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Charmed hadrons

Unique role of charmed hadron decays in flavor physics

Only access to mixing and CPV involving up-type quark

Mixing and CPV highly suppressed at the SM level

Strong GIM suppression + CPV highly suppressed

(m, << m)) (CKM hierarchy)
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High sensitivity to BSM effects with SM null-tests
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Past and present experiments

Charmed hadron properties extensively studied in the past decades

Several experiments involved, different facilities

CLEO III
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The LHCh experiment

LHCh has the perfect environment to study charm decays:
olpp— charm X )~ L (Run2) ~1 MHz

large acceptance for b/c hadron decays with forward geometry

precision tracking + vertexing
—s disentangle signal from background

high quality particle identification
—s separate different hadrons species

(see previous talk by Patrick for an LHCh overview)

LHCb able to collect hundreds of millions of charm decays
— measure the tiny expected effects
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LHCb MC
\s=14TeV

Int.JMod.Phys.A 30 (2015) 07, 1530022
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What do we measure?

Time-dependent CP asymmetry — two contributions
CP asymmetry in the decay - time independent

_ (D> f,t) -T(D°— f,t) | 4 t
Al = LS 1y w000 £.o) A 7
[ Time-dependent CP asymmetry ]
Or its time-integrated counterpart
Acp(f) e at + YA CP asymmetry integrated over all decay times

Tpo
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How do we measure A[P?

Tag the flavor of the decaying hadron Infer 0 flavor exploiting sign of z,,, or u,,,
K- _/_ %\ Two “nuisance” asymmetries appear:
oo . K anti-0°.. K - [D*/ B production asymmetry]
[+ - L ™ — different probability for 0™/0" B/anti-B
X - | final state detection asymmetry
D"-tagged u-tagged — asymmetric response of the detector
Experimental access to raw asymmetry A, and Almd disentangled with a “calibration channel’
(process with same A, and Aprod as signal)

Ara(£,1) ~ Acp(£,2) +Aaa(£) [+{Aproa(D) !
: - subtract the two A to extract A,
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Two body decays: D'—h'h™ =/ o= 7=

[

Comb. bkg.

B -kx]  — 1400
[/) comb. bkg.

D%— f*h- decays golden channel in LHCh
—s exploited in discovery of GPV in Charm decays in 2019
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AAP = AP(KTK™) — AP (ntn™) = (—15.4£2.9) x 1074 m(D°r*) [MeV/c?] m(D°m*) [MeV/c?]
Phys.Rev.Lett 122 (2019) 21, 211803

U —T T T T

Tt

Recent measurement improved precision on A.,(K*K")

kS 0.0065— LHCb
—s disentangle CPVin KK and z°= . o
0002] E

ad o =( T7T7+£57) x1074 . N :
KoK Measure U-spin breaking size 0;
o, =(23.2+6.1) x 10~ O {
contours hold 68%,95% CL ]
0004 =004 0002 0 0002 6.2'04'
3.8 & — first evidence of charm CPV in a single channel Phvs Rev Lett 131 (2023) 21.091802 KK
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Multibody decays: D" —K'K

Strong-phase variation across Dalitz plot

D*—K K" is the singly Cabibbo-suppressed decay with largest BF
— diagrams similar to 0°—K"K" - similar A, size?

We measure A, around K* and ¢ resonances:

|: ( A Atop—left e A Abottom—right) _ ( A Atop—right -+ A Abottom—left)]

raw raw raw raw

N =

Acpis =

A expected to change sign crossing resonance vertically and horizontally
Phys. Rev. D 78, 072003

7T+ —
A%E s = (0.95+0.43 +0.26) x 107
ABET = (~0.26 £0.56 £ 0.18) x 1073

Most precise search through phase space of a multibody decay
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Possible local asymmetries enhancement
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Multibody decays: D" —K'K

arXiv:2409.01414

Simultaneous model-independent search—s any difference between J° and [~ amplitudes across all Dalitz plot

CP asymmetry significance measured in Dalitz-plot bins
AA&’P — Ai,S . Ai,C o AAglobal SZCP _

raw raw raw

OAAi
Hypothesis of no local CP violation is tested with

Nbins

C(Sace) = Y (Sh,)?

1

p-value for CP conservation hypothesis is 8.1%

No CPV evidence for both methods:
- sub-10- precision reached ~o (A, (K*K))
Ap(K"K) vs Ao (7' ) suggesting a larger GPV size in "z diagram

—s similar search with -7 =" final state ongoing

Lorenzo Pica (lorenzo.pica@cern.ch) CPV and mixing in Charm

s(K"K*) [GeV?]

3.5p

Frrrrrrerr e 5 5
! <
i.Sng 4 9
1.02F 0

4 1 ‘ i 3
0.98F _4

‘ 1 1.5 2 2
- LHCb 1

\, 5.41fb”

0
[ -1
[ k —2
1 -3
[ —4
Efacas i e a0 =
0.5 1 1.5 2

s(K™m*) [GeV?]
2024 Implications Workshop


mailto:lorenzo.pica@cern.ch
http://arxiv.org/abs/2409.01414

Mixing
and
time-dependent CPV



D mixing in a nutshell

DY time evolutions described by

Off shell transitions

!
Sensitive to new physics

D

On shell transitions ]

Mixing parameters

T12 = 2|Mis|/T Y12 = |'1a|/T

CPV in mixing by mixing phases

¢35 ~ arg (M2) ¢y ~ arg (I'12)
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Mleng W|th DO—)K+_7T_ decays arXiv:2407.18001

New mixing + CPV measurement with full Run 2 dataset

_______ = WS
D* — DO+ mix CF
s I Jom
Measure ratio between: e LD o
D" —D%— K'z)x" — Wrong Sign (WS) v
D" —D%— K=")x" — Right Sign (RS) "y .
\ Sensitive t
oromotly produced 0] ensitive to mixing
- Do RS
Separately measured for the two decay configurations: DRI D05,
. G
. J
e = DD = KHr) o = DD = K-nt) . Y .
exlt) = T(DO(t) — K+m-) renl(l) = T(DO(t) — K-7t) Cancel lifetime acceptance +
detector effects
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arXiv:2407.18001

Mixing with D°— K7 decays

R/{Ztlme evolution is
R, (t) =R, (1£\A..)+ VR, A HA, D,

2
JEAc, )t+(c,. |E A, )t

Mixing observables CPV observables

_ o d d
Oy Ak = ajygs + ags

— X12 COS c,bx si

~ r
Cxn = Y12 COS P, COS|O, .

K ylz(Pll;r Slnl 51(71’

[SY)

ACKH 2 x12¢1]<\i COs

1
Con = 1 (x% + 1)
Strong phase difference &, =10°+ 3° Ac =~ % x12y12 (9 — ¢ )

LHCb-CONF-2022-002, Phys. Rev. D 86, 112001,
Eur. Phys. J. C 82,1009 (2022)
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Candidates / (50 keV/c?)
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Mixing - double-tagged decays

Mixing + CPV parameters performed by LHCh also with double-tagged (DT) D'— K'z

Just approved!

Complementary to measurement
with prompt sample

Larger acceptance at
lower decay time

Different systematic uncertainties
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Double-tagged results

WS/RS ratio is measured as before (slightly different parametrization)

ton o Ngs(®) o T e {8 i o
R (t)—N':?ts(t)—RD—i— REy (;>+f<
Value Statistical ~ Systematic
Mixing only

Rp [1077] 3.47 0.06 0.01

y' [1073] 5.84 1.62 0.16

(/)% [1079] 0.04 12.25 1.06

All CPV allowed

R}, [1079] 3.55 0.08 0.02

y'+ [107°] 3.56 2.23 0.26

(z/t)% [1079] || 10.86 16.17 1.35

Ry, [1079] 3.39 0.08 0.02

Y~ [107] 8.11 2.34 0.28

(z'7)% [1079] || —11.29 18.55 1.28

(Results with prompt sample parametrization will also be added to the paper)
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Charm Y [Ombma[mn L HCh-CONF-2024-004

CKM angle y, Charm mixing and CPV parameters measurements included in a single fit

—s improves precision on single observables exploiting full information Previous combinations
LHCb-CONF-2022-003
New update to the combination just published (LHCb-CONF-2024-004) JHEP 12 (2021) 141

— 9 new LHCh measurements included (2023-2024)
(Double-tagged 0°— K"z not included)

o 20—

4.5 deviation from O 2055_%%832‘8?&33?08?3 LHCb/
x = (0.41 £ 0.05)% U-spin symmetry B A A B CSSEORIESEI Summer 2024 |
y = (0.621%5557)% B ]
lq/p| = 0.989 + 0.015 oot ]

¢ =(—25+12)° :
o8™ = (191.613:3)° 190F
al, ~ =(22+6)x 10" 185F

d +6 —4 r T _ — ; ’ ]
A%t je— = (675) x 10 . o _/4 _____________ i
vK: ]({64.6 +2.8)° Previous determination is 180F ;

6B™ = (190.2 + 2.8)°
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aDC’S O [0 n S‘[I'a | nt LHCb-CONF-2024-004

Novelty of latest update is a%¢s = 0 constraint application
Expected CPV for DCS within SM is 0 — only one amplitude contributing to decay

Fit is repeated applying external constraint to a%g

— improved sensitivity to charm CPV observables Enhancing ="~ CPV evidence!
041 £ 0.05)% =05 ey e o —0] S 2 By ot .. -0 LHCD
€Tr = . . 0 @E 1 r ‘§ummcr2024:
y = (0.619 + 0.021)% =0 :
la/p| = 0.9847 4015 :—
¢ = (—1.67773)° 0.2 :
at, ~ =(24+6)x107* ol 5
a% 1 - = (9£5) x 107* - g _
OBT = (191.4 £ 2.4)° o A bt S I TN
—-0.1 0.0 0.1 0.2 0.3 —0.050 —0.025 0.000 0.025 0.050
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LRCh upgrade



Data hunger

All reported measurements are statistically limited

Larger dataset to improve precision No-upgrade scenario

- Y B.oJdwe | HCb simulation
25-_ A B-onrn
Tk Bs_)w

T m B,->DK

Increase data acquisition rate

Relative trigger yield

1.5

LHCb went through a major upgrade (J/VST19 (2024) 05. PO5065): i
- X9 instantaneous luminosity increase wrt Run 2 3

- increase trigger efficiency 05F

(more signal events with same data)

sl b ey
1 15 2 2.5 3 3.5 4 4.5 5
Luminosity [ x 10°% cm?2 s

JINST19 (2024) 05, PO5065

07\I||||M\HI||||I>H|I|| I

Trigger efficiency for Charm decays limited in Run 2 by first hardware-level trigger thresholds (lower p, wrt Beauty)
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Uperaded trigger performances

We started taking data at nominal luminosity with upgraded system
—s expected improvements verified on data

LHCB-FIGURE-2024-030 Major trigger efficiency increase
E [ LiCoremmmy | HLT2Tumo 0353 for hadronic final-state charm decays
2120 4 2024 Hitl (Two)TrackMVA 10308
.5 [ - Run2 LOHadron + HIt1(Two)TrackMVA E ;
g T o8
oMy T Jon Variety of channels involved:

o
=N
T

[

I
1
O

DOKK, D'z — Ab gy AcplKK), Acpliz7)

0.4F + .
R [N S - D" g—3h— multibody GPV
02 — —0.05 0 -
s ] - D"-Kz — mixing
0.0 =— —L— 10,00 .
L NN . . - DU—>KS°m — GPV + mixing Phys. Rev. Lett. 127 (2021) 111801
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First level K" triggering

KS0 and KSU pairs selections at first trigger level with novel system
— commissioned and fully operational

Increase KSU final state trigger efficiency

- DU—>KSUKSU — ACP[KSOKSU]
—s limited yield in Run 2 because of trigger
Phys. Rev. D 104, 1031102 (2021)
- DU—>KSUJZ'JZ' — select decays w/o requirement on z pair
— help reduce systematic due to efficiency variation
across Dalitz plot (biggest in previous analysis)
Phys. Rev. Lett. 127 (2021) 111801

Candidates / 0.16 MeV/c 2
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summary

LHCb on the front line of Charm physics since years:
discovery of Charm CPV in 2019 with AA,

World-leading results still coming from Run 2 (2015-18) data analysis:
Most precise search in multibody phase space with 0 *—K "K'z’
two measurements of mixing + CPV parameters with 0 K *z
—s X1.6 factor improvement wrt previous measurement

Several other activities ongoing not mentioned because of time constraints - a couple of examples:
material effects on D9 mixing (see Alexey’s dedicated talk in this session)
feasibility studies for A.,(K *K ) with different different calibration channel
search for local CPV in other multibody D decays (as ' — 'z 7"
D, 0D 0 meson-antimeson production asymmetry with Run 3 data
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Prospects

A lot more data needed to reach desired sensitivity ~104-10- 2024 dataset > 2011-2018
— LHCb is already at work on this 10

o)

—2024 (13.6 TeV): 9.56 fb™
— 2023 (13.6 TeV): 0.37 fo
8 -2022 (13.6 TeV): 0.82 fb™'
—2018 (13 TeV): 2.19 fb™"
—2017 (13 TeV): 1.71 fo

(

(

(

2024 datataking just concluded (with upgraded detector and trigger)

61— —2016 (13 TeV): 1.67 fb™
— 2012 (8 TeV): 2.08 b
—2011 (7 TeV): 1.11 fb™"

9.6 fh' collected in 2024
— huge amount of data ready to be analyzed

Scoping document for Upgrade 2 just sent to the LHCC:
(Framework TDR is CERN-LHCC-2021-012)
up to x7.5 instantaneous luminosity increase wrt Run 3 Var o May *® Mol of the year
start taking data in Run 5 (~2036)
— LHCh U2 is the only experiment able to reach the precision of SM predictions for time-dependent CPV

Integrated Recorded Luminosity (

A new season of precision measurements is on the way
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Difficult predictions

Large SM effects suppression comes with @ major side effect

Mixing proceeds through:
Short distance - perturbative Long distance - non-perturbative
44 d,s d,s
C u c U
DO d,S,b d,S,b EO DO Wg % EW 50
¢ 11.% ¢ ! d,s d,s ¢

Long distance contributions relevant because of GIM suppression

Non-perturbative contributions extremely difficult to determine
(see Felix’s talk right after this for most recent progresses in lattice QCD)

Providing a precise prediction of Charm mixing and CPV is extremely challenging
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Discovery of CP violation in Charm decays

Can AA, be explained by SM?

Yes, according to some authors No, according to others
JHEP 05 (2012) 140, JHEPOT (2019) 020, JHEPQT (2019) 161 JHEP12 (2019) 104,
Phys. Rev. 0100 (2019) 093002 Phys. Rev. 0101 (2020) 115006

Additional A, measurements in other charm decays crucial at this stage

A

Additional observables Input into theory
! |
Different testing handles More precise predictions

LHCb can significantly contribute to this:
data collected in Run 1-2 + Run 3 with upgraded system (more later)
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ALK K) withD 0—>I(50Jt*Jt'

Previous measurement extracted A,,(K"K") exploiting two independent methods
APK"KT)=A(K"K") — A(K 7)) + A(K~n"n) — A(K°7 ") + A(K?)
AP(K~KT)=A(K"K") — A(K~n") + A(¢n™) — A(K°K*) + A(K")

New methods exploits 0°— K’z as calibration channel Well understood - can be computed
and subtracted
Extract A, (K*K7) with: Already done here PRL131.091802

_ACP(K—{-K—) - Araw(K—l-K—) _ Araw(KgW+7r—) = k
— ACP(K+K_) +Ap%*+) +Adet<7rtag) —ACPWW_) _Ap%*-k) —Adet(ﬂ'mg) __Adet(\,’,‘»:-ﬂ,—) _Ade 0)

=

i Asymmetric kinematics of 2"z pair in K="= decay
< 4 S
[ Expected <Tx 10 ] — weight candidates to make it symmetric

Combine the two results
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AY with D'z 7

First AY measurement performed exploiting 0°— "7 79 decays (0°— K=" =0 exploited as calibration channel)

Full Run 1+ Run 2 statistics analyzed — 7.7 fb

Diluted AY measured in multibody decays:

FDO"fCP (t) — LD

Acp(fep,t) =

AYT = (2F{ —1)AY,

Results are:

AV = (-1.246.04+2.3) x 1074

T

AY = (—1.3+£6.3+£24) x 1074

Compatible with previous world average: AY =

Lorenzo Pica (lorenzo.pica@cern.ch)

=~ a
FD°—>ch (t) + Fﬁo—)f(jp (t) fCP

FT™ =0.973 £ 0.017
Phys.Lett BT41(2015) 9

— small dilution in case of sz final state

Signal

Combinatorial

145

50 55
Am (MeV)

Asymmetry [%]

wwm :

mgiLnxlm
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— Fit 3
Signal E
Combinatorial —f
15
Am (MeV)
< If
& r LHCb L]
0.5F 7717 4
‘E o { ]
E ofF Mﬂf‘ it E
g : (e
<-0.5F -
E D’—»K n*n’
1 2 4 6 8
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D mixing notation

5 = 0K" - = —Ag_pr
~ 1 1
CKr( - yCOS 5K7r — Xsm (sKn C:( ~ Z (x2 + yZ)
r M .
~ cos cosd, — X172 COS sin o 1
Y12 4)1(7'( K 12 ‘Pm Km ~ Z (x%z +y%2)
oY, 00805, — % SIT0, 1,
1 = _(ya) + xcp)
=5 I+ I— 4
o E(y + y ), 1 12+ 12+ 12— 12—
~ (T + T YT 2

Ac, =~ (ycosé, —xsind, ) ( %‘ - 1) — (xcosé,, +ysind,, ) ¢t Al ~ 1(x2+y2) (’g) B 1)
Kn — p

2
~ x1¢M cos b, + Yoy sind,, ~ 1 xi2y12(eM — oF )
~ Aycosé, — Axsind, , % oo
N 1 - = E(yCPAyKrr = xCPAxKn)
ad a2t 24\ _ ~ (02— 12—
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DT-prompt resu
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[tS comparison

I ! I ! I

LHCb preliminary

- Run 1 D™ p~
~e |Run2D"u

| B Run 142 D™
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A,(KK) and mixing correlation

Ratios measured on data exploiting KK as calibration sample:

B ()= I(D°(t) — K+n~) T(DO(t) — KTK~) fe (1) = ['(DO(t) —» K~7+H)[(D°(t) — KTK™)
K7 1(DO(t) — K+7—)D(DO(t) — KTK~) K 7 D(DO(t) — K—7+) D(DO(t) — K+K-)
. . LHCb CONF 2024-004
Direct CPV term measured on data is < e
‘1‘0'5:_ ¥ Beauty and Charm, a%. - =0_:

<$T0.4F
d d d C
ches + abr =2 ok osf

0.2F ]
Only Odne amplltude Within S Independent a%x measurement! -
ahos , atp =0 01k ]
F Pl LHCb ]
00f o CPY s
o o o o . p 0000 o1 o0z 03
10% improvement in a9, precision when constraining apcs , agr= 0 ad, . [%)]
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Prompt + DT combination

Combination of prompt+DT results, no CPV:

Rp (343.7+ 1.9)x107° Rp (3.44 £+ 0.02) x 1073
Cr (50.7 + 3.3)x 1074 Yy’ (5.08 + 0.33) x 107
e (13.7+ 3.6) x 107° (z')? (2.87 £ 1.75) x 107°
CPV allowed:
Rp (343.7+ 1.9) x 1075 R} (3.42 + 0.03) x 1073
B (50.7 & 3 3) x 1074 i (5.16 &+ 0.48) x 1073
s (13.7+ 3.6)x 107 (z/+)? (2.79 & 2.54) x 1075
Ap (=3.6+ 5. 6) x 1073 R; (3.45 4+ 0.03) x 1073
Ay 0.9+ 3.4)x1074 Yy~ (5.03 + 0.47) x 1073
Ad (=0.14+ 3.7)x 1076 (z'~)? (2.77 &£ 2.47) x 1075
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D a[a h U n g e r - Bﬁl:f;;upgrade scenario

LHCDb simulation
A B

2'5;_ B, — 0y
I ®m B,—>DK

All reported measurements are statistically limited

Relative trigger yield

Larger dataset to improve precision b b—

- ST e e s
Increase data acquisition speed | Humiestybx1gTemte
Hardware trigger efficiency

e 22— .
LHCb went through a major upgrade (J/VST19 (2024) 05. P05065): 8 || LHCb preliminary :
- x5 instantaneous luminosity increase 2 ok _ T
(more data in the same period) Vb e g
- increase trigger efficiency : I

(more signal events with same data) e e 7
Eee il
T T T T T

Charm decays significantly benefit from this — lower efficiency wrt Bin Run 2 2014 JINST9 C09015 ~ PLGeVrel
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LHCb-PAPER-2024-044

Mixing - doubly tagged decays

Mixing + CPV parameters performed by LHCh also with doubly-tagged D°— K'z (just approved!)

Complementary to measurement with prompt sample:
— lower decay time sensitivity + different systematic uncertainties

WS/RS ratio is measured as before (slightly different parametrization)

Value Statistical  Systematic
Ri(t):N‘:/tVS(t):Ri-|— Riy’i (£)+X12i+y/i2 (5)2 y
Nz (t) B o T 4 T Mixing only
Rp [1079] 3.47 0.06 0.01
y' [1073] 5.84 1.62 0.16
(/)% [1079] 0.04 12.25 1.06
All CPV allowed
R} [1077] 3.55 0.08 0.02
Yyt [1072] 3.56 2.23 0.26
(/)2 [107°] || 10.86 16.17 1.35
Ry, [1079] 3.39 0.08 0.02
y'~ [1073] 8.11 2.34 0.28
(z/7)% [1079] || —11.29 18.55 1.28
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Introduction

Standard Model (SM) is theoretical description of particle physics since the “70s

Many extremely precise predictions - a couple of examples:
BR(B — pu'w) = (3.65+0.23)x 107 Phys. Rev. Lett. 112 (2014) 101801
(g-2)/2=116591810(43) 10 Phys. Rept. 887 (2020) 1-166

Huge efforts to “break” SM — find beyond Standard Model effects - New Physics

High precision measurements are a crucial test of SM
—s sensitive to possible BSM contributions
—s access large energy scales through off-shell interactions

Flavor Physics provides several extremely sensitive SM tests
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