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INtroduction

What are magnetic and electric dipole moments of
particles? Why are they interesting”

» Classic systems 6 = [rp(0)d’r p = |rxjr)dr

» Energy and torque

U=-0-E U=—-u-B
T=0XE T=uXxXB
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INtroduction

hS
» Quantum systems § =4 qh S =28 !
'm h 2m h
4S

+

\

0= clectric dipole moment (EDM)
{= magnetic dipole moment (MDM)

. eh
Particle magneton: y = —
2m
eh eh
Hp = —— Bohr magneton  u, = —— nuclear magneton
2m, 2m,
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Stern-Gerlach experiment (1922)

Classical

The electron has intrinsic prediction What was

, , N tually observed
angular momentum, i.e. spin, < e
and magnetic moment X

Silver atoms

I’l X S % ‘ Furnace

0 z
F,=—(u-B) =y, Ly

Plague at the Frankfurt institute
commemorating the experiment that strongly =

influenced developments in modern physi L SIKALISCHER) VEREIGS, FRANKEURT A MAIN.
p ern p ySICS VON OTTO STERN UND WALTHER GERLACH DIE
FUNDAMENTALE ENTDECKUNG DER RAUMQUANTISIERUNG
DER MAGNETISCHEN MOMENTE IN ATOMEN GEMACHT.

AUF DEM STERN-GERLACH-EXPERIMENT BERUHEN WICHTIGE

PHYSIKALISCH-TECHNISCHE ENTWICKLUNGEN DES 20. JHDTS,,

' WIE KERNSPINRESONANZMETHODE, ATOMUHR ODER LASER.
OTTO STERN WURDE 1943 FUR DIESE ENTDECKUNG
DER NOBELPREIS VERLIEHEN. *ﬁ“&' i
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Particle EDM and P/T violation

» E. M. Purcell, N.F. Ramsey, Phys. Rev. 78, 807 (1950)
- particle EDM violates P symmetry

» T.D. Lee, C. N. Yang, Phys. Rev. 104, 254 (1956)

- question of parity conservation in weak
interactions

- also particle EDM as experimental test of P
symmetry

» L. Landau, Nucl. Phys. 3, 127 (1957)
- particle EDM violates both P and T symmetries

- CPT invariance implies EDM violates CP
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Discrete symmetries

Charge conjugation: Cy = i

Parity: Py(r) = w(—T) C | P | T
Time reversal: Ty(f) = y*(—1) H — + —~
Hamiltonian 6 | - |+ | -
H=-uy-B-6-E E - — +
Time reversal, Parity: B — + —
duyS - E e duyS - E S + + —

The EDM violates T and P and, via CPT theorem, violates CP
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Discovery of P violation (1957)

» C.S.Wuetal.,, Phys. Rev. 105, 1413 (1957)

- QObservation of P violation in 60Co weak decays
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Discovery of CP violation (1964)

» J. H. Christenson, J. W. Cronin, V. L. Fitch, R. Turlay, Phys. Rev.
Lett. 13, 138 (1964)

- Observation of CP violation in neutral K meson decays

wat
Scintillato Cerenkov (b}
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If CP is conserved:
Ks—1irt, CP=+1 eigenstate
KL=, CP=-1 eigenstate

Observation of KL=t decays implies CP violation
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Direct T violation (2012)

BaBar experiment

0.5 | EO > B_

» J. P Leesetal., Phys. Rev. Lett. 109, 211801 (2012)

- [ violation in quantum entangled B mesons from

= Y(4S) — BB production

i— f J. Bernabéu and F. Martinez-Vidal
y rca— Rev. Mod. Phys. 87, 165 (2015)
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CP violation in the SM

V., determines the strength of qq' W~ couplings

V*/gW

CIQ\/§

if Vq*q/ + V,q — different couplings for particles and antiparticles
— allows for CP violation in the SM

This is the so called CKM mechanism for the mixing of 3 family of
quarks. Explains CP violation, matter - antimatter asymmetries,
measured In B, K and D decays at accelerator experiments
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Physics motivations
for EDM/MDM
Measurements



Matter-antimatter asymmetry problem

If equal amount of matter-antimatter was produced after the Big Bang,
how do we explain the absence of antimatter in the Universe today”?

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages
375,000 yrs.

Development of
Galaxies, Planets, etc.
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Atoms
Dark
4.6% Energy
72%
Dark
Matter
23%
TODAY
Neutrinos Dark
10 % Matter
63%
Photons
15%
Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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Matter-antimatter asymmetry and CP violation

CP. mirror

» CPV is necessary condition for
baryogenesis (Sakharov, 1967)

» CPV In weak interactions via
CKM mechanism in the SM is
too small to explain the absence
of antimatter in the Universe

» New sources of CPV are
expected to exist
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EDM: a probe for CPV beyond the SM

» Lepy =Lkt Lo+ Lpsu

- SM: negligible contribution from CKM matrix,

0-QCD term allows for possible CPV in strong
interactions

- BSM: potential relatively large contributions

Examples of BSM contributions
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History of EDM IImits

J. H. Smith, E. M. Purcell, and N. F. Ramsey, Phys. Rev. 108, 120 (1957)

Discovery of CP violation 1964

K Kirch, P. Schmidt-Wellenburg EPJ Web of Conferences 234, 01007 (2020)
: ' T ' T ' I

1E-18 T o
1E-19 O
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o systems to disentangle
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O 1E-22 i O ®TIF
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> 1E-23 C? ©
S 1E-24 ECS<> o %o o) H : .
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O 1E-25 ' © 0 L
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1E-284 | O muon OTho . problem
1E.29 ] mercury o ]
15303 - xenon ™o 3 PRL 116, 161601 (2016)
1960 1980 2000 2020 PRL 124, 081803 (2020)
Year of publication [PSI experiment]
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Heavy baryon EDM

» EDM of baryons from the structure of quarks and gluons, and
processes with photon and flavour-diagonal coupling

» A measurement of a heavy baryon EDM is directly sensitive toO:

qEDM ——6 qc’“vsq qCED'V'g isq%wvsfaqufv

g% or

Charm EDM in SM-CKM ~10-32 e cm Charm EDM with new physics ~5-10-177 e cm
Khriplovich, Lamoreaux (1997) EPJC 77 (2017), 102

D X
s
Standard Model = \
Y cP e’ Yoo ef c
_%»_I_ _|_>_|_/
X~ o~ v
/\ »L L
C C / \ / \
CI | 1 C C I C
§7X07XB X

Heavy baryon EDM observation = clear signature of new physics
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Status of EDM measurements

s SM=-CKM = SM-0O . <d(expected) . <d(meas)

i ; Iihysics

*Beyond
“Colliders
-+

e U T Ve vV, V; n p A° A =

PID CERN-PBC-REPORT-2018-007
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L epton MDM (g — 2)

- g = 2 for a point-like fermion

g—2

quantum effects a = 5 anomalous magnetic moment

B field B field B field

¢ ¢ ¢ £t

Dirac interaction QED Schwinger interaction BSM SUSY interaction
g=72 g—2=alrn

» Precise calculations of g-2 of e, i, T to confront with precision measurements

For e For u For T

Physics Letters B. 379 (1-4): 283—-291 (1996) Phys. Rep. 887, 1 (2020) Modern Physics Letters A. 22 (3): 159—-179 (2007)
Physical Review Letters. 109 (11): 111807 (2012)

Physical Review D. 91 (3): 033006 (2015)
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https://en.wikipedia.org/wiki/Physics_Letters_B
https://en.wikipedia.org/wiki/Physical_Review_Letters
https://en.wikipedia.org/wiki/Physical_Review_D

Muon g — 2 deviation from SM

PRL 126, 141801 (2021)
BNL g-2 : O
Measurement of g ¢
ge =2.00231930436146 (56)
FNAL g-2 4 ® ; D. Hanneke et al., PRL 100,
120801 (2008)
< 420 >
Indirect measurement of g 7
® ® ; —0.052 < a;<0.013,95% CL
Standard Model Experiment EPJC 35 (2): 159-170 (2004)
Average
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5

a,% 10" - 1165900

- =& 4.20 deviation from SM predictions [1]*

[1] Phys. Rep. 887, 1 (2020) *Recent LQCD calculations Nature (2021) approach experiment average
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Intrinsic MDM of baryons

- g # 2 due to internal substructure, not point-like fermions

ment modal
- From baryon MDM to quark MDM using quark model 3 _____input 2,
pp = (44w — pa)/3 ,Un = (4pd — pu)/3 2
st = (4t — ps)/3 = (4ped — ps)/3 ~ |
pz0 = (4ps — ) /3 = (4ps — 4)/3 S
A = s ugo = (2 + 2pq — s)/3 ‘I — 5
po— = 3is % :
50—
Oy éo - A
My =~  quark MDM b mput A
2mq ' —_— Z::o
i - 2‘6—_>A
-2—  —/——"7 " input n

W, =2.79284734462 (32) un

»  Precise measurement of p MDM
G. Schneider et al., Science 358, 1081 (2017)

» Test of CPT symmetry with p MDM pp= —2.7928473441(42)uN
C. Smorra et al., Nature 550 (2017) 7676, 371-374
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INntrinsic MDM of heavy fermions

» No direct measurements to date for short-
ived charm, beauty baryons, and T lepton

» Experimental anchor points for test of low-
energy QCD models, related to non-

perturbative QCD dynamics
» Test of baryon substructure

» Measurement of MDM of particles and
antiparticles would allow a test of CPT

symmetry
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MDM theoretical predictions

Provide experimental anchor points for heavy baryon
MDM model predictions. Trigger further theory activity
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. |

Experi?nenta\ method for

+ =+

charm baryons: A, 2’

T~ 10-19 8
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Channeling in bent crystals

Courtesy of Biryukov, Chesnokov, Kotov, “Crystal channeling and its applications at high-energy accelerators™ (Springer)

VIINFN ¢ Nicola Neri 26 @D MDM/EDM of short-lived particles at LHC




Channeling in bent crystals

» Potential well between crystal planes 25007 Transversal potential

» Incident positive charge particle can
be trapped if parallel to crystal plane
(within few prad)

»  Well understood phenomenon
(Lindhard 1965)

a) « (A

» Bent crystals used to:

- 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 » Determine particle
Baryshevsky (1979) gyromagnetic factor
V.G. Baryshevsky, Pis’ma Zh. Tekh. Fiz. 5 (1979) 182. from BMT equatiOﬂ

V.L. Lyuboshits, Sov. J. Nucl. Phys. 31 (1980) 509.

g—2
2

& - spin rotation angle

Oc - crystal bending angle
g - gyromagnetic factor

y = Lorentz boost

Fig. 1. Spin rotation in a bent crystal.

((NFN & Nicola Neri 28 @.D MDM/EDM of short-lived particles at LHC




Spin precession in bent crystals

»  Crystal electric field E =~ 1 GV/cm, y = 500, 6~ ~ 10 mrad

» Inparticle rest frame ET =~ yE,|, BT = yE,

%zuxB*—l—éxE*

E*1LB* in particle rest frame
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MDM/EDM with bent

crystals

8 )
Fill the experimental gap in heavy baryon electric dipole
moment searches. Method proposed in EpiC (2017) 77:181)

_ W,

Spin-polarisation analyser: angular distribution of baryon decay products
dN n
Fora2-body decay: — «x 1 + a8 - k
dQ’
Yl & o MDM
dS § § E' = E"j
— =uxB"4+0xE x B
dt S, o« EDM S
B* = B*%
Z>

» MDM and EDM precessioninthelimit y > 1,d k< g — 2

g—2

()

d
[cos(D) — 1]
2 g—2
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Proof of principle In E/01

» E761 Fermilab experiment firstly olbserved spin precession in
bent crystals and measured MDM of 2.+

» 350 GeV/c 2+ produced from interaction of 800 GeV/c proton

beam on Cu target

» Used upbent and downbent silicon crystals L =4.5¢cm, 6¢=1.6
mrad for opposite spin precession, reduced systematics

D. Chen et al., Phys. Rev. Lett. 69 (1992) 3286

P

A
Downbend ‘ _
Jffﬂ Crystal W e o — —— ===~~~

-—-——.-_

— —
- m— e— a— —
- e e a. .
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Py

Z* beam
o polarization Downbend

-0.1 0.1

FIG. 3. Measured polarizations and uncertainties (1o statist-
ical errors) after spins have been precessed by the two crystals.
The dashed arrows show the expected precessions.
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Novel fixed-target experiment at LHC for charm baryons

»  EDM/MDM from spin precession of channeled baryons in bent crystals

z(m)

y (cm) | not to scale LHCh

v detector

s = EDM signature o .
Bent crystal 4 "

|
: LHCb ~ j-mm—n - T Target = BY
I)Crystal lekeI‘ detector leO m =~ \\\\ | v v ) p
. v .
Y £ 2) P
2)W target -
3)Bent crystal 4) Absorber

p extraction

_erc Nicola Neri 32 @.D MDM/EDM of short-lived particles at LHC



Novel fixed-target experiment at LHC for charm baryons

»  EDM/MDM from spin precession of channeled baryons in bent crystals

z(m)

y (cm) | not to scale LHCh

v detector

s = EDM signature o .
Bent crystal 4 "\

|
; LHCb e o ” - === T Target = BY
1)Crystal kicker detector ~100 m T- | v v )
. v .
o v £ 2) P
2)W target T
3)Bent crystal 4) Absorber

p extraction /\c* polarised production
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Novel fixed-target experiment at LHC for charm baryons

»  EDM/MDM from spin precession of channeled baryons in bent crystals

z(m)

y (cm) | not to scale LHCh

v detector

s = EDM signature

i

|
- - - _ ~lem S R — VA
deflected beamy %<i_\_::‘ S Bent crystal
. -
------------ A, =
~100 m Tl )
. LHCb |+~~~ e
1)Crystal kicker detector ~100 m
2)W target
3)Bent crystal 4) Absorber

p extraction /As+ polarised production channeling spin precession
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Novel fixed-target experiment at LHC for charm baryons

»  EDM/MDM from spin precession of channeled baryons in bent crystals

z(m)

y (cm) | not to scale

1)Crystal kicker

2)W target
3)Bent crystal

LHCb
detector

LHCDb
detector

s = EDM signature o
Bent crystal Y N

| |
——————————— -~ P Target B /
B S

4) Absorber

p extraction ¢+ polarised production channeling spin precession event reconstruction
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| HCb Upgraded detector

All sub-detectors read out at 40 MHz for a fully software trigger

New silicon Upgtream Tracker (UT)  \ow scintillating

__ fibre tracker (SciFi)
/, Side View . ECAL HCAL via M5
'l' ," M3
. Magnet SciFi ,»*” RICH2 M2
s
, Tracker

New pixel
VELO detector ~

pRS /

Proposed target

(?

setup \ ; 2
upgrade R : ‘\
New RICH optics and New electronics for calorimeter
photodetectors and muon system
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Sensitivity on MDM/EDM

» S1 configuration: LHCb detector, Ge (Si) 16 mrad, 10 cm \F,)VotTa;g{%tZ?not';if;get

» S2 configuration: dedicated experiment, Ge 7 mrad, 7 cm

=+
= baryon

C PRD 103, 072003 (2021)
1F~; 1F Te,
-, - O Ge .5 SN - 0 Ge 15
E 5Ge77K 1107 L §Ge77K 310
_.. ...... s 88' - B ~..::,.. ...... I 88'
_ R S Ge 32 El '_'Z S == 0 Ge 82 E
12 ............... i o a‘ . N,..: ......... ] (&)
=107 BN S, S [ NG .}
N A N =107 2 = SO S =107 >,
-S .......... 7] = > CNOL N\ | e T, - :|:
.; .......... : -S :E B O’. ....... ] .2
K7 ", ] = OO N\ e e ., ] +=
C ......... —t -a C - 0..‘ ......... - w
m .......... - C g ........... _ %
w _2 ......... q) 10_2 - '0,::. .
2 1TE NN\ 1077 @ = g 1077 9
0,.. + o - ".._ [1]
=. —unGe DN N U, T [ —uGe ! 7o)
LGe77K NN U, n uG‘e77K 3
=SSP ™ N U, | =——wuSi |
—pGesS, —uGes,
10_3 l 1 1 IIIIIII 1 IllllIII 1 L1 111 1 L1 1111 10_18 10_3 | 1 IIIIII[I L IIIIII L IIIIII . E— 10_18
1012 1013 1014 1015 1016 1012 1013 1014 1015 1016
PoT PoT

» Measurements are statistically limited
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R&D and
oreparatory studies
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| HC machine studies

LHC Collimul'ion

D. Mirarchi, A. S. Fomin, S. Redaelli, W. Scandale, EPJC 80 (2020) 10, 929
Cry2 + target TCSGs TCLA

N T HiH HIH-

Sur bul 9
30E 1CS
= D Ty
20 L . *Beyond
- | o 111
10E- /\ “Colliders

0 ></\f
10
20
_30§ SN T—I_V\
UUL
5 =i N R B T P a1 11
%3200 23250 23300 23350 23400
S [m]

e Channeling of 6.5 1

e Viable layout: 106 (

W. Scandale et al., PLB 758 (2016) 129—-133
eV at LHC already demonstrated by UA9

possibly up to 107) proton/sec on target close to LHCb

e Improved performance for a future dedicated experiment at the LHC

el INFN ¢c  Nicola Neri

39 @.D MDM/EDM of short-lived particles at LHC



L ong bent crystal prototypes

Si: 8 cm long, bent @16.0 mrad Silicon crystal 8 cm long
Ge: 5 cm long, bent @14.5 mrad Bending angle 16 mrad
PRD 103, 072003 (2021)
i — Ge experiment :
T e | S— ----- Ge simulaton | —
- — Si experiment
;‘g B ----- Si simulation »
.Z 1074
ok =
10_5'5" | 12 . '“\A Mn H ;
; ’ , ‘,. pvﬁ 4
. -6 ] | | | i
Courtesy of A. Mazzolari 10 0 5000 10000 15000

Deflection angle (urad)

- Si and Ge long bent crystals developed at INFN-Ferrara.
Channeling efficiency >10% for 180 GeV/c pions
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Channeling efficiency vs energy

PRD 103, 072003 (2021)
0.2 ;

— (Germanium

j — Silicon
015 Y SR ............................. : _ Lo,

g — S|80cm I60mrad

B ol N\ —Ge55cm I47mrad

> l
005_ .............................. .................................. .................................. ............

| i | i
% 500 1000 1500 2000
Beam energy (GeV)
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Channeling efficiency vs energy

Channeling simulations: for cooled Ge at T=/7 K significant
iIncrease in efficiency.

Steering efficiency
o o
AR = BN
O N O

O
—h

0.05

PRD 103, 072003 (2021)

cm, 16mrad

. [f'mrad

IIII|IIII|IIII

R R S T A T SR N R
OO 1000 2000 3000 4000 5000
Energy [GeV]
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Preparatory studies in LHCb

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

Rotation of crystal to

iéﬂfrore L?Qb »  About 10-4 Ac* produced in the target
=1oClOr Stelency are channeled in the bent crystal

1800
1600
1400
1200
1 1000
11={800
1551600
- 48400
185200

Good res. on production and decay vertex g asE oo
(7-8mm), 6c angle (25urad), m(pKm) (20 MeV) -

z [mm]
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Production of Ac+ baryons

'E‘ | ! ! L ! !..
Measured cc cross-section at \/SNN = 86.6 % oL LHCb B .
GeV - PRL 122, 132002 (2019), Erratum £ | © This measurement #
S P
Occ = 144 + 12.1 + 3.5 pb/nucleon l,% I
8 102 -
N /

Expected Ac+ cross-section at v s=115

GeV: o(/A\ct)~ 11 pb S } ~~ —NLOpQCD

w0f A% AnE E
N\ct polarization measurement ongoing F AN R ....:3
: . 10 10 10
using p-Gas collisions (5o [GeV]
g .5000
()
g —{4000
Polar angle vs momentum for Ac* Faooo s O
baryons produced in fixed-target 000
Production peaked at zero angle tooo| <ic:pacd £ i .|
Select forward-produced Ac* > . I1ooo
baryons: <p>=1 TeV i

5 10
0, hag [Mrad]
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Use copious A, ET 3-body decays

4

strange baryons with very high momentum can be

Use many 3-body decays to increase the signal yield

— v+
=X

reconstructed as stable charged particles in the detector

PRD 103, 072003 (2021)

Ag_ final state B (%) €3tk Beff (%)
pK—rnt 6.28 +£0.32 0.99 6.25
St rmt 4.50 +0.25 0.54 2.43
> atat 1.87 +0.18 0.71 1.33
prn 't 0.461 £0.028 1.00 0.46
E-Ktnat 0.62 +0.06 0.73 0.45
XTK-K* 0.35 £0.04 0.51 0.18
pK-K+ 0.106 £ 0.006 0.98 0.11
Sta K+ 0.21 +0.06 0.54 0.11
pK—ntad 4.46 +0.30 0.99 443
Staatal 3.20 0.54 1.72
> atatal 21+04 0.71 1.49
>t palln—nt 2.32 0.46 1.06
>H[pa’lK-K* 0.18 0.46 0.08
>+ palla~ K+ 0.11 0.46 0.05
All 20.2
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MDM/EDM via full amplitude analysis

+

» High statistics LHCb pp data sample to study AC , Hj decays

» Extract maximum information via full amplitude analysis of the
3-body decays D. Marangotto, AHEP (2020) 7463073

PRD 103, 072003 (2021)

1, 2F :!1-6%
S~ 1.8F -
% 16: E 14
O 1712
~ 14 —
LRPY: 1!
I L ]
Ei - 1 0.8
T 1F E
0.8F E
0.6F 404
0.4F = (1)

m2(pK)[GeV?/c*

. INFN & Nicola Neri

Decay distribution

W(E|s) = (&) + 58(5)

& = phase space variable
S=spin polarisation

Sensitivity: average event information
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EXxperimental method for

neutral long-lived A baryon
T~ 10-10g



/\ baryons

» Long-lived A baryons can travel
through the LHCDb dipole magnet
B~1T

»  Spin precession in LHCb B field

»  Select A (anti-A\) from weak charm
decays

N — Arr

- e.g. =P AKTTH, Act— Attt
Long tracks

- Large longitudinal polarisation (up to 90%)
due to parity violation in the weak decay % Ttracks

» Challenge: reconstruction of A baryons
decaying at the end of the magnet
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Novel experimental technigue for strange baryons

»  EDM/MDM from spin precession of A baryon in LHCb dipole magnet

" :‘CO_)A(pT[_) event T: T, T3 RICH T
A X 3x4 layers |
om - 8 : ///Sy = EDM signature\:\\

2Xx2 layers

) K R . _an
¥F’ IIeTy(e)rs [ B 1% S0=52

- = //
e A m Tl hp
| field i
— 0 ' - - o
= B - NI _
L_‘C Il _5 \\ \-*71'
N
+
-2m —+ \\7[
ST T Zaxis
S ——+—»  Zoomin
= 10m

/\ polarised production
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Novel experimental technigue for strange baryons

»  EDM/MDM from spin precession of A baryon in LHCb dipole magnet

= 0 .
o —A(pm) event T, T,T; RICH

A X 3x4 layers .-

2m 1 NI . = EDM signature
TT (T N X \
2Xx2 layers -
J §o=S5
J\é]f:'ILyers i _/, B 0oz
S

| HT

pr—
=

=2 ==
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Novel experimental technigue for strange baryons

»  EDM/MDM from spin precession of A baryon in LHCb dipole magnet

— O = :
, =—=A(pm) @ event o7, ricH 0
X y 3x4 layers T |
: 3 - —/—/‘/’/, /// . \\\
2m } ) | [ : /I// Sy o EDM Slgnature\\\\
TT yp
] 2x2 layers > -
o, 7 B Nl e
ayers L] dl :'
JICCEEE e agneic | - w2
== () \-\:. ) held -@-.- 17 |
=0 S i1 = INIBIed
-2m - \\\ 7[+
ST TZaks e
S —F—  Zoomn
10m

event reconstruction
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Simulations studies for A reconstruction

TT 3)T, T, T, RICH
. e Hit
» Fit the entire decay chain @ Vertex
=0—A(pm) imposing _
geometric and kinematic
constraints

1) Polarized A baryons 2) Magnetic field region 3)LHCb detector

meas
Zjerex > 6000 mm

t

500 - $ ' =1
[ ’+ A — Pt » Reconstructed m(prt) invariant

pon mass for A candidates decaying

£ 300 | : ?,

| % LHCb simulation at the end of the magnet
200 1 +
o i Trigger and selection strategy for

d Hatta . Run3 data taking in progress
o o 1160 1180 1200

Nicola Neri
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Sensitivity on MDM/EDM

» Initial longitudinal polarisation s, = $y2

» Rotation after interaction with B field

Sy = —spsSIn @ BI
T
s = Sy:_s()@smq; (D%gﬂB ~— BL~4Tm
: Bhc 4

S, = S0 Cos P

Spin analyser in A helicity frame _ &
AN © 18F

A 16 F
dQ/OCI—I—O{S-k, ::

CPT test <103 via A/A MDM o6

0.2 F

EDM limit < 10-18 e cm with 50 fb-1 ‘o
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Proposals for T lepton

« A.S. Fomin, A. Korchin, A. Stocchi, S. Barsuk, P. Robbe, Feasibility of T lepton

electromagnetic dipole moments measurements using bent crystals at LHC, J. High Energ. Phys.
03 (2019) 156 (see backup slides)

« J. Fu, M. A. Giorgi, L. Henry, D. Marangotto, F. Martinez Vidal, A. Merli, N. N., J. Ruiz Vidal,

Novel method for the direct measurement of the T lepton dipole moments, Phys. Rev. Lett. 123,
011801 (2019)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.011801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.011801

Novel method for the direct measurement
of the T lepton dipole moments

Target:
] L
- production of Ds*(—T1+U4) 1 o
+ + — + 10.1 ©
T > 1ma, {8
Single Crystal after target: S 10.05
gle Crystal after target: 2 | 2
- T Spin precession -% 10 %
o v 2
o ; £
. . . )
Spin polarisation: Y| A y I R s
- kinematic selection on ps«>0.8 TeV, longitudinal (z) R e
0 1000 2000

polarisation for MDM and enhanced EDM sensitivity
- Tagging 6(Ds,T)s0 (e.g. 2 crystals, other) transverse (y)

: ©
- = | @
polarisation for enhanced MDM sensitivity : 10.2 §
y O i 10.1 _EJ
- O
8 E
s g
W target o [ I
al i L
_05 __ .......................................................................
#
-0.4 -0.2 0 0.2 0.4

0, 5 . [mrad]
{ 55 g

J. Fu, M. A. Giorgi, L. Henry, D. Marangotto, F. Martinez Vidal, A. Merli, N.N., J. Ruiz Vidal, Phys. Rev. Lett. 123, 011801 (2019)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.011801

Novel method for the direct measurement
of the T lepton dipole moments

Events/0.014

1.2
n

Multivariate classifier based on reconstructed
T variables to determine the polarisation and

:

average event information S=0.42

@1 (Wﬂn)—w;(n)
CTNEEer T\ W) W ()
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----- (a, 8) $=0.58

— a 6,-tagging |
Py N 6 6,-tagging |
3 . —aDC
[ ~moDe 4107 E

" ] (&)
. ‘\\ : &'
- ’ =~
N g i 2
- >
i R 107 ©

3 n
E —— S. Eidelman
n Q 7 and M. Passera,
2.5 cm W target ;g Mod.Phys.
e, 107 Lett. A 22,159
m Lol Lol L1 11l 1 \ (2007)'
10" 10'® 107 10'® 10"
PoT

Test g-2 SM prediction with ~1017 PoT
EDM sensitivity ~10-17e cm

Challenging: dedicated experiment needed

J. Fu, M. A. Giorgi, L. Henry, D. Marangotto, F. Martinez Vidal, A. Merli, N.N., J. Ruiz Vidal, Phys. Rev. Lett. 123, 011801 (2019)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.011801

Summary

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

» A proposal to measure MDM/EDM of short-lived
particles at LHC, i.e. strange and charm baryons and
tau lepton, has ben present

» Feasibility studies show that first measurements are
possibile

- strange baryons, using the LHCb detector

- charm baryons, require a fixed-target setup to be
installed upstream of the LHCb detector

- tau lepton, requires a dedicated experiment at LHC
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Status and next steps

» Milestones achieved: feasibility

detector studies, long bent crystal
orototypes, preparatory studies In
| HCb, machine layout, physics
orogram extended

» Produce a technical design
report and, if approved, proceed
with installation and data taking in
LHCb during Run3

» If successful, design a dedicated
fixed-target experiment at LHC at
nigh statistics for a more
ambitious physics program:
beauty baryons, tau lepton
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Layout for dedicated experiment

LHC Collimation
y Project

D. Mirarchi, A. S. Fomin, S. Redaelli, W. Scandale EPJC 80 (2020) 10, 929
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At IR3 with optimised detector acceptance and
reduced crystal bending (5 mrad), about x100
channeled particles can be achieved
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MDM of short-lived baryons

» Charm baryon MDM with bent crystals
firstly studied in:

proton
beam

- . J. Kim, Nucl. Phys B 229 (1983) 251-268

- V. V. Baublis et al., NIMB 90 (1 994) 112-118 Fig. 3. Schematic diagram of the AT (A®) polarization production.

- V. M. Ssamsonov, NIMB 119 (1996) 271-279

- SK'P
» Recently revisited for LHC energies: [ y

- V. M. Baryshevsky, PLB 757 (2016) 426-429,
NIMB 402, 5 (2017)

- L. Burmistrov et al., Tech. Rep. CERN-
SPSC-2016-030 (2016)

- 0. A. Bezshyyko et al., JHEP 8, 107 (2017) FiE- 1. Spinrotation in a bent erystal
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Charm baryon polarisation

A

» Fixed-target production: polarisation is Y | production plane
perpendicular to production plane due to
Darity conservation in strong interaction

—_

o
o0

Polarization, P,.
o o
~ o))
[ |

o
N
T
>
v

/¢t polarisation vs transverse momentum

of i
! measured by E/791 experiment in 500
| GeV/c 1—-N reactions
» Increases with A\:+ transverse momentum
a 0 0.25 0.5 0.75 1 1.25 1.5 1.75 pt2(@2@.\2/&5/62).5
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Detector simulation
studies
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Simulation studies

» Tungsten (W) 5 mm fixed target + bent crystal positioned
in (0, 0.4, -116) cm, before the interaction point

Rotation of crystal to
improve LHCb
detector efficiency

»  Use EPOS for fixed-target minimum bias events,
PYTHIA for baryons produced in p\W hard collisions

» Signal reconstruction and background rejection
studied using LHCb full simulation
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Fixed-target simulation

» Radiography of the target in (0, 0.3, -116) cm

» Distribution of origin vertex of stable charged particles
IN simulated events

»  Simulated processes include: hadronic interactions,
pair production, Bremsstrahlung, Compton, o rays
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|[dentification of signal events

» About 104 /At produced in the target are channeled in the
bent crystal

d ~ 200um

» Use PV to identity Act produced in W target, and Act+ vertex helps
to identify decays outside of the crystal (max spin precession)

» /\ct angle determined by crystal bending angle, e.g. 6¢c=15 mrad

» Channeled baryons have high momentum =1 TeV/c

w INFN e Nicola Neri 70 @.D MDM/EDM of short-lived particles at LHC



Act momentum daistribution

FT spectrum

g ° B
) 20 » At production (top)
’ . »  After channeling and
) Is p>800 GeV/c (bottom)

20 15 10 -5 0 5 10 15 20

0, (mrad)
_Si, L~7 cm, B¢c~14 mrad Qe, L~5 cm, Bc~15 mrad
| <p>~ 1.320 TeV “F m <p> ~ 1.379 TeV

- =y

0_ """"""""""""""""""" TR 22 S P P
0 05 1 15 2 25 3 35 4 00051152253354455

p (TeV) p (TeV)
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Background rejection

» Rejection of unchanneled Act produced in W target

Signal events

Crystal-transparent events

—~~ 4 3
3 - . x10
> 35F s S 3:5_ R
L;/_ 3t SIGNAL REGION —25 Lii '3§_SIGNAL REGION s
2-52— I —20 CL2.5%— —4
2k ]
- —15 2r |
1.50 - ‘ }
1 1 10 2
0.5F r S 1
9% 71 12 13 14 15 16 17 18 ° Q%0 11 12 13 14 15 16 17 18 °
6, (mrad) 6, (mrad)
Channeled particles Unchanneled particles

»  Signal region: 14.8<6<15.2 mrad [0(B)~25urad], pac> 800 GeV/c
» Background rejection 10-7 level and signal efficiency 80%

»  High momentum Act most sensitive for EDM measurements
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EDM/MDM sensitivity
studies
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Sensitivity to EDM/MDM

» Studies based on;

Nct from fixed-target
(Pythia + EvtGen)

Reconstruction, Decay
flight efficiency (LHCb
simulation)

Channeling efficiency
(parametrization)

Fit to spin precession
(oseudo experiments)

0d ~ 1 reco
o rso(cosP — 1) NA+
_ iy
Nicola Neri

NX}CO = NAjB(Aj — | )ECHEDFEdet
o(pp — AJX) ~ 18.2ub
1S,| ~ 0.6

Gdet ~ 20% €D|: ~ 10 %

€ch X 10~

aN l+a S
—— m a °
10 o P

CIA++K_ R/J - 0.67

4 2 1 )
O, ~N
J oSOy Oc N reco
A+
\_ ¢ _J
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Crystal optimisation

»  Optimised sensitivity to MDM and EDM for Ge
crystal. Channeling and reconstruction efficiency
included

Regions of minimal uncertainty of EDM (black circle) and MDM (red square) defined as
+20%, +50%, 100% uncertainty with respect to the minimum (point markers)
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-uture plans for T lepton
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Future plans

» New proposals for T lepton MDM/EDM direct
determination using bent crystals

« A.S. Fomin, A. Korchin, A. Stocchi, S. Barsuk, P. Robbe, Feasibility of t lepton
electromagnetic dipole moments measurements using bent crystals at LHC, arXiv:1810.06699

- J. Fu, M. A. Giorgl, L. Henry, D. Marangotto, F. Martinez Vidal, A. Merli, N. Neri, J. Ruiz Vidal,
Novel method for the direct measurement of the t lepton dipole moments, arXiv:1901.04003

» Large statistics needed for interesting
measurements, i.e. PoTz 1017 [2.5 cm W target]

» Many challenges: dedicated experiment needed

» Preparatory studies in LHCb
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Feasibility of T lepton electromagnetic dipole moments
measurement using bent crystal at the LHC
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A. Fomin, A. Korchin, A. Stocchi, S. Barsuk, P. Robbe, JHEP (2019) 2019: 156, IC Channeling 2018.



Feasibility of T lepton electromagnetic dipole moments
measurement using bent crystal at the LHC
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MDM: 1018 PoT — to reach the present accuracy [DELPHI: J. Abdallah et al. EPJC 35:159-170, 2004]

1018 PoT — to reach an accuracy equivalent to the Standard Model value

EDM: 101° PoT — to reach the present accuracy [BELLE: K. Inami et al. PLB 551:16-26, 2003]

A. Fomin, A. Korchin, A. Stocchi, S. Barsuk, P. Robbe,7aJHEP (2019) 2019: 156, IC Channeling 2018.



Future plans for t MDM/EDM

Fu, Giorgi, Henry, Marangotto, Martinez Vidal, Merli,
Neri, Ruiz Vidal, Phys. Rev. Lett. 123, 011801 (2019)
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Requires a future

dedicated experiment 1o

Preparatory
measurements are
possible in LHCb

80

Fomin, Korchin, Stocchi, Barsuk,
Robbe, JHEP (2019) 2019: 156.
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