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Biased choice of measurements

— » + one measurement published today!

Measurement of the mass difference between neutral charm-meson eigenstates PAPER-2019-001 PRL 07 Mar 2019
. arxXiv:1903.03074 [PDF]
Search for CP violation in D} — K{n*, D* — KJK* and D* — ¢a* decays PAPER-2019-002 PRL 04 Mar 2019
' ' arXiv:1903.01150 [PDF]
Dalitz Plot analysis of the D — K~ K+ K™ decay PAPER-2018-039 JHEP 15 Feb 2019
arxiv:1902.05884 [PDF]
Observation of the doubly Cabibbo-suppressed decay 2 — peb PAPER-2018-040 JHEP 18 Jan 2019 1
arXiv:1901.06222 [PDF]
Search for CP_violation through an amplitude analysis of D" — K+ K~ z* 7~ decays PAPER-2018-041 JHEP 02 (2019) 126 20 Nov 2018
arxiv:1811.08304 [PDF]
4> Measurement of the charm-mixing parameter ycp PAPER-2018-038 Phys. Rewv. Lett. 122 (2019) 011802 16 Oct 2018 2
arXiv:1810.06874 [PDF]
Measurement of the branching fractions of the decays D¥ — K- K*K*, D" — x—atK* and PAPER-2018-033 JHEP 07 Oct 2018 2
Df - KK+ arXiv:1810.03138 [PDF]
Measurement of the Q:.’ baryon lifetime PAPER-2018-028 Phys. Rewv. Lett. 121 (2018) 092003 05 Jul 2018 8
arXiv:1807.02024 [PDF]
First observation of the doubly charmed baryon decay =47 — Efnt PAPER-2018-026 Phys. Rew. Lett. 121 162002 (2018) 05 Jul 2018 20
arxiv:1807.01919 [PDF]
Measurement of angular and CP asymmetries in D" — g~ ptu~ and D" K+*K~p*u~ decays PAPER-2018-020 Phys. Rev. Lett. 121 (2018) 091801 28 Jun 2018 6
arXiv:1806.10793 [PDF]
First measurement of the lifetime of the doubly charmed baryon Z1* PAPER-2018-019 Phys. Rev. Lett. 121 052002 07 Jun 2018 26
arXivi1806.02744 [PDF]
Measurement of the time-integrated CP asymmetry in D" — K{K{ decays PAPER-2018-012 JHEP 11 (2018) 048 05 Jun 2018 4
S arXiv:1806.01642 [PDF]
Measurement of [)¥ production asymmetry in pp collisions at \/E =T and 8 TeV PAPER-2018-010 JHEP 08 (2018) 008 24 May 2018 5
arxiv:1805.09869 [PDF]
Studies of the resonance structure in DY — K¥gtx*a™ decays PAPER-2017-040 Eur. Phys. J. C78 (2018) 443 22 Dec 2017 I
arXiv:1712.08609 [PDF]
Search for the rare decay AF — pu™pu~ PAPER-2017-039 Phys. Rev. D 97, 091101 21 Dec 2017 ]
arXivi1712.07938 [PDF]
A measurement of the CP asymmetry difference in A7 — pK~ K™ and pa~n* decays PAPER-2017-044 JHEF 03 (2018) 182 19 Dec 2017 9
arXiv:1712.07051 [PDF]
—————— P | Updated determination of D"-D" mixing and CP violation parameters with D" — K*x~ decays PAPER-2017-046 Phys. Rev. D97 (2018) 031101 08 Dec 2017 7
arxiv:1712.03220 [PDF]
Measurements of the branching fractions of A} — pr—at. Al — pK~ Kt and A} — pr K+ PAPER-2017-026 JHEP 03 (2018) 043 03 Nov 2017 8
arXiv:1711.01157 [PDF]
Observation of D" meson decays to 7+ x~ wptp and KK~ ptp final states PAPER-2017-019 Phys. Rev. Lett. 119 (2017) 181805 26 Jul 2017 n
arxXiv:1707.08377 [PDF]
Observation of the doubly charmed baryon =1+ PAPER-2017-018 Phys. Rev. Lett. 119 (2017) 112001 06 Jul 2017 173
arXiv:1707.01621 [PDF]
DObservation of five new narrow ,QE states decaying to EF K~ PAPER-2017-002 Phys. Rew. Lett. 118 (2017) 182001 14 Mar 2017 126
arxiv:1703.04639 [PDF]
4> Measurement of the (P violation parameter Ar in D" — K+K— and D' — gtz decays PAPER-2016-063 Phys. Rev. Lett. 118 (2017) 261803 21 Feb 2017 21
arXiv:1702.06490 [PDF]

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_Charm.html
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CP violation in charm decays

* Charm quark of up-type: DO
Complementary to kaon and B systems @t
* No CP violation observed yet KO@ BY
(/ d = b \I
e CP violation in Standard Model suppressed: . . O
— Powerful probe to effects beyond A . :
Standard Model .
SR Y

— Predictions difficult due to long-range
effects

* High charm production rate in proton-proton collisions
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The LHCb experiment

* Records LHC proton-proton collisions

— Run 1 3 tb-*(7 and 8 TeV), essTov
Run 2 6 tb-1(13 TeV)

* b and ¢ quarks produced in pairs

- Predominantly in forward direction

L HCAL
SPD/PS M3

ECA

* Coverage 2<n<5:

— Boosted pairs

~ 45 kHz bb pairs and
1 MHz cc pairs

Collision point
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The challenge to collect charm™®

~1 MHz cc pairs!

* Assume 10 (5) % efficiency of full trigger selection chain
* Event size 70 kB

* — Beauty bandwidth = 45 kHz * 0.1 * 70 kB = 0.32 GB/s,
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 very pure trigger

*very rough estimates
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. CERN-LHCb-DP-2019-002
Turbo stream in Run 2

TURBO++ (since 2016)
TURBO (since 2015) TURBO SP new 2017
K+ K+ Tracks from other PVs
Lk & ] ; Other tracks from PV -
=
10 kB 70 kB  Event size

Persist reconstructed objects, discard raw information

Analysts choose what to persist

— Up to factor 10 reduction of event size

More events at same bandwidth — more physics

Big success story

— 2/3 of triggered events persist raw detector information,
1/3 of triggered events go to Turbo stream (almost all charm)
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Some advertisement for LHCb people:
A lot of (exciting) work to prepare

the trigger for Run 3.
Feel free to get in contact with me or Stephie.

https://twiki.cern.ch/twiki/bin/viewauth/LHCb/RealTimeAnalysis
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Two charm samples at LHCb

KT
v
_ 70
Dl Dow s KT
N

Prompt produced charm:
* (Slow) pion charge tags flavour

e Unambiguous tag due to
full D* reconstruction

* Hardware trigger: 40% triggered by
D, 60% parasitically

* Higher statistics

S. Stahl, 21/03/19

_I_
LK
B P K
v —
3&1:{ ‘v > M

Semileptonic B decays:
* Muon charge tags flavour
* B partially reconstructed

* Hardware trigger: High muon
trigger efficiency

 (Cross-checks and some other
advantages

Experimental status of charm physics 8



Two-body modes

Cabibbo- D' Cabibbo-
favoured a \ suppressed
Cabibbo- C Doubly-
suppressed @ U J g U X Cabibbo-
(¢c) D= 7t (d) D°— K*n~ suppressed

S. Stahl, 21/03/19 Experimental status of charm physics 9



Two-body modes

Phys. Rev. D 97 (2018) 031101

Run 1 + 2015 + 2016 (Run 2 Turbo)

D*t - DY (— K—7nt) nt

Candidates per 0.1 MeV/¢2
et — (] P
= Lt =] N

N

=
T

S. Stahl, 21/03/19

x10°

ol = T, F o ot gt e

. LHCb F . Data J

F (3 i —E E

o Lo e Background
2005 2010 2015 2020

M(Dn*) [MeV/c?]

177 Million

Candidates per 0.1 MeV/¢?

D*t - D(—= Ktr™) nt

240
220

200F
180
160
140
120
100E

80f
60
a0f
20F

x10’

2 ML TR I P
F LHCb « Data =
E (b) — Fit 3
E D e Background

D:I PR
2005

poitfs. g 4 4
2010

pasili g L4
2015

0.07 Million

Experimental status of charm physics

I 'zcizn
M(Dr") [MeV/c?]

10



Two-body modes

LHCb-PAPER-2019-006

Full Run 2 data set, only Turbo

4 T —— g
s el
> g
PI’OIIlp t < 5000F t Data
- ! B> -k« |
<o 4000F - ] 2
e - — : 7/} Comb. bk, _|Comb. bkg. “11:
44 Million 3 3000 k 14 Million
(Run 17.7) £ -; (2.5)
o - ]
S 1000F H
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3 3
- ~ 10—
L 600F 3 o f LHCb ]
> : = 140F 7
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2 — 3 more yield per fb™ in Run 2
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A lot of charm!
What do we measure?

What are the experimental challenges?

S. Stahl, 21/03/19 Experimental status of charm physics
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Neutral meson mixing

* Mass eigenstates unequal flavour eigenstates:

Di) = p|D°)+4q|D%)
Do) = p|D") —q[D")

CPT:
%]+ |p°| =1

Dy 2(t)) = e M2t e T2 t/2 1D, o)

* Mixing parameters:

_ | R—
I'vy+1 _ [y 7 T — ! °
r=— g T YT oar
* CPV parameters:
— 9 l ~d q & 'L‘(C/H‘Af)
Af p Ag ‘p ‘ Ay | €

S. Stahl, 21/03/19
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Weak phase +

strong phase
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Time evolution of different mesons

p ,
. 102
Blue line: 'go.s—
givenaP%att=0, £ |
the probability of . 10°
finding a PO at t -
0 i 10°
1 1
Red Line: - [arXiv:1209.5806] |
given a P? at t=0, I !\ 1
the probability of = 0.
finding a PY at t 2 (c) B’ ;=gggg
505
% 1 2 3 4
[(PY(0)|P°(t))|* oc e [cosh(yI't) + cos(al't)]
(PY(0)[P(£))|? oc e T [cosh(yT't) — cos(aTt)] :
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Time evolution of flavour states

e Time evolution of initially produced D, D° meson

D(DO(t) =+ f) oc |[A(D® = f)g4(t) + 2AD" — f)g—(t)

DD (t) = f) oc |[AD” = f)g+(t) + EAD® — f)g—(t)

* Mixing parameters small for D° mesons
z=—(y+ix)

1
g+ (t)]? =~ et + Ze_ttz Re(z?) + O(z*)

9-(0)° = e tz* + O(2")

grL(t)g-(t) = e 'tz + O(27)

L\Dlr—\ q>|+—\
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Measurement of D mixing
e (Cabibbo-favoured D*— K-+

CF K—nt right sign (RS)

CF

Kt~
wrong sign (WS)

10

10

S. Stahl, 21/03/19 Experimental status of charm physics
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Measurement of D mixing

* Cabibbo-favoured D°—K-r*and
doubly-Cabibbo-suppressed D*—mn-K* decays

CE K7™ right sign (RS)
4
— 'i)CS
Dty 20 LIX Y
‘ CF
DCS -------------- - K+7T_

wrong sign (WS)

S. Stahl, 21/03/19 Experimental status of charm physics
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Measurement of D mixing

* Cabibbo-favoured D°—K-r*and
doubly-Cabibbo-suppressed D*—mn-K* decays

CE K7™ right sign (RS)
4
5
— ."DCS
Dty 20 LIX Y

‘ CF
______ )
DCS e - K+7T

wrong sign (WS)
AD =K ™) —is
ADoKy Ve

R(t) ~ Rp ++vVRp y’£+# (L)Z y' = ycosd — xsind

T

(strong
r' =xcosd+ysind phase)

(interference) (mixing)

S. Stahl, 21/03/19 Experimental status of charm physics 18



Observed ratios

[y

o
=3}

e
o2

\/

N

|

) 4

Efficiency (max unity)

=
n~

N(D*t — [KTn~|pn)
N(D*+ — |[K—nT|png )

* Tight displacement cuts (in trigger) to reject background

* Detection efficiencies cancel in ratio of wrong sign over right sign
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Measurement of mixing and CP violation

44\~ pE + 4+t T2 E2 42
Bt ~ Bp + /Bp v 2 + 5 (5)
\/
CP violation in mixing and interference
Direct CP violation - q +1 , .
. y= =|4| (Y cos¢Fa'sing)
Ap = 2—2 +1
Ho+hp 't = % (3" cos ¢ + 2’ sin ¢)
qAD =K 77) _ |a| SR e—i(¢+9)
PAD’—K+n—) |p‘ Lipe
N(D** — [KTn~ |pn) e(KTn™)
Rj,(t) = ; - () =RT(t) |
N(D*+ — |[K—nt|png) e(K—7t)
_ N(D*~ — [K~7t|p7,) _ e(K—7T)
Robs(t) — o — _ — (t) =R (t) 4,
N(D*~ — |[K+tn~|pm7s ) e(K+m—)

S. Stahl, 21/03/19
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LHCb-PUB-2018-004

Charged-kaon detection asymmetry

* Charged kaons have to traverse full tracking system to be

EcaL HCAL

reconstructed bt
K~ = (us)
KT = (u3)

"LHCD” = (udqq)

* Different absorption rate for = Eeutermm cross-sections
b . 805 + + —:
positive and negative kaons 2 mo KT
R -5
R T S 60f e
_ 4y €KTTT) —e(KTmT) 2.
AD (K 7I8 ) = S S0
e(K—7mt)+e(KTn™) S of
0E
pob—
— Expected asymmetry about 1% 1 10 10°

Momentum [GeV/c]
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LHCb-PUB-2018-004

Charged-kaon detection asymmetry

* Charged kaons have to traverse full tracking system to be

EcaL HCAL

reconstructed gl R
K~ = (us)
KT = (us)
"LHCD” = (udqq)
* Different absorption rate for g
o o . : = LHCb simulation LHCb ?
positive and negative kaons K2 E
e :
K—nt) — e(K+m™ h e
Ap (K_7T+) _ 6( & ) 6( n ) _1§ ZFEF-‘{;:
e(K—7mt)+e(KTm™) 2t -

A [%]

0 20 40 60 80
K™ momentum [GeV/c]
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Measurement of mixing and CP violation

1+ 1+
RE(t) m Ry +\Rpy y/= £ + 52— (£)°

\/
Direct CP violation CP violation in mixing and interference
+1
_ RL-Rj y'*t = 12| (y cos¢ F ' sin @)
AD = RieR, ’
T1
't = % (3" cos ¢ + 2’ sin ¢)
N(D*t — [KTn~ |pn) e(Ktn™)
R () = D 2 T o) () gy AT
N(D*+ — |[K—nT|png ) e(K—7T)
_ N(D*~ — [K 7nT|pn,) _ e(K—nt)
Robs<t) — . _ — (t) =R (t) 4,
N(D*~ — |[K+tn~|pms ) e(K+m—)
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Phys. Rev. D 97 (2018) 031101
Results

Run 1 + 2015 + 2016
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Results

Phys. Rev. D 97

(2018) 031101

T T T T :
t LHCb (a) CPVallowed ] (b) No direct CPV } () No CPV :
s ; T :
— E ‘::s . ' i ' -
L 6f : T :
= F ] ] N
4 --D° 68.3% CL 1 --D°68.3%CL i --955%CcL  nyn
F — D" 68.3% CL — DY 68.3% CL } —68.3%CL el ]
L e a1 T . T ]
00 0 0.1 -0.1 0 0.1 —0.1 0 0.1
%2 [107]
_? 1.5_ T T 4 I I
& [ LHob
/ —3 sl s _
y' = (5.28+0.45+0.27) x 10 :
9 3 0.5F cpv allowed i
' = (0.039 + 0.023 £ 0.014) x 10~ of :
q —0.55— ]
1 <|=|<1.35at68.3%CL :
_1-Il68.3% CL a
p F 955%CL ]
(i oA o e
la/p|
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CP asymmetry in mixing with D°—h"h*

S. Bergmann et al.,

* Two-body decays to CP-even eigenstates Phys. Lett. B486 (2000) 418,
arXiv:hep-ph/0005181.
D - KKt and D°— 7 nt
K KTt

10°

— sketch

T~

— Mixing and CPV changes
effective decay width o

10° F

Effective decay width: Decay
constant when fitting a pure 3 DV K~ KT
exponential to the decay time al
distribution.

1 I}.L

decaytime
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CP asymmetry in mixing with D°—h"h*

S. Bergmann et al.,

* Two-body decays to CP-even eigenstates Phys. Lett. B486 (2000) 418,
arXiv:hep-ph/0005181.
D - KKt and D°— 7 nt
K KTt

— Mixing and CPV changes Tepy
effective lifetime

1 1
ver =5 ([5] + 5] veoso 5 ([5] - 5] =
2 \|p q 2 \|p q

CP conservation implies: Yop = Y
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Phys. Rev. Lett. 122 (2019) 011802
Measurement of y .,

* Two-body decays to CP-even eigenstates
DY - KKt DY s g nt

* CP-mixed final state
DY — K—nt

¢ Measure width difference, calculate y.p from known lifetime
Ar

T

* Measure ratios of yields in decay-time bins

Ar =Tgpy —T P

— Need correction of decay-time acceptance eftects
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Phys. Rev. Lett. 122 (2019) 011802
Sample

* Analysis uses Run 1 Semileptonic sample
* Trigger on muon

B—- D% vX

* Looser selection on D decay products a0°

%, _ : .
4 % 100 D’ K"K~ LHCb
=
JK =
g s50f al
* 0 . =
D ggDv - K £ 1
bt S i
+ & D'- rx*rn
o 7TS 20k i
10 l
K™ !
' 40 p°» K x* = DA i
0 l( — 300 |- —R o
D e = > | it |
B _____ "'-\--\----' . 200 B I Background -
> \E ------ \ e V' 100 _
1/\/\/ - ‘ V L .

1.84 1.86 1.88 1.90
D" mass [GeV/c?]
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Phys. Rev. Lett. 122 (2019) 011802
Lifetime acceptance

* Opening angle depends on masses of decay products

e 4

K~ K~
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Lifetime acceptance

* Opening angle depends on masses of decay products

S. Stahl, 21/03/19

Phys. Rev. Lett. 122 (2019) 011802

1.05

1.00

AIKKJ"K;TEJ

5

1.05
}

Al;rrmerJ

0.95

s
1.00 —*”";g.‘*‘*‘ﬂ;_pi""—'{'-' """"""""""""""""""""""""" 7

+

* Simulation

+

|
1

0.5

1.0

15

2.0

25 30 35

D° decay time [ps]
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Robustness tests

* Tighter impact parameter
requirements

* Different decay-modes
Dt - KTK n™

DT 5 K nrxn™

* Decay-width differences
consistent with 0

* Biggest systematic from
Monte Carlo statistics

S. Stahl, 21/03/19
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1.0
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]
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=
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o
o
=
)]

X 0.040

Phys. Rev. Lett.

122 (2019) 011802

—  LHCb * Simulation —
E e -
-._,w* -------------------------------------------------------------- -

e Data T
— Fit =
: et 1 }
W F : —
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D° decay time [ps]

LHCB

¢ Simulation

-ﬁ#{_ +H_‘H‘_H— ------------------- b =

e Data
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Fit 1

X |

HIII++*'+-{-+++ _i_‘_i_-}- == 1
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D" decay time [ps]
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Phys. Rev. Lett. 122 (2019) 011802
Result of y ., measurement

0.20 — LLHCDb

g ¢4 + g

§ 0'19W_‘ —

- B + =

0.18 = t t t t t t t =

_ e Data 1

%0.070 14 + a8 i i |

5 1 = -

= 0,065 + + -

05 1.0 15 20 25 30 35
D’ decay time [ps]
Decay Ar [DS_l} ycp |70)]

DV —» KTK~ 0.0153 £ 0.0036 = 0.0027 0.63 +0.15+0.11
D — grta— 0.0093 = 0.0067 £ 0.0038 0.38 = 0.28 +0.15

As precise as previous Ycp = (057 T 0.13(Stat) 1 0.09(Sy8t))%

world average. yoparLAav = (0.84 £ 0.16)%
No evidence for CP
violation. yurLav = (0.62 £+ 0.07)%
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Phys. Rev. Lett. 118, 261803 (2017)

Asymmetry of effective decay widths

e Asymmetry between D and D¢ effective decay widths

decaytime
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A(t) [%)

Phys. Rev. Lett. 118, 261803 (2017)

Asymmetry of effective decay widths

 Asymmetry between D and D¢ effective decay widths

—0
(D%t — f) —T(D (t) — t
peplty - NP0 D TD W )
L(DO(t) — f)+T(D (t) = f) ™D
1 /lq p L (lq p .
Ap=+—-1||=|—|=||ycosp— = | |=|+ |=| ) xsin¢
2 \|p q 2 \|p q
2T = 2F L
F LHCh DY — K+*K-  + Data ] %1 LHCh D" — mtae ~+- Data
b —Ft 4 F — Fit =
b b — O‘*MW% .
O;WW ‘+ — — [ _+_ + T—
N _20 T T T Ty T Ty
t/TD t/TD
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Multi-body decays

LHCb-PAPER-2019-001

DY — ng+7r_

l"-:l-‘J IHJ _XII{JHI T T I T T T I T T T I T T T T T T I T T ]
Z 140 D™ D= Klrta )t ﬂ LHCb 3
E 120 — Data =
< C : 3
5 oo~ — Fit =
=  s0bE . Background =
u - _
= - ]
< 6 =
= - 3
g wf =
O F -

0E- =

() =

140 142 144 146 148 150
Om [MeV/c?)

* Analysis with Run 1 data
* 1.3 Million prompt decays

* 1 Million semileptonic decays

Candidates per 1.5 MeV/¢?

10080 — . —
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70 .
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1800 1850 1900
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Dalitz plot and interference

LHCb-PAPER-2019-001

gy =250
LHCb

200

K;5(1430) 150

Candidates per (4.5 MeV?/c*)?

IIIIllllllllllllllllllll'l-

I Falici o

—  3p
5 mg(KgWi) for DY ;‘:i v
ST (KT for DT 8 25
o |
S 2_
f‘(m+»m—) 1.5
O.S:I—I .
05 1 15

Multiple interfering amplitudes:

2 2.3 3

m2 [GeV?/c*]

Pp(my,m_) oce 1t [|AD|2 HRe(AxZ(mo,m_)Ap(my,m_)(z)I't)|+ ]

D
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Reminder WS method

e Remember WS method
R(t)~ Rp ++Rp y’% + # (%)2

AD =K r—) _ 'R e—i0 :
AD’ s K+m-) De/4 Cabibbo/é

g 7250

1 4200

m2 [GeV?/c4]

150

Candidates per (4.5 MeV?/c4)?

1 150

’r o . -
y' = ycosd — xrsind (strong supprese " -.
' = xcosd+ysind phase / el s 2P
y phase) Cabibbo i
. f
* Here, strong phase varies in each ~ f2voured
. T 3T s
point 3 ast > 7 E
. ~ C 6 B
* CLEO measured strong phases with = of - W
correlated DD pairs in bins of Dalitz 15 s 2
r 3
plOt 1— )
05:_ T T T IS ST (NN ST T AN SN ST S S N | 1

0.5 1 1.5 2 2.5 3
m2 [GeV?/c4
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Binflip method

Ry, =

N_yp; ;:
ij 8
« |
g

* Measure ratios of yields in Dalitz bins
b and -b in decay-time bins j

No CPV:

Ry =~ 1 — <t>j\/77b[(1 —7rp)ep Yy — (1 +15)8p :13], <
e External input from CLEO c,, s,
e Nuisance parameter ry
* Use binning which minimizes strong

phase variations

S. Stahl, 21/03/19
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25F - 7
6
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15F 4
- 3
-

' 2
05F 1
05 1 15 2 25 3

m2 [GeV?/c?]
1.2 T I
[ — x=0.4% ----x = 1.0%
- = y=0.6% ity =1.0% 4
0.8F .
0.6 [mmmmnnsnzasazazaz st s =
0.4]- T
R — -
T
0 5 10 15 20
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Binflip method

_ Nob
ij ijj
1 1
N s + i T'p &2)} RE(E%P — Azi) + Zl <f2>j |21’(_p + AEF + \/ﬁﬁh RE[X;(EQP + AE)]
R, ~
J 1 1

1+ i <t2>j RE(EETP — AEE) + T i <ﬁ2>j |E[p + AEF + \/E&L RE[X&.(E(P + A,Z)]

Xp = cp — 1Sy

:_*::1'2- | T

e r — x=0.4% oo x = 1.0%
. i =y=06%  HHy=10% -
e 1, nuisance parameter 5 :
0.8 =
e X, external input from CLEO S e
0.4F I
* Avoids modeling of D decay dynamics ,—— =
llati £ fF, T
* Cancellation of most acceptance eftects o, - T
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Binflip method — Expected Sensitivity

Signal yield  o(zcp) [%) o(yep) [%] o(Ax) [%] o(Ay) [%]
Run 1o 1 % 10° 0.22 (0.21 ) 043 (041) 0.16 (0.15) 031 (0.29 )

)
5 x 10 0.10 (0.093) 0.24 (0.19 ) 0.068(0.065) 0.16 (0.13 )
1 x 107 0.085 (0.066) 0.16 (0.13 ) 0.048(0.046) 0.095 (0.091)
5 x 107 0.047 (0.030)  0.120 (0.059) 0.021(0.021) 0.041 (0.041)
1 x 108 0.043 (0.021) 0.091(0.042) 0.015(0.015) 0.028 (0.028)
5 x 108 0.034 (0.009) 0.091 (0.018) 0.006 (0.006) 0.013 (0.013)

RN

Hadronic parameters Hadronic parameters fixed
constrained (CLEO
uncertainties)

* CLEO uncertainties, marginal impact on precision for Run 1
data set

* For future measurements, improved input from BESIII needed
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Phys. Rev. D99 (2019) 012007
Dalitz-plot acceptance

Decay-time integrated:

LHCD simulation 1 —

|
p—

W

8 |
SHS S
O 1 0 \©

\]
T T T
S

m2(Kr*) [GeV?/c4]

o o o O
= 0w R b :
Efficiency relative to maximum

==

! | L ! L L | L !
1 2 3
mX(K ) [GeV?/ ]

Measured by CLEO:

cp|x [, dmidm? |Ap(m3,m2)| |Af(m2,m3)| cos[Ad(m3, m2)]

Measured by LHCb:

p o [, dm?2 dm?| e(m2, m?) ‘Af(mi,m%ﬂ |Af(m2_,mi)‘ cos[Ad(m3, m2)]

Pseudo experiments: Negligible bias if appropriate selection and binning.
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. . LHCb-PAPER-2019-001
Dalitz-plot and decay-time acceptance

Decay-time integrated: Decay-time dependent:

W

T T T T

LHCDb simulatio

m2(K7*) [Ge VY 4]
[\)

IIIIIZII 3 0.5 1 1.5
m2(K) [GeV?/c*) m2(w+r’) [GeV et
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. . LHCb-PAPER-2019-001
Dalitz-plot and decay-time acceptance

Decay-time integrated:
y [

W

Decay-time dependent:

LHCDb simulatio

m2(K7*) [Ge VY 4]
[\)

1]|I12]| 3 0.5 1 1.5
m2(K) [GeV?/c*) m2(w+r’) [GeV et

(t) < [, dm3 dm?| e(m7, m?,t)

|Af(mi, m2_)| !Af(m2_, mi)‘ COS[Ad(mi, m? )]

(Uncorrected) correlation (m’(st*, 1), t) introduces bias in measurement.
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. . LHCb-PAPER-2019-001
Dalitz-plot and decay-time acceptance

Decay-time integrated: Decay-time dependent:

W

LHCDb simulatio

m2(K7*) [Ge VY 4]
[\)

1||I12]| 3 0.5 1 1.5
m2(K) [GeV?/c*) m2(w+r’) [GeV et

Correlation (m2(rt+, 71-), t) introduces bias in measurement

Extract efficiency map from data, normalized to average decay-time
distribution

* Assign per-candidate weight depending on (m*(t*, 1), t)

* Extensive pseudo-experiment studies to validate method
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] ] LHCb-PAPER-2019-001
Dalitz-plot and decay-time acceptance

Decay-time integrated: Decay-time dependent:

T’E‘ 3 . ! | ! ! ! ! | ) ! ! ! _1 E l~)20 T UNNREEU T | U U U L (R A B A (U _1 E

' - ion = = | )
N; LHCb simulatio | ok I LHCb | _0_95
L | ¢ B B E
©) 20 1 ] 08 - 108 3

= melm™.m g 15 =
5 ( ) 4 =0.7 e - 1 10.7 o
li\)m 2+ — o I )
¥ 0.6 > - 0.6 >
T 055 10} 105E
— I~ —
0.4 > 0.4 >
: -
0.3.0 — 03,0
IS . = S ~ 2
0.2 5 - 0.2 =
a8 - 83

0.1 - j 0.1
| | 1 1 1 | 1 | | 0 0 B | 1 1 | 1 Il Il 1 | 1 Il 1 1 I | 1 O
1 2 3 0.5 1 1.5
m2(Kor) [GeV?/ 4] mX(w*x) [GeV*/c?]

* D’s from semileptonic decays show almost no correlation
* No correction applied

* Extensive pseudo-experiment studies to validate method
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Mixing and CPV fit

¢ Prompt ¢ Semileptonic

0.12f
0.1
0.1f
0.09f
0.08F . . o 7

- / /

0.65F

0.55F

H0.25

0.15

E /L
F A
035}
03 —%
0.251
- /
L 7/
0.5
0.48F

0.46F

0.44F

10.25
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¢ Prompt¢ Semileptonic

i e

10.05

%&%qw

0.2
0.1

4-0.1
1-0.2

%ﬁh{“ .

L PRI
o
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1-CL

) LHCb-PAPER-2019-001
Fit results

| o s 1 L e P [T a1 1 s s e B e e 7y T e ] N e W T — ] el " ]
i LHCb ] © f LHCb ] § | CHep s e LHCb ]
081 1 — 08F 1~ 08F = — 08[ 1
0.6 f ~ 0.6 f ~ 0.6 f . 0.6 f ~
0'4;‘ 68.3% “ 0'4;‘ 68.3% “ 0'4;‘ 68.3%“; 0'4;‘ 68.3% “
02F - 02F - 02F - 02F ;
- 95.5% 1 L 95.5% ] - 95.5% | 3 955% 1
L T T e s g o e e L e R L e S RS R
x [107] y [107] la/pl — 1 ¢
Parameter Value 95.5% CL interval
% o+ B27 R —0.05,0.60
g [1072] 0.7440.37 - 0.00,1.50
= +0.22 I N\ -l
q/p| 1.057 417 | 0.55,2.15
¢ —0.09 1016 —0.73,0.29)

* Most precise measurement of x by a single experiment

* No sign of CP violation
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Impact on world average

Parameter Value Allowed interval

68.3% CL 95.5% CL  99.7% CL
z [1072] 0.384+0.12 [ 0.26 ,0.50 | [ 0.14,0.61] [ 0.02,0.71]
y [1072] 0.655 70062 [ 0.588,0.717] [ 0.52,0.78] [ 0.44,0.84]
lq/p| 0.967 T99%0 [ 0.922,1.017] [ 0.88,1.07] [ 0.84,1.13]
b —0.070 T5 0% [-0.151,0.009]  [—0.24,0.09] [—0.33,0.19]

 Includes all measurements shown

today

* Significantly improved limits on

CPV parameters

* First evidence of non-zero x

... 30 times more data in Run 2

LHCb-PAPER-2019-001

g AL R A
| 1 _
O
= B G Current world average LHCb -

09+ + this measurement —
>\ -
0.8 —
o |
0.6~ -
0.5 -
04 | | | | | ]
=02 0 02 04 0.6 0.8 1
x [107]
AN I L B R B R I
EI Current world average LHCb
0.5 + this measurement N
1 / _
=05 @ —
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Direct CP violation

LHCb-PAPER-2019-006
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Direct CP violation in two-body charm decays

* Singly Cabibbo-suppressed decays: . d. . é
- u ] -
DY - KKt and D' —7nnt <« I

C

Y Vj’c) Vup

(d and s loop cancel)

e (Observable:

— )
Acp(f) = N(D°—=f)-T(D = f) -~ ‘M < 0(0.1 %)

o F(DO—>f)—|—F(EO—)f) Vc*s Vus

Naively: Acp(K~KT) = —Acp(n—n™)
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Two-body modes

LHCb-PAPER-2019-006

NE.)
Q6
S 000
K + S 5000
//V .—.
o 4000
*4, — 0 _— — =
D*T Dy > K 5 3000
— I
T 2000
oy 2
T S 1000
O
% 600
> :
<%}
YK + 2 500
_— —
= _ T 400
EO " K - :
B Y » > - B
% ----------- g L5 200
-— ) = B
~y K S 100

+ Data
B - kK
Comb. bkg.]

44 Million 3

X

m(D°7*) [MeV/c2]

005

'LHCb ]

{ Data
Br'- K—K+§
MD° - K=+
Comb. bkg. ]

9 Million?

1850 1900
m(K"K*) [MeV/c2]

Sub-per mille precision!

2020

Candidates / ( 1 MeV/c?)

-
1800F ]
1600F t Daa
1400F B -
1200f _|Comb. bkg,]
1000F =
800F e T
600F 14 MllllOn—;
400F =
200F ] -
- JI k'-'lt'II/IA7//[//[/157.7//4"///47////?7/1

9005 2010 2015 2020
m(D°7*) [MeV/c2]

1607
140F
120f
100f
80f
60F
40f
20

00 1850 1900
m(z— ) [MeV/c?]
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Measured quantity: AAcp (prompt)

Measured Ao () = N(D0—>f,7r+)—N(§Z—>f,7r:)7 f=KtK ,ntm™
asymmetry: N(DO—= fmt)+N(D" = f,77)
Araw(f) — AC’P(f) + AD(TH_) + AP(D*+)
A N N
Detection Production
CP asymmetry
asymmetry asymmetry
All of order 1% or below.

Experimentally AAcp = Apaw(KTK™) — Apaw(ntn)

more robust:

= ACP(K+K_) — A(jp(ﬂ+7T_)
-

Assumption: Detection and production asymmetry cancel.

S. Stahl, 21/03/19
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Measured quantity: AAcp (SL)

— =0
Measured A () = ND = fu )=ND =fu) ¢ et = gt
asymmetry: N(DO—= f,p=)+N(D" = f,u™)
Araw(f) — AC’P(f) -+ AD(M_) + AP(B)
4 X M
Detection Production
CP asymmetry
asymmetry asymmetry
All of order 1% or below.
Different nuisance asymmetries in both modes.
Experimentally AAcp = Apaw(KTK™) — Apaw(ntn)

more robust:

S. Stahl, 21/03/19

— ACP(K+K_) — A(jp(ﬂ+7T_)

-

Assumption: Detection and production asymmetry cancel.
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AACP history in LHCb

Picture by A. Carbone
AAcp = ACP(K+K_) — Acp(ﬂ'—i_ﬂ'_)

n-tagged (3fb™) "‘ Phys. Rev. Lett. 116 (2016)

u-tagged (3fb”) “"" JHEP 07 (2014) 041

u-tagged (1fb™) Benallll Phys. Lett. B723 (2013) 33

n-tagged (0.62 fb™) Tl Phys. Rev. Lett. 108 (2012)

Illlllllllllilllllllll"

-1 =05 0 05 1
AAcp [%]
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LHCb-PAPER-2019-006

Validity of the method

* Assumption: Cancellation of production and detection asymmetry in
difference

— Asymmetries depend on kinematics

— Residual asymmetries in difference

* Remember sub-per mille precision

Asymmetry

LHCDb Observed distributions:
01 I I I I I % mll T T T T T T T T T T T T T T T T
005 |  ® . 5 %% LHCb _
e ] 3 S 0SE — D' s 3
3 - —D" 5 KKY ]
-0.05 |+ . S ok E
oL Pr>3GeV —— | S : :
e P> 10|GEV smemmmsies El 03E E
-0.15 . g - .
02 + B production . ‘Za 02F 3
025 + asyminetry HE 0.1F 3
0.3 ' LA —— oEf A |
o 1 2 3 4 5 6 7 2 3 4 5 6
0
Rapldlty y Eur.Phys.J. C17 n(D")

(2000) 137-161
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Kinematic weighting

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Normalized candidates

02T 7

LHCb

—D' st
—D" 5 KK*

alized candidates

15

20

pT(D*+) [GeV/c]
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20

P, (D ") [GeV/c]

LHCb-PAPER-2019-006

Small differences in kinematics

Weights assigned to each KK event:

%k

D* ,D* et (02 "7 677)
w(py 7 077) oc SEE s

Production and detection
asymmetries cancel in difference

Effect on AAcp smaller than 104
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. . . LHCb-PAPER-2019-006
Systematic uncertainties

in 10~4
Source m-tagged p-tagged
Fit model 0.6 2
Mistag - 4 Wrong tag due
Weighting 0.2 \ to random
Secondary decays 0.3 combination

B fractions — with muon.
B reco. efficiency —

Peaking background 0.5

Total 0.9 5 Description of
signal and

Ostat 3.2 8 background
shape.
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LHCb-PAPER-2019-006
Robustness checks

* Remember sub-per mille precision.

* Detection asymmetries can change over time,
CP asymmetries should not.

* Results compatible for different run periods and magnet
polarities.

1\S———7 71 71 7] LS N e
- LHCb X>/ndf 7523715 F LHCb X2 /ndf 7523715 3
- p-value 0941 n p-value 0.941
o _ s a8 I SR BU e =
.:;}:' _________ H _____ s ‘{‘—"""*’“i_l'_%_"._ % "‘L'—',_‘l_:_ill'“:‘ 3 .... * .... 1 ... H +.{._rn i—l.—%.__'i._‘l._:_‘l_'[b;

N _+_2015 + ] : :_ +2015 _:
E 42016 : F #2016 :
- 42017 = - ¥ 2017 e
E #2018 . N S . C

ST s T T T 0 s | > 10 15

Run block

Run block
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Robustness checks

* Remember sub-per mille precision.

* Detection asymmetries depend on kinematics,

CP asymmetries should not.

* Huge number of tests

LHCb

— T
x? / ndf
p-value

7.87719
0.547

+

[

S. Stahl, 21/03/19

I B
1000

1200

pT(ﬂr+ ) [MeV/c]

LHCb-PAPER-2019-006

—
10.693/9
0.297

x? / ndf
p-value
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I 10000I | 15000
p(i) MeV/c?]
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LHCb-PAPER-2019-006
Results

e Full Run 2 result:

AATSeed — (18,24 3.2 (stat.) 0.9 (syst.)] x 107*
AALteeeed - — 9+ 8 (stat.) £ 5 (syst.)] x 107

* Full Run 1 result:
AATEd —  [_10 £ 8 (stat.) £ 3 (syst.)] x 107*
AAPZREEed  — 114 416 (stat.) = 8 (syst.)] x 1074

* All results compatible — combined result:

AAcp = (—15.4 T 2.9) x 1074
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LHCb-PAPER-2019-006

Combined LHCDb result

AAcp = (—15.4 T 2.9) x 1074

* The significance of the deviation
from zero corresponds to
5.3 standard deviations.

e This is the first observation of
CP violation in the decay
of charm hadrons.
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. LHCb-PAPER-2019-006
Interpretation of the results

* AAcp mostly sensitive to direct CP violation.

e Small contribution from indirect CP violation.

AACP = ACP(K_K+)—ACP(7T_7T+)
. (t) A
Aa%(H ) )+ (t) ina

(D) ¥ | T 7(Do)

2

* Use average decay-times, their difference and the other results
shown today:

Aadl, = (—15.6 £2.9) x 10~

: 1 1
= (ol [al) ooz (G- [3]) rome
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HFLAV combination

0.0100

0.0075 k—Spring 19 Belle

: CDF KK+mr
LHCb SL KK+mr

0.0050 | LHCb prompt KK
LHChb prompt ==

0.0025

wr

A
& 0.0000

d

S
<1_0.0025 |

—0.0050 |

—0.0075 |

LHCb 5L2
- LHCh prompt2

LHCb prompt

—0.0100 }

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

ind
acp

bra!

Contours contain 68%, 99.79

[https://hflav.web.cern.ch]

HFLAV combination
(dominated by LHCDb):

alg = (—0.028 £+ 0.026)%
Aadlt, = (—0.164 4 0.028)%

Consistency with NO CPV
Hypothesis:

5x1078
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1956

Parity violation
T.D.Lee, C.N. Yang
and C. S.Wu et al.

1963
Cabibbo Mixing
N. Cabibbo

1964

Strange particles:

CP violation in K
meson decays

J. W. Cronin,

V. L. Fitch ef al.

1973

2001

Beauty particles:
CP violation in B°
meson decays
BaBar and Belle
collaborations

The CKM matrix
M. Kobayashi and

T. Maskawa

Picture by A. Carbone

2019

Charm particles:
CP violation in D°
meson decays
LHCb collaboration
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Credits:

Slides inspired by:
"Charm physics at LHCb”,
Angelo Di Canto,
LHCb UK Student Meeting,
December 14th, 2015
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AAcp history in LHCb since today

Picture by A. Carbone

n-tagged (9 fb™) - LHCb-PAPER-2019-006

u-tagged (9 fb") _ﬂ LHCb-PAPER-2019-006

r-tagged (3 fb™) ....¢ Phys. Rev. Lett. 116 (2016)

p-tagged (3 fb) ___ JHEP 07 041 (2014)

p-tagged (1fb™) Nl Phys. Lett. B723 33 (2013)

n-tagged (0.62 fb™) S—— Phys. Rev. Lett. 108 (2012)

-1 =05 0 05 1
AAcp [%0]
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AAcp history in LHCb since today

Picture by A. Carbone

n-tagged (9 fb™) - LHCb-PAPER-2019-006

u-tagged (9 fb") _ﬂ LHCb-PAPER-2019-006

r-tagged (3 fb™) ....¢ Phys. Rev. Lett. 116 (2016)

p-tagged (3 fb) ___ JHEP 07 041 (2014)

p-tagged (1fb™) Nl Phys. Lett. B723 33 (2013)

n-tagged (0.62 fb™) S—— Phys. Rev. Lett. 108 (2012)

-1 =05 0 05 1
AAcp [%0]
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Systematic uncertainties

LHCb-PAPER-2019-001

Source Tep Yep Az Ay
Secondary charm decays 0.24 (0.44) (0.00)  0.36 (0.65) (0.00) < (.01 < (.01
Unrelated D%y~ combinations 0.34 (0.00) (0.94) 0.31(0.00) (0.60) < 0.01 < (.01
Reconstruction and selection biases 0.08 (0.24) (0.08) 0.94(1.37)(0.21) 0.22(0.24)(0.28)  0.25(0.29) (0.22)
Mass-fit model 0.04 (0.02) (0.10) 0.03(0.08) (0.15) < 0.01 0.03 (0.04) (< 0.01)
VELOQ length scale < (.01 < 0.01 < 0.01 < (.01
Input DP lifetime < .01 < 0.01 < 0.01 < (.01

Total systematic 0.43(0.50) (0.95) 1.05(1.52) (0.65) 0.22(0.24)(0.28) 0.25(0.29) (0.22)
CLEQO inputs 0.70(0.65) (0.87) 1.22(1.54)(1.35) 0.19(0.25)(0.28)  0.26 (0.36) (0.65)

Statistical (w/o CLEQ inputs)

1.46 (1.76) (2.64)

3.35 (4.02) (6.12)

0.68 (0.74) (1.67)

1.58 (1.76) (3.93)

Statistical

1.62 (1.87) (2.78)

3.57 (4.30) (6.27)

0.70 (0.78) (1.69)

1.60 (1.80) (3.98)
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Effect of direct CPV on CPV parameters

M Gersabeck et al.
http://arxiv.org/abs/1111.6515v2

AT = (14 An)(1 £ Aa),

1 1 . -
Yyop = ncp [(l - S_A?z”‘) Y COS p — i{A?rL).ﬂ sin q-i;} : (7)
and
1 . _ lels 1 _ . .
Ar = i(A»,-n—i—Aﬂr)y cOS ¢p— x:8in ¢ n & Nep 5(Am + Ag)ycos¢g — xsing| .(8)
Yor
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One step further: Acp(K'K")

e Similar strategy as AAcp, just more complicated

Avaw (K~ KT,SL) = Acp (K~ K1) +

Ap(p~) + Ap(B)

* Cabibbo-favoured decays B— (D° — K~ 7))y~ X

Apaw (K77, SL) =

Ap(p~) + Ap(B) - Ap(K~7T)

* Charged kaon asymmetry from Cabibbo-favoured D* decays

AraW(K_7‘-+7T+7 PI’) —

AD(K_W+)

_|_

Ao (FOWJF, Pr) =

Ap(m™) + Ap(DT)

Ap(nT) + Ap(DT) HAp(KY)

(small)

Ap(K™71) = Ape (K7 71) — Apn (K 71) — Ap(K°)

fl(_‘,p ( K-K™ ) — flraw ([{_ K™ )

— A (K—77) + Ap(K—77)
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One step further: Acp(K'K")

e Similar strategy as AAcp, just more complicated

AraW(K_K+, SL) = ACP(K_K+) + AD(,U,_) -+ AP(B)

e Cabibbo-favoured decays B— (D — K7 t)u~ X

1 AD(K_W+)

ed D* decays
Apaw (K~ 77T, Pr) Ap(n™)+ Ap(D™T)

Ao (B 7, Pr) = |Ap(nF) + Ap(DH) 4+ Ap (KO)

(small)

[AD(K7%) = A (K7 7) = A (K%)= Ap(K") |
JAcP (K™ K™) = Ay (KTK) = A (K~7%) + Ap(K~77) |
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Neutral kaon asymmetry

S. Stahl, 21/03/19

Flavour of kaon at production defined

Dt 5 K ont D~ — K%~

0
At decay we measurd nr/final state (almost pure /£ g)

Feature 1: Neutral Kaons mix and decay is CP violating

. ) i —0
Feature 2: Different matter interaction rates for K / K

Thesis,
S. Stahl

Feature 3: Both effects interfere

—
'— ------------ Absorption
— --+- CP violation

2
5
I
0.5F —— Coherent sum
0

L B
Simplified
geometry

Experimental status of charm physics
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LHCb-PUB-2018-004

Neutral kaon asymmetry

e Formalism well known:

ars(t) = e [O'E_S cos (SH}; ¢ L 50 K —=Lin (Qﬂ]

Mixing and Coherent scattering in
CP violation material (regeneration)
K%, |K) = TR [|K7) £ |K)]

Propagate particles step wise
through material map.
— Extract expected asymmetry
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LHCb-PUB-2018-004

Neutral kaon asymmetry

BS F —7— Shifted prediction LHCb 3 X ;_ —=— Shifted prediction _; S 006k T T T
Hadl? = a) 4 = - LHCb b) 4:i = ' 0 ]
20 éé —— Dala (( ) 3 2 1%—.— Data ( ) 3 : . Kﬁ LL E
L 05 E (B E E
1% T e - ] 3
1-52_ 13 23 5=|—u—_:
2F 3 -3F = = E
2.5E ! . L E . . , 0 L
0 0.1 0.2 0.3 0.4 0 1 2 3T e 3 Yk
: upstream tr: s

................................................................................. T

T-stations
\ttr long track

e Model describes data well \VM
Il
e Assigned correction to LL sample L downstream track
VELO track

Ap(K°) = (0.054 £ 0.014 (syst))% \J
* DD only used to derived systematic

— effect much bigger

JHEP07(2014)041, S. Stahl PhD thesis
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Charm at LHCb (Run 2)

~1 MHz cc pairs!

Trigger output: Trigger output:

x10°
LHCb Preliminary
2016 Prescaled data
D’ - Kn*

Signal: 157 million

x10°
e

™
wn

— T
LHCDb Preliminary
2016 2-body data
D*(2010)" — D°n*
Signal: 284 million

w
T TTT

~
w
TT[TT

Signal (20136 data):

=
o
LA RRRRN R

Candidates per 19 keV/c?
Candidates per 1 keV/c?
I

05 z 284 millio
0.4 1 g
0.2 0.5
0 04
1850 1900 140 145 150 155
K" mass [MeV/c?] Kn'n,,-Kn* mass [MeV/c?]

Huge event rates — limited off-line storage.
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AAcp history in LHCb since today

Picture by A. Carbone

n-tagged (9 fb™) - LHCb-PAPER-2019-006

u-tagged (9 fb") _ﬂ LHCb-PAPER-2019-006

r-tagged (3 fb™) ....¢ Phys. Rev. Lett. 116 (2016)

p-tagged (3 fb) ___ JHEP 07 041 (2014)

p-tagged (1fb™) Nl Phys. Lett. B723 33 (2013)

n-tagged (0.62 fb™) S—— Phys. Rev. Lett. 108 (2012)

-1 =05 0 05 1
AAcp [%0]
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