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- Experimental method to measure dipole moments for charm baryons

- R&D and preparatory studies
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Electromagnetic dipole moments

0 = electric dipole moment (EDM) u = magnetic dipole moment (MDM)

Quantum system:

g):dﬂNE 7=8ﬂNE *S ﬂ T*S
2 2 +
Hamiltonian: ‘ "’
#H =—-0 -E—u-B
Time reversal (T), parity (P): ' ., +6-E—u-B

P . +6-E—u-B

« The EDM violates T and P, and via the CPT theorem, violates CP
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Physics motivation for EDM measurements

CP violation (CPV) is a necessary condition for baryogenesis:

LOST PROPERTY

"Sorry Doc, we had a load of Anti-
Matter around 13 billion years ago,
but it got lost when we moved”

New CPV sources are expected to exists
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EDM: a probe for CPV beyond the SM

ZLepy = Leogyt+ LotL sy

CPV in weak interactions via CKM mechanism in the SM is too small

0-OCD for possible CPV in strong interactions allowed in the SM. Stringent experimental
limit from neutron EDM:

0, R (10_16 ecm)§ <18%107% ¢ecm = 0 é 1010

Example of SM CKM contribution

5, Im <Vt pVEV, VE ) mdmczaSG% ~ 10~ ¢ cm Long distance” contribution
Rev.Mod.Phys. 91, 015001 (2019)

T Phys.Rev.Lett. 78, 4339 (1997)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.4339
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.91.015001

EDM: a probe for CPV beyond the SM

Lepy= Loyt Lo+ Ly

BSM: potential large contributions by new physics scale /A, and CP violation phase ¢py

2
5 o 10—16 246 G@V . F yr Yukawa coupling
BSM ™ ( € Cm) A S11 ¢CPVy f F accounts for dynamics
NP
Example of BSM contributions Rev.Mod.Phys. 91, 015001 (2019)
3 J‘j\‘ e(q) 5 5
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.91.015001

Status of EDM measurements

Measure many systems to disentangle the underlying source of CPV

» SM-CKM = SM-0@ = <gexpected) , . y(meas)

E Physics

‘Beyond
Colliders

J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501
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https://iopscience.iop.org/article/10.1088/1361-6471/ab4cd2

Physics motivation for MDM measurements

No direct measurements for charm baryons

Further information on baryon substructure

eh
Pn+ = Zr+ with g1+ 7 2 (not point-like fermion)
¢ ¢ zmAg— ‘

Experimental anchor points for tests of low-energy QCD models, related to
non-perturbative QCD dynamics

Measurement of MDM of particles and antiparticles would allow a test of CPT
symmetry
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MDM theoretical predictions

 In the quark model

AL
A+
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He

Hpe = (0.48 £ 0.03)py

EPJC 80, 358 (2020)

- Beyond the quark model: heavy quark effective theories
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https://epjc.epj.org/articles/epjc/abs/2020/05/10052_2020_Article_7891/10052_2020_Article_7891.html
http://cds.cern.ch/record/2652442?ln=en

Outline

» Introduction and physics motivations
- Experimental method to measure dipole moments for charm baryons

- R&D and preparatory studies
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F. J. Botella et al., Eur.Phys.J.C 77 (2017) 181

A. S. Fomin et al., JHEP 1708 (2017) 120

E. Bagli et al., Eur.Phys.J.C 77 (2017) 828

A. S. Fomin et al., Eur.Phys.J.C 80(2020) 358

S. Aiola et al., Phys.Rev.D 103 (2021) 072003
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Channeling in bent crystals

x500 effective
magnetic field

Biryukov, Chesnokov, Kotov, “Crystal channeling and its applications at high-energy accelerators” (Springer)
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Channeling in bent crystals

2500 7 [ransversal potential

20.00 \ Fy

. Potential well between crystal planes £ ~ 1 GeV/cm

—.15.00

- Incident positive charged particle can be trapped if . | P,
parallel to crystal plane (within few prad)
- Well understood phenomenon (Lindhard 1965)

a x (A
- Effect of the bent crystals: ) .

- Steer high energy particle beams, very high effective
magnetic field B ~ 500 T

* Induce spin precession
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Spin precession in bent crystals

- Firstly predicted by Baryshevsky (1979)
V.G. Baryshevsky, Pis’'ma Zh. Tekh. Fiz. 5 (1979) 182

- Determine particle gyromagnetic factor from TBMT equation
V.L. Lyuboshits, Sov. J. Nucl. Phys. 31 (1980) 509

e g=2

@ = spin rotation angle
6= crystal bending angle
g = gyromagnetic factor
¥ = Lorentz boost

Experimental proof by E761 Fermilab experiment with X1 hyperon Phys. Rev. Lett. 69 (1992) 3286
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.69.3286

AT, ET spin precession in bent crystals at LHC
g—2

Spin precession angle @ = y6. measurable for baryons with large

2
y =~ 500 and crystals with bending angle 6. ~ 15 mrad
V1 i
Bent crystal Y
- X S, « EDM ® o« MDM
—> — —> S
= U X B*+ 6§ X E* ;
dr " o
P Target | ,
.
cee : : : : dN - 7
Sensitivity to MDM and EDM via spin-polarisation analyser ) x1+as' Xk

MDM and EDM precession in the limity > 1, d < g — 2 EPJC 77 (2017), 181

d
S, =39 (cosd — 1)
g—2
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https://epjc.epj.org/articles/epjc/abs/2017/03/10052_2017_Article_4679/10052_2017_Article_4679.html

Proposed fixed target experiment at LHC
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Sensitivity to MDM and EDM measurements

S1 configuration: LHCDb detector, Ge (Si) crystal length 10cm, bending 16 mrad

S2 configuration: dedicated experiment, Ge crystal length 7 cm, bending 7 mrad
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PoT = protons on target


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.072003
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LHC (SPS) machine studies

Channeling of 6.5 TeV at LHC already demonstrated by UA9  Phys. Lett. B, 758 (2016) 129
Viable layout: 106(") p/s on target close to LHCb (IR3)
Double crystal layout successfully tested at SPS. Test in LHC possibly during Run3
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https://epjc.epj.org/articles/epjc/abs/2020/10/10052_2020_Article_8466/10052_2020_Article_8466.html
https://www.sciencedirect.com/science/article/pii/S0168900221007324?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269316301514

Simulation studies in LHCDb

- Good performance (signal and bkg) with LHCb
detector. Full simulation of fixed-target setup: W
target 0.5-2.0 cm and bent crystal

o Vygreer < 0.01 with 108 p/s on target, negligible
iImpact on the detector occupancies
Rotation of crystal 1o . About 104 AT are channeled and have high
improve LHCb detector momentum 21 TeV
efficiency
£ asb | | A
E 45: R E 1800
= ) f_ Ll _f : 1288
- Good resolution on production and decay vertex L <E 500
(7-8mm), 6. angle (25 prad), m(pKm) (20 MeV) i 3 1000
3F b 1800
- 181600
25F 38400
b 8200
50 -tio0 . -10s0
z [mm]
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Long bent crystal prototypes

- Sicrystal: 8 cm long, bent @ 16.0 mrad
- Ge crystal: 5 cm long, bent @ 14.5 mrad

i — Ge experiment
100 o | Geosimulation |
- | — Si experiment
£ i [ -eees Si simulation
S : :
o107 E
S -
~ -
= |
) |
S
107

_6 ' i '
10 0 5000 10000 15000
Deflection angle (urad)

» Siand Ge long bent crystals developed at INFN-Ferrara and tested on beam
- Channeling efficiency >10% for 180 GeV/c pions tested on beam
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Fixed target setup

- Goniometer for target+crystal positioned in the region upstream of the

LHCb detector or in IR3
- Goniometer internal structure: compatible with operations in ultra-high

vacuum
» Accuracy on position ~20 um, rotation angle ~20 urad

Guides for extraction

Crystal holder

Rotation mechanism
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Use copious A

T =T

c®=c

Use corrected mass for decays with missing &
PRD 103, 072003 (2021)

multibody decays

Use 3 body decays to increase the signal yield

Extract maximum information on polarisation via full amplitude
analysis of the 3-body decays aHEP (2020) 7463073

0

Aj_ final state B (%) €3tk Bcff (%)
pK n™ 6.28 + 0.32 0.99 6.25
Xt at 4.50 £+ 0.25 0.54 2.43
> rntmt 1.87 £0.18 0.71 1.33
prnmT 0.461 + 0.028 1.00 0.46
EKrnT 0.62 £+ 0.06 0.73 0.45
XTKKT 0.35 +0.04 0.51 0.18
pK~ K™ 0.106 + 0.006 0.98 0.11
X KT 0.21 £0.06 0.54 0.11
pK A% = 4.46 + 0.30 0.99 443
>t ata’ 3.20 0.54 1.72
> rtata’ 2.1+04 0.71 1.49
>t (pa’la 2.32 0.46 1.06
T :pnO: K K™ 0.18 0.46 0.08
T :perZn“KJr 0.11 0.46 0.05
All 20.2
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.072003
https://www.hindawi.com/journals/ahep/2020/7463073/

AZF — pK~ 7" amplitude analysis

gl

LHCb-PAPER-2022-002 %! .j
||I| . iz

225335445 225335445 225335445

- Measurement of polarisation and amplitude g RS e e

model with LHCb Run 2 data (with semileptonic 51
and prompt selections) w
- Issue found and addressed in spin matching 7 S=SSN R g SR R s

m(pK)[GV/ 4] m(KJt)[GV/ 4]

1
1

among different decay chains AHEP (2020) 6674595

. BT — pK~ 7™ amplitude analysis and

polarlsatlon measurement are ongoing

Pull
Pul
P

Candidates/ 0.02
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https://www.hindawi.com/journals/ahep/2020/6674595/

AT polarization in fixed target collisions

Q.
-
Q
0
N
'
2

Production cross section and polarisation are crucial inputs to sensitivities for

magnetic and electric dipole moment measurements proposal with bent crystals

AT polarisation poorly known in fixed target production

- Polarisation mechanism in fixed target production not clear for baryons

EPJC 6 (1999) 265 ¢}

Measured from Dalitz fit to A — pK~ ™ decays produced in 500 GeV beam
n~ — N interactions at \/E = 30.6 GeV by the E791 experiment at Fermilab

. = 1000 signal events with a tentative amplitude model

Aj polarisation and cross-section in SMOG p-Ne collisions ~ 500
\/Syy = 68.6 GeV at LHCb in progress Z 400
Ui 300

. Signal pNe — AT( — pK_JZ'_i_)X,\/% ~ 68 GeV: =~ 3250 events
. Peaking bkg pp — A( — pK~7H)X,\/s = 5TeV: ~ 460 events 200

Expected sensitivity & 5 % on the polarisation 100
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https://www-sciencedirect-com.ezproxy.cern.ch/science/article/pii/S0370269399013970
https://link.springer.com/article/10.1007/s100529801045

Test in LHC at IR3

* A proof-of-principle test at the insertion region 3 (IR3) is Notin scale oot k
considered with LHC machine people Tracker Tracker

. Channeled A:F in bent crystal are very focused in few Bent crystal

5/7 mrad

cm? Bent crystal Charged hadrons
50 prad

- Preliminary simulations: with 8 pixel sensors + existing - H
1.9 Tm dipole magnet in IR3 can build a spectrometer

» Ongoing activity to prepare the hardware for the test ‘ o B
during Run3 , -—loom ~im ]

Main 7 TeV proton beam D . 2Rs |

\ 4
Absorber

Tracking detectors

Targt /

Crystal Magnet
Beam pipe
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Conclusions

Measurements of MDM/EDM of particles are sensitive to physics within and beyond the SM

Measurements of MDM/EDM of short-lived charm particles are foreseen at LHCb or in a dedicated
experiment in IR3

First measurements are possible in 2 year data taking:

* require a fixed-target setup to be installed

Milestones achieved: feasibility detector studies, long bent crystal prototypes, preparatory studies in LHCDb,
machine layout, physics program extended

Machine test in LHC, possibly during Run3

Fruitful discussions ongoing, planned workshop in Gargnano del Garda 26-28th September 2022

Join! (agenda will be published soon here)
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