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< This presentation: non exhaustive selection of recent experimental results
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The main players

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

"

EM Calorimeter
Csl(Tl), waveform sampling electronics

—

\\_\

electrons (7 GeV) — Particle Identification

Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)
Vertex Detector

2 layers Si Pixels (DEPFET) +

o ]
T
4 layers Si double sided strip DSSD #§ .'” ¥
4
iiu y ¢
£

Central Drift Chamber

Smaller cell size, long lever arm

\.

positrons (4 GeV)
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PTEP 2019 (2019) 123C01

Belle II: Cylindrical spectrometer at SuperKEKB

(e'e” @ Ecy - BE?threshoId)
Run 1: 2019-2022 0.43 ab™
Run 2: 2024-2032 0.15 ab™" to date

Improved acceptance, vertex and neutral
reconstruction w.r.t Belle (1999-2010)
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https://academic.oup.com/ptep/article/2019/12/123C01/5685006

The main players
NIM A 614, 345 (2010)

BESIII: Cylindrical spectrometer at BEPCII
(symmetric e*e” collider)

SC magnet

$(3770) - DD 20.3 fb™!, E,,, = 3.773 GeV

e 29fbin2011 TOF
e 50fb'in2022
12.1 fb"in 2023-2024

Be beam pipe

D®OD®0 733 fb™", E.,, = 4.13 - 4.23 GeV, collected
in 2013-2017 Drit Chamber

6.4fb '@ ECM = 4.600 - 4.951 GeV. Collected in — CsI(TI) calorimeter
2019-2022. Dataset mainly used to study A *
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https://doi.org/10.1016/j.nima.2009.12.050

The main players

// EcaL HCAL

/ R
/] SPD/PS My %
i agne RICH2 M| = \
/ 3

[INST 3 (2008) SO8005
[INST 19 (2024) PO5065

LHCb: single-arm spectrometer at the LHC
(pp/ion @ E,, ~ 7-13.6 TeV)

Run 1:2011-2012 3fb™’
Run 2:2015-2018 6fb™
Run 3: 2022-2026 17fb™! to date

2022 — Detector upgraded, 40 MHz readout,
fully software trigger

2024 — 5x instantaneous luminosity w.r.t
Run 2 reached
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https://doi.org/10.1088/1748-0221/3/08/S08005
https://arxiv.org/pdf/2305.10515.pdf

The main players
( N [ N

Charm factory

B factory

e Extremely clean environment e Clean environment
e Quantum coherence e Low boost
e [owest statistic e Low statistic
e No boost K /
Hadron collider
e High statistic
e High boost
e Complex environment — complex trigger

% Interesting results also from ATLAS and CMS. For example:

> ATLAS: Cross section measurements (JHEPO7(2025)086)
> CMS: search for DO—pp decays (arXiv:2506.06152) , A_,(D°—K.K.°) (EPIC
s10052-024-13244)
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https://link.springer.com/article/10.1007/JHEP07(2025)086
https://arxiv.org/abs/2506.06152
https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0
https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0

Leptonic charm decays

l+
Dg
3(d,s) I .
c2 2 2
D(Dyy = 1) = 5P | Veg(s) [Pmgmp | (1= —L—)?

% From the precise determination of BR we can:
> Determine fj by fixing V 4, to SM global fit values — test LQCD
> Determinge V4, by fixing f to theoretical calculation — test CKM matrix
unitarity

> Test LFU by comparing BR(D— t(e)v) to BR(D— puv)
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D* — u* v @ BES Il

arXiv:2410.07626
Reference L (fb=) | BF(x107%) fp+ (MeV) | V4| Precision (%)
CLEO, PRD78,052003 | 0.818 | 3.82(32)(09) | 207.1(87)(24)(08) | 0.2195(92)(26)(09) 44
BESIII, PRD89,051104 | 2.93 | 3.71(19)(06) | 204.1(52)(17)(08) | 0.2164(55)(17)(09) BT
BESIII, arXiv:2410.07626 | 20.3 | 3.981(79)(40) | 211.5(21)(11)(08) | 0.2242(23)(11)(09) 1.2 %

% f |V, | =(47.53+£0.48+0.24+0.12_ ) MeV
< Complemented by new D* — t*v with 8 fb™

arXiv:2410.20063
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¢ Data:full 20.3 fb™' sample @ E_,, =3.77 GeV
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https://arxiv.org/abs/2410.07626
https://arxiv.org/abs/2410.20063

Search for NP in rare charm decays

% Sensitive to tiny contributions of heavy (>multi TeV) BSM particles

% Testing different couplings than beauty and strange systems

O ~0) What is rare?
C7 ? C9,10 B < 10—6

‘Wilson Coefficients *
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https://arxiv.org/abs/2107.13010

Search for NP in rare charm decays

< Non-resonant region: decay rates

% Resonant region: CP and angular asymmetries — null test of the SM

1072

=5 resonant SM
|> 10~ 4 ’7 ‘resonant’ region non-resonant SM
«b)
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:‘ 10—6 p/a) ¢ region
s
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N — pu'y decays @ LHCb

% LHCb Run 2 dataset

PRD 110 (2024) 052007/

< World's best limit on non-resonant on A " — pu*y- decays

NAL = ppu*u”) e(AT = pp( = p "))

BNE = putu”) = :
NAE = pd(— ptu~)) e(AE — putu~)

- BNE = pp( = p*u7))

>
)
cj's -« New limit
s
S \
T, 10—1()5 ‘
S | | B(AF — putp™) < 7.3 (8.2) x 107°
< 3
00 05 10 15 at 90% (95%) CL.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052007

N — pu'y decays @ LHCb

% LHCb Run 2 dataset

PRD 111 (2025) LO91102

% Asymmetries in ® region compatible with SM prediction and conservation of P and

CP symmetry . _
DAGE =1/2- | Ag + Afg |
B I'(cos 6, > 0) —I'(cos 0, < 0)

" T(cos @, > 0) + [(cos g, < 0)

DA = putu™) =T(A; = putp”)

A
AAGE =1/2- | Al - Af]

PN = putu) + TN = putps) o B il
3 e | =
- 1 E
-0.1F -
Dimuon-mass integrated :
Stat. Sys. 0.1 f— —f
Acp = (—1.1+4.0+£0.5)% I S e e =
SArg = ( 3.94+4.0+0.6)% "k SM:
AApg = ( 3.1+4.0+04)% -
0.1 -
<:£ (W)= oo vooabooscson0cBno000000R[G000 0000 =

<
-0.1F 3

9%0 IObO 10120 10l40

\/; = m(utu) [MeV/c?]
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https://arxiv.org/abs/2502.04013

Mixing and CPV in charm decays

% Charm transitions are a unique portal for obtaining a novel access to flavor
dynamics
> Only up-type quark with observable mixing and CPV effects
> CPV and flavour changing neutral currents extremely suppressed
— CPV expected <1073
— powerful probe for new interactions at energy scales » colliders’ energy

> Experimentally challenging: smaller effects — large statistics and tight

600
208
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CPV in charm: state of the art

% CPVin charm observed by LHCb in 2019 PRL122. 211803
> M = ALKK)-A (M) = (-15.4 £ 2.9) x 10 (5.30)

< Then, evidence that this is mainly coming from D°—m*mr decays
> a9 =(23.2+5.2)x10%(3.80) PRL131.091802

? LR I ] ",E 0.4 I T T I T T T T
EE 0.6 - Before LHCb Run 2 —: g -
L e | After LHCb Run 2 4 B
'cE 04 ] Lf@?‘ 0.2 o
S - ]
02F ] I ’
- 1 O No CP wolat .
? :— o CP violation _: i i
02+ ] 53 |- Before LHCb Run 2 ]
- i | [ e | After LHCb Run2 i
0.4 — 8 s hol | 1
I | | | | L] _04 L | . L . | . | . | I
04 =02 0 0.2 0.4 0.3 02 -0 0 0.1 (1)‘/.12 0.3
e [ %] ¢, [rad]

charm-fitter
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://github.com/tpajero/charm-fitter

CPV in charm: state of the art

% CPVin charm observed by LHCb in 2019 PRL122. 211803
> M = ALKK)-A (M) = (-15.4 £ 2.9) x 10 (5.30)

< Then, evidence that this is mainly coming from D°—m*mr decays
> a9 =(23.2+5.2)x10%(3.80) PRL131.091802
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.211803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.091802
https://github.com/tpajero/charm-fitter

CPV in charm: state of the art

< Is U-spin a good symmetry?
LHCb-CONF-2024-004

S S S S E e e p— —
\Q\Q OS—\I]BeaulyandCharm

Strict U-spin limit: -

e
88}
T T T 7

ey

a
Improved U-spin limit: =

1

Rk |AD° > K*KT) |

=il

S Y % R
g - [%]

% Measured CPV —

sin(8p — 8;) = O(1)

> SM or not? Theoretical interpretation is debated

% More data — more precision — clarify physics picture
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slides @ CHARM 2025

16


https://cds.cern.ch/record/2905625
https://indico-tdli.sjtu.edu.cn/event/2835/contributions/15259/

The D° — K K ° decay channel

% InD%- K.’ K.’ decay channel A_, could be as large as ~1% PRD 92 (2015) 054036

*

AP-IAP N A Ao = Ve Vg
|A[* + | AJ? As = Aa) A
I oc1/SU(3) breaking size
/ d_\ ~1 0—3 d_
U S -
u S
¢ S -
(6 S
\ Exchange d/ Penguin annihilation r

% Conversely, some theory fits to data constrain the exchange contribution and

predict small A_,(K.°K.%) = 0.35 - A_, (') = O(10*) PRD 99(2019)113001
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.113001

0 0y 0
Ap(D"— K KS)

Giulia Tuci, 15/09/2025

[ P N ———

!

i

3

CLEO
23+ 19

LHCb 2015
2952 £ 220

LHCb 2021
-3.1+12+04+0.1

CMS
+6.3+3.04+£0.2

Belle + Belle II 2025
—0.60 = 1.10 £ 0.10

LHCb 2025
+19+1.0+04

World average 2025
—0.17 +0.62 £0.18
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1_120|
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20 40
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Review on charm physics results

60

charm-fitter

18


https://github.com/tpajero/charm-fitter

ACP(DO_) KSO KSO) PRD 111, 012015 (2025)

3500 N
EP|C s10052-024-13244 Belle IT [ L di = 428 fb™'
" _c|v|s 416 o' (13 TeV) % BREL { Data
2200F + Data = 2500 = Fit
- [ —— Fit N 0 00
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https://link.springer.com/article/10.1140/epjc/s10052-024-13244-0
https://arxiv.org/abs/2504.15881
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.012015

ACP(DO—) KSO KSO) LHCb-PAPER-2025-036, in preparation

%  First LHCb result with 2024 data! Total signal yield: 15,676 + 229

< — Largest existing D"-tag sample! Ol A "
" g g 24 P > w0k D"—>K‘§ K‘S’ LHCb preliminary -
L &IV T —

> LHCbRun2 ~8000 candidates = oo High-purity 2024 |
. = - —+- Data .

> Belle ~4000 candidates S s0b — Total k:
) § c - Background =

> Bellell ~2200 candidates g 10F =
- - 2

. = — i

> CMS ~2000 candidates s =
e Sl P T W A v T N DAl AT e e :‘. P

_N* ({42 143 144 145 146 147 148 149 150

> 19k non-D* sample collected by (KK ) - m(KOKY) [MeV/e)
Belle and Belle Il, but with much - = ————

J 400 . —

> E p° 0 g9 LHCb preliminary =

more background 3 s0f Dl K P Y :

= 300fF High-purity 2024 E

E 250; +Dula *é

i; 200 £ =G =

5 IS0F- Wf"gm:, s =

8 ]00 E,_ ombinatioria _i

50 £ =

917—0 § :180 4‘;0 A 500 510 550 = 5—30

m(zx* 7)) [MeV/c?]
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ACP(DO—) KSO KSO) LHCb-PAPER-2025-036, in preparation

%  First LHCb result with 2024 data! Total signal yield: 15,676 + 229

| SRR ALE AR RS EE REEAE EAREE SEERTEARE=
# LHCb Run2: 5400 candidates (6fb")if 5 _E p°— Kk LHCb preliminary 3
> High-purit 2024 :
. . 0 . . .= gn-p y E
considering only K.° decaying in the s 200 b 5
o o . = 150 — Total —
VELO — x3 efficiency gain (new % - — Background
trigger) with a x5 instantaneous 2 E 3
g 'k ]
e :

IumanSIty ({42 - ll43‘ 144 - 1:15 - I-:llg Puljl'/" . l~118 - ‘14‘5 L ulSO

decays collected at rate ~15 times K gls ) - KoKy IMeVie
_) ~

larger % ;“:35 D° - KK} LHCb preliminary :
Z  4E High-purity 2024 3
S 250F + Dua 3
% 200 ;_ = Total __i
%. 150 E__ Signal | _f
5 100 %__ === Combinatiorial —é
505— —i

917h0 § :180 4(;0 A 500 510 5&0 = 5;0

m(zx* 7)) [MeV/c?]
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A,(D°—>nn’) @ Belle I

PRD 112, 012006 (2025)

# Isospin relation to D — t'n” implies A _,(D%—m’rt®) ~ O(107%) in SM

% Result at Belle 11 (428 fb™"): ACP (D° — m°rt®) =

EPJC 83, 279 (2023)
(+0.30 £ 0.72 £ 0.20)%

> improved precision per luminosity w.r.t. Belle
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Candidates per 4 MeV/¢?

|
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https://arxiv.org/abs/2505.02912
https://link.springer.com/article/10.1140/epjc/s10052-023-11439-5
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Mixing and CPV in D°—Knmtm @ LHCb

R — D= Kta~ainw]
o DY K—wntn—7wt] -
_____ > 55 WS
D* = DO+~ mix CFYN T
Do Kin- n%x
o DCS ------- A
- ¥ Y ooy, RS
D =D+ "mix DCS " +
S B K-t 7w

Input on hadronic parameters
needed to determine mixing
parameters — BESIII results

fundamental |HEP 05 (2021) 164

I <

2 + ,lj.'2
4

(

t2

2
T

)

LHCb-PAPER-2025-029, in preparation
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see also F.Reiss presentation tomorrow
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https://doi.org/10.1007/JHEP05%282021%29164
https://indico.cern.ch/event/1440982/contributions/6579143/

Conclusions

% Many new results on charm physics in the last years, but still a lot to explore

> Many rare charm mesons and baryon decays still to be observed

> Hunting CPV in mixing

\l

SM expectations

>

Need to clarify if the size of observed CPV in the decay is compatible or not with

% Detectors and techniques are improving, much more data being collected

— unprecedented precision can be now achieved

Belle Il Online luminosity Exp: 7-35 - All runs

15.0 {mem [ LRecorded dt = 575.47 [fb™]

Integrated luminosity - 600

 F
2 - —2025(13.6 TeV):
— 25— _2024 (13.6 TeV) o
> C  —2023(13.6 TeV) fb! 1y
D L —2022(13.6 TeV) fb™! =
] - —2018 (13 TeV): 2.19 fo' >
£ 20— —2017 (13 TeV): 1.71 ¢ F
= T —2016 (13 TeV): 1.67 fb™" 2
S - 2015 (13 TeV): 0.33 fo ' =
- L —2012(8 TeV): 2.08fb”" 3
B 50 RGN i i
(@) - 408 - ]
8 [ e LS2 g
8 [ = 7.5 Feeeeeeens
o 10— o %
o C / ;6)' 5.0 4o
8 . / :
+— 5 — =
c L Ls1_ / g
- =
g '
c ot i 1 | | J \ | | i
2009 2011 2013 2015 2017 2018 2020 2022 2024 2026

Year

Giulia Tuci, 15/09/2025 Review on charm physics results

4 17.5

6.82 fb

:9.56 fb™' s Recorded Weekly

:0.37 fo~ i —
V): ?.82 fo~ F 500
711 ;
167 b 125 ‘

3

8

1

4

- 400

| - 300
di I
i ‘
‘ \ F 200
‘ ........................................ B 100
‘ 0
™
,&'9 S S ’19”3’ S
Date
24

Total integrated luminosity [fb™!]



Giulia Tuci, 15/09/2025

Backup slides

Review on charm physics results

25



Giulia Tuci, 15/09/2025

v, @ BES Il

+ +
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Belle JHEP09(2013)139, 7., v 1.017+0.019+0.028 HoH
BESIII 6.32 fb! PRD104(2021)052009, t.v 0.972+0.023+£0.016
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BESIII 6.32 fb! PRL127(2021)171801, t.v 0.978+0.009+0.012 =
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https://www.google.com/url?q=https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.052002&sa=D&source=editors&ust=1757564294842313&usg=AOvVaw2QFkz_-nrsdiXkmFl986ev

Mixing and CPV in D°—Knmtm @ LHCb

LHCb-PAPER-2025-029, in preparation

Phase-space bin  7(; (x1072) K(i) 5y (°)
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https://arxiv.org/abs/1909.10196

Spectroscopy of charm baryons

% Charmed baryons exhibit rich spectrum of excited states
% Over 100 =c (csu, csd) states expected in mass range 2.8 - 3.8 GeV

< Many states not observed yet

> Need more measurements, more decay modes, more precision

Giulia Tuci, 15/09/2025 Review on charm physics results
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New =c state @ LHCb: =¢(2923)+

% LHCb explored prompt =¢(2645)0 1+ spectrum in Run 2 data of 5.4 fb—1

> Z(2645)° — =_r with ~400K =_— p K™ 1" decays

< =.(2923)" observed for first arXiv:2502.18987
time (isospin partner known) §104:' SRR TSRS B A B A A
g LHCb -+ Data Z.(2815)*
& = + : ' ot o | 54~  —— Total fit Z.(2923)" |
=(3080)" seen in this decay Swe T Background e
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5 100 (anucy
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https://arxiv.org/abs/2502.18987

LHCb in Run 3 JINST 19P05065

SciFi: new scintillating
fibres downstream
detector

RICH: new mechanics,
optics, photodetectors

UT: new silicon

strip upstream \
detector Side View gcar, HCAL Ma M5
M3 \
SciFi
, ) Tracker

VELO: new VX &a
pixel detector VAN Ceeaew
+ ¥ ¥y

New frontend electronics and
new DAQ for all sub-detectors!
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https://arxiv.org/pdf/2305.10515.pdf

LHCb - start of Run 3: a rollercoaster ride
% 2022

> all detectors installed but UT

> |ocal commissioning of subdetectors

> global commissioning of trigger, alignment and calibration

secondary

> VELO routinely closed in the last couple of months [ vacuum

‘n-. T ;:‘,P '

< 2023
> LHCvacuum incident in the VELO in Jan: operated with VELO aperture of 49 mm

> UT completed installation
LHCb Upgrade detector seminar
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https://indico.cern.ch/event/1284724/

LHCb - on the rise: excellent performance in 2024

% PV resolution better than Run 2!

< Momentum

resolution between 0.4% and 1.1%

LHCb-FIGURE-2024-011

LHCb-FIGURE-2024-040
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https://lbfence.cern.ch/alcm/public/figure/details/3583

LHCb - on the rise: excellent performance in 2024

% Excellent hadron identification in the full range of momentum!

LHCb-FIGURE-2023-019
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https://lbfence.cern.ch/alcm/public/figure/details/620

LHCb - on the rise: excellent performance in 2024
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https://lbfence.cern.ch/alcm/public/figure/details/5630
https://lbfence.cern.ch/alcm/public/figure/details/5572
https://lbfence.cern.ch/alcm/public/figure/details/4677

