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Introduction: hadronic modes with As

EY 5 AK—wt CF =0~ Arntr- SCS
A - Antata— CF =0 5 ArKY DCS
2 > AK—ntxt CF 2 s E-ntata— CF
=0 5 AKTK™ SCS Ef > =2 atat CF
AN — AKTrtr™ SCS 2 Ent CF
Af = Art CF Af = = Ktnt CF

modes with stripped Run2 data available
o Essentially unexplored both for theory and experiment

o Full of physics opportunities: polarimetry, spin correlations,
spectroscopy in amplitude analyses, CPV, ...

o Several analyses in progress at LHCb. CS modes for Run3+

Interest originally triggered by the measurement of electric and magnetic
dipole moment of As crossing the magnet (T-tracks). More at the end.
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What has been done — previous measurements (1)
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https://inspirehep.net/literature/214874
https://inspirehep.net/literature/397787
https://inspirehep.net/literature/296522

What has been done — previous measurements (I1)

H

; 59431 ®)
S AAT T
0 Precise measurements of branching fractions %‘6" 1 E%géJ)S
often wrt B(AY — pK ™ pit) or B(Z& — =" nt7nT) 1 !
FOCUS Phys.Lett.B 571 (2003) 139 u ++
Belle Phys.Lett.B 605 (2005) 237 % .
BESIII Phys.Rev.Lett. 116 (2016) 5, 052001 “elngmi e Rty
Belle Phys.Rev.D 103 (2021) 5, 052005 N
M(Axzz) GeVIc

@ Higher yields allow tighter selections to increase 600 T
the purity: first Dalitz analyses
FOCUS Phys.Lett.B 624 (2005) 22
Belle Phys.Rev.Lett. 122, 072501 (2019)
Belle 2211.11151
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@ Angular distributions not exploited. Only some (2019)
decay-asymmetry parameters of 2-body modes oo b
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https://inspirehep.net/literature/618864
https://inspirehep.net/literature/660759
https://inspirehep.net/literature/1406936
https://inspirehep.net/literature/1813380
https://inspirehep.net/literature/683342
https://inspirehep.net/literature/214874
https://arxiv.org/abs/2211.11151
https://arxiv.org/abs/2103.06496
https://arxiv.org/abs/2104.10361

What can be done — physics opportunities (1)

Proton angular distribution
o A spin accessed through its self-analysing decay A — pr—.

dw 1 dw

1
dcosB,d¢, = [1 4+ anPa - K] = = [1+ aaPa,; cos b))
pd®p

dcosf, ~ 2

> A polarization: Py = (P, Pa,y, Pa,z)
> proton dir. in the A helicity rest frame: k = (cos ¢p sin ¢p, sin ¢p sin ¢p, cos 6,)
o Charm baryon decay asymmetry «
> Two-body decays (e.g. AF — Ant): Py, = o+
> Multibody decays: consider effective decay asymmetry of H. — AX, dependent on
the momentum transfer g2 = (PH, — pn)?. Naive "leading order” diagram of
A = Artatn= as Af — AWT

B
+

or () = gty = PP IH) = (g P+ M oF)
| (P +1H302) + (H_y 1P+ IH_3oP)

c

u

d
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A & efle SRS
NP NN
>3

(&) A} — Axtx—xt where H,,, are the helicity amplitudes with Ay = :I:% and
Aw =0,£1
PRD 43 (1991) 3599
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https://inspirehep.net/literature/298611

What can be done — physics opportunities (1)

CP violation

0 Independently of the interpretation / parametrization, different a(q?) # —a(q®)
would signal CPV in the decay,

2 _ Ag) +a(q) 2
Acr(q’) = o(a?) — ale) Acpn + Acp(q7)

ap + of 2 an(q*) + an.(q%)
A =—>= A — e J T e J
PAT apn—ax cehe(a’) o (%) — an(q?)

@ Similarly to the observation of CPV in D meson decays, difference of direct decay
asymmetries between CF / SCS as

AAcp = Acp(SCS) — Acp(CF)

O T-odd triple products in four-body modes P — abcd  PLB 749 (2015) 104

F(CT>O)—F(CT<O)
Ar = here Cr = p, - ).
TGS 0)FT(Cr <oy “here Cr=pa(poxpe)
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https://inspirehep.net/literature/1374496

What can be done — physics opportunities (I11)

Complete angular analysis
@ Accounting for all angular variables, extract additional decay-asymmetry
parameters and charm baryon polarization

O Test polarization transfer H. — A induced by missing intermediate rest frame
PRC 95 (2017) 5, 054902

Amplitude analysis and spectroscopy
o Combining all information of invariant masses + angular distribution = build full
amplitude model
o Predictions of pentaquark state ¥* as a broad (An™) resonance with mass

m(X*) ~ 1380 MeV and J” = 17 Entangled with the known £(1385)* (7).
Angular variables crucial. nucl-th/0011071, hep-ph/0403210, 1001.0805

O Structures in m(An¥) may also be produced from KN re-scattering 2211.11151
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https://arxiv.org/abs/1610.02506
https://arxiv.org/abs/nucl-th/0011071
https://arxiv.org/abs/hep-ph/0403210
https://arxiv.org/abs/1001.0805
https://arxiv.org/abs/2211.11151

What is being done (at LHCb)

o Several of these channels being tackled by different groups at LHCb

» =0 S AK— 7t
» A = Aot
» =0 =qtatee
» = =Tatat
» 20 =gt
o Steps to harvest Run2 data (stripping, trigger) started in 2017
o Challenging reconstruction
> Long-lived A (and =) b relatively soft 7%, K*
> Huge combinatorial background from pp collisions
m (K)
T[+

™ .<: '
b+
Ac (‘:‘c N p
p—» 4—rp
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O Higher yields than previous experiments.
Run2 signal yield ~120k

@ P, studied in bins of phase space:
(quasi-2-body; interferences; nonresonant)
significant dilution / enhancements

A\

=0 et
Ep —. - . ;
€ AK™m O Very rich resonant structure: aim for a full

TGS 70 s A0 27 20 s a0 s

mAK =) MeVic?) amplitude analysis

ST

m? (K A) [GeV¥/c]

14 16 18 2
m? (K n*) [GeV?c]
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O Higher yields than previous experiments.

; Run2 signal yield ~120k

@ P, studied in bins of phase space:
(quasi-2-body; interferences; nonresonant)

3

> g9 —3_‘~1\/K_1TJr

significant dilution / enhancements
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e O Very rich resonant structure: aim for a full
T eamene amplitude analysis

£0 5 £7(1385)7 K~
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o Signal yields

Year DD LL Total yield
16 49k 81k 130k
17 70k 95k 165k
18 325k | 434k 759k
All 444k | 610k 1.05M

o P, as a function of ¢° = (p,\c+ —pa)?
dependency in P .(q°

: large

O Rather simple dalitz plot. Large statistics allow
clean search for new states and possible KN

o Full angular analysis in progress. Effective

structure (see intro)

decay parameters in bins of PS

BR PDG values

Multihadronic charm baryon decays

(0.78 + 0.16) %
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T T
—+ 17MU data
—— Fit result

Ll PO A N RS | -
2420 2440 2460 2480 2500 2520
MEr*n*n) [MeV/c?]

0 Especially difficult reconstruction. Soft
pions and huge backgrounds from pp

O Analysis only starting

@ Few events with inclusive =~ Turbo.

Stripping data with 2018 trigger promising

p—P» <4—p
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. . . . Year | Signal yield
O Large signal yields especially in 16 g 19ky
2018, with dedicated trigger 17 32k
0 Plans for a full angular analysis in 18 218k
bins of phase space Total 270k
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@ Complete angular analysis in progress

2-body decay: more direct interpretation of

asymmetry parameters

o Signal yield from turbo (17/18):
~35k (25k DDL + 10k LLL)
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Original motivation
Physics with T tracks: first results
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Electric dipole moment (EDM)

Classical definition Quantum systems
ds

az/rp(r)d3r 6:duN§ W

ds P/'
@
Interaction Hamiltonian \ ds
9

T 4+6-E
H=-6-E p
— +0-E

The EDM violates separately T and P = CP violation

10"

107"

1072

10724

0727 o cgimeas)
107

g = SM-CKM
107

lo-3°

Adapted from PM. Murthy 2018
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Measurement at LHCb Proposed in Eur.Phys.J.C 77 (2017) 3, 181

Spin precession in external B field

d -1
d—::sxﬂ, Qz?[g(B—%(U-B)U)—i—dﬁuxB].
Experiment concept at LHCb

Ag—> Alpz™] Jhylutu™] Tl T2 T3

O Large initial longitudinal pol. £ 42 3xd lagers
from weak decays e.g. q =
A) = NI/, |sa] = 100% o)
/\:r — Ar T, S/\‘ ~ 84% /\? 2x2T1z};ers B
h /_\ -
O Reconstruct A = pr~ with T 0 “ N A S ; ¢
tracks. Fit angular yELO So \> - :l’
distribution T
Dipole magnet N
@ Compare polarization before £l ut
and after the magnet D . ‘ s . s
0 2 4 6 8 2 axis (m)

Joan Ruiz Vidal Multihadronic charm baryon decays March 7, 2023 17 /28


https://arxiv.org/abs/1612.06769

State of the art

Previous experiment at Fermilab

cerP OBSERVE
\° PRODUCTION wﬁ&%\\%ﬂ s pT
TARGET 5

o Proton beam on
beryllium target

o 8.5% polarization

o Integrated field
[ Bdt =
10—-15Tm

o 3-10° events

op < 1.5-1071° ecm pa = (—0.6138 + 0.0047) un

PRD 23 (1981) 814 PRL 41 (1978) 1348
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https://inspirehep.net/literature/166693
https://inspirehep.net/literature/131342

N\ production channels: selection criteria

o Weak decays o Known branching fractions
o Charged particles in the final state o lIgnoring strong resonances
Direct A from baryon decays Intermediate =~
Channel Na (5 b7T) Channel Np (5 fb~1)
=0 AK— 7t 3.83 x101 0 - -
< =0 =—ptgtp— =— - 12
/\j [y VS 163 x1011 :8 — :77r+7'r T = — /\Tr7 1.18 ><1011
=h o AK-mtat 0.78 %1010 . =Tm = =AM 3.57 x10
AF 5 At 6.73 %1010 =t = rtat =" > Ar~ 3.03 x10t
=0 AKFK- 1.03 x 1010 AN — =" Ktat == > Ar 3.20 x10%°
=0 5 AG(KTK™) 5.95 x10° =0, =Kt = > Ar™ 1.00 x10'°
Sum 7.27 x10™! Sum 1.88 x10'2

Run Il (2015-2018): /s = 13TeV , L =5 fb~!

analyses ongoing

B

™M

p——» *——p
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Sensitivity Reach
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Reconstruction challenges

Low momentum resolution
Foremost source of challenges

Track extrapolation
Through intense and inhomogeneous
magnetic field

Vertex efficiency
Bottleneck of reconstruction efficiencies

misID A/K2
PID information not available out of
the box

Crossing tracks
Bent tracks produce a fake vertices

0.2
£ -04
>
@'.0.6
-0.8
-1.0
-12

T T T T T
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polynomial extrapolation

full equation
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Reconstruction challenges

Low momentum resolution

x10°

Foremost source of challenges e U LHCb

e 3.5; Simulation

8 3
Track extrapolation 3 25
Through intense and inhomogeneous i léé
magnetic field R

O 05

o x10°

. 22-15-1-050 05 1 15 2
Vertex efficiency 260 e o]
Bottleneck of reconstruction efficiencies

'g' 140
[ LHCb
misID /\/Kg é 130F Simulation
< &
PID information not available out of 1208
110F
the box :
100-
. %0 .
Crossing tracks AT
. 4 45 5 55
Bent tracks produce a fake vertices 2 [m]
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Feasibility demonstrated

CERN-LHCb-DP-2022-001, arXiv:2211.10920

- 0
A — pm N9 — NJ /3
L oHCop ¢ Fit [ e %
B - 4
E 3000 6 fb :" —— K background E 12001 6 fb /
i [ t  Data i 4
= R = 1000, # )
% 2000 | A
5 AR 3
= fy £ 800
] J 3 g
& 1000 PEERY :
/ S 600
! A —— Background
M 4 Data
0 400
1050 1100 1150 1200 1250 5000 5500 6000

m(pr~) [MeV/c?| m(J/¢YA) MeV/c?]

Mass peaks with reconstructed and combined T tracks at LHCb
6140 /\% — NJ /4 signal candidates. Run2 data
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https://arxiv.org/abs/ 2211.10920

A different probe of CPV with heavy baryons:

Charm baryon EDMs

10 Lo
109 —
1021 o2t
— 104 24
10 10
e
;10'" 072 . cgimess)
8 1o lo-20
= SM-CKM

107 o2

107 o2

Lo

107
S ™Hg "Xe Ra Rn “Rb 1Cs T MFr TIF HfF, PbO, YbF, ThO,

oy szsey SOV Tsoy
v ev e v

Adapted from P.M. Murthy 2018
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Channelling in bent crystals

o Very short-lived A} (~ 5cm) — need large EM field in small space (~ 103 T)
o E field between atomic planes
22K

N £ir
NZ

target  straight crystal
f-—'\/w
AN 7
5 {;-/ é X _s.q‘.:!'.{ ::\’:;: 3 bent crystal

o Precession induced by the net EM field

d
s b—-1 ®, sind
S~ So (g — 2(cos ), cos®, sin >

-2
d>'f:ng'y€C%7r

see e.g. EPJ C 77 (2017) 828
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Layout for the LHC

y detector
| heavy-baryon setup modules
2 —— absorber
bent .
crystal fixed crystal /\c
kicker target
LHCbeam 0l [\ e mmm====

Identical setup on
the other side

~80m _—
~10cm

Sensitivity with two years of data taking (10'* PoT)

o EDM sensitivity 05 ~ 4 - 10 1%ecm

o First measurement of Al (=) magnetic moment, o, » ~ 2 x 102

PRD 103 (2021) 7, 072003
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Charm EDM in BSM theories

Standard Model has its leading contribution at 3-loop level

de ~ 10~3ecm

negligible

Beyond SM contributions at 1,2 loops

d. ~ 107 ecm EPJ C77 (2017), no.2 102 BLMSSM

d. ~ 107 ecm  PRD 67 (2003) 036006 MSSM

de ~ 107 ®ecm  arXiv:hep-ph/0412360 MSSM

d. ~107®ecm  PRD 95 (2017) 035041 Colour-octet scalars

d. ~10"*ecm  JHEP 1901 (2019) 069 Scalar leptoquarks HY

Indirect bounds on charm EDM
de < 1.5%x 1072  ecm PRD 101, 115010 (2020)
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https://arxiv.org/abs/1905.02513

Baryon EDM in non-perturbative QCD

‘Y ‘Y § g
,/\ q il g % il
Ac

cP &GP or
Baryon EDM o

O Scarce theory literature on the EDM of Al (or c,b-baryons)
(Unal, MeiBner, JHEP 01 (2021) 115;
de Vries, Hanhart, Severt, Unal, MeiBner, PRD 105 (2022) 5, 055026)

o Estimations (NDA) point to dy: ~ de + ;= de

O Theoretical uncertainties are key to understand the constraining power of heavy
baryon EDM searches
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Conclusion

@ LHCb has the largest sample ever of charm decays

@ Angular information opens possibilities for many potential observables:
polarization, decay asymmetries, CPV, T-odd spin correlations, spectroscopy of
new states, ..

o Many measurements on the way for multihadronic modes with As

o0 =0 s ="rtatam

o N = Antrto™

0 =f s =rxtnt o L
0 = > ANK™ 7

0= =7
@ Lack of theory predictions. Challenging calculations with fully hadronic multibody
modes

+

m (K)
T[+

p—P 44— p
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