CPV measurements at LHCDb”

%
- very subjective choice of measurements,
- mostly old results,
- also addressing experimental challenges. 2. Direct CPV
3. Time-dependent CPV

1. A few words on the trigger

29/03/2022 S. Stahl, #charmingclues



The LHCb experiment

* Records LHC proton-proton collisions (and sometimes heavy ion)

— Run 1: 3 tb™' (7 and 8 TeV),
Run 2: 6 tb™' (13 TeV)

— Run 3+4: Around 50 tb™' planned (13-14 TeV)

* Forward spectrometer:

~ 45 kHz bb pairs and /

1 MHz cc pairs

Collision point

29/03/2022 S. Stahl, #charmingclues 2



The challenge to collect charm (Run 2)*

~1 MHz cc pairs!
0(10") cc pairs in LHCb in Run 2

* Assume 5% efficiency of full trigger selection chain

 Event size 70 kB (raw detector information)

—> Charm bandwidth = 1 MHz * 0.05 * 70 kB = 3.5 GB/s

* Limit to tape storage 1 GB/s

— Cannot write out full information of all signal events,
even with a pure trigger

*My own very rough estimates

29/03/2022 S. Stahl, #charmingclues 3



Turbo stream in Run 2

arxiv.org:1604.05596

arxiv.org:1903.01360

* Persist reconstructed objects in trigger, discard raw
information

* Analysts choose what to persist

— Up to factor 10 reduction of event size

* More events at same bandwidth — more physics
(you will see later, why this was important)

* Big success story

— 2/3 of triggered events persist raw detector
information,

— 1/3 of triggered events go to Turbo stream
(almost all charm), bandwidth 100 MB/s

—

Candidates / ( 0.1 MeV/c?
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https://arxiv.org/abs/1604.05596
https://arxiv.org/abs/1903.01360

LHCb Upgrade |

ew software trigger bas etector for Run 3:
2 40MHz readout
¢ All elec eplaced in all subsystems

¢ Pile-up of 6 (used to be ~1.5)

New Upstream PN
tracker =\ T

Removal of first muon station,
preshower and
scintillating pad detectors

Slide from

C. Prouve
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LHCb Upgrade in 2022

* Instantaneous luminosity 5 times higher

* No hardware trigger — better efficiency — but allowed output bandwidth does not scale

30

CERN-LHCC-2018-014
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Fraction of physics programme going to turbo

* Charm physics has been pushing the boundaries experimentally (theoretically?),
beauty just follows ;)
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Direct CP violation in two-body charm decays

* Singly Cabibbo-suppressed decays:
D’ —- K K" and D° — 7n xt

e (Observable:

_ (D= f)-T(D =f)
Acp(f) = (DO £)+T(D° — f)

* Expectation:

— See the previous weeks.
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Flavour tagging and data samples (Run 2)

LHCb-PAPER-2019-006
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Sub-per mille precision!
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Measured asymmetries

_ N f ) N@D —fm”)
Araw(f) = N(DO— f,n+)+N(D"— f,m~)

* LHC collides protons

—> Differentﬂoduction rate
of D/B and D/B mesons

SRS

* LHCD not perfect
—s Different detection efficiencies

for positive and negative
particles

* Asymmetries small (order 1%) but we are

also insanely precise

| Polarity switchable.

29/03/2022 S. Stahl, #charmingclues 9



Measured quantity: AAcp (prompt)

Measured Araw(f) _ N(D0—>f,7r+)—N(30—>f,7T_) f _ K-l—K—, T

N(DO— 7 t)+N(D°— f,n—)’

asymmetry:
Araw(f) — AfCP(f) + ADQ-C_) + AP<VD1+) =+ 0(10_6)
CP asvmmetr Detection Production
Y Y asymmetry asymmetry

Experimbentally AAcp = Araw(KTK™) — Apae (T 77)
more robust: B 4 op— 4+
(and potentially p A Acp (K K ) — Acp (7T n )
enhanced signal)

29/03/2022

Assumption: Detection and production asymmetry cancel.
— Lot of work goes into that.

S. Stahl, #charmingclues
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LHCb-PAPER-2019-006

Results

e Full Run 2 result:
AATSEeed — (182 + 3.2 (stat.) £ 0.9 (syst.)] x 1074
AALSEeEed — 9+ 8 (stat.) £ 5 (syst.)] x 107%

e Full Run 1 result:
AATS e — [ 104 8 (stat.) & 3 (syst.)] x 107*
AALST e — 114416 (stat.) + 8 (syst.)] x 107

e All results compatible — combined result:

AAcp = (—15.44+2.9) x 1074

Comment:

Prompt + SL can somewhat
cross-check each other but
confirmation by Belle 2
would be welcome.

29/03/2022 S. Stahl, #charmingclues 11

Significance 5.3 sigma.
Potentially wouldn’t have happened without improved Run 2 trigger.




Outlook individual asymmetries Acp(KK)

* Want to test individual asymmetries to test
potential relations between them

Plot by L. Dufour
—

e See discussions in the last weeks

- e.g. SU(3)r symmetry:

ACP(K_K+) = —ACP(W_W+) _4; . CDF _

I \ . ) ) i . . . \ I
-5 0 3
— nn-KK rescattering, A (KK [107]
Patricia Magalheas et al, arXiv:2203.04056 LCSR [Khodjamirian, Petrov '17,
Chala Lenz Rusov Scholtz '19]
A{“P(Dn R -ﬂ_+-) BI‘(DH N e K"’r') . FSI estimates [Buccella Paul Santorelli '19]
= = — = —-2.84+0.06.
AG'P(DD = B ) BF(DO T ) SU(3) + penguin QCDF [Cheng Chiang '19]
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Outlook individual asymmetries Acp(KK)

* Problem, how to get rid of experimental asymmetries?

Aaw(KKT) = Acp(K~KT) 4+ Ap(n™) + Ap(D*1)

Solution: remove some, add some, and repeat
AraW(K_ﬂ'_l_) = AD(ﬂ'_l_) + AP(D*+) + AD(K_W+)

A (K~ 75 7H) = Ap(K~7) + Ap(n+) + Ap(D™F)

A (K 1) = Ap (7)) + Ap(DH) + Apyop(K°)
¥ We can calculate that!

* Run 2: Additionally use Ds+ decays — expected sensitivity 6 x 10"-4

29/03/2022 S. Stahl, #charmingclues
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Run 2 projection

-—»— Run 2 (indicative)
: LHCbRun1
CDF o
| I : : : : L
-5 0 5

A H(K*K) [107]

Plot by L.
Dufour

* Could start to see first non-zero individual asymmetries and deviations from predictions.

e More data essential.

29/03/2022
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Discussion direct CPV

Warning from Laurent: Calibration modes of different measurements could be the
same. Be aware of correlations in the future.

Did not discuss the many direct CPV measurements by LHCb (also with neutrals in
final state). No other sign of CP violation yet.
— More data needed.

Anything else?

29/03/2022 S. Stahl, #charmingclues 15



Time-dependent CP violation
D1) =p|D% +q[D"),  |D2) =p|D°% —q|D’).

* CP violation in mixing or in interference of mixing and decay

O —¢f /'

DY > f D
\ﬁo/ #

e (Pviolation parameters: Mixing parameters:
q _ g Af _ DTy | |, me—m
D £ 1| Q5 F arg(pAf) Y= "9or

phi to good approximation independent of final state in charm decays

29/03/2022 S. Stahl, #charmingclues
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LHCb-PAPER-2020-045

Search for time-dependent CP violation in DO—h+h-

 Time-dependent asymmetry between D° and D° measured in decays to CP
eigenstates mmt* , K'K*

Very T:H mixing
(D% (t)—f)— F(D (t)—f)
Acp(t) = L(DO(t)—f)+T (D" (t)—f) _

* Observable connected to mixing and CPV parameters as

AYJC ~ CB¢ — y(|% _ 1) ~ _AF (Used in previous Kagan & Silvestrini 2020,

measurements) Grossman et al. (in preparation),
Li, Umeeda, Xu, Yu 2020

e Also needed for interpretation of time-integrated asymmetries.

29/03/2022 S. Stahl, #charmingclues 17



Detection asymmetries

D - K~
Impact ~ 7T:
parameter

Araw(fv t) — AC’P(fv t) + AD(Wg_vp@)) -+ AP(D*+7p<t>)

* Correlation between decay-time and momentum induced
by trigger requirements — fakes time-dependent CPV

e (Control mode Cabibbo-favoured D° — K-mt*,
519 M decays.

* Weighting to equalise kinematics

29/03/2022 S. Stahl, #charmingclues
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Results

* Asymmetries determined by fits of D’t* mass

distributions in bins of decay time.

* Largest systematic uncertainty from backgrounds in

D? mass peaking in Dt* mass.

LHCb-PAPER-2020-045
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Run 2 only:

AYgig- = (=2.3+1.5+0.3) x 1074,
AYpip = (=4.0+28+0.4) x 1074,

All LHCb measurements combined:

AYjerg- = (—0.3£1.3£0.3) x 1077,
— (=3.6+£24+04) x 10°*,
AY = (~1.0£ 1.1 £0.3) x 1074,

AY -

No sign of CPV yet.

S. Stahl, #charmingclues
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iXi ; P Slides from CERN seminar,
Charm mixing and experimental lifetimes ¢ piewnx

» DY mixing can be studied through golden decay modes D® - K~ n* and D° = f (f =

K—KT atid m mT):
= D% > K~ nt: CP-mixed state with t(D° - K~ nt) = 1/T

= DY - f: CP-even state with t(D® - f) < t(D° - K~ nt)

e LHCb: a few billion D° collected in LHC Run 1 and Run 2 (9fb_1). = o - 1 -
= E LHCh { Data
v BF ffb! B Signal
= ) N _— g.ackgmumj
2 o =
» Bigdatasamples of D° > K rn*t s | LHCb prlminary
0 b r
and D* — f decays! 2 of :
[j ot Ic;l] iflS . 150 ;I:‘rﬁ

m{D*") —m(D") [MeV/c?]

8 February 2022 Mark Whitehead and Guillaume Pietrzyk 27



i
The VYep — ycp observable (known as “y-p” in theslhldESefL?nEgR&EQmmr
G. Pietrzyk

* Goal: Study lifetime ratio D® - K~n* /D% - f via the quantity ygp — yXI.

(D% - K~ nt)
(D% > f) =1 _yCP Yer ~y(1+JR_{))

P
- ~ 0.6% \'-B(DG_M,K—H+)

~ 60/’{1

* Hence, measuring precisely ygp y & allows to constrain y!

* yis small and hard to predict. Experimental determination of y is important to improve charm
sector predictions.

* Note: ycp — Y&& was previously called y.p. The term —yXF~ +0.4x10~3 was included because of D° = K~ n*/D" - K*m~ mixing
[arXiv:2106.02014].

8 February 2022 Mark Whitehead and Guillaume Pietrzyk fi=K-Ktandm nt 29



Me

asurement principle

Fit ratio of yields of KK (mt;r) and Kzt in bins

of decay-time
dN(D° - K™K, t)
x e

KK L
R = INDY S K. )

Correct with know DO lifetime

Control of relative efficiency necessary

29/03/2022
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Controlling efficiencies

parameter paramete

Decays have different opening angles and
different efficiencies.

Cut on DO decay time in trigger D*::_“_@_ \D »
>
—> less efficient (44 versus 18 Million KK events) -

in first software trigger stage but bias straight forward.

Additionally weightings to equalise kinematics

29/03/2022 S. Stahl, #charmingclues
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Results

ZO0OM
LHCb preliminary /
— T

E791 1999 i 732 +28.90 + 10.30
FOCUS 2000 34.20 + 13.90 + 7.40
CLEO2002| H 12.00 +25.00 + 14.00
Belle 2009 = 145 +6.10 £5.20
LHCb 2011 H—H p——— 550 +6.30 + 4.10

Yep — Ycb = (6.96 + 0.26544; + 0-135y5t)>(10_3: S

JESIII 2015

720+ 1.80+1.24

19.65 + 13.00 +7.00

p—o—i
) ) ) Belle 2016 2 11.10 +2.20 +0.92
4 times more precise than previous LHCb 2019 H 5.66 + 133 £ 094
world average. Belle 2020 e L 10.30 £ 9.10 + 6.43
LHCb2022 | AJA® i V., -y (107 6.96 +0.26 +0.13
World average * 697+025+0.13
=50 0 50 100
K7 110 3
Yer ™ Vep 07
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_ LHCb-PAPER-2019-001
D° — Kgﬂ+7T multibody decay

e 31 Million D* — DO0(—Ks mmt)x decays, _ Pahtzl Rl‘O.tr _
— 30 times more D* than in Run 1 (3 fb?) E
3
=

LHCb
5.4 fb!

* Final state characterised by two variables

, {m2(1{gwi) for D°

mi = _ :
* m*(K2nT) for D’ L%

Signal candidates per (4.5 MeV7/ ¢ty

* Studying evolution of Dalitz plot as function of :
decay-time allows to measure mixing and CPV. 0.5¢

0.5 1 15 2 2.5 3
m? [GeV3/ ]
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m2 [GeV?/c*]

Measurement with “Binflip” method

Phys. Rev. D99 (2019) 012007
CLEO, Phys.ReV.D82:112006,2010
BESIII, Phys. Rev. D 101, 112002 (2020)

my = m(K%r¥)
I O ) P Ny (D) ~ 12 T —_
[ - ] s — *—b = I =x=04% ix = 1.0%
25F b = U é Rb(t) Ny (1) = b = Z06% vo10% 1
[ W =< [
21 +b W = 0.8 E
C ] e e -
1‘5'_ 7 4 B 06_ ----------- 7
: \ < Slopes also depend on b .
1F - strong phase differences 04 e E
: 112 measured by CLEO, BESIIL. o, ]
05F = I . N
U (TR T S N N T TN T [N T T T N T T T A Y T S A | O-I | L |
05 113 Zm% [égvz,j] 0 5 10 15 20
7
Without CPV: Ry, = 713 — <t>j\/7“b[(1 —rp)cy Yy — (1 +1p) 8 a:},
* Method more sensitive to x than y.
29/03/2022 S. Stahl, #charmingclues 26


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012007

Full measurement including CP violation

* Ratios measured separately for DO and DObar mesons to be sensitive to CP violation.

1 o1 o | |
e () Re(de — A2) + 7 (P); |aor £ A + () Re[X; (0 & A)

1 1 , . , '
1+ 1 <f2>; R.C(Z?:P — AZ‘Z} + Ty 1 (f2>; |L'(__‘p =+ &Z‘z + \/]f_h(f>j R-C[}(b(z(f}’ -+ &Z)] A./I; f— Im
a Ay = Re(Az

* Two mixing and two parameters for CP violation describing the differences in
“slopes” for DO and DObar.
* Parameters xcp, ycr equal x and y in case of CP symmetry. Kagan, Silvestrini,

Phys. Rev. D 103, 053008 (2021)
e Parametrisation behaves better in fit and potentially easier theoretical interpretation.

29/03/2022 S. Stahl, #charmingclues 27



Decay-time acceptance

e Stringent requirements in trigger to suppress prompt tracks.

* Requirements correlate Dalitz-plot coordinate with decay-time

acceptance.

e Effect most pronounced in two pion invariant mass

(diagonal in Dalitz plot)

e Dalitz-plot binning too coarse for full cancellation of variations in ratios,
mimics time-dependent variation of strong phases.

— Bias in mixing measurement (if not corrected)

Efficiency (max unity)
=

—_
T

LHCb simulation

o e 2 2
= IR

=
B

=
&
Efficiency relative to maximum

=
[

* 8 0.5 1 g __:
Hr mi( ) [chzlc“]

29/03/2022
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m2(Kom) [GeV¥ ¢4
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* Can fake mixing.

» Effect (mostly) symmetric in Dalitz plot

mX(K3m) [GeVYc?]

Plots by Nathan
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Acceptance correction

Absolute efficiencies not needed due to ratios.

't

Oscillations move events from one side of the
diagonal to the other.

Define small regions symmetrically across
the diagonal.

— Calculate efficiency relative to phase-space
integrated distribution on data.

— Align decay-time distributions across all these
regions (50% correction at low decay times).

1% correction due to y and hadronic phases
accounted for in mixing fit, no effect due to x.

Method validated with pseudoexperiments.

29/03/2022 S. Stahl, #charmingclues
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Systematic uncertainties

Source Xcp  Ycp Ax Ay

Reconstruction and selection 0.199 0.757 0.009 0.044
Secondary charm decays 0.208 0.154 0.001 0.002
Detection asymmetry 0.000 0.001 0.004 0.102
Mass-fit model 0.045 0.361 0.003 0.009
Total systematic uncertainty 0.291 0.852 0.010 0.110
Strong phase inputs 0.23 066 002 0.04
Detection asymmetry inputs  0.00 0.00 0.04 0.08
Statistical (w/o inputs) 040 1.00 0.18 0.35
Total statistical uncertainty 046 120 0.18 0.36

29/03/2022

Systematic uncertainties from pseudoexperiments

— Largest systematic efliciency correlations

— Secondary charm from B hadrons with
wrong measurement of decay-time.

— Effect of time-dependent detection
asymmetry not explicitly accounted for.

Contribution from strong phases externally
measured attributed to statistical uncertainty,
about 20%.

S. Stahl, #charmingclues 31



Comment on strong phase inputs

Signal yield

o(zcr) %]

a(yce) [%]

o(Ax) [%]

o(Ay) [%]

0.22 (0.21 )
0.10 (0.093)
0.085 (0.066)
0.047 (0.030)
0.043 (0.021)
0.034 (0.009)

0.43 (0.41
0.24 (0.19
0.16 (0.13
0.120(0.059
0.091 (0.042
0.091 (0.018

)
)
)
)
)
)

0.16 (0.15 )
0.068 (0.065)
0.048 (0.046)
0.021 (0.021)
0.015 (0.015)
0.006 (0.006)

0.31 (0.29 )
0.16 (013 )
0.095 (0.091)
0.041 (0.041)
0.028 (0.028)
0.013 (0.013)

BESIII results not yet
available when table
was made. At the
moment, CLEO and
BESII with similar
impact.

Table 6: Expected statistical uncertainties as functions of signal vields from fits to simulated

decays generated in the WM scenario, allowing r, to float freely and keeping

(€p, 55) constrained (fixed). The constraints are based on the uncertainties of the CLEO

Correlated DD pairs will stay important and become more important.
Model-dependent amplitude analysis ongoing.
Or we need to find other ways to constrain strong phases (Tim E’s talk).

Run 1 -
Sy Ixue
5 % 108
Run 2 1 % 107
5 x 107
Run 3+4 1 x 10°
—» 5 x 108
D = Kot

results [20)].

29/03/2022
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Mixing fit

¢ Data

______ R e x2 fit to determine mixing and CPV
o parameters

0.099 ~

* Effect of mixing clearly visible.
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Mixing fit
bi * 2 fit to determine mixing and CPV
1 parameters

-140.22

s = ¢ Effect of mixing clearly visible.

¢ Data

------ Fit (x=(0)

0.099
0.0962 [ pag
. .

0.0933

70.21

061

Significant normalized mass difference x
needed to describe data.

0desfF—* ' ' ; H0.265
0.46 1026~
1 R
0455}
0.255
045k
2 1 3 8 7 1 b 8
t/t
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0,099 o mnee Fit (x=(0) 0235
- parameters
0.0962 I -1-0.22
P ) °¢ . . . .
00058 ons = *  Effect of mixing clearly visible.
oelf %, Significant normalized mass difference x
o ool I needed to describe data.
' OO 10195 o
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[ 10.66 g [ 54 P e V]
E:fﬁ 020 ;[}.f:d, Q:“r . _ ;_.-"
: 0 rop = (3.97£0.46 £0.29) x 1072 T
02sF ] cP : . . i o
0.465 F H0.265
» yop = (4.59 £ 1.20 £0.85) x 107° |-%
~ J026 e | 20 LoN T S
"G 0_455_- M D____]_U_ _______________________ _
0.255 i
045k T R N R
2 4 6 8 2 6 8 0 4 6
it X [107]

Mixing fit

¢ Data Fit

e x2 fit to determine mixing and CPV

29/03/2022
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CP violation fit

¢ Data — Fit
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Measurement consistent with CP
asymmetry.

Az = (—0.27+£0.18 £ 0.01) x 1073
Ay =( 0.20+0.36 +£0.13) x 1073

S [ o ]
= [ sam - e ]
3 P aemm— -
o :: S ) -".Ilf o - T
[ 830N, e ]
| 20 :
| : —
, 03 0
Ax [107]
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X, Y, q/p and ¢

Neutral meson mixing:

((arxiv:2106.03744 )

—0 —0
Dy) = p|D% +q|D"),  |Ds) = p|D°) —q|D").

' i oy — 2—T — m2—m
with mixing parameters: y = ~5=1 and x = =41,
CP violation parameters || and ¢.
S0.0121 — o 04 . \ T
E LHCb L LHCb ]
0.01F 5.4 b i 541! ]
0.008 — — _ 02 ] ] Parameter Value
7" ) i Can 1 x[107] 308 t0%
0004 S = L N D ] y [1079] 4613
0.002f \’/ /, E -02f — lg/pl 0.996 iog.gﬂ
of - _E r 1 @ —0.056 tﬂjﬂSl
(IJ {J,{;(]E {J,{JI{J-'I; (],{JI{JG 41&],2 4‘1 1 (‘] {J{ 1 02
X k/pl - 1

@ First observation of the mass difference x of charm meson mass
eigenstates with significance of 7o.

o Dy (with CP|Ds) =~ |D5)) now Dy, Dy now D;?
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Combination with other measurements

/—~ KK+ —

J [aerv:2105.09889 ]
i —0
Dt —» gt DY X e

@ Example: CP violation in two-body final states f = KK, n" 7~
—0
[(DO°(t) — f)—T(D (t) — f t
(00 5 )10 (O 5 6) _ 4y, ¢
[(DO(t) — )+ T (D (t) — f) ™D
@ Neglecting final state dependent CP violation:

Acp(i') =

q
—Ayﬁ’“fﬂyfﬁxﬁb—}/(\; —1)

@ Interpretation limited by knowledge of x

AY (LHCb average) = (—1.1 +£1.1 +0.3) x 10~*
—Ay(this paper) = (—2.24+3.6 £1.3) x 10~*
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Combination with other measurements
e World average includes AY (LHCb average) and D° — K~ r™.

o ———— o 04 . ; . ‘ . ; .
0.01 [ Current world avg. LHCb a i Current world avg. LHCbh ]
r Current world avg. + this paper B Current world avg. + this paper B
02 -
0.008 C o 7 i
. Jq@)) —
0.006 — < 7R -
L — i /’ g F
i — 1 02 —
0.004 — - r
L s 1 s s s 1 s s s 1 s s L L s 1 _04 L s 1 s L s 1 s
0 0.002 0.004 0.006 ~0.2 -0.1 0 0.1 0.2
x la/p| =1
Parameter Value Allowed interval
68.3% CL 95.5% CL 99.7% CL
x [1073 040573542 [ 0.307.04502] [ 026,055 [ 0.26,057]
v [107? 0613755 [ 0.558,0670) [ 051,073 [ 0.46,079)
a/p 099375018 [ 0.977,1.008] | 0961.1.025 [ 0.944,1043)
@ ~0.042 15532 [-0.064,-0.021] [-0.086,0.000] [-0.110,0.021]

@ Significantly improved uncertainties on mixing and CP-violation
parameters. Also as x now known as nonzero.

@ No CP violation — D, and Dy still 50% D° and 50% 50. No
significant weak phase difference between mixing and decay.
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0 A B’c
CPV allowed a 2
o 2021 When are we P
g 10 . . 4 G
3 cautiously excited? ;59
s
(=J)
55
< ]
0
-5 ]
Bic ]
H 20 -
0.2F H3o -10 ]
- 40 -
0_6“':::::::::::::::::::::::::5:1.56 :
1 02 03 04 05 06 07 0.8 09 w SR l '
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More discussion

* Do we need to measure x and y more precisely? Does this give us more insight?

* What about time-dependent CP violation? Discovery potential?

e What else?

29/03/2022

1 Current LHCh 23fh-" N 300

Solid [dashed) contours contain 68.3% (95.4%)

0.96 0.8 1.00 102 104
.-ll_-"lr.l
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Backup
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xep = — Im (2cp) =
Ax = —Im (Az2) =
Hop —— Re (zCP) —
Ay =—Re(Az) =

T
— :r:cosqf}(g -+ E)+ysin@
2 | pl g

i

— ;rcoaqf}(g — E)—kyainqﬁ
2] pl g

LT q|  |p :
~ ycosqb(— + —)—ramqf)
2] rl g

1 q p) :
-ymsqﬁ)(——— — xsin ¢
21 rl g

i B Y =T e O Y = T . O [ = T = I I

0 e~ T~ T e~ B O e~ O T
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