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CP violation in charm

Charm neutral mesons are the only ones made up of up-type quarks W
— complementary sensitivity to BSM Q=+2/3 (U C t

0=-1/3 ' d S b
Mixing and CP violation (CPV) suppressed by v}{ol v\lﬁ'

Vcb Vl;ku

*
cs’su

+  GIM mechanism (m,/my, < m,/my, dand s contributions cancel in U-spin limit)

smallness of CKM elements involved: CPV «x Im ~—6%x10"*

d S

Tree + rescattering
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The first observation of CP violation in charm

_ — - « Nuisance asymmetries cancel out
AACP — Araw(K+K ) — Araw(ﬂ-l_]t ) PRL 122 (2019) 211803 i the dif‘fere?’llce'
N ag - —al, =(-154£0.29)x 107 (5.30) - dynamical asymmetries add up

(@, - ~ —a?,__inthe U-spin limit).
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Measurement of A ,(D’ - KTK")

Aim for 1st observation of CPV in single charm decay channel.
« nuisance asymmetries subtracted through Cabibbo-favoured decay channels

« kinematics of equal particles in different decays must be matched as detection asymmetries
are momentum-dependent

. D( )~ Koh+ is the bottleneck to final precision

Acp(D° = KTK™) ® Apaw (D’ = KTK™) — Araw(D°— K~ 7t)  Run 1 method
(+ Avaw (DT = K=t 7%) — Ara (DF — K37 ) Aer(K°)
Acp(D* = KTK ™) m A (D = KTK ™) — Apaw(D° — K1)
GAW Df = K~ K1) — Apeu(DF — KK )W Ager(KO)
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Search for local CP violation in D(*g) — K KtK™

« Variation of the hadronic parameters across
the Dalitz plot (DP) provides a handle

on QCD effects

ACP ~ 2 (Apenguin / Atree

) sin(85"°" — 6,7°"€) siny

doubly Cabibbo-suppressed

Candidates / (0.5 MeV)

« Look for local differences in the fractional
yield in each bin of the DP to get rid of global

nuisance asymmetries

- binning optimises the sensitivity by
reproducing the pattern of the main
resonances (= const. strong phase)

- size of residual DP-dependent
asymmetries checked in simulation
and Cabibbo-favoured D™ — K z*zn*
and D - K"K*z* decays
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Cabibbo-suppressed
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https://arxiv.org/abs/2303.04062

Search for local CP violation in D(*g) — K KtK™

e : _ _ _ arXiv:2303.04062
Sensitivity studies show that an observation of CPV would be possible if the
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Direct measurements of the CKM angle Y
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Direct measurements of the CKM angle Y

«  The only CKM angle that can be measured from tree-level decays

« clean theoretical interpretation
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Measurement of y with BT — [K¥rn 7] ,h+

4 bins  arXiv:2209.03692

70 T
Ry, = 0.4 = improvement in precision from - ﬁ LHCb 1 LHCb i
. . 3 9fh! 9fh~t
measurement in phase-space bins g w0 B DB - } B+ s DK Bin1 -
g\g 40 % H ﬂ} :git: DK+ 1
. PLB 802 (2020) 135188 = 30 ﬂ Hﬁ ] H{Hﬂ m B o DxeX i
~ = R ENE 5 ‘ u B :D{(;{(
509E Simulation - S 20p ! T = o y
08F | sensitivity - 10 LU‘W k .
0.7 E— “\\ “‘w“ Study—; — 0 | B %4£+H+Hwﬁ++#ﬁ+f ﬂ#u‘ﬁ t L ot sfsy m‘»mﬁm 4o ‘ﬂ’HH-»L
0.6 F 5 E = 60| L?Ibe 1 LECb i
0.5 . = g 9fph! 9!
o4 E 4bins 4 EPJC 78 (2018) 6, 443 ERl r B~ DK B2 | B* - DK* Bin2 |
03 E “‘\‘ | E Z { """"""""""""" #HH 7
02F \ phage-space s M | + w |
0.1F \|| ___ integrated 2L Hm Acp=85% | w |
0 E R BN 2 B 1/ R B ]
60 80 100 120 140 10 L%% .................... . 1
'y [0} 0 { ‘+—+++HH++7 Wr H++++,++++M‘H Hk{” ﬁ‘f#+t—4++++++w‘+ﬂ+# bt ‘Mwﬁ

60 I LHCb 4 LHCb i
9fh! 9fh!
50

3 h |

Candidates/ (10 MeV/c?)

20 |- <+ + |
- phase-space integrated 10 Lﬂ kt i
5
g': } ‘ ‘ } ‘ ‘ ‘ 0 } ‘ﬁ*ﬂﬁ* it ‘»+++ TR T ‘r#tmm dw‘* ++++ it P
=~ LHCb LHCb &
Z 200 i} 9fh! . 9fb! ] = LHCb 1 LHCH 1
= + + 2 9fh~! 9fbt
S }L B~ — DK~ HJ[ BT - DK+ =
150 L m B + Data i S B~ — DK~ Bind [l Bt - DK+ Bin4 |
8 WL H H W B DE* = i
£ | J( W B Drt 3 7 * N
= BY - DK*X =
'"g 100 = T 1 W3 - DKTX 7] = - H B
< t W3 o DrX =
© | A — Dpr 1S 1 + B
\ Crossfeed — ‘
Combinatorial | B
EERE NG ST TR N | bt bbb b bt e e et ] 1@;@% tr ISR [ J +1h#$++$++ sl ++H++Ht++++ satal s i
5.2 5.4 5.6 5.8 5.2 5.4 5.6 5.8 5.4 5.6 5.8 5.2 5.4 5.6 5.8
MpK- [GBV/CQ] Mpg+ [GEV/CZ} Mpg- [GeV/Cz] Mpx+ [Ge\//cz]

La Thuile, 8 March 2023 T. Pajero (Oxford) | CKM and CP violation measurements at LHCb


https://inspirehep.net/literature/1644791
https://inspirehep.net/literature/1755408
https://arxiv.org/abs/2209.03692

Measurement of y with BT — [K¥rn 7] ,h+

: . : arXiv:2209.03692
« Results combined with model-independent measurements of the

charm hadronic parameters from charm factories (BES-IIl, CLEO-c)

and charm mixing (LHCb B — [D%z*],., u~X): PLB 802 (2020) 135188
JHEP 05 (2021) 164

o
= (54.8 i g:g ki 8:2 E ?L:?Z) 2nd most precise determination of y

!\

External input on charm harmonic parameters, large improvement expected from
— incoming 20 fb-1 of BES-IIl w(3770) data
— LHCb measurement of mixing with D** — D%z decays
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Measurement of y with B¥ — [hth ™z 'z, h™
arXiv:2301.10328
B* - DK* B* - Dn*

i)\ - B* -Dn* ) c@ 8000 - B* -DK*
> 600 —— B —DK* = — B*—=Dx*
?) Charmless % 7000 — D—K g7 [7°]
= 500 B — D0—>qurn[n”] . = 6000 s B° =D (=D [77]) h*
S 00 Ry S 5000 —nhoEE
— - o 400 m—O D 1 O e B* =D (=D [y]) h*
D —> K+K 71'+7Z' = e B —>1% (:)D [yDh = 4000 B =D h*[x]
v 300 B =D I*lx] 2 s Combinatorial
o) B{ =D'K*["] Q Total
< Part. reco. mis-ID < 3000 Datz
g 200 === Combinatorial g 2000 ata
= Total =
S 100 —=— Data & 1000

0 5600 0 5400 5600
m(DK*) [MeV/c?] m(Dx*) [MeV/c?]
800 T T T T —~
N B —Dxt < 9000 ' B DK
~ = x >~ - +
% 700 o gharnl])leKss % 8000 ;Igbqlb : 20 :g{;;D "] b
= 600 — 8" ~D (=D () I = 7000 — B D'(D [
S 500 et St & 6000 — B =D (=D [y)
D— atnrntn =2 B —Dh*[x] L 5000 B D"’
400 0 0prer = - === Combinatorial
% B =D KT % 4000
L 300 Part. reco. mis-ID 1) Total
-g === Combinatorial = 3000 —&— Data
= 200 Total = 2000
o= —m— Data FE
g 100 & 1000
0 'l
5200 5400 5600 0 5200 5400 5600
m(DK*) [MeV/c?] m(Dx*) [MeV/c?]

No model-independent determinations of the hadronic parameters available yet
(only phase-space integrated CP-even fraction arxiv:2208.10098, arXiv:2212.06489). Rely on:

«  LHCb amplitude model to calculate the parameters for D - K*K~ztz~ JHEP 02 (2019) 126
- phase-space integrated measurement for D - z x "z x~
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Results for binned B*¥ —» [K*K zt27], K™

. o arXiv:2301.10328
DY - K*K~n*z~ binning

a b
~ fa)
= z
= Sensitivity with 8 x 2 bins
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Measurement of y with BT — [hth ztn" ], h ™

arXiv:2301.10328

CP-violating observable Fit results
(ALK 0.093 4 0.023 =+ 0.002)
AlKTm —0.009 +0.006 4 0.001
(Agzrm 0.060 +0.013 =+0.001)
AT —0.0082 + 0.0031 + 0.0007
REL™™ 0.974 4+0.024 +0.015
o 0.978 +0.014 =+0.010

B\ .

Uncertainty from external measurements of the
1 PS integrated charm hadronic parameters equal to the statistical

50 - Egl?:%dzom | uncertainty.

| | S | | Precision will improve (and value might change)
0 50 100 150 after ongoing BES-IlIl model-independent
v ' measurement
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Observation of the B — D"™*D"~ decay

B, — DD decays are sensitive to we
the CKM parameter 24,
b

- theoretical interpretation limited by o . .

the knowledge of second-order

diagrams JHEP 07 (2015) 108 (

PRD 91 (2015) 3, 034027 :

BY — D™D receives contributions B;g{ w w

from W-exchange and penguin d(s) . o) _

annihilation diagrams only . 1 "D

arXiv:2210.14945
S 1123 LHCb ¢ Data
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Search for direct CPV in Bt — h™h*h™ decays
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o arXiv:2206.07622
45— — T
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production asymmetry corrected for by using B* — J/wK*

Acp(B* — K*rtr™) = +0.011 & 0.002 & 0.003 £0.003) (2.4 o)
Acp(B* = K*K+TK™) = —0.037 4 0.002 & 0.002 £{0.003 | (8.5 0)
Acp(B* = nfrtr™) = +0.080 £ 0.004 £ 0.003 £/0.003 |(14.1 0)
Acp(B* — 7KK ™) = —0.114 + 0.007 + 0.003 +10.003 ) (13.6 0)
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Search for direct CPV in Bt — h™h*h™ decays

; o arXiv:2206.07622
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U-spin (s < d) predictions respected within 10-20% uncertainty  shatiacharya, Gronau & Rosner 2013

Bhattacharya et al. 2014
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Search for direct CPVin Bt — h™h*th™ decays
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Search for direct CPVin Bt — h™h*th™ decays
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Search for direct CPV in Bt — h™h*h™ decays
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Search for direct CPV in B* — PV decays

arXiv:2206.02038
Based on Phys. Rev. D 94 (2016) 5, 054028

- select a narrow region around a vector resonance
«  +150 MeV/c2 for p°(770)
«  +50 MeV/c2 for K™9(892)
- +5 MeV/c2 for ¢°(1020)

Angular distribution of resonances
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Search for direct CPV in B* — PV decays

arXiv:2206.02038
Based on Phys. Rev. D 94 (2016) 5, 054028

_ Angular dlstrlbutlon of resonances
. select a narrow region around a vector resonance
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Summary

- First evidence for CP violation in charm in a single decay channel was found (3.8 o)

- The angle y is no longer the least known angle of the CKM triangle

- further improvements from better knowledge of hadronic parameters
and time-dependent analyses expected soon
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The LHCb Upgrade | will improve the Run 3 measurements in several crucial ways
« higher integrated luminosity
- removal of hardware trigger

— higher trigger efficiency

— smaller detection asymmetries
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The LHCb experiment
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Why care about flavour physics?
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A story of success
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Requirements to observe CP violation

Under the CP transformation:
strong phases are invariant;
weak phases change sign.

A = |Ale®e'? A = |AlePe™

Since only |A|? is observable, there is no CP violation
if only one amplitude contributes to the process.
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Requirements to observe CP violation

Under the CP transformation:
+ strong phases are invariant;
+ weak phases change sign.

u > Z }K+
A2 = |A2|ei52€i(/)2 Kz = |A2|€i52€_i(/)2

Ay + Ao = |A] + Ay|* = — 4]A||A,]sin(5, — 6,)sin(¢h; — ¢h,)

:L:f = = ]

Need at least two interfering amplitudes with different weak phases
and different strong phases to observe CP violation
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Flavoured neutral mesons

Flavour quantum numbers are not conserved by the weak interaction
— neutral mesons oscillate:

|AC| =2
d (D0 i\ [ D) 0_ (FCNC) = 750 _ -
S () (e B

off-shell on-shell

transitions. NP? transitions The oscillation probability is determined

by the size of the transition amplitudes:

2|M,| _ Il “mixing
r Y12 =" parameters”

X1p =

Mixing provides additional interfering amplitudes. CPV is classified as:

. 2 1 -2 :?i 4 |A[* — |A7?
1. CPV in the decay ‘ D° f’ ?“ p° I —m ag -
|Af? + |Agl?
. . . EO = 2 DO 2
2. CPV in the mixing ’ DO-.-‘.(f #‘ 50-.-’.-‘(f

3.CPV in the mterference
(of mixing and decay) "‘.< "'.‘(f ‘

P(D° - D% + P(D° - DY)
1y = arg(M,/T' ) #0

= G 2 d
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Charm: the dark horse of fIavourDO

£

Charm is the only up-type quark which mixes and Q=+2/3 (U C t
allows high-precision CPV measurements
0=-1/3 | d S b
V\/)V V\\/
K()

0
FCNC are extremely suppressed B

GIM mechanism broken by the
beauty-quark mass (instead of top)

W \
C Uu

POl d,s,b dsb 1D o<<md’s’b>2

m .
” c W AP =p—in —AI2 1 t

Vekm =

c +0(U%

A =sinf- ~ 0.23
CKM suppression of b-quark contribution

The third generation of quarks nearly decouples from the first two, while the
contributions from d, s quarks cancel out in the limit of U-spin symmetry (m, = m,)

Experimentally x;, % 0.4 %, y;, = 0.6 %

en)

Main contributions come from low-energy QCD
interactions through on-shell resonances.

Theory predictions are challenging.
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Measurement of ACP(DO — KTK™)

La Thuile, 8 March 2023

time-dep. CPV,
known with 10-4 precision ,~1.7

Acp(f) ~ af @o
AACP - ACP(K+K_) - ACP(ﬂ+7Z_

~Y d — d \
~ Ogig- — Apig- +

arXiv:2209.03179
PRL 122 (2019) 211803
PRD 104 (2021) 7, 072010
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VELO vacuum incident

The VELO detector is installed in a secondary vacuum inside the LHC primary vacuum. The
primary and secondary volumes are separated by two thin walled (180 pm) Aluminium boxes, the
RF foils. The LHC vacuum control system protects against pressure differentials, both during
vacuum operation and during technical stops, when all volumes are sometimes filled with Neon.

Y

On 10th January 2023, during a VELO warm up in Neon, there was a loss of control of the
protection system. A relay failed and damaged a power supply, leading to multiple equipment
failures and a pumping action on the primary volume. The safety valve didn’t open at the
designed AP = 10 mbar, and a pressure differential of 200 mbar built up between the two
volumes, whereas the foils are designed to withstand 10 mbar only.

The system has been returned to a safe situation and VELO modules are not damaged and
operational:

- correct leakage current measured in silicon sensors
« silicon microchannels show no leaks
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Analysis and recovery

The deformation of the RF foil has been simulated, and the results have been benchmarked
against measurements on a 1/2 scale prototype box.

AP cycle: 0 mbar— 200 mbar — 0 mbar

Residual deformation [mm] in simulation after l .

 J ;
4 ,‘

e 4
,

Visualisation through viewing port

FEA simulation (COMSOL) | Benchmarking simulation/measurement

« Plastic deformation of the foils of up to 14 mm expected
- to be validated with tomography with beam
- detector and vacua brought back to a safe state
« commissioning of VELO and other subdetectors can continue
« VELO cannot be fully closed
- foil needs to be replaced in next YETS (~13 weeks intervention)

Physics programme in 2023 will be significantly affected: lower acceptance; slightly worse IP
resolution, similar to Run 2; lower integrated luminosity — targeting ~1 fb-1

« could still provide world-best measurements in some areas thanks to the new flexible
software-only high-bandwidth trigger
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