" 11" 1T decays(l fb'): sensitive to 1°-10° differences in phase
and |-10% in magnitude
p-values for no-CPV hypothesis> 50%
® D% — 4711/KKTTTT decays (I fb'!): sensitive to 10° differences in phase
and 10% in magnitude

p-values for no-CPV hypothesis are 9.1% for KKTT1TT and 41% for 4711

Unbinned (Energy test) PLB 740 (2015) 158-167

® DO 1r1r*11% decays (2 fb')
Better sensitivity than BaBar in general,

Resonance (4, ¢) | p-value (fit) upper limit byt comparable for p® amplitude CPV
p° (+3%, +0°) 11797 x 1072 | 4.0 x 1072
0 0 o r+1.7 -3 -3
p (+0%, +3°) | 15717 x 1073 | 3.8 x 10 _ +0) £\
+2%. +0°) | 50788 x 1076 | 1.8 x 10 p-value = (2.610.5)7%

)
+0%, +1°) [ 63733 x 1074 | 1.4 x 1073

T

/) ( 3 3 . .

p~ (+2%, +0°) 2-0}:3129 X 10“: 3.9 x 10“2 Results consistent with no
+0%. +1.5° 8.9 x 10~ 4.2 x 10~ . .

p” (0%, +1.5°) =6.7 CP violation
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Searches for time-integrated CPV effects in the
resonant structure of D°—KsKTT N

PV
D0—>KsKTr (favoured ) %t N
5000 |- ' 1 & _ ) sorr m

® Using full Run | statistics,
prompt D°

L S &
= = =
[ e T e R
[
o=
-

-
—
—
b
o
Ce—
o
C—
I

5000 |-

|
0 _4 :

., . [ T B L1
U.,LJ(,U,QIU]JI lbl’izu 040608 1.0 1.2|l.4 I.Gr]:.'éi"z.(] I I 6| DO K K_ + 76'
mi., [GeVYe' | mi, [GeVYe' | ® 14 I S I l ; <
1

Candidates / (0.025 GeV?/¢*)

Candidates / (0.025 GeV-

o T T T T -

A - — Total 0 ST

& 6000 LHCb | D _}K K

R K*(892)* S 1T

::;\-; ot | T (K\‘jn‘); wave

= 0r K'(1410)°

>~ (1: '.1 ° °

S e ® Full amplitude analysis

3 2000f o |

N Y R\ e R R Y K*(892)* x K'(1410)°

g T acmon K*(892)7 x (Krt) Fit th litud |

" skt | @ FIT the amplitudes separately
L, o (KT E e X KT(1410)°

—1000 - =

0 15 20 25 30 | fOI" DO and DO events

mig [GeVc' |

. previous analysis of CLEO
Cobmited o pRp. 03528 on ~500 and =300

events PRD85, 092016 (2012)
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Results for CPV searches in the D%— KsKTT

® |n the CPV searches the resonance amplitude ar —ar(|xAar);

the phase Pr— PrtAPR

Aar ADr
K*(892)* 0.0 (fixed) 0.0 (fixed)
K*(1410)* 0.07 £+ 0.06 + 0.04 3.94+35+1.9
(K8 g gave  0.0240.08 4 0.07 2.041.74 0.0
K (892)°  —0.04640.0314+0.005 19416403
V2 0
0 I K (1410) 0.006 +0.034 + 0.017 24545
D= KsK-TT (Km)%....  0.0540.04+0.02 41608
a,(1320)~  —0.25+0.14 +0.01 949+ 3
a9(1450)~  —0.0140.14 £0.12 04544
K*(892) 0.0 (fixed) 0.0 (fixed)
K*(1410)“ 0.05+0.12 4+ 0.08 —6+4+3
(Kf.jﬂ);fwm,(, 0.10+0.25+0.24 —774+3.44+0.0
0 + - K*(892)"  —0.010+£0.024 £ 0.001 —1.4+2.9+22
D KsK*TT K*(1410)° 0.10+0.10 + 0.09 —149+8
(Kt fé_wm,(, —0.07+0.06 + 0.05 —2+4+4
ag(980)* 0.06+0.04 +0.01 345492
ag(1450)* —0.11+0.10 + 0.04 10+8+5
p(1700)* —0.03+0.13 4+ 0.09 446 +2
o 59
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Triple product
observables in multi-
body decays



Triple product observables in theory

Different sensitivity to CPV

CP asymmetries ~sin(p sin0
Triple product asymmetries ~sin( cosd

More careful consideration given in Durieux, Grossman
Phys. Rev. D 92,076013 (2015)

Unlike total rate asymmetries between CP-conjugate

processes, their sensitivity to small differences in CP-

violating phases is not conditioned by the presence of
CP-conserving strong phase differences.
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CP violation in D= KKttt

B DO Analysis based on the
Vﬁ-u < full Run | statistics
s X Using secondary charm

Using triple product of final state particle momenta
Cr = pi+ * (Dt X Pr-) Cr =P+ (Pr- X Dr+)

Define tripple product asymmetries

- PDO(CT > 0) — FDO(CT < 0) A = Fﬁo(—CT > 0) — Fﬁo(—aT < 0)
o FDO(CT > 0) +FD0(CT < O)’ T = Fﬁo(—CT > 0) +F50(—6T < 0),

1 _
agpt? = 5(Ar — Ar)

Ar

All final states interactions cancel
All production and detection effects cancel
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CP violation in D= KKttt

~171k decays JHEP 1410 (2014) 005

= “E 1 = *E o o e D
CHE D BICHD) | e 5P¢H » 1nes | INtegrated over the phase-space
4000 - 4000F =
> 150 : > 35005 5
= 3000 1 = s00f
52500 - g,zsoo; T-odd o
£ 2m0 § £ oo} a'°%cp=(0.1810.29+0.04)%
2 1500 4 B 1500f
S 1000 1 & 100f
Sm R — mo - P L L
s 5 additionally: measurements in
m(K'K w'x) [GeV/c?] m(K'K ') [GeV/ce]
s : = bins of decay time and
3E: E SE— E h -
& ss00E ———3 § 4s00F —T aS€ SpdcCe regions
§:£2_( )BU(C>0) LHCb i gfmo_(d) D”(-C <0) LHCb 3 P P g
> ss00f i 2 ss0f '
= 3000f i = . . .
= soof iz No indication of CPV
§ 2000 i 3
B 1500F 4 B s
S 1000f 1 S o
SO0
R — O Previous measurements by

K wac) [Gevie] (K ) GV FOCUS: (1.0+5.7+3.7)% PLB622 (2005) 239-248
BaBar: (0.10+0.51+0.44)% PRDS81(2010) 111103
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but before that

Prospects
Runl | and beyond



Improved trigger strategies for Run| |

First full calibration and reconstruction of
a HEP detector in real time

Barbara Storaci

® TJurbo stream of the trigger: Do SamE:

® Data are ready for analysis directly after the trigger
® Smaller size of raw events: reduce pre-scaling

® More efficient exclusive charm triggers
e Split high level trigger in 2 stages: gain CPU power

® Events from lower trigger levels can be buffered on
disk while performing real-time alignment and
calibration

® |mproved speed of the algorithms
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http://lhcb-doc.web.cern.ch/lhcb-doc/presentations/Seminars/Storaci_LHCb_runII.pdf

Run 2 cross-sections & estimated integrated

luminosity

® More data!!! Higher cross-sections in LHCb
acceptance x2 @ 13TeV

| o(pp — ceX) = 2044+ 3+ 183+ 156 ub, | arxiv:1510.01707; submitted to JHEP

compare to Run | @ 7TeV

2010 data
‘ 0(CC)pp<8CaV/e,2.0<y<as = 1419 £ 12 (stat) £ 116 (syst) &= 65 (frag) ub|  Nucl.phys. B871 (2013) 1-20

fb'! | 23fb! | 46 fb! |,100 fb-!

‘—> Aacp: uncertainty 10 at 50 fb!

upgrade; gain more data by

removing the LO thresholds
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Conclusions

® Precision measurements in the charm  AAcp prompe = (-0.10 £ 0.08 + 0.03) %
sector at LHCDb

0.010

Ar SL KK+7m — @ noCPV
Ar prompt KK  —

® CPV in charm not yet observed: A prompt = LHeh
o o 0.005 } .. :
All searches consistent with no preliminary
direct or indirect CPV 58 '
<@] 0.000 |

® The key measurements are still
statistically limited

AAcp prompt —

—0.005 |

|

® Several key LHCb Run I analyses still = =% o005 o000 oos ooc
ongoing ac
, LHCb-PAPER-2015-055
® Improvements with Run |l,and even t0 be submitted to PRL
more with the upgraded LHCb
experiment
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