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General overview of
Hadron Spectroscopy at LHCb
given by Zan this morning

This talk covers two
brand-new analyses:

Observation of A — A:E(*)OK-
and Ag - /\:D:_ decays itHeb-paper-2023-034]

Observation of = — =D
and _:; - —:z?Ds_ decays itueo-paper-2023-0171.
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@ Beauty to double open-charm decays probe factorization assumptions in HQET; their
application is contestable due to the presence of two heavy quarks in the final state.

@ Predictions of decay widths / branching fractions (8) exist for the two-body A; — AID;,

=% =p; and =, — Z°D; decays, but not for A2 — ATD™OK™,

B(A)— AIDLT) B(Zp— =fp7) B(Z,— =207)

g Reference BT ATDD) Reference B A B — AL

"f-U’ T. Mannel and W. Roberts . phys. c 50, 1701 0.75 H.-Y. Cheng iphys. rev. 0 56, 27991 1.06

= H.-Y. Cheng tehys. Rev. 0 56, 2799) 0.83 Z.-X. Zhao (chinese phys. ¢ 42 093101] 1.00 1.06

"C')’ A. K. Giri, L. Maharana, and R. Mohanta tod. ehys. Lett. a3, 231 1.54 C.-K. ChUua (phys. Rev. 0 100, 036025 0.91 0.97

E Fayyazuddin and Riazuddin ehys. rev. o 58, oot6) 1.46
R. Mohanta et al. terog theor. phys. 01,5591 1.84 . 3 ]D’ s > 5
J. Zhu, Z-T. Wei, and H.-W. Ke tonys.rev. 0 59, osuozol 0.85 Wi Es ’ . z} ”
Z-X. Zhao ternese phys ¢ 2 o550l 1.49 b c EX Wi Es
W.-H. Liang and E. Oset (cur. phys. 1. c 78, 5281 1.23 —:b‘ u/d———— u/d}i b ¢ \ =
T. Gutsche et al. (phys. rev. 0 95, o7eoml 1.70 s———>————5 ufd ————>———u/d
H.-W. Ke, N. Hao, and X.-Q. Li teur. phys. ). ¢ 75, 5401 1.51 D
C.-K. Chua (phys. rev. 0 100, 034025 1.47 w- s ]D;’)i
S. Rahmani, H. Hassanabadi, and J. KFiZ teur. phys. ). 80, 6361 1.29 b y S : c
Y.-W. Pan, M.-Z. Liu, and L.-S. Geng tariv2s09:20501 2.25 A d;.;d\/\;

Uu——»———u



https://dx.doi.org/10.1007/BF01555853
https://dx.doi.org/10.1103/PhysRevD.56.2799
https://dx.doi.org/10.1142/S021773239800005X
https://dx.doi.org/10.1103/PhysRevD.58.014016
https://dx.doi.org/10.1143/PTP.101.959
https://dx.doi.org/10.1103/PhysRevD.99.054020
https://dx.doi.org/10.1088/1674-1137/42/9/093101
https://dx.doi.org/10.1140/epjc/s10052-018-5997-4
https://dx.doi.org/10.1103/PhysRevD.98.074011
https://dx.doi.org/10.1140/epjc/s10052-019-7048-1
https://dx.doi.org/10.1103/PhysRevD.100.034025
https://dx.doi.org/10.1140/epjc/s10052-020-8214-1
https://doi.org/10.48550/arXiv.2309.12050
https://dx.doi.org/10.1103/PhysRevD.56.2799
https://dx.doi.org/10.1088/1674-1137/42/9/093101
https://dx.doi.org/10.1103/PhysRevD.100.034025

Dok

4L
(o

<
(e«
<
—
2
c
o
=
©
=
fras)
o
=

@ Search for P's, seen in A} — JlypK™ and A}

[PRL 115, 072001], [PRL 117, 082002]

[PRL 122, 222001]
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[PRL 117, 082003]
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| [PRL 122, 222001]
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[PRL 115, 072001], [PRL 117, 082002] [PRL 117, 082003]
+ H [¢] - (0] - o +~(*)0,,—
@ Search for P_s,seenin A, — JlwpK™ and Ay — J/ypr~,in Ay — /\CD( o

[PRL 122, 222001]

[
h4 — _ _ ..
o o A%— A*D™OK™ and A2 — JywpK~ directly
Ifé S} comparable, since P} production the same.
+ o _ (kK _
< (” o B(A)— /\jD(*)OK‘) gauges predictions:
w u _ _
T ) BUy— ADK)  fyp (PO B(PE— ALDO)
oa c — = .
_ BAY = JwpK™)  fprepgeo(PE)  B(PE— Jfyp)
S b ¢ P+ - AzD( ) fX(Pz) denotes the measured fit-fraction ;f P;’ in channel X
O Wi > u
(et b _
B(P.— A*DM)
= d > d @ Theory/pheno calculates ————<—~
2 yIp B(Pe— JyN)
.g ~> sensitivity estimate offA;[;(*)o(Pf).
)
§ @ ... or wait for future measurement off,m;(*)o (PC+)

to compare models.
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l thresholds: missing 7° l, s l w°
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Reconstruct both A7 D°K™ and A D; candidates in pk~7*K* 7~ K™ final state

A - pkat,0°— K*n”, D5 - K K n.
g(/\g N /\:5(*)0,(-) NAg—v\;B(*)Ow N—ALD; B(D; — K K+r™)
B(/\g — AEDT) NGAIDS (A ADoK B(D° — K+m~)

Measure

Datasets: Full 5.4fb™" Run 2 data. Challenges of A¥ DK™ and A¥ D vs. Jlwpk™
Dedicated simulation (MC) samples.

In principle an easy analysis:
Cut, Count, Correct.

Same reconstruction and trigger selection of A7D°K™ and A} D; candidates;
Different topological and particle identification (PID) requirements offline.

Dedicated BDT for AT — pK™ ™ decays ir m, 202001; Otherwise cutbased.
Systematics from fit, multiple candidates, MC weighting, MC and calibration statistics.

Validate result with 4 selection strategies, 3 bkg subtraction- and 3 weighting methods.


https://doi.org/10.1103/PhysRevLett.112.202001

[LHCb-PAPER-2023-034]
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@ Extensive veto selections underline complexity
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@ 3D fits determine charm mass requirements and normalization of/\‘; — /\:’K+7T_K_.

e Linear dependency of AY — AYK* ™K~ PDF in m(A¥D°K™) or m(AZD;) to m(K* ™) or
m(K~K*m™) because of mass constraint.

[LHCb-PAPER-2023-034]
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[LHCb-PAPER-2023-034]
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@ Efficiency ratios are evaluated using simulation, corrected in production- and decay
kinematics and track multiplicity.

@ Data-driven calibration of the BDT response for AT — pK™z™ decays it 2, 202001

@ Validated by using different methods for the correction of simulated data, and by choosing
selection requirements that probe certain aspects of the efficiency calculation.
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[LHCb-PAPER-2023-034]

@ Fit model: use discrete profiling yisr 1o posors). S —
~ FitB
W 3
. . 2 — Fitc
o Likelihoods corrected for number of parameters < s — o
and pulls of fit-constraints. . - e
wv ; FitF
2 e Baseline fit has best corrected likelihood. ' — it
- o5 E thobprelimnay NN 2~ He- FitH
% e Vary 9 model choices for discrete profiling. ° e 500 oo — il
NEADT e elope
s . - S
E e Approximate likelihoods with bifurcated parabolas
g ~» calculate envelope analytically. L -
= %ﬂ 2: —— Fitc
U — FitD
0= 2 - RE
© BUG— AEKT)  BUG— AIDKT)  BUAS— ALDY) » fie
e Source / relative to BUSSAD;) B— D) BUAS— AID;) ' e
B 1% (%] [%] 5 E thebpretimnanN_ N/ . H.. FitH
‘g\ Fit model iy e 23 oo emo o A
N Weighting 0.1 0.1 0.0 fmvetope
Multiple candidates 0.0 0.0 0.1
Size of simulated samples 0.4 0.3 0.2
Size of generated samples 0.6 0.6 0.6
Total 0.9 e A

Statistical 1.8 2.8 13
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compatible with several predictions shown earlier.

B(A)— AFDOKT)  B(D°— K*r™)
B(AL— ALDT)  B(Dg — K K*x™)
B(AY— AIDK™)  B(D°— K*r™)

B(A— AfD;)  B(D; > K K¥r~)

= 0.14007%,9%% (stat.)*3:9%% (sys.),

= 0.432¥3%% (stat.) + 0.013 (sys.).
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@ Reminder: =
BN = JlwpK™)  farpeo(PE)  B(PE— Jyp)

Yields Ap — Jfypk™ Ap — /\2’5(*)°K_

(s}
p
N5 PR 556,000 [PRL 122, 222001]

(s} + 170 — 0. + %0 jo—
N 2ATKT © hooo, N APTKT L0000

e Comparing B(A) — AD™°K™) to mesonic counterpart allows to estimate size/strength
of color-suppressed amplitudes; which are absent for meson decays ihys. rev. b 106, osu029].
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@ Define DR™ (Mp) =

K

Sl w
- =

DR(B®) =129 +0.20, DR*(B®) =1.28 + 0.19, g C
DR(B™) =1.20+0.30, DR*(B7)=0.87+0.12, b ciAtorst
DR(B;) =13+ 0.5, DR*(B;) = 0.8 £ 0.4 o ¢



https://inspirehep.net/literature/2104821
https://doi.org/10.1103/PhysRevLett.122.222001

Observation of =, — =D

— E Iy
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@ Reconstruct =7 D_ and AYD; candidates in pK™ 7" K* 7w~ K™ final state. =° adds third K.

o Measure R =5 _ o) o B(Zp— Z105) _ N(Ep— =005) e(A]— ALDS) B(Az— pk n%)
/\g B O'(/\g) B(/\g—> /\'c"DS_) N(/\g‘) /\:DS—) e :+DS—) B(_:g—_) pK771'+)

~b -

z|Fe)ooE)  BE 2 2205)  N(5,— =005) e(A]— AlD) B(AE— pK™ )
o(A9) 7 BN — ATDS)  N(A)— ALDS) e(=, — =0D.) B(Z2 — pk~K~a*)

R (_:g) _o(Z))  B(EP— EIDY)  N(ED— Z700) e(5) — Z000) B(Z2— pk K at)

To(Z)) B(E, - E05)  N(Z, - Z00;) e(=0— =/D.) B(ZF— pkonY)

b —-cC

o(Zp)
O'(/\g)

B(Zp— =D7) _
B(AN)— AfDy)

@ Direct measure of fragmentation fraction ratios ( ) assuming

@ Analysis additionally measures /\g and =, masses. Not covered here.
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@ Reconstruction and trigger efficiencies do not cancel to first order as before, due to
differences in lifetime, kinematics (=¢/Af/=,/A}) and/or additional track (=?).

@ Veto ¢, DI, D", D° from proton misidentification, A7 from a misidentified K*.
@ Train dedicated gradient BDT classifier maximizing S/ VS + B uitn expected signal/background yields 5/5.

@ Efficiencies are taken from simulation, corrected for PID responses, track reconstruction
efficiency, production- and decay-kinematics and track multiplicity.
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e Partially reconstructed signal consistent with Ay /=, — Af/=.D;” with D}~ — D_y.
@ Simulated samples with Dy~ helicities 1 and o model partially reconstructed decays.
e Fractions of AD /=, — A} /=KK™~ decays fsinge c €stimated from sidebands.

[LHCb-PAPER-2023-017]
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@ Fit model: vary signal and background model, remove partially reconstructed signal by
adjusting fitted mass range. Take maximum deviation as uncertainty.

@ Single charm background fraction fsjngle c from different sideband region.

n
-_'q—_), @ Corrections to simulations dominated by weighting to match data in track multiplicity,
-% production- and decay-kinematics; uncertainties evaluated with pseudoexperiments.
s
(<) —o — —o
= : =b =b =b
c Source / relative to Rl—][%] R{—F][%] R|—]|I[%]
S A° A° =
b b b
o=
s Fit model 2.7 1.3 3.4
E fsing[e c 2.0 1.6 2.5
Q Lo . . .
= Limited simulation sample size 0.9 1.0 0.8
7 Trigger efficiency 1.5 1.5 1.5
Reconstruction efficiency 0.1 1.6 1.7
Corrections to simulations 1.3 4.3 4.3

Total 3.8 5.4 6.5
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e R(=}/=,) consistent with SU(3) flavour symmetry.
@ Closing in on ratio of /\g and =} fragmentation fractions.

@ Related LHCb measurements

= 3(5§—> =in7) B(EF— pk~xt)
fro BN — Afm™)  B(Af— pk~xt)
= B(E, — =)
fre BUA— Iy A)

= (1.88 + 0.04 + 0.03)% (\/; = 7, 8 TeV) [phys. Rev. Lett. 113, 032001]

= (10.8 £ 0.9 £ 0.8)% (7,8TeV), (13.1 £ 1.1 % 1.0)%(13 TeV) [phys. Rev. D 99, 052006]
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Conclusion and Outlook

LHCb is capable of reconstructing fully hadronic beauty to double open-charm decays with
6 and 7 particles in the final state, reaching down to percent-level precision!

The presented branching fractions probe factorization assumptions in effective theories.

B(A,— A:’E(*)OK_) needed for upcoming pentaquark searches in these channels.

-0

=) — Z!D; and =, — Z2D; decays are valuable input to =}, /A] fragmentation fractions.

Great improvement of reconstruction and trigger efficiencies for
fully hadronic decays in Run 3, due to triggerless readout of detector.
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