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LHCDb results on charmed hadrons

Production, properties, and decay
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The charm as probe for QCD
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The charm as probe for QCD

-

Charm hadron

e Hadron spectrum of

neavy quarks

iIncluding doubly heavy

e Lifetime & mixing

Decay
 Form factors & CKM
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The charm as probe for QCD

f Production

* Primary hard probe In
neavy nuclel collisions

e Hadronisation in all systems

e Contents of the proton

~

Charm hadron

Hadron spectrum of

neavy quarks

iIncluding doubly heavy

Lifetime & mixing

Decay
Form factors & CKM

e Spectroscopy
(intermediate new states)

e CP-violation &
final-state Iinteractions
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The charm as probe for QCD

~

Production

* Primary hard probe in
neavy nuclel collisions

- Hadronisation in all systems

e Contents of the proton

~

Charm hadron

Hadron spectrum of
heavy quarks

iIncluding doubly heavy

Lifetime & mixing

~

See talk from
(5. Punzi & others in TO7

Decay
Form Tactors & CKM

e Spectroscopy
(iIntermediate new states)

CP-violation &
final-state interactions
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https://indico.in2p3.fr/event/33627/contributions/154536/
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The L HC expeument at the L HC

Int. J. Mod. Phys. A 30, 1530022 (2015)

Ap/p = 0.4 - 0.8%
(5-100 GeV/c)

Experiment with excellent PID & resolution situated at the LHC (abundant charm-hadron production)


https://arxiv.org/abs/1412.6352

Charmed states
as probe for QCD
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[Rep. Prog. Phys. 80 (2017) 076201] —

Completing the puzzle of =¢ states

* EXxpecting a rich spectrum of c-baryon states, including S/P/D-wave
excitations; yet many states not observed yet

* EXxperimentalist’s task a proper estimation of the masses, widths, and
guantum numbers (spin & parity) of the different states,
testing expected patterns (including isospin partners)

* Risk of overlapping/ambiguous signals make detector resolution &
sufficient data critical... LHCb well suited for this

cCsSu oOr c¢sd

JP (nL) Exp. Mass [3]

A

" Many blanks:

ed, yet not observed (N )

eXDeCt o 2578.4 + 0.5
=; 3/2% (1s) 2645565227
Qe 1/2% (18) 695.2 + 1.7
Q+  3/2% (15) 2765.9 + 2.0
A. 1/2- (1P) AA2595) : 2592.25 + 0.
A. 3/2~ (1P) <(2625) : 2628.11 + 0.19
2. 1/2~ (1P) =(2790) : 2792.4 + 0.5
Z. 3/2~ (1P) =.(2815) : 2816.7470 29
$. 1/27 (1P) -
s, 127 @ap) )T
Y. 3/27 (1P) 5. (2800) : 279214
Y. 3/27 (1P) -8
e 5/20 (AP)[ ...
1/2~ (1P) -
1/27 (1P)  =.(2923) : 2923.04 + 0.35 [304]
3/27 (1P)  =.(2939) : 2938.55 + 0.30 [304]
3/2~ (1H) =.(2965) : 2964.88 + 0.33 [304]

5/2 (1B) -

1/2~ (1p) Q.(3000) : 3000.41 =+ 0.22

=/
=5
=5
=F
=
Q.
Qc
Q. 3/27 (1 ©.(3050) : 3050.20 + 0.13
Q. 3/2° (P) Q.(3066) : 3065.46 + 0.28
Q. 5/2° (IP) ©.(3090) : 3090.0 + 0.5
A. 1727 (25) Ac(2765) : 2766.6 + 2.4
= 1/21 (29) =c(2970) : 2966.34179- 17
e 1721 (S) -
.  3/21 (BS) -
=! 1/2% (BS)
Ee. 3/2F ®S) T .
;g: E g; Q.(3119) : 3119.1 + 1.0
3/21 (1D) Ac(2860) : 2856.17 33
5/2% (1D) A-(2880) : 2881.63 + 0.24

PeeeekllbonmmoMMMMMMOO > >0
s a6 A 66NN~ A 666 a0 06 6 6|66

3/2t (1
5/2F (1
1/2% (1
3/21T (1
3/2% (1
5/2F (1
5/2t (1D
7/2t (1D
1/2T7 (1D)
3/2% (1D)
3/2t (1D)
5/2% (1D)
5/2F (1D)
7/2% (1D)
1/2% (1D)
3/2% (1D)
3/2%T (1D)
5/21 (1D)
5/2% (1D)
7/2% (1D)

=.(3055) : 3055.9 + 0.4
=.(3080) : 3077.2 + 0.4
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https://arxiv.org/pdf/2204.02649

\)(\’l larXiv:2502.18987]
® Submitted to Phys. Rev. Letters
X1.04, - -

<3 T
New =¢ state: =¢(2923)+ N
26 EC(26‘t)4ifl):torial bkg. 4T 7
S =
LHCb explored prompt =¢(2645)° 1+ spectrum in Run 2 data of 5.4 fb- s41
* Z4(2645)0 = Emr with ~400K Z — p K-+ decays o2
10 | I _ _ - 0 I2620I | lé640l | ”26!60l | I2680
> | | | | é m(E¢n™) = m(E5) + mEDS [MeV]
% LHCb |+ Data E.(2815)" 1 B | |
—~ 103 L 54 fo” Tota{{l fit } 5.(2923)% New state observed =¢(2923)+: isospin partner of =¢(2923)°
\\/ ............. Bac groun 50(2970)4_ E
g . EE3080)° * M=2922.8 +0.62MeV, I =5.3+1.7 MeV
5 100 ¥ L 00 e N B
S Lo | - Observed new decay of =¢(3080)+
8 _ |~“ _
F H /\ /\ E * Z6(3080)+ -> =¢(2645)0rT+
1(; ' ‘ T '200' — '3(')0' — '4(')0' — '5;)0 Improved the knowledge of =¢(2815)* & =¢(2970)+

* =4(2815)* M= 2816.65 + 0.23 MeV, "= 2.07 + 0.14 MeV
* =,(2970)* M =2968.62 + 0.56 MeV, '=31.7 + 2.3 MeV
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https://arxiv.org/abs/2502.18987

\)(\’l larXiv:2502.18987]
® Submitted to Phys. Rev. Letters
X1.04, - -

3 L
New =¢ state: =¢(2923)+ ", on
"6 gi)(ri?tjifl):torial bkg. > ]
e
LHCb explored prompt =.(2645)° 1+ spectrum in Run 2 data of 5.4 fb-1 s41
* =(2645)°0 = ¥ with ~400K ZF = p K-t decays 52
10 - _ 073620 2640 2660 2680
> ' ' B m(E77) = mE) + mZ2° [MeV]
= LHCb  Data E.(2815)* _ _ _
= 0L 5.4 fb" ;gow{{l fit } ECE2923§+ ) New state observed =¢(2923)+: isospin partner of =¢(2923)°
T F e ac gI'Olll’l Ec 2970) + E
& P T E3080)7 ¥ M=2922.8 +0.62MeV, I =5.3+1.7 MeV
< 100 ¥ L I Mt _
S Lo i Observed new decay of =¢(3080)+
0F | /\ ¥ =¢(3080)* > =¢(2645)°rt+
1(; A2 YT '200' — '3(')0' — '4(')0' — '5;)0 Improved the knowledge of =¢(2815)+ & =¢(2970)+

* =¢(2815)* M=2816.65 +£0.23 MeV, [ =2.07 £ 0.14 MeV

/ > * =¢(2970)* M =2968.62 +0.56 MeV, [ =31.7 £ 2.3 MeV

Much wider than =¢(2965)° - not an isospin partner? | aurent Dufour - July 8 2025 - 12


https://arxiv.org/abs/2502.18987
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Weighted candidates / (5
(\®
-

. [Phys.Rev.Lett. 134 (2025) 8, 081901]

SpIN & parity of =¢(3059)+0 —

Marginalised too many details in my talk, please read

Exploit the weak decay Eg(_) — EC(BOSS)J’(O)( — DTOA) 7 (=, produced in the pp collision)

Use m(DTYA) and 3 angles to test different JP hypotheses for the Xic (3/2)
using the helicity formalism. Hypotheses: 1/2, 3/2, 5/3, 7/2, all with either parity

J = 3/2+ hypothesis favoured over others: 6.5 (3.5) o for charged (neutral) = _(3055)

E LHCb 3 2 M0E LHeb 1 21997 thew 7 2199 Loy E
54T —+ Data 3 Z pof  S4fT E = b s fb! 30 F fb! }
3 — Total fit E gt g S T
3 E g 100F S ] | —— | IS ] == | —— [
] I £.(3055)" 3 3 bl 9 L E S 60F 1 4 B o0f ‘ T E
= 1 o E.(3080)° = S oF | ‘ | ] S } ....................................... S Lo,
= ----- Nonresonant = 5 ------- | B Ao L -] B Ao L -]
3 1  F w0F e — 4 £ | s
F 3 g obE L + """" ' 3 é) 20 - e ) 7] é) 20 e e ) 7]
P T S (O L2 gy s oo g s 0 et i v A MM M 0 0o e
3000 3050 3100 3150 “1 05 0 0.5 1 “1 05 0 0.5 1 “1 05 0 0.5 1
m,,. , [MeV/c?] cosf . cos/J’A cos/a’A
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.081901
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New =cct*t decay. =c T Tt

Doubly charmed baryons can give an insight in hadronic systems
with 2 ‘heavy’ quarks, relatively unexplored

= (ccu) only one observed so far, and only via 3 decay modes
(searches for E' (ccd) and Q" (ccs) continue, but more challenging. ..)

New: using the Run-2 data, observed a clear signal of

H++(Ccu) N Hoﬂ+ﬂ+

Measured branching fraction:

BET - Oﬂ+ﬂ+)
= = 1.37 £ 0.18(stat) = 0.09(syst) £ 0.35(ext)
BEF — AK-1++)

[arXiv:2504.05063]

Submitted to JHEP
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Charmed production
as probe for QCD
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Asymmetries between charm and anticharm production
a probe for hadronisation in pp collisions
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Charmed production
as probe for QCD

Valence quarks of the proton introduce a difference between meson &
antimeson production

e.g. Valence quarks from Aj baryons can originate from the valence quarks of the colliding protons,

Measuring these asy

est of hadronisati

on ImM

contrary to A

odels & non-perturbat

MIMe

ries valuable for meas

ive QCD, sensitive 1o intri

Jrements of charm-antic

nsic charm of proton

narm differences (CPV)
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Previous measurements (Run 1)

LHCDb collaboration | Phys. Lett. B. 718 (2013) 902-907 LHCb collaboration | JHEP 08 (2018) 008
VammN | L L L - i a— 2.5 v vt
N oF LHCb (b) - >
9& N . ; \s=7 & 8 TeV 35<y<45
0.005 = —t—e— ] ~
= ¢ . a¥
0.01F \ -
N | E—
0.015F —e— —
- - ~-1.5 == PYTHIA 8.1
-0.02 _ - :
: s =7 TeV™
Bl . ! l \/1_ L. = + LHCb
n pr [GeV/c]

A (D)= o(pp — DJX) — o(pp — D;X)
Prod™s 7 6(pp = DFX) + o(pp — D7 X)

Expect (different) asymmetries present for all charm mesons & baryons,
and depending on \/E P LHC Run 3: 13.6 TeV

Laurent Dufour - July 8 2025 -« 13



See also: V. V. Gligorov (plenary), D. Vom Bruch, G. Cavallero, M. Diaz, ...

The LHCbh Run 3 detector the king is decommissioned, long live the king

f RICH

40 MHz readout BPRCEIT STy Muon chambers

. new PMTs, readout
software trigger , ,
electronics, optics

more shielding, upgraded
readout electronics

Calorimeters

reduced PMT gain, new
electronics

VELO SciFi Tracker
new pixel detector Upstream Tracker scintillating fibres
silicon strips

0 good approximation: a brand new detector, operating since 2022
Paradigm shift significant (~5) simultaneous interactions per crossing, with a real-time full-software trigger

L aurent Dufour - July 8 2025 « 19


http://www.apple.com/uk
https://indico.in2p3.fr/event/33627/contributions/155243/
https://indico.in2p3.fr/event/33627/contributions/155244/
https://indico.in2p3.fr/event/33627/contributions/155238/

o

Strategies(*)

L) [arXiv:2505.14494]
Submitted to JHEP

Charm-anticharm production asymmetries

First measurements of production asymmetries of the [0, Dst and D+ at \/E = 13.6 TeV, in 2D intervals of (pT, eta)

(first measurements of the [P production asymmetry in pp collisions at LHC energies)

Ds)* DO
pI‘Od(D ) — A(D —> ¢(1020)ﬂ+) — Adet(ﬂ_l-) prod(DO) — A(DO — K_ +) Adet(K_ +)
l 1
| / |
Asymmetry in yield Corrections due to Asymmetry in yield Corrections due to
(counting) instrumental biases (counting) instrumental biases

First measurements with the new detector: using very first datasets (2022 & 2023)
—xcellent test of the techniques for future measurements of CP-violating asymmetries

*: CPV in Cabibbo-favoured decays assumed to be negligible, measurements of CP asymmetries used for other decays L aurent Dufour - July 8 2025 - 20



(\’5 [arXiv:2505.14494]
Q\\) Submitted to JHEP

Charm-anticharm production asymmetries

First measurements of production asymmetries of the [0, Dst and D+ at \/E = 13.6 TeV, in 2D intervals of (pT, eta)

(first measurements of the [P production asymmetry in pp collisions at LHC energies)

D) DO
§ pI‘Od(D ) — A(D —> ¢(1020)ﬂ+) — Adet(ﬂ_l-) prod(DO) — A(DO — K_ +) Adet(K_ +)
=
: / : /
5 s
v Controlled using tag-and-probe method A (K 7ty =A (D*Jf — (DY > K_yz"")]z"")
(partially reconstructed tracks from Kg decays) _A ( D+ - (D° = K- K+)7z+)

First measurements with the new detector: using very first datasets (2022 & 2023)
—xcellent test of the techniques for future measurements of CP-violating asymmetries

*: CPV in Cabibbo-favoured decays assumed to be negligible, measurements of CP asymmetries used for other decays Laurent Dufour - July 8 2025 -+ 21
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Production asymmetries: results (pr)

- 2D measurements reported in the paper, along with

exact measured distributions.

- 1D projections used to compare with common event

|
+| Data

generators: Herwig7 (cluster hadronisation), Pythia 8.3 (string)

'_I4:-|----|----|----|....
X, 4 F LHCbH
f E /s =13.6TeV,177pb !

Q 2F

R

@F =—

< 0 :.I—.qm. ....... /L ...............................

7//////1'///////

0 15 20 2
pr(D°) [GeV /(]

Aproa(DT) [%]

4 S B A L S S B B B .
3 LHCb XX
_ ~1 —

) Vs = 13.6 TeV, 56 pb o
S

! E
S,

y <

N R B l T

5 10 15 20 25
pr(DT) [GeV/(]

N W

[arXiv:2505.14494]

“ythia8 Monash standard, based on e+ e- data
Pythia8 CR2 “QCD inspired” beam remnant+colour reconnection
Pythia8 Forward Recent tuning using LHCT data

% Herwig 7

PYTHIA 8 (Monash)

PyTHIA

- PyTHIA

Submitted to JHEP

8 (CR2)

8 (Forward)

il

Vi

LHCDb
Vs =13.6TeV, 56 pb™1

5 10 5
pr(DJ) [GeV/d]

Overall scale OK; high & low pr behaviour most difficult to replicate

L aurent Dufour -
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(\3 [arXiv:2505.14494]
QL Submitted to JHEP

Production asymmetries: results ()

- 2D measurements reported in the paper, along with ~ythiag Monash standard, based on e+ e data
exact measured distributions Pythia8 CR2 “QCD inspired” beam remnant+colour reconnection

Pythia8 Forward Recent tuning using LHCT data

[2]: JHEP 10 (2021) 060

: : : ‘: Data 7 Herwig 7 PYTHIA 8 (CR2)
- 1D projections used to compare with common event _
generators: Herwig7 (cluster hadronisation), Pythia 8.3 (string) PyTHIA 8 (Monash) - PYTHIA 8 (Forward)
. O L e e e L A B S _ 4 L L L _ 4 | | 1 | | a
X 3 F LHCb X, 3 E LHCb S E
-~ 9 Vs =13.6TeV, 177 pb 1 AR /s =13.6TeV,56pb ! — , ]
S 3 Q E
= 1 : :
E E ¢ ——¢ = 1F S lrmmmmmmmmmmny =
a O .é... ..................................................................... % - % : I/ o -
<: _1 ; i ﬂ: O WWWWJWWWW I .................................. <E: O . ]
-9 E— W////////W///////// -1 WWWWWW 1
= .
-3 ///////. = X)) 0
4 E = ] LHCb
5 E E ] 3 F /s=13.6TeV,56pb ™"
= A N T T B 3 P B B B Y - N U B
2 2.5 3 3.5 4 4.5 2 2.5 3 3.5 4 4.5 2 2.5 3 3.5
n(DY) (D) (D7)

Reasonable agreement with Pythia. Best agreement with Pythia8 CR2 model (also observed for b-baryonsi?)

Laurent Dufour - July 8 2025 - 23



(\3 [arXiv:2505. 1 4494]
Q\\) Submitted to JHEP

Production asymmetries: integrated results

Integrating over LHCb phase-space, indication for typical size in LHCb analyses:

Comparing the statistical precision...
Aprod(D?) = (0.07 £ 0.26 (stat) + 0.10 (syst))%
in Run 3 with 0.056 fb-!

Aproa(DY) = (—0.33 £ 0.29 (stat) + 0.14 (syst) )% GuAp(DH)) = 0.29 %

in Run 1 with 1fb-?
Aproa(D&) = (0.18 £ 0.26 (stat) + 0.08 (syst) )%
Gstat(AP(D +)) =0.26 %

Reached the same precision as Run-1 measurements that used 1 tb-1, using only 1/10th of luminosity
demonstrates the potential of the Run-3 experiment for charm

L aurent Dufour - July 8 2025 - 24



Summary

A snhapshot of charmed hadron results from the LHCb collaboration

- New excited =+c state =¢(2923)+
- Improved parameters for =¢(2815)+ and =¢(2970)+,
- A new decay of =¢(3080)+

Charm hadrons

& decays

- First observation of the =cct+ > =0 11+ 11+ decay

- First determination of the spin & parity of the =¢(3055)+0 states

- Production asymmetry of D9, D+ and Ds* mesons in pp collisions Production

-t -1 T EEEssEsEssEsEEsEEEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE S

'_Q — 2025 (13.6 TeV): 2.22 fb™"
= — 2024 (13.6 TeV): 9.56 fb™
2 g CHmiseTen s,
o 2018 (13 TeV): 510 " Run-3 LHCDb on track to record an unprecedented data set
= — 2017 (13 TeV): 1.71 fb::
= B A A already more data than Run 1+2
D — 2011 (7 TeV): 1.11 b
S 4
o | First measurements confirm charm benefits massively from the new detector
g Exciting times ahead!
B OMar May Jul Sep Nov

Month of the year Laurent Dufour - July 8 2025 « 25
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Phys.Rev.Lett. 134 (2025) 8, 081901

—elicity angles

':'b Iy A ARV V1 uccay KIIICII1aulls al€ 1ully ucsClripcu by ULIIC lilivallallu 11ass 71U h)+(0) A

and three angular variables Q= (cos 05+(0), ¢4, cos B4). The variable 05+<0) is the angle

between the A momentum and the momentum of the pion from the E’g =) decay, in the
rest frame of the D19 A system (denoted as =, (O)), and is referred to as the =% helicity
angle. Similarly, the A helicity angle 5, is defined by the momentum of the proton and

that of the D*(® meson in the A rest frame. The variable ¢, is the angle between the

=0 5 p+OA and A — pr~ decay planes. These angles are illustrated in Fig. 5 in

Laurent Dufour - July 8 2025 « 27



Plon asymmetries

0 2000 4000 6000
D (tt) [MeV/c]
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Secondaries

Velo open

Velo closed

= -
= -
B p 7]
| ~ O _
b .
- N V I
N
N
o N
*. ,
2 rrrrrs N\
rrrrree N
cecrcis N
crciiie S\
| 98404 NNNTE
a4 NN |
L [\ N |
NN S
A4 AR
NANN K
NN AKX
[B N\ xx
ALY
NN
M E E E E B E N EEEESEESEESESESESSESESSSSSSSSSSSSSSESSESSESESESESEEEEESESEEEEEN - )ﬁxﬁll
AARRR
AR
a4 L5555
o BRI
T RRRRRRY
il R
PPN, PR
S AAAAAAAAAAAAAAAA W
S AAAAAAAAAAAAAAAAAAAA "I
- e R A RN S R R R RN R R e KRR R -
2 rnandAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 20N
A i RRRY
— R R R R RN N N R NN TN
; it AR
e i U ARRRR
PG Aaaaaaaaaasdaasadatddadaasaasaaasaaaaaaaaaaaaaaaaaaaaadd N
AAAAAAAAAAAAAAAA4SAASAAAAAAA MM A4 A4 4AAAAAAAAAAAAAaSAAaaAaaaaaaaaaaans ot
X it R
it AR
SAAAAAAEAAAAAASAAASAAASAAAAAAS MMM MMM SAASAAASAAAAAASaAAOaAAOaaaad
AAAAAAAAA4AAAAAAAASAAAAAAAAASAASAasaaaataaaaaaaiaataaataaaaaaaaaaaad by
it AR
it R
it AR
R it AR
A AAAAAAAAAAAAAAAAAAS MM SAAaAAaaAaaaaaaaaaaaad o
SAAAAAAAAAEAAAAAASAAAAAAAAAAAASAAAAAASAAAAAASaAAaaats
IS AAAAAAAAAAAAAAAAaaAaaaaaaadaaaaaaaaaaad W
| it ey
N AAAASAAASAAAAAASSAAAAAAAAASAAAaAaaaaaaaasd by
SIS AAAAAAAASSAaaaaaaaaaaad 1
My N
SAAAAAAASAAAAAAAAAAASAASAAaAataasadad |
A AAAEAAAAAaatad |\
AN AAaasaaaaaaaaaaad
AAAAAAAAESAAASAASAaaaaaaadaa:
4494444444444 AA A4 A A
AAA4AAASAAAAAASaAaaaa
- -~ g A A R A A R AR A A A A R A AR AT A A SR S A a4 —
SAAAAAAASAASAAAAAaaaad:
AN A A
HAAASSAAASSAaaaae
AASAAASSAASAaaad
SIS Aaaad
1 AN
' FAAAASSAaaad
i
ASaaaaa
« AN
- -/ vy v rrr s —
AAA
ﬁs oo
e
"
.
v
N
. 4
.
= . -
.
o
;
;
= -
_
.

G¢ 0

i

[PTIA

________________________________________  —
i e _

= <

- - &
- 42 o, T ..

O - :

S ® = o s
25 = 2§ ;-
i@ = = D op
- O = O [ A D N

N o
e —— _z__.ul.
- ,__ -
________________________________________

o O O O O O O O O
23S %D F S

) 1 ) 1 ) 1 ) 1 ) 1

GZ'0 / PIRIA

(IP)) (D)

In(

(IP))(D™)

In(

L aurent Dufour - July 8 2025 - 29



