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Mass—|2.4 MeV

Scope of this talk AR

spin—| 14
name- up

What are main goals of charm physics at LHCb? j—s”e"“l :
 CPviolation at charm sector
* Indirect searches of New Physics in loops
* Further QCD development with heavy baryons

Quarks
* R
Q.

down

arg(Ved) ~10*  arg(Ves) ~ 10°

and exotica. S,
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* Summary of LHCb results in |
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Cha rm SeCtor (Charm Physics Analysis Working Group) Mixing /| FCNC
; | Phy,s' Rev. Le‘tt. 118, 1?2001 {2917) § 180 ) LIH'Cb']3r Tévl ——
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Also, I’d like to = e
» Show advantages of HEP hadronic machines: 0p - Brekerownd

Candidates
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=

as the tool for charm
e Remind how LHCb works
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CPV at charm sector & New Physics in loops

* CKM matrix provides clear prediction of very

d S b
T \ o small CPV in charm sector (D-mesons are
. _T,-.)T ) AL AAY(p— 1y u
~ell AR the only up-type quark system, where
[ OkM —A + 32 A2(1 - 2p - 2in) 13- — A-(1 +442) A2 C

mixing and CPV can occur)

— 2= [1 — 4A2(1 — dp — 4in)]
|

_4,\\{‘(1—;;—;,,) —.4,\2+%.3I(1—2,»—2111) \1 —‘7‘4 ) t
ok e L « New Physics in loop-diagrams driven
HEPY) processes, which are very suppressed in
| =027 G385 a=0era §iF o=013 58 man-030 53| the SM (Keeping in mind: long-distance

contributions, for which precise theoretical
S . u predictions are difficult, but can play

> > — d)s b .
;%B,C d Y ) important role)
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Better understanding of QCD

LTI

;’P:_E_
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Weak force driven
_decays expected

EM / strong
decays expected

QCD is a natural part of the SM

Chiral perturbation theory is valid
between 0.1 and 1 GeV
Perturbative QCD calculations >> 1 GeV

Although charm hadrons are in between
of these two regimes, due to high ¢ mass
double and triple charm systems, as
well as exotica are kind of natural
bridges for QCD development

Need intensive charm source to produce
such bound systems



Machines for charm studies (Luminosity / N ;)

e*e~ colliders

hadron machines

At threshold

Higher energies

CLEO-c (0.8 fb™'/5*108) / BESIII (3fb"/2*107 )
In future Super-tau-charm Factories (?7?)
* aty(3770) resonance
* Quantum coherence, which allows to
measure strong phase
* Almost no background

* No boost-no lifetime measurements
 Small sample size

Belle (1 ab™/13*108) / BaBar (550 fb™/8*108 )
In future Belle2 (50 ab™)

* Neutrals / neutrino studies
e (Clean environment
* Lifetime studies possible

In future PANDA (??)
* Selective to hadron production thresholds
* Production cross sections measurements

* Polarization studies possible

* no lifetime measurements / not large sample

CDF (10fb'/23*10%0) /LHCb (9fb"/1.4*10"3 )
In future LHCb Upgraded (= 50 fb~' = 300 fb™")
* Huge rates
 Excellent lifetime resolution due to the
boost
* Large backgrounds
* Difficult to work with neutral

06/07/2025




Charm and beauty production into forward region

Gluon fusion is main production mechanism for
pairs of heavy (c & b) quark-antiquark pairs

Produced charmed hadrons go together in forward
direction (LHCb acceptance 2<n<5)

LHCb MC
Lorentz boost provides signature for c- & b-hadrons e
selection

Tagging for prompt-c and c-from-b

. Secondary
Prompt tagging h ) (semileptonic) h(
Primary P'V“""- B
vertex (PV) D° <.,.__E>-HH
Y T P : H B T e -
D*+<b_ﬂ- _ h=rm, K* - X._
. e Up

;T+
Higher tagging rate More efficient triggering
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LHCDb: Find \ Identlfy \ Measure

Excellent vertexing allows efficient A Excellent PID allows to suppress "
heavy quark hadrons selection / gives | background dramatically and
access to decay time distribution / explore many decay modes

prompt-secondary separatlon for

charm

Protons collision poi

o(IFP) =~ 20pum

op/p=04—0.6%

Etrack 96 %

06/07/2025

eprp(K) = 957 HCAL
f MisID (K —m) ~ 5 % spg/%éL M3

Magnet

RlCH]

Excellent tracking

Muon system — nice tagging &

great potential to search for
~._ “rare decays with di-muons

\\ \ EPID ( Iu) ~ 97T %
N\ I MisID (m— ) =~ 3%

/' JINST 3, (2008) S08005;
Int. J. Mod. Phys. A 30,

(2015) 153022
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Integrated Recorded Luminosity (1/fb)

Luminosity and trigger

Int. J. Mod. Phys. A 30, 1530022 {2015)
LHCb operated in constant instantaneous luminosity mode
(1.1 visible interactions per bunch crossing) Beam-beam crossing
Arxiv 1903.01360

Two stage trigger, which is efficient for hadrons and muons

Turbo stream for Run-2 — candidates reconstructed at the trigger l“” Atz

level saved directly for offline analysis + (online alignment and L0

Calibration): Hardware trigger

* huge accepted rates (more data, as event sizes are smaller) l | M
* widely used for charm analyses (see example on next slide) i
LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 Partial reconstruction

— L] 2018 (6.5 TeV): 219 /fb
9 = ® 2017 (6.5+2.51 TeVy: 1.71 ffb + 0.10 fib l 110 kH=

E [ ] 2016 (6.5 TeV): 1.67 /fb

= | 2015 (6.5 TeV): 0.33 /b . - .
BE e 201240 TeV): 208 /fb Bufier :) Alignment &
7E 2011 (35 TeV): 111 b 10 PB calibration

— 2010 (3.5 TeV): 0.04 /fb
6 ;_ ............... ...................... ..................... ..................... ................. ..................... l
Y SN N SR N S T i) 0

= : : : : : : . 1 kHz= HLT2 JkHz
Py =a— I—S1 ....... — o A A— TurCal — _ EE— Turbo

= r r r : : r r r S0MB/s Full reconstruction LODMB /s
3 :_ ............................................................................................................................................................................................
2E ________ chH:{l-li'HllB,:'ﬁ
1;_ ............... ...................... ..................... ..................... ..................... ..................... Full
oF | | | | | | | |

2010 2011 2012 2013 2014 2015 2016 2017 2018
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Production

and
spectroscopy

}—>

}—>

}—>

Production
| -> Cross sections
| -> Asymmetries
| -> Polarisation
New hadrons
|-> D {sJ}
| -> Excited baryons
| -> Doubly charmed systems
| -> Doubly charmed baryon
| -> Doubly charmed exotic meson
New decay modes
| -> Suppressed decays
| -> Cabibbo-suppressed
}-> Doubly Cabibbo-suppressed
}-> Amplitude analysis and branchings
| -> Three-body decays’
| -> Four-body decays
Lifetimes
| -> Charmed baryons
| -> Doubly charmed baryons

06/07/2025



Huge rates leads to
a opportunity to
investigate phase
space in greait
details

Production
and
spectroscopy

Illlllllll
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Production
| -=> Cross sections

(d%6)/(dydpr) - 107" [ub/(GeVe™)]
=

40<y<dSm—8

T
POWHEG+NNPDF3.0L —

| -> Asymmetries

10
pr[GeVic]

—> Polarisatiog
| -=> New hadrons
|-> D {sJ}
| -> Excited baryons
| -> Doubly charmed syste

100+ /s=5Tey¥ [—JFONLL
GMVENS

(d%0)/(dydpr) - 107" [ub/(GeVe™)]

T
POWHEG+NNPDF3.0L

| -> Doubly charmed - - -
|-> Doubly charmed 5,7,8 and 13 TeV data
}—=> New decay modes
| -> Suppressed decays
| -> Cabibbo-suppressed
} —> Doubly Cabibbo-suppressed
3 ude analysis and branching
| -> Three-body decays’
—> Four-body decays
> Lifetimes
| -> Charmed baryons
| -> Doubly charmed baryons

Candidates/(2.8 x 10* GeV*)
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-Qc(3 185)0 M 00(3327)0 >_<.IQ3. _ Phys. Rev. Lett. 131 (2023) 131902

14 I LA AL EELEL L BEL LA LR
> | LHCb
- -1 -
* In 2015 roay LHCb announced = 12 >-7 1o .
simultaneous discovery of five new ? 10
excited states of 2_7, which were s ol
observed in the ="K~ decay channel 5 O L
S 6
* These investigations have been S |
continued with LHCb Run-2 data. S 4
* New analysis demonstrated two 2
more broad (resonant) structures in L A RRE A R o
= - 3000 3100 3200 3300 3400 35
=. K spectrum. m(EK") [MeV]
Q:(3185)% m=3185.1+1.77440+0.2 Ma3B/c? ['=50+7"1,, MaB

Q. (3327)% m=23327.1+1.27%%1,;3+0.2 MaB/c? ['=20+5"_; M>B
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Observation of = (2923)+

Candidates / (0.7 MeV)
W

=
T

[ ]
LB L

—
T

;lﬂ4i| T T T | I I | I I I | I I ! I | ! Nowwns™ s
§ : LHCb —+— Data E.(2815)t 1
— 10° L 547 —— Total fit E.(2923)"
T E Background Z.(2970)t 3
E‘} : > E.(3080)* -
C‘d i ! k
‘E - R s
8 ! - i
Is consistent with [ :
being the isospin [ i
partner Of the 1 [ 1 1 I 1 [ 1 1 1 1 I 1 [ I 1 L 1

previously 1
observed neutral

state  5,07/2025

0 100

arXiv:2502.18987

200 300

400
m(Ef %) — m(EF) — 2m:Y° [MeV] |

500


https://arxiv.org/abs/2502.18987

Weak force driven

" : ++ decays expected .-
Discovery of =__ ::

 Two SUS3 triplets are predicted as parts of two SU4
baryons 20-plets

 Many predictions:
e M(=.."%%)in[3.5-3.7] GeV

¢ M(Q_)=M(Z,,)+0.1GeV

CC)

* Few MeVisospin splitting between =_.*" and ="

- Lattice QCD: M(Z,_**) = 3.6 GeV, M(Q,_) ~ 3.7 GeV : iquark
 HQET: core from heavy diquark
* Lifetimes predictio T(E&"c"') c [ 200 — 700] fs

T(Ec" (ceu)) > 7(Ec(ced)) Doubly heawy baryen

to a heavy Qg meson
Ref. to theory papers in backup

06/07/2025 15



. - ++
Discovery of =,

XY s K ntatAl (5 pK et

 UseRunlldata 1.7 fb™, exclusive high efficient trigger

(Turbo) / result is confirmed with Run-l data 2 fb™

* Expected up 10% branching fraction for decay of

interest
* Cross check with different categor AT K~ ntmtion: = 900
* RS-right sign combination 1+~ +/ - E 300
* WS -wrong sign " 700
— S 5
L sspeSDsidebands 2 600
> F LHCb 13 TeV ] L 2340
§ 300 3 >
o ...f —DataRS ; é) 2320
E 250F 4 DataWs E -
0of HDaasSB C dn i f = 2300
87k AR A R
"g - ) Cialeit i H S
5 1505 b sl T gzzso
S 100F . i | = 2260
s0fs AT E
Ll 2240

PR TR S AN TN SN T N ST SN TN SR NN TN T SN N T SO S W S
30300 3400 3500 3600 3700 380

M., (Ze) [MeV/c?]
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PHYS. REV. LETT. 119, 112001

£
Y v

TTTT TTTJTTOTITR T O T T N[OOI I n T T ToTI T I T oaIgT
AR RN ALY RRLAY LR LA R R

c : 2Aj
d
=3 <:g}7r+
CE}K—
7(A%) ~ 200 fs Wﬁ%i il
ar~45 15
T T T
LHCb 13 TeV
- Signal
[[T] Sideband

il IIIIIIIIIIIIIIIlILI|IIII|IIIlIIIIIIIIIIIJI

ﬁ-ﬁ:,ﬁ.ﬁ S W
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. - ++
Discovery of =,

O

O

Signal yield of 313 + 33 events

Local significance grater than 120

Confirmed with Run-l data (113 = 21 ev. / >70 sign.)
m(EX) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV
m(EFT) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV
Sub-MeV precision for observation

Obtained values are consistent with many
theoretical calculations (including LQCD)

Weakly decay (as has ~0,25ps lifetime, see. next

slides)

06/07/2025

Candidates per 5 MeV/c?

Candidates per 5 MeV/c?

180 F
2 160
n 140
120
100

= O o0
o o O
T

20F

<

PHYS. REV. LETT. 119, 112001

lIllIIlllllIlIllIIllll

1 ! ! ! ! I
LHCDb 13 TeV
-+ Data
— Total

------ Signal
---Background

T0F

60
50
40
30

20

10

1 L L L s s
3500 3600 3700
Cdnd(::-;-) [MeV/Cz]

I ! ! ! T I ! ! ! ’ ! ! i
LHCb 8 TeV E

—+ Data I\ 3
— Total ]l F

------- Signal
---Background

L | 1 L L " e
3500 3600 3700
J(E) [MeV/e?]

Cdl]

17



ARXIV:1307.01919

“Re-Discovery” of = _.*"

u > > u
=TT { C > > C }E’+
CC C
c > > S
* Another channel with assumed high branching fraction WJ:\C ’lf}ﬂ_Jr
* UseRunlldata 1.7 fb d

S ] I ] ] L] I I | ] ] ] || I ] L] I ] 1 ] 1 I L] ]
* Yield: 90 + 20 candidates, corresponds 5.90 significancét, 100 1 LHCb H
~_ i —4- Data ]
« Mass measurementisin agreement with previously E n — Total ]
SO+l 1 L. —
measured value A Signal _
~— ) Background -
\ —
8 60} -
o Ef > AYK ntat _§ i | ' i
2 40f + + | 'l' '} :
it Eimt = = __ —
S L IR AR
LHCb ——o>——  Combined . + + _

. | . . . ! . . . l . . . | . 20 | :-' ' +

3618 3620 3622 3624 ; i +
M(ZLT) [MeV/c?] - P .
i L I L L 1 1 I 1 A M | | L“‘l 1 I‘.'I. l L 1 1 [ I [ 1 |

B(EL' — Ein') x B(E: — pK =)

— 0,035 +0.009(stat) £0.003(syst). 3500 3550 3600 3650 3700

B(EL' = AJK wtat) x B(Al = pK 7) m(EjTCJr) [MCV/CZ}
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One more decay channel observed for =_ ™"

u u
+
d
O B <
T [=e Zrr d
¢ > ¢ =0

e S B O I V'S B '
whnh O Whh O W

Candidates/(4 MeV/c?)
o

0 LUy P -t lH_lf tu}&h—?

\
| =
—_—
Y
5

L) L} Ll l L] L) | L) I L} L} L] l ] L7 L) L) I L} L) L) .
—t Data LHCb E
— Total ﬁt 54 fb! ]
-- 5 zr T

_.++ —.0
e =, "

----- Comb bkg.

3550 3600 3650 3700
06/07/2025
m_ d(._cn' ") [MeV/c?]

* A search for the doubly-charmed-

baryon decay =__**>=_ % (>pK K ") rr*
Is performed using pp collision data
collected by the LHCb experiment at a
centre-of-mass energy of 13 TeV and
corresponding to an integrated
luminosity of 5.4 fb™.

(B(=++_> U++)><B( — pK~ K~ nT) _
B(E4+ = ATK-—ntnt) x B(AJT — pK—mt) T
_ = 0.105 £ 0.014 (stat) = 0.007 (syst))

arXiv:2504.05063 19



https://arxiv.org/abs/2504.05063

Discovery of doubly charmed tetraquark

* Narrow resonance has been discovered in the
mass spectrum of promptly produced system of
D°D°rt* mesons.

* Doubly charmed exotic resonance has a mass
below D**D°threshold

 Minimal quark content ccud.

Nature Physics 18, 751-754 (2022)

* More informatio:
 Seminar of |.Belyaev (video)
 Seminar of V.Baru (video)

Compact hadrocharmonium-

like state

Hadronic molecule

or

Yield/ (500 keV/c?)

70¢ I P S S S S R
: LHCh =¥ | NEE
60—  |Preliminary g 308 + i i 11
= | gt 2 ]
oo 1" A
oo | T A
20" + | — B ! =
C HH W M e
R @ +H % T +H ﬂ %
3.é7| | 3.88 3.89 II 3_.9
Mpop0,t (GeV/?]

D°D°rt* mass spectrum with the approximation.

In addition 7_,.,* mass region is shown. Vertical lines
corresponds to thresholds for production of pairs:
D*D™ and D°D™ 20


https://hepd.pnpi.spb.ru/hepd/events/abstract/2021/HEPD_Seminar_Belyaev.I.M_21.09.2021.mp4
https://hepd.pnpi.spb.ru/hepd/events/abstract/2021/HEPD-THD_Seminar_2021.12.02_Baru.V.V.mp4

Lifetime measurement for =__**
CC
* Significantyields for non-zero lifetime 4 800F— .
s = 700
* Lifetime was measured wrt. A,° decay 2 600 t?atal f.
« Semi-unbinned method used: only lifetime < >%F - Siena
5:._; 400 = ----Background
acceptances are defined as histogram pdf’'s = 300
5 200
7 (E11) = 0.256 1302 (stat) 4 0.014 (syst) ps. 100 ) §
S0 T Se0 S0
m(Ar ) [MeV/c?]
This result favors smaller
lifetime values in the range of S Troorionts ©00)

theoretical predictions
Ref. to theory papers in backup

* Result suggests small lifetime values
for isospin partner =__".

Signal and background mass models 0.005
Correlation of mass and decay-time 0.004
Binning 0.001
Data-simulation differences 0.004
Resonant structure of decays 0.011
Hardware trigger threshold 0.002
Simulated ZF " lifetime 0.002
AY lifetime uncertainty 0.001
Sum in quadrature 0.014

e Hard to search for!!

 Searches in progress (see JHEP 12

(2021) 107 and refs. there in)
06/07/2025
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Measurement of 2, lifetime

Lifetime hierarchy charmed
baryons was considered
(see backup Refs.) to be:

Phys. Rev. Lett. 121 (2018) 092003

T }TAJ :}TE}:_‘ }Tﬁg,

Muons from semileptonic decays of 2, baryons and decay
vertex of £2_ baryon provide opportunity for lifetime

measurement

To reduce uncertainty the lifetime ratio Tao

were measured

rae = T

B - D'wop,X D"— K nn"

Result is incompatible with 69 fs lifetime reported in PDG

06/07/2025

Signal yield / 0.04 ps

% [ LHCb 4 Data
= 3001 + — Full fit
% — QSpK K 1t
ol Comb.
200
_'a_.) L
(4]
% H T‘H"T++ +{"T 1 L 1 +
% L +T T 14 T++ J‘IT+T+1'1+ %
100~
1 I 1 1 1 1 1 | 1 | 1 L 1
2660 2680 2700 2720
pK K 7* mass [MeV/c?]
150l LHCD Q- vX
..... + Data
_____ EFit
100 ---1=69 fs
50

04 06
09 decay time [ps]
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M ea S u re m e nt Of Qc lifeti m e Phys. Rev. Lett. 121 (2018) 092003

Teo —e— LHCDb, 2,—Q%u"vX
e 0.258 4+ 0.023 + 0.010 Q0 pK K 7*
Tt
Too = 268 £24 + 10 £ 2 fs, LHCDb
o Previous experiments were done using :
400

much smaller sample obtained on Q0 lifetime [fs]
nucleus targets

Z, (PDG) —a—

o Veryintriguing / Theorist are kindly A? (PDG) =
welcome to explain: 2 PDG) <

2 (PDG) P& mmmmmmp  —— 07 (LHCb, 2018)
o200 400
lifetime [fs]

Tzt = Too > Tyb = Ts0.

— =

06/07/2025 23



Lifetimes of charmed baryons

W r
& f LHCb B—sD* 1 vX

2 104: +Data

o .

E —Fit

==

©

o

ey

P 102

1 I 1 L 1 1 Il I 1 1 'l 1
0 1 2 3 4
D" decay time [ps]
g_ —{] —
0 LHCDb E > uvX
o
o + Data
= < Fit
210
= [
=
=
=2
n
T=+ = 456.8 = 3.5 fs,
107 — t
T T R
=, decay time [ps]
06/07/2025

Signal yielcifO.UZ ps
L]

10°

Signal yield / 0.01 ps

10°k

107

A AL VX

+ Data
— Fit

Ty = 203.5 £ 1.0 fs,

| I L 1 | L I

1 | 1 1 P | 1 1 1
06 0.8 1

0 02 0.4
A, decay time [ps]
. LHCb =, 55X

+ Data
— Fit

Teo = 154.5 4+ 1.7 fs.

0o 02

i | ) i i
04 06
=Y decay time [ps]

Phys. Rev. D 100, 032001 (2019)

Plot from CERN Courier

0 =0 + —
PG | % A E;
(2018) el
=0 + 0 —_—
LHCb SL _ =l A NG =
(2018/19) _
= Qﬂ
LHCb Prompt _ o |
(2021) LHCb comb.
I | | |
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lifetime [fs]

* Measurements done with prompt baryons
Science Bulletin 2022, v.67, p.479
confirmed results of the semi-muonic

method

New hierarchy of lifetimes is confirmed!
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https://cerncourier.com/a/new-charmed-baryon-lifetime-hierarchy-cast-in-stone/

Quark diagram for the decay: =" — p¢

Doubly Cabibbo suppressed decay of = .* - 53— i p
baryon RN

* Inthe SM decays driven by the ¢ — d and u — s transition are suppressed A R M < 1.07 GaV/ e
because of hierarchy of the elements of the Cabibbo-Kobayashi-Maskawa sk LHCb “o o
quark mixing matrix wof Run-l, ]

- 2012, 2 fb!

* Decays, for which both of these transitions play roles are named doubly
Cabibbo supressed.
* Theirinvestigation will allow to understand the role of the spectator quarks

(in particular the role of the Pauli principle) on dynamics of the decay. 242 244 246 248 .
M,k - x+ [GeV/ 2

Candidates/(1 MeV/c?)

 Important for the explanation of the hierarchy of the charmed hadron
lifetimes (see. LHCb: Phys. Rev. D 100 (2019) 032001). - T T
R LHCb
* Signal fromthe =" — p¢ decay has been discovered with high statistical g 7 3
significance (>150) 3 fo B "
* Anevidence (3,50) for the non-¢ MesoHoM decays =_* — pK*K~ also has = m:ﬁ f ,: ' ? ] | i L
been found g i — Iﬂi”l“
* Aratioof =" — p¢ and =,* — pK*'n~ has been measured |idl1 I [

o JHEP;/OZZ(%'IQ) 084) 1 1.02 10405 106

My - g+ [GeV/e? ]



s-quark transitions in heavy (c-
/b-) baryons

* LHCb has discovered decays =_.%2A_ ' and =,72A, "

Candidates / (0.5 MeV)

* These decays are interesting because they are driven by the
strange quark (s) weak decay, while charm (c) of beauty (b)
quark plays spectator role.

* Some theoretical models predict enhancement of
branching fractions of decays of these type .

* With the known fragmentation functions ratio (f-,_/f,,,) the
branching ratio has been measured:

« B(Z,~>A,°m)=(0.89%0.10 = 0.07 = 0.29) %

* Measured value rejects some theoretical models, which
describe decay

(o'  Phys.Rev. D 102 (2020) 071101(R)
LA B B N NLEL RN UL BRI BRI
4 :_ % (a) W_ u - (b}
- ] d}ﬂ: c d
- =f u = v A
3 S =
= by
E . - Data
25 ' — Total fit
E A s W Signal =7
= N Y — - Background
1.5 :_ '] ‘.i"q Mﬁ.‘l
1E ___,v"
5 :?*.'u’.' . _
. 1 l S I L 1.

2440 2450 2460 2470 2480 2490 2500 2510
m(pK n*n) - m(pK ) + m(Af) [MeV]

% [LHCD -} Data, 5.5 fb"
%300 | — Full fit
= — E,- A
i\l"-: Egh — AE}T
E Comb.
200
©
&
O t
100
0 + -~ -
Ap—> Ao (i)
J 1 1 | 1 1

o 50 100
06/07/2025 Phys. Rev. D 108 (2023) 072002 M(A57) - M(4;) - m- {eV/c?]



}-> Direct CPV
Mixing and }-> Search ans Observation

CPV searches }-> Many CP asymmetries

In charm }-> Mixing
sector }-> Observation
}-> Mixing parameters

| -> Search CPV 1n mixing
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Observation of CP violation in charm decays
Phys. Rev. Lett. 122 (2019) 211803, 20 Mar 2019

}-> Direct CPV

Mixing and }—> Search an

CPV searches }-> Many CP asymmetries
in charm }-> Mixing
sector "

| -> Search CPV 1n mixing

Observation of the mass difference between
neutral charm-meson eigenstates
Phys. Rev. Lett. 127, (2021) 111801, 07 Jun 2021

Observation of D? - D oscillations
Phys. Rev. Lett. 110 (2013) 101802, 06 Nov 2012
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CP-violation

and mixing

. CPV|oIat|on in the Quark Sector, T. Gershon, Y. Nir (PDG)

CKM Quark-Mixing Matrix, A. Ceccucci, Z. Ligeti, Y. Saka (PDG)

CPT Invariance Tests in Neutral Kaon Decay, M. Antonelli, G.
D’Ambrosio, M.S.Sozzi (PDG)

CP Violation in K, Decays, L. Wolfenstein,, C.-J. Lin (LBNL), T.G.
Trippe (PDG)

« D°D% Mixing, D.M. Asner, A.J. Schwartz (PDG)
+ BB’ Mixing, O. Schneider (PDG)

Types of CP violation

: ﬂﬁ in decay

e f e 7

. Q{in mixing

P p

: ,QF‘ in interference between mixing and

decayr:_<: f +F , -

P p =

06/07/2025
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https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cp-violation.pdf
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-ckm-matrix.pdf
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cpt-invariance-tests.pdf
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-cp-viol-kl-decays.pdf
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-d-dbar-mixing.pdf
https://pdg.lbl.gov/2021/reviews/rpp2020-rev-b-bar-mixing.pdf

Discovery of the direct CP in decays of charmed mesons

S M l ' ' lL CPV for th k CF asymmetry:
tandard Model predict quite sma or the c-quarks decays. ) D" —>f)—F(50 S f)

ALl )= —
CP(f) r(Dg —)j)-l—r(DO —)f)

f=n"ntK K*

LHCDb reaches sensitivity which allows to search for CPV at the SM level

A difference of CP asymmetries for two different CP-even decay modes of Tagging:
the D? meson has been measured. This allowed to decrease significantly N B-D°(- fu X
. . . . . * T 0
systematic uncertainties related to production and detection @D - D'
. x10° 200210°. e
asymmetnes. s ‘ Trcn ’:;;88_ LHCT
%60005* 44 M + . - = 1200 14 M + )
.. ) ) ) ) 5000F e S 1600- g
Flavor of the initial state is determined using so-called tagging - - s B |
. . — F % -0mb. bEg. S 2001 7 “omb. bk
algorithm: soft pion charge /muon charge allow to tag D = so00- Ccon v = Jocor ElCont. bz
meson flavor. £ 2000, 1 F
2 1000k ] 2 4005 3
Statistical significance 5,30 = First observation of direct 2005 2010 © 2015 2020 2005 2010 2015 2020
m(D"r") [MeV/e’] m(D°7) [MeV/c?]

CPV in decays of charmed hadrons
Results for Run1+ Run 2:

Phys. Rev. Lett. 122 (2019) 211803 —_
AAqp = (—15.4+2.9)x10*
[AACP = Armr(KK) o Amw(ﬂ-ﬂ.) — ACP (KK) o ACP (ﬂ.ﬂ.)]
e DA, # 0 > Violation of CP

30




Phys. Rev. Lett. 131 (2023) 091802

DY%->K-K* or D> m*?

° 2019: D°>K"K* and D>t Ap(D'—KKY) = A(D**—(D'—K-K")7*) — A(D**—(D'—K-7")7*) +
_ + A »K 77" - [A4(0 - K — A(KY)],
« AA;p=Acp(KK) - Agp(nm) #0 (D7 SEww) = 14D” ~Kor) - AED)]
* CPV exists but what is the Acp(D'—KK") =AD" —(D'=KK)7") =AD" (D' =K 7)7") +
source?! A —on') - [A(D . —KKT) — AKK)].
< LHCb Preliminary E

» 2022: DO>K-K*—measurement Asp(KK) & 0.006

E | | Previous LHCb average
* Two methods of the corrections 0.004 [~ New LHCb average —
A p(KK)=(6.8+5.4____%2.0__)x 10 0.002 - -
* Using AA_,, one can distinguish between ok ]
DY>K-K* and D’>mt* channels .

. ~0.002 F -
* a9 _is non-zero at 3.8c level f :
» Evidence for direct CPV in decays of 0004 2000 20002 0 0002 0,004

d
DOU%/W/-ZNE)'. 31 aK+K—



Time integrated DY — K "K.Y

Promising channel to observe CPV, as only exchange and

loop-suppressed annihilation amplitudes (with different

DO

strong and weak phases; similar sizes) can contribute.

Effect could reach ~1% levels in time-integrated CP

asymmetry.

Amw o~ A(JP+ Apmd 4+ Adnt?

Prompt tagging using D*.

ﬂACP

= AP(KKY) - AP(KYK ).«

A™(KIK)) — A™(KTK ™)
Huge rate, measured
with per-mile precision

Two track categories: Long (decays inside VELO) and Down (TT & OT hits)

Two event categories: LL and LD

Compatible with SM predictions and with

previous measurements

AP (LL) =
AT (LD) =

0.067 4+ 0.038 4+ 0.009,
—0.053 £+ 0.074 4+ 0.013,

AP (KIK?) = 0.020 + 0.029 + 0.010.

Exchange diagram

KO

N
o

Candidates / ( 0.3 MeV/c?)

Candidates / ( 0.3 MeV/c?)

JHEP 11 (2018) 048

Penguin diagram

KS

0
K 0

S
90:_I LA AL DL L B B I__
sof D' - KK LHCb 3
= ~+ Data E
[ — Total ]
gg 3 --Bkg E
w0f ;
s0f E
20 E
10 =

40
35
30
25
20
15
10

140 142 144 146 148 150

L I 3
152 154

L L L
E DY S KK LHCb E
2 —+ Data E
- LD — Total =
- ~Bkg B

PN J‘ .......... +\ PR (U S S NS T T M
140 142 144 146 148 150 152 154

Am [MeV/c?]

worzezs - N lot of papers of asymmetries of such types from LHCb *



Mixing and CPV for DY

Doubly Cabibbo
Suppressed

* Direct CP-violation in charm sector / L Y W’on

s, Phys. Rev. Lett. 110 (2013
o S Y (2013)

has been discovered at LHCb
* AA,#0,PRL 122 (2019) 211803

Cabibbo
+ Likely D>mrt, PRL 131 (2023) 091802\ @ P

* What about CPV in nixing?

PHYS. REV.D 97, 031101 (2018)

ALY

s/ LHCb |
r (a)

=]
o
T | T

1 T T T T T T

Candidates per 0.1 MeV/c?
S &
SN M

wn
T T T T

<

2005 2010

06/07/2025

T [ T T T
¢ Data N
Fit 1
------ Background |

Right
sign (RS)
D~/ KT ]

|

2015 2020
M (D ) [MeV/c?]

Candidates per 0.1 MeV/c2

- Cabibbo
Favoured

240

220
200
180
160
2 140
120
100

[N I e W)
o O O O O

Observation of D = D°
oscillations

101802, 06 Nov 2012

s/g,,,, — RS appears, when no-mixing AND Cabibbo-
favored (CF) decay

a0’ — WS either [mixing AND CF] or [no-mixing and
- LHCb . Data —§ Doubly-Cabibbo suppresed decay]
- () Fit : — Probe for all possible CPV scenarious (direct, in
T Background mixing, interference of direct and mixing)
- — As mixing parameters (x' and y') are small the WS
: / RS ratio can be approximated as:
-/ Wrong sign (RS) A ()2 4 ()2 (12
5 + _ p+t ./ - _
-/ D-/K'nm- 1 ROT =Ko+ RD (7) " 3 (r) |
005 2000 05 220  Rb=IA4/AP Ry =1A/ AP R 2R, = direct CPV
M(Drtt) [MeV/c?] L .
't # 2’ CPV in mixing
s / ! - .
Yy Fy and interference

Using both Run |l and |l data 5 fb™

33



Mownck CP-HapyLLeHna npu cMeLLmMBaHNMM 04apOBaHHbIX ME3OHOB

* Direct CP-violation in charm sectoe has

been discovered at LHCb
* AA.p#0, PRL 122 (2019) 211803
* Likely D->nrt, PRL 131 (2023) 091802

* What about CPV in nixing?

* Run-2/Prompt-tagging (D**->D°%r*)
R 1) e B e ——
2 F LHCb .
o S00E 6 fb! | E
E 450:— -
J?: s —}— Data .
= 400;— Baseline _;
350? | : | o | No C.P viol:lition_:
5
am/ 0F + .
L -10F W“ E
& b arXiv:2407.18001 E

0 2 4

06/07/2025 D’ decay time / 7

6 8

I)ﬂ

@/

Mix Cabibbo
@ Favoured

Doubly Cabibbo
Suppresse

d
(Vi) \ ‘rWro n

D

Fit the time-dependent ratio R(t)

. T(D(t) > K*+n)
Rica(t) = ['(D°(t) —» K+n—)
. T(D(t) » K-7Y)
Focr) = T Do(e) = K-rr)

Ratios depends on D° mixing parameters and CP violating parameters

CPVin decay

CPVin mixing

75—\

2
Rio(8)  Rica(1 Asce) + v/ Rica(1 % Arcr) (excn £ Acscs) ——+(cher £ ACc,) (i)

Tpo

RK?T

CKr

AK?T

ACKW
/

Ach .

/

DCS

(343.1 £ 2.0) x 1075
(51.4 + 3.5) x 10~

i

Interference Mixing

First measuremet of

(13.14£3.7) x 1078 ~—— quadratic terms

)

)

)
(=7.1£6.0) x 1072
(3.0+3.6) x 10*
)

§ No evidence for the

(—1.9+3.8) x 1075 «—  CPV in mixing
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Phys. Rev. Lett. 127, 111801 (2021)

Am ;& 0 for mass states of DO Phys. Rev. Lett. 131, 079901 (2023)

‘Done with decay: D" —>K "n"n‘ These result
- 0.012 —————— — o 04 | — dominates World
| - LHCb - I LHCb 7
0.01F 54 fb1] [ 54 fb! ] average
- ] 021 -
0008 B \ B [ i Parameter Value
0.006 F 7\ 7 S i
i ¥ I N~ 1 x[o? 3.98 028
0.004 = l \ 7 - - ““m..a___‘_d:)B . y [10—3] 46T }i
0.002 \\“‘"’/ - —02 T ~ lq/p| 0.996 + 0.052
- _ ] i I . 0.047
0F - [ ] ¢ —0.056 7 g5
0 0002 0004 0.006 42 o1 0 o1 02
X lg/p| — 1
* First observation of mass difference between D, and D, Ratio of DNA molecule’s

e Statistical signinficance of Am # 0 is 7 standard deviations! mass and mass of Earth

is of the order of 10 —38!

Measured mass difference 6,4x10° eV, i
0,00000000000000000000000000000000000001 gram (10738 gram).
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Rare decays

of charmed
hadrons

}-> Flavor changing neutral currents SM
}=> Two-body
}=> Three-body
}—> Meson decays
}—-> Baryon decays
}—-> Four-body
}-> Branchings
}-> CP asymmetries
| -> Seach di-electrons decays
}-> Lepton Fflavor violating decays

06/07/2025
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LHCb impact for rare charm decays

Intermediate vector resonances in
the dimuon spectrum can hide
short distance (SM) contribution

D0_>#+e- D(':)_>ﬂ+J+f— I;}"—)E_EW(—P”} D“ —)K*n}’
D"—)pe_ D(-'-)_)Kd-jq-l- A —>p+V(—)lf] D“—P(ﬁ,p,&l) y
Df':)—)h"'ﬂ*’e_ D' S K-2*I*I- D" 5 K'K'V(>1) D A Hs )
D* > Kr'r D' ¢ V(=1
LFV - BNV FCNC l VMD Ra :Lve

S.de Boer G. Hlller PRD 93 074001(2016)

10" 10" 10" 10" 10" 10" 10* 10® 107 10° 10° 10¢
0 +
D{S)—>h'1 1+ h - D' =t D —)EJ!“V(—)H}D Satg(—=1
Do—>Xn‘u+e_ D" > ee D"—),o - D' 5K V(=1 Dn—>K-::+V(—}H}
P D" 5K K1 Do D’ 5 K(>) 0.001
~ D" ¢ I'I”

[PRD 66 (2002) 014009]

10-3

Short Distance

Pushing down the limits
CP- and T-asymmetries

Lepton Flavor Violation (LFV) will be examined
Lepton Universality (LU) in charm sector
Angular and amplitude analyses

10-7

10-7

10-1

dB(D*-sa*utu~)/dq? | GeV 2

10°

Dy L

Long Distance

uu nS

Recent LHCb upper limit with 9 fb~' dataset

Phys. Rev. Lett. 131 (2023) 041804

06/07/2025

B(D°— prp~) <31x1077

1.0 1.5 20

q*=m*(u')
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D — m*muty” and D — KKty
e pgogan HH Fomowns T o
X i -‘
Goal: Probe New Physics in c>u transitions, appears at short % 4f p
distances and very suppressed in SM (< 1079) 0 ’3 ul u
; ; : +; - ; ) - i
Long range contribution from p, w, ¢ due to decays into y*u~ pair = 15 I e pan
(difficult to predict leakage of events from resonance tails into search = — Fit ;
egon Sravie
lu’Jr q _ 5 -~ Comhb. backy.
Short range o > Long range fa}h o ———
T Low-migp) I LHChb 1
C—3 > U C U . 1of : ]
o { T A }h+ ol { ) W } et Non-blinded '’} |
u ( q u q mass bins s {_
q N s L
B } h_ B }p0< n w ) T
m m 1t = 0 Pl 1 i
LV
D 40 .
Event “leakage” into Low-m bins, as expected ; ” f, 1 ;f
Observed branching fractions are consistent with SM expectations (done with 2 fb- = i, sl
1) g 10 tgh-mi 0" pi) —— [hula
0 - — . ; -7 [ T — Fit ]
B(D" — atn p"p) = (9.64+ 0.48 + 0.51 + 0.97) x 10 17 _ D srru |
B(D" — K"K ptp ) = (1.544+0.27+0.09 £+ 0.16) x 10~ " 7 Ll L Disicsuc iy
- ST Comb. backg.
077850 1900 1850 1900

rarest charm decays ever observed

06/07/2025
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D° — 'yt~ and D° — K*K-utu-

Observation was done with 2 fb' / Start to learn properties (asymmetries) with 5

fb-

» Agg—forward-backward asymmetry of p*u-

» A,,—triple product asymmetry -

» Acp— CP asymmetry (using prompt (D*) tagging)

Quite promising probe for searches of New Physics

P

111 2(}5 = 2{ﬁhh . ﬁuu]{ﬁhh x ﬁﬁﬂj . Ehh-

m(pt ™)

Efficiency-weighted vields

ETCEITt JCCUTJTY dCITTEeved WItIT EXISUNE Udtaset

Signal asymmetries

[]\]u\-’/r"z] Signal Misid. back. Comb. back. App [%)] Aay [%] Ac,. [%)
D= ateptu~
< 525 AW +17 233425 108 + 22 2+ 20 £2 —284+ 20 £2 17+ 20 £2
525-565 - - - - - -
565-TR0 326 =23 253+ 24 145421 81+ 71407 T4+ 7.1 07 —129+£ 7.1 £0.7
780-950 141+ 14 159+ 15 89+ 14 T+ 10 +1 —144+ 10 £1 17+ 10 +£1
950-1020 244+ 16 63+ 13 43+9 3.1+ 6.5 £0.6 1.24 6.4 £0.5 7.5+ 6.5 +0.7
10201100 258 4+ 14 33+9 4449 09+ 5.6 £0.7 14455 +0.6 994+ 5.5 +£0.7
> 1100 - - - - - -
Full range 1083 £ 41 827+ 42 579+ 39 3.3 £3.7 £0.6 —0.6 £3.7T =0.6 4.9 £3.8 £0.7
Do KtK-ptu~
< 5h25 32+8 Hh+13 124 +20 13+ 26 +4 9+ 26 +3 —33+ 26 +4
525-565 - - - - - -
> 565 74+9 39+7 48+ 8 1+ 12 £1 224+ 12 =1 13+ 12 £1
Full range 110+13 49+ 12 1814+ 19 0 =11 +2 9 +11 £1 0+£11 +£2

06/07/2025

we are at the beginning of the long way

Phys. Rev. Lett. 121 (2018) 091801

T

O C i
= 300F LHCb 3
D 55 -
S 250f () ]
V) : ]
5 2001 -
o B ]
38150 =
cc - il
") C ]
:'5 100 n NN ]
< NN 1
= 1
O 50 -
. G
1850 1900
m(mwrr-utu) [MeV/ce?]
Q| 07—
S E LHCb —*— Data E
2 9 (b) — i
‘© 40F DK K ]
& ] . D'-K*K mim ]
8 30 n --=-- Comb. backg. |
s ]
g 20p E
=) i ]
< § i
o 10
0 \
1850

19|00I
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D° — mtrruty” and D° — KK u*u-

1000
-o-Data

—Fit

D smmu
WD =t
---Comb. backg.

LHCb

800
600

[ S %
o o
o o

a -o-Data

) — Fit

MDD K K utu
B0 KKt
---Comb. backg.

100

4

\

1850 lﬂﬂ
m(H o) [MeV/c?]

Phys. Rev. Lett. 128 (2022) 221801

Candidates per 5 MeV/¢2

50

e

Rare decays studies reflects an impact of
the stable work of LHCb MUON
(responsibility of PNPI: concept, design,
construction, commissioning, operation)
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The results are consistent with
expectations from the standard
model and with CP symmetry
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Run-3
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—+— Dala % Herwig 7 - PyTHIA 8 (Cl1t2)

First paper after Upgrade | s [l s

LIICH

—_— 4 - 3 . v 4 s i =
B 2 = . 3F LHCb —:
& E 5= 136 TV, 17T pb ! 1 5= 2F 5 136TeV,177pb ! 3
~—~ 10 2 *F E 3
o — 2025 (13.6 TeV): 2.22 fb™ T F i‘i T oF T }
= — 2024 (13.6 TeV): 9.56 fb™ < 5 ;}‘ < L E
= — 2023 (13.6 TeV): 0.37 fb™ e — N
@ 81— o022 (13.6 TeV): 0.82 fb™" . 3 E SE
£ — 2018 (13 TeV): 2.19 fb™ 2E E 4E
= — 2017 (13 TeV): 1.71 fo ™ 3 b E sE
3 6 —2016(13TeV): 1.67 fo! g - . . . : E . ) ! ; E
- — 2012 (8 TeV); 2.08 fb‘1 5 1 o 15 20 25 2 2.5 3 o A5 4 1.5
o} — 2011 (7 TeV): 1.11 fb”” pr(DV) [GeV /] 7(D")
=
(@) 4— __": T T T T ._’1: L L e | L B | E
3 ¥ 4 E LICH ¥ 4 F LHCb 3
o o, E 5 = 36TV, 6 pb ! T LE VA I136TW 56pb | E
O 8 “F Q E
L 21 EE EIN:
Z ok % 1 < 0 ! T :
5 < 0 I = SESS——— S— 1 3
2 -1 :_ _T_ _: -1 :— PP e = =
£ ot ' 2 s 3 2 F s
Mar May Jul Sep Nov . B E 3E 3
Month of the year LB . . . E S , ! . . =
5 10 15 ) 25 2 2.5 3 3.5 4 4.5

* The asymmetries of D+, DO and Ds+ Mesons pr(DY) [GeV/d] (D)

are measured for two-dimensional intervals = ,F ' ' ' < T
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https://arxiv.org/abs/2505.14494

Summary & Conclusions + Future

* Excellent LHCb performance during Run-l and Il.

* Alot of important results in charm sector exploiting huge charm rate:
* Production and Spectroscopy — LHCDb is mega-factory of charm

* Mixing & CPV - LHCDb is dominating here

* Rare decays — push down limits for di-muon decays / asymmetries studies

Many more in the stream of LHCb charm results

=50/300 fb

* Upgrades I/l approaching L

int

* Expectto have a lot of new and important results for Charm Physics in future
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