Event 351483885
Run 187340

----

Fri, 02 Dec. 206208000

17th conference on Flavour Physics and CP violation (FF’CP) i

Victoria, Canada, 6-10 May 2019

oz L)
ﬂ-‘—

Mixing and CP violation in charm at LHCb

Tommaso Pajero - Scuola Normale Superiore & INFN, Pisa

on behalf of the LHCb collaboration

tommaso.pajero@cern.ch

INFN
Istituto Nazionale di Fisica Nuclea

<)SCUOLA
NORMALE
SUPERIORE

S



mailto:tommaso.pajero@cern.ch

Why charm physics? D) = pIDO % g15°)

g ‘CPVallowed
= 1| moriond 2019 ‘
e It is the only up-type quark forming mesons where - '
CP violation (CPV) can be observed; 08
e complementary to K and B mesons. 06/
0.4)
e Inthe SM, CPV is expected to be typically < 10-3; 02 I+ T,
e CKM+GIM suppression; o I 2(my —my) o
e large theory uncertainties owing to low-energy ENo mixing L+T, L5
strong interactions. e I N N
-02 O 02 04 06 0.8 1
x (%)
* First observation of CPV on 21st March 2019; g 40&'@! 'é‘é
arXiv:1903.08726 g% iio
Mainly a measurement of % 20;
AArp=(—154%209)- 10~* CPV in the decay. <10
see talk by Fabio Ferrari I O
-1 -
o More work is needed to clarify the physics picture; 24
. . . . . _ -30- e A
o still missing observation of time-dependent CPV. 5 No CP violation
~%.4 203 202 201 0 01 02 03 04
Iq/pl-1
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Outline

1) Measurement of Am of DO eigenstates in D0 = KOs t+1t-
with 2011 —2012 data (3 fb-1);
arXiv:1903.03074

with 2015—2016 prompt data (2 fb-1).

2) Measurement of time-dependent CP violation (Ar parameter)
L7 New
LHCb-CONF-2019-001
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Measurement of Am
of D% mass eigenstates

arXiv:1903.03074
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Mixing and CPV with D0 —=+KD0s rt+11- decays

e LHCb Run 1 sample (2011-2012, 3 fb-1);

e D0 —K0Os r+11- decays feature a rich
resonance spectrum.
e good sensitivity to mixing and time-
dependent CPV parameters thanks
to varying strong phases;

o difficult to model the decay
dynamics and acceptance effects.

Candidates per 0.1 MeV/c?

Candidates per 1.5 MeV/c?

10} arXiv:1903.03074
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mZ2, < m2_ region: mixed decays are

The “bin flip” method more iinponam

arXIV 181 1 .01 032

IR 5
e New approach (arXiv:1811.01032) to Tt . = mb( ) .
minimise dependence on: S 250 ] =
! L B 6
e amplitude model; S T
e detector acceptance. - : 2
1.5 - |4 :é
- 13
e Data are binned in Dalitz plane to keep 1 Em
strong phases approximately constant; o5k Jm,
e external measgrements of strong-phases R TETY Ay
from CLEO arXiv:1010.2817 used as m2 [GeV?/c4]
constraints; m2, > m2. region: dominated by unmixed

> m= minated by u
e no modelling of dynamics of D0 decay is ~ CaPiPpo-favoured DI=KI(892)+ decays.
needed. arXiv:1903.03074

LHCb Z

w

200

m2 [GeV?/c4]
[\o)
(9]

e Data binned also in decay time;
e measure ratio of yields in opposite bins

[\

150

Candidates per (4.5 MeV?/c*)?

across the bisector of the Dalitz plot; 1-52 100
e acceptance effects cancel; 1t 50
e good sensitivity to x. 05f N

'0.5'”'1””1.5””2”'2.5 3
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arXiv:1903.03074

Results

Parameter Value 95.5% CL interval
e Consistent with CP symmetry;  [1077] 0.27+017 -0.05,0.60]
e most precise measurement of x y [1077] 0-74f(?é§7 [ 0.00, 1.50]
by a single experiment. la/p 105~ 077 | 0.55,2.15)
o) —0.09 7016 [—0.73,0.29]

e When added to the world average of the mixing parameters, gives first
evidence that x > 0 at > 3o level (the “CP-even eigenstate” is heavier);

e sensitivity to ¢ mainly relies on observables « x sing.

o L e Y T T T T T T T ‘ I

| 1 - —

)

= | \: Curr.ent world average LLHCD - 05l \: Curr.ent world average LLHCb 1

= 09+ + this measurement — . + this measurement
08| . - ;
0.7} - 0f- / -
0.6~ - - ‘ '
05 ] 05+ _
041 \ ! ! ! ! ] C 1 ! \ ! ! ! [

-0.2 0 02 04 06 038 | -03 -02 01 O 01 02 03
x [107] lg/pl — 1

e Around 30 times more data has already been collected during Run 2 (2015—2018).
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Measurement of CPV parameter Ar
in DY two-body decays

LHCb-CONF-2019-001

Today — brief review.
More details at tomorrow poster session.


http://inspirehep.net/record/1735332

Definition of Ar

o Measure of time-dependent CPV in the DO singly Cabibbo-suppressed
decays into CP eigenstates:

x,y < 1072
0_, _T(D° -
I(D° = f.1) = T(D° = f.1) iAdecay(f) Ap( > F= KK ntn
Tpo

crll) = (DY = £.1) + [(D° — £.1)

CPV in the interference

7 40 Wio
g % 20
acro([ 2] - 1) Lty - AL
', i L ‘ ’\g 20, B
CPV in the mlxmg ~1x10% - negligible at £ , ’
the current exp. precision o g
(8 x 10%), arXiv:1903.08726,  -1¢ f

arXiv:1610.09476

D, ,) = p|D® + q|D°) -3¢

_ aAr\ q ~%42 0302 01 0 01 02 03 04
¢p=arg| — | marg| — /ol
PAy $ p /ol

Du 2006, Grossman, Kagan, Nir 2007
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Motivation and experimental status

0.0100
HFLAV BaBar E O no CPV
0.0075 Belle T BaBar

1. Test of the SM; ol o

LHCb
0.0050 LHCb prompt KK

e SM predictions: = 3 x 10-5 arXiv:1812.07638 .05 |
e independent of the measurement of CPV <5 00000 s

o]

in the decay (AAcp); Lo002s

—0.0050

LHCb prompt 77

NNNNN

—0.0075  ©

LHCb SL
I LHCb prompt:

2. required input to measure CPV in the decay
from time-integrated Acp(K+K-) and Acp(rt*1T);

—0.0100 f

| LHcb promp

—0.010-0.008—-0.006—0.004—-0.002 0.000 0.002 0.004 0.006

; o
Acpth*™h™) = AS(h*h™) — A M
\\W Belle 2012 } % o % } -0.030 = 0.200 = 0.080 %
~ 2 at LHCb

BaBar 2012 }} o }} 0.088 = 0.255 = 0.058 %

-0.120 = 0.120 %

e World average (-3.2 + 2.6) x 104 dominated
by LHCb measurement with Run 1 (2011— "= |+
201 2) prompt data arXiv:1702.06490. LHCb 2016 D** tag H -0.013 = 0.028 = 0.010 %

World average H -0.032 = 0.026 %

PP PP I I T B
02 01 -0 01 02 03
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Data sample

e LHCb 2015—2016 data (2 fb-1) V/‘
h-

e DO flavour at production inferred from D™+ — DO TT+tagq &
. DO
strong decay; _Z Tt tag
e asymmetry measured in 21 bins of decay time. 5 D+ 5
PR x10° x10°
& 1200 [T ! ! ! ! [ ! ! ! ! [ ! ! ! ! T _] (‘/\l-\ o I ! ! ! ! [ ! ! [ I ]
§ : :.. LHCb preliminary ] § 350 3 .'.. LHCb preliminary 3
é) 1000 :_ ® . DOeK*‘K_ __ é) 300 ;— ® e Doeﬂd—ﬂ_ —;
— 800k I 1 = 250F o, , i =
= C Pt 1 2 F : : .
= ok | 17T M 1 I 200F -1 9M E
g 5 .o L 1 purity 90% 1 2 i5F Pl purity 83%_5
S 400 e 1 = : L ]
E ol Sy 1B R 3
o 200r O s0F E
oC ' ot
140 145 150 155 140 145 150 155

m(K*K nt ) — m(K*K') [MeV/c?] m(w*ta ) — m(ato) [MeV/c?]

tag

e Precision of the measurement is at the level of 3 x 10-4. Analysis method
validated on Cabibbo-favoured DO0— K- i+ decays (146 M);

o ArKm =0 within experimental uncertainty.
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Detector-induced asymmetries

e Time-dependent asymmetries arise due to:

e correlation between the measured decay
time and the momentum of the DO induced
by trigger requirements;

e momentum-dependent detection
asymmetries of the m*tag.

D*+ — [h+h_]D0

self-conjugate,
no asymmetries

large detection
asymmetries

o Effect removed by weighting the events to
equalise the 3D momentum distributions of DO
and anti-D0 candidates;

e weighting performed separately for different
data-taking years and dipole-magnet
polarities (different detector conditions lead
to different asymmetries).

LHCb-CONF-2019-001

~ B ‘ L
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Secondary decays

e (Contamination of D** coming from b hadron decays.

: h*
primary L{ secondary

decays @ decays
o.” | &
/D/ ” 7 S ’B’ _- -
— @ —

p p
IP =
U 11;;/%A

e Measured decay time of secondary decays biased to longer decay times:
e 1(BO) = 41(DY);
e DO flight distance is measured from the pp vertex.
e Fraction of secondary decays in the sample increases as a function of time.

Atot(t) — Aprim(t) +fsec(t) | [Asec(t) - Aprim(t)]

# 0 because of different D*+ and
b hadron production asymmetries
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Fit to the TIP distribution

3 0.6 1 ' 1 -
e TIP =IP in the plane transverse to the beam. o sE LHCb preliminary E
o equal to zero for primary decays; : ]
. . . . 04 -
e increasing as a function of time for - ]
secondary decays. 03F E
02F -
e Fraction of secondary decays and 0.1F E
asymmetries from simultaneous fit of D% and b
. 0 . . . 0 2 4 6 8
anti-D0 decays in all time bins. tr .,
D
first time bin central time bin last time bin
g 10* E—LHCb p;elilmilnalryl I o +D‘“‘1 g_LHCb p;elilmilnalryl I I +Df““‘ ELHCb p;elilmlrnalryl I +D_ata
3 E 1/7,, € [0.60, 0.88[ jl‘f“, .1 FvryEn87.199 jlf‘F 1 tumpea9r.8000 & jl}j“, o
= otk Secondary cana.| [ D"KK , Secondary eand.] [ D'KK ’ Secondary cand.|
& 10 E2016 MagUp 3 E 2016 MagUp 1 | 2016 MagUp i
S f -
2 107
S
10;
g
4E
=
Y
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Results for the control sample

X2 / ndf

LHCbD preliminary ~ D"—K 7+
L L

e Results divided according to year and 15 Upl i + 423634 '(44'/1'9)
magnet polarity. P -0.2 + 4.6 (20/19)

~11.5=2.7 (41/19)

I5DwiF ™ o
e Red: raw results before kinematic ’ 3836 (18119)
weighting and subtraction of secondary 16 Up|- FU - sl ggﬂgg
decays (just |TIP| < 40 ym requirement N
to reduce their number); 16 Dw L @ - A, tg.% * H 8%83
e Black: final results after kinematic N
weighting and subtraction of secondary  avg.|- o b +f(-)47i+0-181(1(1}g§
T I ST R M
decays. 20 0 20 40

60
Allf” [10'4]
Whole data sample

— 03 - : - ——— Average compatible with
X o2E v?/ndf =9/19  LHCD preliminary 3 L 4
= E 0o E zero within 1.1 x 104,
= 01E D"—K 7* =
E 0 ,—_-{:ﬁﬁﬁ}fwﬁg, L —t— 3 4
< -0if T = Ap(K %)= (0.7 1.1)x 10~
02 F =
03 2 4 6 )

8
1T
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Systematic uncertainties

knowledge of TIP resolution and PDF of secondary decays

Source KK (104 1t (10-4)
Subtraction of secondary decays 0.4 0.4
Binning of the kinematic weighing 0.3 0.3

m(h+h-) bkg. from partially-reconstructed and

misidentified D-meson multi-body decays 0.3 0.2
Subtraction of Am bkg. from random T+tag 0.3 0.5
Total sys. 0.7 0.8
Statistical 3.5 6.9

e Systematic uncertainty:
e reduced by 30% with respect to previous LHCb result arXiv:1702.06490;
e a factor of 3 under the stat. unc. of the world average.
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Results

LHCb CONF 2019-001, 2015—2016

g 'E 2/ndf = 22/19 LHCb preliminary
S 0.5;— : D'—K'K _E
: 05——ii+;f-ﬁ#+j'++{+} 1 4 AK*K)=( 13£35+£07)x10™
< -0sE t =
-1 —
g 'E | Xz/ndf = 18/19 LHCb prehmmary
—~ 05F 0_s o+ 3
= "k ++ + + b =m'x E + - —4
E oF 4 Az z7)=({113x£69£0.8) %10
< =05 s e
1 , , =
0 2 4 6 8
t't

e Average between the two decay channels and with LHCb Run 1 results
(2011 —2012) with D*+ tagging arXiv:1702.06490:

e Consistent with CP symmetry;
e dominated by statistical uncertainty.
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Conclusions

e LHCb measurements of CPV in charm still limited by statistical uncertainty:
e even in DO —=K0s rt+11- three-body decays (first 3o evidence of x>0);

e Presented for the first time the measurement of the CPV parameter Ar
with LHCb 2015—2016 data:
e compatible with zero within 2.2 x 10-4 (improves by 22% the world
average);
e still need to improve to compare with SM expectations (= 3 x 10-9);
e other 4 fb-1 of data collected in 2017 —2018.

e LHCb upgrade Il will be fundamental if we want to reach the SM predictions
for CPV (talk by Silvia Gambetta).

FPCP, 2019-05-08 T. Pajero (SNS) | Mixing and CPV in Charm at LHCb
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Conclusions

e LHCb measurements of CPV in charm still limited by statistical uncertainty:
e even in DO —=K0s rt+11- three-body decays (first 3o evidence of x>0);

e Presented for the first time the measurement of the CPV parameter Ar
with LHCb 2015—2016 data:
e compatible with zero within 2.2 x 10-4 (improves by 22% the world
average);
e still need to improve to compare with SM expectations (= 3 x 10-9);
e other 4 fb-1 of data collected in 2017 —2018.

e LHCb upgrade Il will be fundamental if we want to reach the SM predictions
for CPV (talk by Silvia Gambetta).

Thanks for you attention.
Any questions?
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Backup slides
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;s 0.8F T, T
s / 0.6/ T .
/S Wy - kaon ID efficiency 95% -
V4 0'2 1t mis-ID probability 5% _ T
e e a SN VT
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15 + 29/pt um (IP) ECA M p [MeV/c]
45 fs (decay time) SPD/P M3 250mra \
Magnet RICH2 M M2
/ 13
T2
/ T1
RICHI muon
G4 L TT,
B chambers
ogato
O '\ 2
\ \{ I ,
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4 T m (Vertical) for p = 20—200 GeV/j
The LHCb detector at the LHC, JINST 3 S08005 (2008)
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Time-dependent CPV in Charm at LHCb upgrade Il

Physics case for an LHCb Upgrade Il, arXiv:1808.08865

Sample (£) Vield (<10 o(2,) ol o(Ap) o(la/p) ()
Run 1-2 (9fb~ 1) 1.8 1.5x107° 2.9x107* 0.51%  0.12 10°
Run 1-3 (23 fb_l) 10 6.4x107°% 1.2x107* 0.22% 0.05 4°
Run 1-4 (50fb~1 ) 25 3.9x107% 7.6x107° 0.14% 0.03 3°
Run 1-5 (300fb~1) 170 1.5x107% 29x10™° 0.05%  0.01 1°
Sample (L) Tag | Yield K"K~ o(Ar) | Yield ntn~  o(Ar)
Run 1-2 (9 fb=1) Prompt 60M 0.013% 18M 0.024%
Run 1-3 (23 fb~!)  Prompt 310M 0.0056% 92M 0.0104 %
Run 1-4 (50 fb~!)  Prompt 793M 0.0035% 236M 0.0065 %

Run 1-5 (300 fb~1) Prompt 5.3G 0.0014% 1.6G 0.0025 %

Assumptions:

« x2 of hadron trigger efficiency (no hardware
trigger + new magnet stations);

+ current LHCb performance is maintained in
Upgrade Il conditions;

- statistical uncertainty only (with 1/\/N
scaling).

¢

\ ‘ \ ‘ \
02 HFLAV World Average 2017
| [ LHCb 300/fb
0.1
0 e
-0.1=
021+
| : \ ‘ \

085 09 095 1
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Tagging strategies

To identify the flavour at production of the D® meson:

h+
e Prompt tag: strong decay D*t — Doy'rgr //Y
e larger production cross section; -
e tight trigger cut on Do flight distance and DO n
h+, h- impact parameters to improve S/B; W
e low trigger efficiency at low decay times; o . D
e DO points at the primary vertex (PV).

e Semileptonic tag: weak decay B > DO,M v X charge
. . H flavour tag

e |ower production cross section; h+

e no need to cut on DO flight distance; h-

o all DY decay times collected by the trigger; M Do / _

o total yield = 25% of prompt one; & 7 v,

e DO does not necessarily point at PV. B_ N

./ \ X

e Double-tag: B — [D 7] p X P p

e highest purity;
e lowest yield.
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Fit to ratios

CP-averaged yield ratios

difference of D0—anti-DO yield ratios
= N(=b)/N(+D) y
¢ Prompt¢ Semileptonic ~ —---Fit . ¢ Prompto Semileptonic ~ — --Fit
onf * o 00F % : LHCb Joo2 .,
~ % s ILIIT % ] N
o 0'15 = +|l\ O TITT T I % :O +|oo
v I * o =
o H0.25 L 0'12: Hoos | o
" : o ’ © R 00 %} fﬁ %%é ii% i;%ﬁ % ] s
& 6 y 1 a4 | YU J% -0 |
E A 50'2 & 00 %% * % % —5—0.05 -&\D
S3E do1s -0.1F f
035 o8 402
C : |~ 0.05F E |~
%m 0.3: ) ‘ %v %l O%ﬁﬁnh; I % Egl %|
E ' & %TT ! ¢ $ Jo01 &
0.25F E 005F 3-02
0.5F Jos 0.04F % % Jo.0s
N ] I~ 0.02F | &N
. 048f tae s 4 ] N 5 : % S
R gaef * 1025 &< s T ; f T % %} %% RN
E %Xr%----é ------------------- ] & 002 ]ﬁ <} ! %Jﬂﬁ <
044} Joa ooab +4-0.05
2 4 ‘ 30 o2 4 | 00 2 4 ‘ 20
t't t't

Offset between prompt and semileptonic data due to efficiency variations
along the Dalitz plot.
Slopes are sensitive to mixing and CPV.
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DO — KOg 1111~ results

arXiv:1903.03074

Parameter Value Stat. correlations Syst. correlations

[107] Yep Az Ay yep Az Ay
Top 27 £16 04 —-0.17 0.04 -0.02 0.15 0.01 —0.02
Yop 74 £36 £1.1 —0.03  0.01 —0.05 —0.03
Ax —0.53 £ 0.70 £ 0.22 —0.13 0.14
Ay 0.6 £1.6 £0.3

e Dominant sys. uncertainties from: secondary decays and combinatorial bkg. (Xcp),
neglecting decay time and m.2 resolution (ycp); non-symmetric efficiencies across the
symmetry line of the Dalitz plot (Ax, Ay).

z=—(y+1ix)

arXiv:1811.01032
Zep £ Az = (g/p)*'z

1- -
rop = —Im (2¢p) = = :z:cosgb(g + E)—Fysingb(g - E)
2 ( pl 14 rl 141/
1- -
Ar = —Im(Az) == :zccosgb(g —E>+ysin¢(g+g>
2 ( pl 1q pl lal/]
1_ -
yCP:_Re(ZC’P):_ Z/COS<]5<g + E)—azsirmﬁ(g — ]—)>
2 ( rl 14q rl g1/
1_ -
Ay:—Re(Az):—ycos¢<g—]—9>_xsin¢<g+z_j>
2 ( pl 1q pl lal/]
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Ar definition I
ﬂ(D_O - f) gA
R, = ! q
T a0 > f) ¢f_arg<pA>zarg<_>
) 0
decay _ LB Du 2006, Grossman. Kagan, Nir 2007
cP =7 1p2 ' ' '
1 +R?
x,y < 1072
TP’ = £, —TD" > £ 4 4o L
App(t) = RAS( AN — ). f=K'K 7'z
I(D° = £,1) + (DY = f, 1) TpHo
2R}

Ar(f) = — [(Rme + R,;lRf—l)x sin ¢p; — (R, R, — Rn;lRf—l)y cos qbf]

(1+R??

Expanding Ar up to first order in CPV parameters gives:

CPV in the interference
q
A~ (] \—1)—l xdy - yAdecay(f)

CPV |nthe mllxmg ~1x105 > egligible at arXiv:1903.08726,
the current exp. precision (3 x 104) arXiv:1610.09476
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p
Oy = arctan )
P

Detector-induced asymmetries
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Detector-induced asymmetries
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Time-dependent asymmetries
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Kinematic weighting: dilution of measured Ar

e The correction comes at a price:
e owing to the correlations between the measured (D% and p(D9), a physical time-
dependent asymmetry would reflect in a momentum-dependent asymmetry;

e it would be partially cancelled by the kinematic weighting.
LHCb-CONF-2019-001

. T | ]
Size of dilution evaluated as follows: E 40 LHCH preliminary
i 0 I
1.assign randomly the_ flavour of the_D for ST, DO—sK
each event (— no initial asymmetries); < 20k |
2.inject an artificial Ar by selecting the S
events with a time-dependent efficiency 3 ([ _
(opposite slope for D2 and anti-DY); 3 [
3.apply the kinematic weighing and S _20Fk 2ndf = 8.4/9 |
measure Ar. I 4=04 = O 3 I
40 m =0.877 = 0.008 -
Dilution: (87.7 = 0.8)% | |
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Backgrounds under m(D9) peak

e Small contamination under the D% mass peak from multi-body partially and
misreconstructed D-meson decays.

e estimated from template fits to m(h+h-) distributions;
e systematic uncertainties equal to 0.3 x 10-4 (0.2 x 10-4) for the K+K- (rt+11) sample.
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Backgrounds under m(D9) peak

e Small contamination under the D% mass peak from multi-body partially and
misreconstructed D-meson decays.

e estimated from template fits to m(h+h-) distributions;
e systematic uncertainties equal to 0.3 x 10-4 (0.2 x 10-4) for the K+K- (rt+11) sample.
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Secondary decays: systematics

e Atlow decay times it is difficult to distinguish
secondary decays from the resolution tails of

LHCb-CONF-2019-001

primary decays in the fit to the TIP distributions; s 0.6 : : , : —
o fix the TIP resolution to the results of “~ | LHCb preliminary 2 ;
simulation, in each bin of decay time 0-5F / E
(model (ii); 04E E
e uncertainty on the choice of the PDF of . Y .
secondary decays (exponential); 0.3 E
e fix the fraction of secondary decays to that o2 E —t— Baseline model 3
obtained in simulation (model (iii)); - —+ Model (11) .
e take the PDF of secondary decays from a 0.1F 1 ﬁojei () E
sample that combines D*- candidates with o T+ Modeltiv)
b+, used as a proxy for secondary B¢ — D* 0 6 8
u+X decays (model (iv)). Ty
Sys. unc. 0.4 x 104
(sum in quadrature of the two uncertainties)
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