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MDM and EDM in Particle Physics

S
Fundamental particles have non-zero magnetic dipole moments (MDM), e.g. the electron, fte = _gS,uBg

with the g-factor gs ~ 2: excellent agreement between precision data and state-of-the-art QED predictions

Composite particles, such as hadrons, have MDM stemming from their constituents, e.qg.

h in qualitative agreement with a simple
roton 2.793 . . _ € .
g t 1 913 in units of /N = o, constituent quark model, but today more
neutron o advanced QCD calculations are available

No experimental evidence of electric dipole moment (EDM)
of any fundamental particles

Limited experimental data for MDM/EDM of unstable particles, such as r, A°, AOC
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BSM Physics with EDM

Permanent EDM — P, T and CP violation
(assuming CPT)

Standard Model CP violation — very tiny EDM
(e.g. for quarks < 10! e cm)

Observation of EDM in fundamental
particles is a direct evidence of
Beyond Standard Model (BSM) physics
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Current EDM limits

CERN-PBC-REPORT-2018-007
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Current EDM limits

CERN-PBC-REPORT-2018-007
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How to measure particle EDM / MDM?

e Particle EDM/MDM measured by precession in a strong EM field

e Polarization required at production
e Initial and final polarizations measured via the angular distributions of the decay products

e Unstable particles must travel in the EM field long enough to gain sufficient precession before decay

+ = + short lifetimes
/\0 AC , — ~1072-1073 s
1. Production in weak decays of heavy baryons 1.  Prompt production in ﬁxed-target p-W collisions
2. Longitudinal polarization from parity violation of 2. Transverse polarization (parity conserved in
the weak decay strong interactions)
3. Precession in the LHCb dipole magnet 3. Precession through channeling in a bent crystal
4. Reconstruction of the A’>—prm decay in the 4.  Reconstruction of the A *—pKT" decay in LHCb

tracking stations downstream of the magnet
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MDM/EDM of strange baryons



Measurement technique

e A from a heavy baryon decay, e.g. "> A[pr ] K 7" event Tl T2 T3

g % .2 3%4 layers
=0 —A° [—pmr] K T nT 8
e Ais polarized longitudinally due to parity
violation in weak decays . ek B O
e K 11" displaced vertex reconstructed with — ’ /’F\ K-
long tracks 0+ <§I]: A S
e A’ precession in the LHCb dipole magnet 7\1%35 S, \\){ )P
and decays between magnet and T stations T
e A’—pr vertex reconstructed using T tracks _ B S
e Challenge: limited momentum w + Za
resolution of T tracks 1 S S S Y S
0 2 4 6 8

z axis (m)

(00)

SELDEM

INFN Salvatore Aiola ICHEP, 29/7/2020

MILANO



Current status

e Reconstruction of p and T momenta based on the presence of leak magnetic field
e Poor momentum resolution ~ 20% can be improved using constraints from decay kinematics
e Benchmark study cases

Np = N /p(— pp) NS — Artotn™

p Long tracks T Long tracks
K T

Ay i A, L2 &

A T-tracks A T-tracks

p
e Proof of principle using LHC Run-2 (2016-2018) data
o  Promising progress so far, with A° mass resolution ~ 15-20 MeV/c?
o  MVAto improve signal/background discrimination and resolution (BDT, ANN)
o Main source of background from secondary interactions
e Prepare trigger strategy and reconstruction chain for LHC Run-3 (2021+)

o LHCb will take data with a fully software-based trigger
o Full online event reconstruction and filtering . _
« SEL.DEM -
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MDM/EDM of charm baryons



Particle channeling in bent crystals

Channeling: constraining the trajectory of (positively) :
charged particles in the planes or axis of a crystalline solid i

U, = crystal

- . QUO ntia
Condition for channeling: 6,,, < 0; = 1/ ngﬁfdtep'th

Channeling through a mechanically bent crystal can be
used to guide a particle in a curved trajectory

Channeling efficiency above 80% obtained with silicon crystals for particles with
energies of 100s GeV [Phys. Rev. Lett. 101 (2008) 234801]

Channeling of 6.5 TeV protons observed at the LHC [PLB 758 (2016) 129]
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Precession in a bent crystal

Spin precession of polarized particles traveling
through a bent crystal theorized in 1979
[V.G. Baryshevsky, Pis’'ma Zh. Tekh. Fiz. 5 (1979) 182]

It was later proposed as a technique to measure the
MDM of unstable particles
[I.J. Kim, Nucl. Phys. B 229 (1983) 251]

FIG. 1. (a) Plan view of the incident proton beam and spec-
trometer system. The horizontal scale (z) correctly illustrates

I n 1 9 92 th e M DM Of the z+ ba ryon WaS m eaS U red by the length of the apparatus, the vertical scale (x) is schematic

only. (b) Elevation view of the channeling apparatus (not to

the E761 experiment at Fermilab using a bent crystal Sadod ev depic e T+ hoay cone, The acinhaton
counters A and DF are part of the trigger and are described in
[D. Chen et al., Phys. Rev. Lett. 69 (1992) 3286] the ext.
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DIPOLE-b experiment design

EPJC (2017) 77:828

z (m)

y (em)| Attention: not in scale

[l )Crystal kicker]

2)W target
3)Bent crystal
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Detector

Detector

angle ~ 100 prad

4) Absorber

ICHEPR, 29/7/2020

Part of the LHC beam halo is deflected by two bent
crystals (upbend and downbend) with deflection
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DIPOLE-b experiment design

EPJC (2017) 77:828 Two tungsten targets with thickness ~ 5 mm,
z (m) positioned just in front of the LHCb VELO; A *
Detector baryons are produced in pW collisions

y (em)| Attention: not in scale

1)Crystal kicker Detector ~100 m

[ 2)W target ]

3)Bent crystal 4) Absorber

e« SELDEM
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DIPOLE-b experiment design

EPJC (2017) 77:828 Up- and down-bending
z (m) long (~10 cm) crystals

T — attached to the W |

y (cm)y Attention: not in scale targets: spin precession '

1)Crystal kicker Detector

2)W target
| 3)Bent crystal | 4) Absorber
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DIPOLE-b experiment design

EPJC (2017) 77:828

z (m)

y (em)| Attention: not in scale

1)Crystal kicker

2)W target
3)Bent crystal
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The A_"baryons are reconstructed in the LHCb
detector; the polarization vector is obtained from

Detector

J the angular distributions of the decay products

Detector

4) Absorber
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DIPOLE-b experiment design

EPJC (2017) 77:828 _

z (m)

Absorbers are used to stop the protons that did not
interact with the W target

Detector

y (em)| Attention: not in scale

1)Crystal kicker Detector <1000 g N

2)W target

3)Bent crystal |__4) Absorber_J
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Projected limits on EDM

£ 10" EPJC (2017) 77:828 S1 configuration: “parasitic” operation in
2, T [=—= 51, Si LHCb using 10"° PoT
210" | —s1,Ge —
2> SHE PP S2, Si flmm . . . .
= i (- 2, Ge S2 configuration: dedicated experiment
-14 .

g 107 = — using 10" PoT
i = T
E =
o 10" J— PoT = protons on target
w = — raran W target 5 mm thick

10" — Y _

e - —— Material of the crystal

107 e Silicon

107 = e Germanium

10™ L o o

AL > AYK Al AT E = o, = (o} Measurements are statistically limited
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Projected limits on MDM

MDM sensitivity [uN]
=)

102

107

10

10°

INEN

MILANO

— EPJC (2017) 77:828 S1 configuration: “parasitic” operation in
E (=sTs g— LHCb using 10"° PoT
3 Ziﬁﬁﬁ. A— S2 configuration: dedicated experiment
n — e using 10" PoT
§ — - S PoT = protons on target
L s S— L W target 5 mm thick
; cranaen Material of the crystal
= e Silicon
- e Germanium
—A; S AYK Al AT E = a, = (o}

First ever measurement of Ac+ MDM: QCD precision test

[ | N
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R&D on long bent crystals

INFN Ferrara
Two crystals were tested

Crystal Silicon Germanium
Deflection angle 16 mrad 14.5 mrad
Length 8 cm 5cm

Critical angle 14.5 yrad 18.2 yrad

Critical angle = maximum incoming angle relative to the
crystallographic planes that allow for channeling
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Long bent crystals: preliminary results

- ]l_ No channeling 180 GeV/c protons from CERN SPS
_ ; Pre/im/'nary impinging on a silicon crystal
‘Zv’ Channeling - “
€ 1074 - : :
> : Partial channel - :
S amal eaineling Silicon and germanium long
L l bent crystals developed at
£ 105 INFN Ferrara
2

Good channeling efficiency >10%
10-5
0 2000 4000 6000 8000 10000 12000 14000 16000
Deflection Angle (urad)
i | | N
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Summary

e MDM/EDM of unstable particles extends the LHC physics program
e Unique program of measurements at LHC using the LHCb detector

AO Milestones achieved /\ T E
C
% reconstruction of decays beyond the magnetic region| < long bent crystal prototypes
% MVA to discriminate signal/background % preparatory studies in LHCb
% study of the background sources % machine layout
Next steps
% study the helicity measurement resolution % Technical Design Report
< define and propose trigger strategy(ies) for Run-3
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LHC machine studies

Beam pipe mechanical

aperture
50

Channeled halo
particles

50 beam envelope

INFN Salvatore Aiola

MILANO

LHC superconducting dipoles and quadrupoles

\\\\\ Cry2 + target

Feasible configuration
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Studies for a potential
dedicated experiment
at the LHC, e.g. at IR3

D. Mirarchi, A. S. Fomin,
S. Redaelli, W. Scandale
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Future prospects: 7 MDM/EDM measurement

W target

See also: Fomin, et al JHEP (2019) 2019: 156.
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Possible “proof of principle” in LHCb

Fu, et al, PRL 123 (2019) 011801
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Standard Model predictions
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Long bent crystals: test beam at SPS (Oct 2018)

Upstream tracker Downstream tracker UPstream tracker: ,
Vay, ~a Crystal 4 <4 + Double-sided silicon strip
Gg/o/c 8 detectors, 25 um pitch
- » Resolution of the incoming
protons 261 \ 109.85 81.7 particle direction ~6.5 prad
— - > 31 25 . —T > « Resolution largely limited by
Re - multiple scattering in air
144.5
Downstream tracker:
# J[‘ T « Two pairs of single-sided silicon
> il ;‘> strip detectors, 121 pm pitch
565.5 149.1 86.4 « Resolution of the outgoing
particle direction ~70 urad
Tracker: INFN Como

Crystals: INFN Ferrara

INFN Salvatore Aiola

MILANO

e« SELDEM =



Heavy baryon MDM

g g
15 + +
14 | _—
13 | _—
12 | —_—
1+
10 + +
9 | + +
8 | +
7 - —
6 - —
5 + +
4 F + +
3 - —
2 F Sics S +
1| + +
0.1 0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
magnetic moment / py magnetic moment / py
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PLB 326 (1994) 303

PRD 77 (2008) 114006
PRD 65 (2002) 056008
PRD 56 (1997) 7273

NPA 735 (2004) 163
arXiv:1209.2900

PRD 81 (2010) 073001

J Phys G35 (2008) 065001
arXiv:0803.0221

NPA 797 (2007) 131

PRD 73 (2006) 094013

J Phys G31 (2005) 141
NPA 739 (2004) 69

Few Body Syst 20 (1996) 1
NIM B119 (1996) 259

0.6

Many theoretical
calculations
based on QCD
but
no measurement
of heavy baryon
MDM!
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A " polarization and cross section measurement

PY Amplltude ana'ysis of A\ + —>pK'1T+ in Resonance JF BW mass (MeV) BW width (MeV) Existence
. c N*(1405) 142~ 1405.1 50.5 certain
pp collisions A*(1520) 3/2- 1515 — 1523 16 20 certain
A*(1600) 1/2+ 1550 — 1700 50 — 300 very likely
e Study polarization of A * in fixed-target A*(1670) 12~ 1670 25 — 50 certain
C , A*(1690) 3/2~ 1690 60 certain
SMOG data (p-Ne) using the amplitude A*(1800) 1/2= 1720 — 1850 200 — 400 very likely
model developed for pp collisions A*(1810)  1/2" 1750 — 1850 50250  very likely
A*(1820) 5/2+ 1820 80 certain
A*(1830) 5/2~ 1820 60 — 110 certain
A*(1890) 3/2F 1850 — 1910 80 — 200 certain
A*(2000) 1/2= 1900 — 2100 20 — 400 poor
A*(2020) 7/2% 1900 — 2100 20 — 400 poor
. . Atte(1232) 8/t 1232 120 certain
Analysis on-going K*(892) = 891.76 473 certain
D. Maranagotto (Universita di Milano & INFN) K*(1410) 1- 1421 236 certain
L. Henry (Universita di Milano & INFN, IFIC Valencia) K (1430) 0t 13751475 190 =350 certain
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A MDM/EDM measurement

E > A[pr K z" event Tl 12 T3

e A from heavy baryon decay, e.g. = *—>AK" et % -
T[+ a =
e A is polarized longitudinally T B O
e K'rt" displaced vertex reconstructed with =? i
long tracks 0 +| &1 /\s K
e A precession in the LHCb dipole magnet and VELO~ S, Rl D
. By G )
decays between magnet and T stations SemEn [ gt
e A’ prt vertex reconstructed using T tracks Dipole magnet
e Challenge: must trigger on displaced vertex ﬁ ] 't
of K'x" and A—pn~ from T tracks (SciFi in ¢

.....................

f
Run3+) 0 B 4 6 8 z axis (m)

F.J. Botella et al, Eur. Phys. J. C (2017) 77:181
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