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Flavor Mixing in the Charm Sector

* Mass eigenstates # flavor eigenstates

D 5) = p|D°)

q| D)

* Definitions: M1 2 and I'12 are mass and

width of |D1,2> and I'p=(1'1+19)/2

* Mixing parameters

;_Tm—mz y_F1—F2\
Bl = 2 RSO
& % Ry

e Assuming CPT conservation, IplP+lgl*=1

e Convention choice: Dj is CP-even state, CP |D0> = + |50>
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* Long-distance
contributions, dominant
but affected by large

theory uncertainties

&/

» short-distance
contributions, GIM and
CKM suppressed in SM

d, s, b
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CP Violation in the Charm Sector

----------------------
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* need at least amphtudes with dlfferent strong and weak phases. Some

observables: £ Lt ,
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Experimental Status

* DY mixing experimentally well
established: very slow rate x,y < 1%;

SM predictions affected by large
uncertainties ~ 0(102-107)

* CPV not yet observed in the charm

sector. SM expectations are of the order
of 107 or less

* Experimental goals:

* Improve precision (also for single
asymmetries)

* Measure single asymmetries In more
decay channels
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Charm Physics at LHCDb

* All ¢ species produced 1n pp
collisions with very large cross-

section: (pp—cc)~11 mb at 13 TeV

* Produced ~56x102 D% and ~2x1012
D** mesons in Runl data (3 fb!)
at I = 4x10% cm—2s~!, about factor
of 30 larger than samples collected
by past experiments

* Run2 “effective” charm statistics
1s already like Runl, due to
increased cross-section and
improved trigger
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CPV il’l DO = h+h- (1) Runl (3fb-")

[PRL 118 (2017) 261803]

* Due to slow mixing rate of charm mesons (x,y~10-?) the time-dependent asymmetry
1s approximated at first order as the sum of two terms:

| t @R -
Acp(hTh™31) =~ ASL(h*h™) + —ARS(h* ) Ar ~ —ASp
T
ind(p+7,—) — JCP g _|»P q p , defined as the asymmetry
Acp(h™h™) = T[y( = q )COSQ" B x( = l U ‘E )Sln¢]’ between effective lifetimes

CPV in the mixing |a/p|/= 1 CPV in the interference ¢f=0,m

* Neglecting subleading amplitudes, Acp?" vanishes

) 3005 —— Data -
and Ar 1s independent of the final state. If no CPV - — Fit (¢2ndf = 1.40) ]
in mixing, Ar = -x sin(¢) -> IArl < Ix| < 5x10-3 D’ KK [ Signal 3

200
* Goal is measure the time-dependent asymmetry :

150f
* DY flavor inferred with strong D*+—D%1+ decay '

100F

Candidates / (0.06 MeV/c?)

Subsample [106] D' K7t DY KTK- DY— rntg™ 502

2011 MagU 10.7 1.2 0.4 - -
o 00 142 144 1

"
|

46 148 150 152 154

2011 MagDown 15.5 1.7 0.5 Am [MeV/c2]
2012 MagUp 30.0 3.3 1.0

2012 MagDown 31.3 3.4 1.1 S

Total 87.5 0.6 3.0 8
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CPV in D° — h+h- (2)

* D> Knt mode used as high-statistics
control sample where expected CPV
is below current sensitivity

* DY reconstruction asymmetries are
corrected using D°-D? yield
asymmetries in equally-populated bins
of decay time

* Additional soft-pion detection
asymmetries are corrected re-
welghting the candidates using a 3D
distribution (curvature in the bending

plane, Oy, 0y)

* Main systematic: contribution from
secondaries (D’ from B decays)

[PRL 118 (2017) 261803]

0

1

2

Ar before corrections 4,193
Ar after corrections

— 0.8 0.1
% 07t 0.08
5 065 0.06
< f 0.04
0.5 0.02
0.4F 0
0.3F _0.02
: ~0.04
O‘2§ Ve ~0.06
0.1 =% 0.08
b M,
—-0.2 0 0.2
Soft pions asymmetry ¢,9; [rad]
D' — K—nt 36/27)
| e ——
HU % ° (20/27)
1 LHED (13/27)
11D} =,
7 (12/27)
!
12U ¢ : q' /% EEEEE o T — <57/27)
v % (29/27)
] 7727440 og o7
12D } : e (AP (29/27)
Y ﬁiﬁjﬂjjiA r (30/27>
L O I i
- AR |](33/3)
LA el v

Riccardo Cenct 74

DPF 2017, Fermdlab, Chicago, Aug 3, 2017



< O E Runl (3fb"')
CPV 11 D s h+h (3) PRL 118 (2017) 261803]

* Precision approaches the level of 10. No Y —
evidence for CPV and precision improved = f LHED D' =K'k~ t Data -
by x2 wrt previous best measurements < f -

NS
SRR

Ar(KHK) = (<0.830 + 0.32 + 0.10)x1078  —ibenein v,

0 2 A 6 8 90

Ar(m*m) = (+0.46 £ 0.58 + 0.12)x1073 /7
= Fmeh D e Fbm
= 1 — Fit -

* Assuming only indirect CPV contributes TOOEHMM E
to Ar, the two values can be combined : | ~
Ar = (—0.13+£0.28 £0.10) x 1073 S

* Assuming universality of CPV and combining with result from muon-
tagged sample [ JHEP 1504 (2015) 043], we get the world’s most precise

measurement to date (still compatible with CP symmetry)

Ap = (—0.29 + 0.28) x 1073
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LHCb Impact on CPV in DY = h*h-
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* Results are consistent also with previous measurements

* LHCb values dominates the world average (same uncertainties 1if
consider LHCb-only or average) and update with more data is coming
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CPV 1n D+(s)—} n ’TC+ (1) PLB 7???2'()(13;;2-'1)]

Y

* Reconstruct ' — Yy - B}
* Asymmetries measured relative to \ o
those of D* = K " and Ds* = ¢t W bacnebr por

anti-p

decays to cancel production and
detection asymmetries

L 8000
Acp(D* = 0'17)  AAcp(D*™ = 1f/77) + Acp(D = K1) ;
Acp(DE = /'1%) ~ Adep(DE = 1f7%) + Ap(DE = gnt) SO
§ 4000
e Never measured before at hadron &
. A © 2000
colliders due to challenging low-
momentum photons

* Total yieldS: 63k D= 162k D)* eS0T Te00 1950 '2'0'0(')':

m(n' 7" [MeV/c?]
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CPV in D= n'm (2)

Runl (3fb-')
[PLB 771 (2017) 21]

T1,2,3: trigger selections

: : * i 3 7TeVTI1 . -2.12 +£2.39
* [nvariant mass c.hstrlbutlon htin 12 [ 50 I
mutually exclusive subsamples: 7TeV T3 = | 068255
8 TeV T1 ——— —0.83 £ 1.43
* CM ener 8 TeV T2 LHCb | _0.95+1.37
S STevT3 | —e— DT | 3+162
* Magnet polarity Average . " |-058+0.72
-5 0 5
* Trigger selections Alcp [7]
. . : : 7 TeV Tl —— ~0.14 + 1.18
* Main systematic contribution from  7revm — 016+ 122
7 TeV T3 —— —-1.54 £ 1.31
background model JTev s i | oy =
. 8 TeV T2 —— Eﬁfb o | 021£0.67
* Most precise measurements to date ey e DT 06 082
Average B - |-0.44£0.36
-5 0 5
AAgp [%]

Last contribution
from subtracted ACP
in calibration modes

Acp(Di = 77/7Tj:)
ACP(D;‘: 2l 77/77':‘:)

(—0.61 £0.72 £ 0.53 £ 0.12)%,
(—0.82 £0.36 +0.22 + 0.27)%,
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CPVin DY mmmmt

* Test for CPV across the phase space (local

CP asymmetries may be larger), sensitive

to direct CPV

J. Stat. Comp. Sim. 75 (2005) 109
* Energy test method: niv 537 (2005) 626

o Statistical test of two subsamples based on distance
in phase space between pairs of particles

e Distance d 1s a function of squared Invariant masses

* Used here to check compatibility of data with CP
symmetry

* P-even: subsamples split using D flavor

* P-odd: subsamples split using D flavor
and triple products of final-state
particle momenta
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1 Runl (3fb-")
( ) [PLB 769 (2017) 345]

1M DO, purity 96-97%
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CPVin D' a-m - (2)pes 76‘;“;‘51‘%*;2]

o 2o LHCb _even
» Statistical test on samples nand n &% p'_’v:I‘:l n_
Relevant term c0F (4.6i0.5)% :

= Z :Lbil Z ;f?il Zw EDependson 4518_

N1 both samples

7.7>Z ,]>’L i N _E
(d;;) = e~ %/?" | § tunable parameter ?g: } Meas. T :

* Compared with T distribution of no CPV case N _'6
(candidates assigned randomly to each subsample) T value [10 ]

* Compute using dedicated GPU implementation T

. . i E.nf LHCDb -
(see talk by H. Schreiner on Computing session, i P-odd _
Thu morning) 3 p-value =
. 60 (0.6£0.2)%
50
| ; [2.7 O]

* Possible systematic effects (background and 0F E
detection asymmetries) were found below the jg: Meas. T -
current level of sensitivity o } :

* P-odd test marginally consistent with no CPV T T

T value [10_6]

Riccardo Cenct DPF 2017, Fermilab, Chicago, Aug 5, 2017



Conclusions

* Precision measurements of mixing and CP violation are a fundamental
tool to test the SM at energy scales and couplings unaccessible at the
energy frontier

* Thanks to LHC being also a charm-factory, LHCDb is collecting the

largest ever charm samples (~10°)

* Latest Runl results presented here already exceed those from the B-
factories and the Tevatron, achieving (at least in the golden modes) a
statistical precision below 10-?, and systematics already close to 10

* All the results are consistent with CP symmetry and mostly limited by
statistics
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LHCb Upgrade and Beyond

* Analyses update using Run2 data is ongoing: “effective” charm statistics 1s already
like Runl, due to increased cross-section and improved trigger. Many efforts
towards relaxing the selection w/o increasing the systematic contributions

* LHCb Upgrade (Run3-4, 50 fb-1) is around the corner and Phase 2 upgrade is
under discussion (Runb-..., 300 tb-1)
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The LHCb Detector

The LHC detector at LHC, JINST 3 (2008) SO8005

Weight: 5600t
e 110Nt 10M
Long: 21m

VErtex LOcator
~(15+29/pt) um IP resold
~45 fs decay time resold

Cherenkov Angle (mrad)

Muons System

0p/P~0.5-1%@5-200 GeV/c Calorimeters
Tracking system

Excellent trigger capabilities (Level-0 of custom electronics + HLT of commercial CPUs) to handle 11MHz of visible
physics collisions. Events written on tape extremely fast at 2.5KHz, where typical event size is 60-100KBytes in Run
1(2011-2012). In Run 2 (2015-2016) performances are even better. [LHCb-PROC-2015-011]
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