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Outlook

Plans: the tight space-time constraints
Measurement technique
Detector

Analysis strategy

— Theory talks related to MUonE at this conference:
* C. Calame, “Muon electron scattering at NLO”
M. Passera, “The MUonE project: theory progress”

Main systematics
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LHC roadmap, according to MTP 2016-2020%*

[ Physics
LS2 starting in 2019 => 24 months + 3 months BC | Il ;:"9 Shutdown (L.5)
LS3 LHC: starting in 2024 => 30 months + 3 months BC Te:h"r‘“z:';'t'::s'm'“g
Injectors: in 2025 => 13 months + 3 months BC ]
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*outline LHC schedule out to 2035 presented by Frederick Bordry to the SPC and FC June 2015

PBC Kickoff Workshop - Setting the scene 6 September 2016 Christoph Rembser 4 4



Possible location at CERN M2
Between BSM and COMPASS

1/ p-e setup upstream of present COMPASS experiment, i.e. within M2 beam-line

*= More upstream of Entrance Area of EHN2 (Proposed by Johannes B. & Dipanwita B.)
- Pro: Could allow running pi-e/pt-pr.gi in parallel.

- Questions: will require displacements (also removal) of some M2 components.

- Beam(s) compatibility for p-e & p-pp.gius : Optic’s wise looks OK (see Add. SI.14 from D.B.)

i »x;!-ur.!go_.m‘ T J.LLL.LI.LLLII?M I r'r"r IO '”'“"'@H"Tﬁ
J & == H s m Y
Y e : b i - ——E
Magnetized Iron Q33 Cedarl Cedar2 Q34 B7 Q35 B8 B9 Q36 N‘ H-1-H IL
7 [ u%" . T _—H i -

u-e Upstream (under-study) P— 2 length required (updated): 35 m targets +
~30m trackers + 0.8 m Ecals + 3 m (p-Filter) ~39 m
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Plans

Proposal presented to CERN in the context of the PBC
http://arxiv.org/pdf/1811.11466.pdf

Test beam performed in 2017 and 2018

2019

— Finalize the Lol by June this year.
— Setting up the Collaboration.
— Meeting scheduled at CERN, March 24-25

2020

— Detector design and analysis strategy optimization

2021
— Final feasibility studies with a detector prototype

2022 - 2023

— First measurement



g-2 anomaly
Summary of the present status

* E821 experiment at BNL:
auE821 = (11659208.9 + 6.3)x101°9[0.54 ppm]

 The SM prediction:
a >M=(11659180.2 + 4.9)x10°[0.42 ppm]

 3.50 discrepancy:
a5 -a M =(28 £ 8 )x101?

* Significance is limited by:
— Experimental uncertainty:
New experiments ongoing at FNAL E989 and J-PARC, aiming to improve
the precision x4.

[> — Theoretical uncertainty:
Theoretical precision is limited by low energy hadronic effects.



The Hadronic Leading Order

Contribution

Main contribution to the muon g-2 anomaly
due to non perturbative hadronic effects

With time-like data

v a, M0 = (692.3+4.2)x100

6a " /a "9~ 0.5%
With with the new
o had y approach MUonE aims to
a

a comparable
precision

v

The hadronic vacuum polarization



au”LO calculation with time-like data

Collection of many experimental results

* Optical theorem and

analyticity:

0(3) (ete~—had) —

47
? Im Hhadron( )
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G = iz ds K(s) - 0(8)(ete-—had) R, 3. n
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A CMD2,SND APLUTO
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* The main contribution is in the .
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alculated using pQCD 9




a(t) through:u+e > p+e

t-channel: space-like four-momentum transfer

o(t) through:

do _ doy | a(r) :
dt dt |o(0)
M n
t=09%<0
e e

t=-2mE,

Ratio

1.024

1.022 -

1.02

1.018 |

1.016 |

1.014 -

1.012 -

1.01

Simulation of the LO differential
cross-section p+e> p+e
elastic scattering

Effect of the hadronic shift Aa,_,

T T T T T
[had + lep runningl/[no running] (100 bin)
[only lep runningl/[no running] (100 bin)

| | | | | |
20 40 60 80 100 120
Ee (GeV)

140
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Running of a(t) and Aa, _,(t)

Aa,_,(t) through:
__ a0
alr) = | —Aa(t)

Aaf(t) =Aay,(t) + Aoy, 4(t)

Aay.,(t) can be
calculated precisely

Aay.4(t)=Aa(t) - Aay,(t)

Expected shifts Aa(t)

2
Z _
t=—m? (107°GeV?)
l—2z
0.55 2.98 10.5 35.7 00
100 - A
- Aa,ep(t)
10 |
S
» Ao, ,(t)
— 1 r
NE:L‘T
~_
~ 0.1
S
<] i = had
0.01
1 = lep
0.001

0.2 0.4 0.6 0.8 1
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a "9 space-like

The expected shape of integral function

Use high-intensity CERN’s muon
beam of E,~ 150 GeV colliding
on atomic electrons at rest to
measure Aay (t) with t = g2 < 0.

Highly boosted final state:
0<-t<0.161 GeV?
0<x<0.93

87% of the integral.
Remaining 13% using pQCD &
time-like data, and/or lattice
QCD results.

:1:2 2 [
(l — .l?) . Aahad (x—inl“i) x 10°

7k

0  553-1071 298 10.5 35.7 tpeax OO
It| x 103 (GeV?)
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tpeak =~ —0.108 GeV?

0
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11—z

)

0.8 Zpeak 1
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Muon beam M2 at CERN

COMPASS
target

\ [
@ Scraper B6 \
/ Scraper I B7->B9

Scraper

~ 50 MHz p
B4,B5
T6  B1->B3 + Hadron Absorber
> ~600m —————ple- ~ 330 m—ple—»

~100 m ~100 m
Table 3
Parameters and performance of the 160 GeV/c muon beam.
Beam parameters Measured
Beam momentum (p,)/(px) (160 GeV/c) /(172 GeV /c)
Proton flux on T6 per SPS cycle L2 20
Focussed muon flux per SPS cycle 2108
Beam polarisation (=80 £4)%
Spot size at COMPASS target (oz X oy) 8 X 8 mm?
Divergence at COMPASS target (o5 X oy) 0.4 x 0.8 mrad
Muon halo within 15 cm from beam axis 16%
Halo in experiment (3.2 x 2.5m?) at |z,y| > 15cm 7%

https://arxiv.org/pdf/hep-ex/0703049.pdf 13



Fraction of a,,,,

Optimal Muon Beam Momentum

Fraction of the a "'Cintegral as a function of the muon beam
momentum: p, = 150 GeV > 87% of the integral (0 < x < 93).

1 ;
0.6 .................. ................. FractlonofaHAD ............ __________________
0.5 F— oo ST e SRRSO SOSNOROSRUINN SUSTS
0.4 F—F b ...................
0.8 Ebereemmegeeeemeeeeee e e
0.2 e e
O Ao e e e R S

N =%/ AN AR EUTUTN ARVEN EPRPR R S

0 20 40 60 80 100 120 140 160

Muon incoming momentum [GeV/c]

P, =60 GeV/c

Xyax = 0.846

P, =150 GeV/c

Xyax = 0.932
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Luminosity

LO cross-section: 0,4(E,> 1 GeV) = 245 pb

Low Z material, Beryllium or Carbon, p = 2 g/cm3, Z/A=2, n_.z 6 X 1023 cm"3
Rate=Lxo=(Il,n.d)o

With the CERN 150 GeV muon beam, which has an average intensity of

~ 1.3x107 p/s, incident on d = 60 cm of Be, and 2 years of data taking with a
running time of 2 x107 s/yr, one can reach an integrated luminosity of

L, ~1.5x107 nb?

10000 ——

o= | [

L =1.5x 107 nb I —|
g0 = 245 Ll,b
El > 1GeV

100 |

L=15x10"nb"!
Oro = 245 jl,b
Ef > 1Gev

100 +

dN/dz (10'1)
dN/dt (10 GeV~2)

10 |-

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 —0.14 —0.12 -0.1 —0.08 —0.06 —0.04 —0.02 0
z t (GeV?)
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Signature: elastic scattering in the
(6.,0 ) plane

5[ x=093,E,=130.7 GeV Muon beam momentum = 150 GeV

Muon scattering angle (mrad)
S

IIII|IIII|IIII|IIII|III

OII[I | | IIIIIII |
1 10 102

ee 9 Ee 9 t = qz - 2me2 _ ZmeEe Electron scattering angle (mrad)
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Cross section and the signal

To reach a precision on a "'© as with time-like data (4 x 10%9):

2 years of data taking, with a muon beam of intensity of 1.3 x 107 s?
60 cm of low Z material segmented in thin layers, each of 10mm

12

Aoz,zmd X 103
o )
o o0

i~
N

0:2

I I

| [
LO cross section ——

Aahad X 103 —
~ -5 -3
10~<Ao,; 4<10
-5
Ao, .4<10
5) 10 15 20 25 36

16

H 14
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L 10

do /df. (ub/mrad)
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The detector

 Use state of the art silicon detectors

* A module must be transparent to non interacting muons.
Each module tracks muons passing through: to measure the
incoming direction right before the next stage.

* The module, where the interaction will take place, acts as a
standalone detector.

L=IDp D= nxd

Module n
< S| < Module n+1

L]
| ]

—_—
I

ERE.

Target Target Target




The detector (2)

Modular apparatus covering the full angular acceptance with high uniformity.
60 Iayers of low Z material (Be or C) paired to Si strip planes

~1m

N

e
dul Transverse dinjension
modulen K ~10x10 cm?

targetn targetn +1

> 50

40

30

20

10

Measuring angles with high angular resolution

e, L GEANT4

HII‘IIH‘IIH‘HII’\III’IHI‘IIH‘IHI‘IIH‘HII

1 | | 1 | 1 | | | | | ‘ 1 1 1 | | | 1 1 ‘ 1 1 | | | 1 |
-15000 —-10000 -5000 0 5000 10000 19



Test Beam 2017: the setup

 We used the UA9 tracking system to record scattering data
* Alignment, tracking, pattern recognition done by ourselves starting from

scratch as well as for the Geant4 simulations.
« The goal: reach ~1% in the core of the MSC distributions and few per

cent on the tales

upstream C targets downstream

ECAL

-1_--_--..-_.-----1--..>

[ aue|d AX
Zaue|d AX
S10Je|1IuIns 128814

10,289mm

- __.é_.___._._ —— _;

' beam

[
I| | 13]3WoIuog

'i
!—‘T\

UA9 detector .



muon angle (rad)

2017 Test Beam Result

Evidence of the elastic scattering

— elasticity E, = 160 GeV
* Test Beam preliminary data 2017

h .
L I.lﬁhlol“ldlllllllllll

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
electron angle (rad)

160 GeV muon beam, 8 mm C target
Golden selection: single track in, and two tracks out

21



8mm, 12 GeV

Diffusion angle [-2,2] mrad
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8mm, 20 GeV
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Test beam 2018

The setup has been located downstream COMPASS, behind
the Tungsten hadrons filter.

Aim of the measurement campaign: muon — electron elastic
scattering with high statistics

e Using muons from pions decays (hadron beam) with an estimated
beam momentum p = (18717) GeV

 To measure the correlation between the scattering angles:
muon angle vs the electron angle;

* Electron energy vs the electron angle correlation and PID.

The detector consists of:

— Tracking system: stations equipped with the AGILE silicon strip
sensors: 400 micron thick, single sided,
about 40 micron intrinsic hit resolution.

— Electromagnetic calorimeter: 3x3 cell matrix.



Test Beam 2018

EHN2 Test Beams 2018

* MUonE: Measure ue scattering on 2 target modules with Silicon
instrumentation + 1 EM calorimeter. Total length ~ 3m.

+ Compass TPC: Measure up scattering in high pressure TPC +

Silicon telescope

Slide from Johannes (11/12/2017)

Side view

Compass
TPC
Bernhard

| ‘ Top view

|

Module 1

Il

Target

~70cm

Module 2

ECAL

Target
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Data: using the Calorimeter

0.005 —

muon angle (rad)

0.0045 4

0.004 1 _ Elasticity curve: beam momentum (187 + 7) GeV

0.003 :
0.0025
0.002
0.0015
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0.0005
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0.0035 [

Data with E > 1 GeV
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Simulation: Test beam 2018, GEANTA4

angle_p vs angle e
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Effect of the resolution: GEANT4
UA9 resolution 7um

40.005
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0.004
0.0035
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CBC3 based CMS detector

Intrinsic hit resolution 18 micron

SAWWE LTIGImIT

Front End
CBC3 Hybrid Hybrid
Double-Layer
LP-GBT & Si Strip Detectors
Optical VTRx

Each 25 Module: ...

Sensor Area ~100 cm? ~y
16 CBCs, each reading 254 strips ......

(127 from top & bottom sensors) p
4064 Channels in total

Readout both L1 triggered data &
Primitive trigger data

: 8 CBCs per side
Converter

Service Hybrid 1 per side
31



o(t) LO studies

 We studied the feasibility of the measurement
in all the details in the leading order
approximation.

* Fitting of the pseudo experiment data samples
returns the expected values of the leading
order hadronic contribution to the muon g-2
anomaly, within the expect precision of 0.5%

e Systematic effects, due to MSC turns out to be
controllable, to the required precision.



NLO Studies

MC NLO available (Pavia Theory
group)

An elasticity region can be defined
(containing 95% of the events).
Sensitivity to the hadronic
contribution to the running of a(t)
is the expected one.

The total selection efficiency will
depends on additional cuts
(coplanarity, energy threshold, etc)
needed

1.002

T

Aahad

1.0015

1.001

/

1.0005

0 5 10 15 20 25 30

5 NLO convolved with the detector
resolution (CMS detector)

10°

102

10

10°

it The elasticity

region
X g 102

10

60




Experimental systematics

Tracking efficiency (homogeneity, angular
isotropy)

Longitudinal position of the sensors.
Beam momentum energy scale.
Residual corrections tothe target MSC effects.

Fitting model

34



Conclusions

We are in the phase of writing the Letter of
Intent to be submitted by June to the CERN’s
SPSC

Still a lot of work ahead of us

— Workflow in the NLO conditions

— Evaluate main systematics, in this context

Valuable solutions for the tracker exist

Hopefully we will manage to fit within the
space and time constraints.



F. Jegelrlehner, April 2018:

https://arxiv.org/pdf/1804.07409.pdf

"Therefore, the very different Euclidean approaches, lattice QCD and the
proposed alternative direct measurements of the hadronic shift Aa (g2)[79],
in the long term will be indispensable as complementary cross-checks"

The End
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CMS CBC ASIC

Nearest
Programmable Delay Neighbour Pipeline
40 MHz Region : I I
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_ _ £ ;
\ c
» Vi g ,S 2
N 3 T o L _
2 XV, % HEEHEEREIRESS N E:
= K9 = c k= (S} ™ Pipeline S
c E O < © Q o3 c » ()
e 2 n < 2 = (12.8ps) 13
S » 3] ~ (@) o < r) H
: A Vi © o o = = g i + .E
30 FE SIS M| | 20 | |2
N ! | 5 a Z 8 2 Buffer 2
Q -
a3l (2] |2] |7
1 X Vi >/ = O 5
t Comparators
L1 Counter
Test N.earest Stub Addres -
Pulse Neighbour & Bend Stub Error
Generator Signals (3x13b + 1) | overflow Flags
OR254 l
DLL Cck40_DLL Bend Y Y
Iookup Data Packet
- formatting Assembly &
LS e »{ Transmission
Generator VDDA 1.0V 7y
t ? 40MHz recovery
156 VDDD : Fast Control
| Band-gap | 1.2V+/-10% 320 MHz Region
Slow Control |¢—>[2C
KEY

» Digital Data Path
» Analogue Signals

- Differential SLVS Output Bus

€ Differential SLVS Input

<«— Bi-directional Slow Control

Stub &
Triggered
Data

320 MHz Diff. Clock
320 Mbps Diff. I/P




Trigger

Hits .
3 Trigger: at least two hits per each detector in a module
N For a detector of 30 modules the number of triggers generated
55— by 2.e+5 muons going through are are 39180.
B The estimatged trigger rate is: 39180/2e+5*70 = 13.7 MHz
= The CBC3 systainable trigger rate is 750 kHz.
ol— Unlikely we |can determine event signatures to trigger the whole
B detector at 50 kHz.
1.5
1
0.5—
0-_|l Illll Illlll 1l | lIlIuIll

| | | | | 1l
10000 -8000 -6000 000 -2000 0 2000 4000 6000 8000 Z(mm,
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Fitting for a = a(t)
cross-section LO

><10{5 ' |
3. F 8
sof- I ] X= 0.377952 - 0.931984
ssé— S ; From timelike data:
" %2 E Aa ' =563.4 + 2.8 x 101
= g
52?‘ I Integral After last iteration:
Bt o] 565.5 +- 7.8 x 1010
0 1 2 3 4 B
Horghan Precision 1.37%
Compatible with 0.4%
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Test B

190 GeV/c p-beam at the MuonE test-setup position : Y vs X and Pu

oy =80.9 mm
Gy =83.7 mm

Y vsX forMU at 1180.984

<Pu>=186.8 GeV
Op, = 6.5 GeV

h&6
Entries 7438
E Mean 186.7
e Std Dev 6.423
oo~ 1 df 0.2658 | 16
E Prob 1
800 | Constant 6862 = 2256
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Hadron beam in COMPASS

Muon Distribution Downstream (D)

* Muon Position Distribution

£ =F £ wf Constant 1663
- 1o
100 -
L] 100~
E of-
of-
E of-
of-
of
wf of
K S e e
B Y (mm)
3 s
> o
- ®  Flux for 10'3 pot ~ 105 /spill within 10 cm x 10 cm of
00 = beam axis
o
o i 0Ox = 1002 mm; Oy = 84.23 mm
=0
Note: Change in scale
o .
[ N FURUT Y TN FOT T TR From D. Banerjee EHN2 meeting

Hadron beam in COMPASS

.
2
H
3
3

Muon Distribution Downstream (D)

Muon Momentum
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Muon-electron scattering: theory progress H)e

® NLO QED corrections known & checked. MC @ NLO ready
and tailored to the fixed target kinematics.

€ (& (& (& € € e € € €
I AN X :[1 j Pavia Group
1 1 1 1 1 i I I 1

e NNLO: Missing Ml for the planar 2-loop box diagrams computed.

e et

n -
T U S Mastrolia, MP, Primo &
(s s () )| ot e e

Non-planar: not yet!

® NNLO amplitudes: virtual 2-loop, real-virtual, double real,

automation, subtractions... Mastrolia, Ossola, MP, Primo, Schubert, Torres
e NNLO hadronic contributions Fael, MP
® Fixed-order NNLO + Resummation Broggio, Signer, Ulrich
e Towards a MC at NNLO Pavia group, Czyz
e Interplay with lattice calculations Marinkovic

Our final TH goal: a running MC for the ratio of the SM cross sections in the signal and normalization
regions below, at the level, of 10ppm




Theory (2)

1st MUonE theory workshop: Padova - Sep 2017 }.lﬁ

"]

~ . . Muon-electron scattering:
AU Theory kickoff workshop

o -' 4-5 September 2017

https://agenda.infn.it/internalPage.py?pageld=0&confld=13774

The aim of the workshop is to explore the opportunities offered by a recent proposal for a new experiment
at CERN to measure the scattering of high-energy muons on atomic electrons of a low-Z target through

the process pe—pe. The focus will be on the theoretical predictions necessary for this scattering process,
iits possible sensitivity ta new physics signals, and the development of new high-precision Monte Carla
tools. This kickoff workshop is intended to stimulate new ideas for this project.

Itis organized 2nd hosted by INFN Pzdova and the Physi
University.

Organizing Committee
Carlo Carloni Calame - INFN Pavia
Pierpaclo Mastrelia - U. Padova

Guido Montagna - U. Pavia

Oreste Nicrosini - INFN Pavia

Paride Paradisi - U. Padova

Massimo Passera - INFN Padova (Chairy
Fulvio Piccinini - INFN Pavia

Luca Trentadue - U. Parma

Secretariat
Anna Dalla Vecchia, INFN-Sez, PD+390499677022 anna.da
Elena Pavan, INFN-Sez. PD +390439677155 epavan®pd. infl

DEGLI
D1 PADOVA

M. Passera CERN

2nd MUonE theory workshop: Mainz - Feb 2018

Pl

2018

Mainz Institute for
Theoretical Physics

SCIENTIFIC PROGRAMS

Probing Physics Beyond SM with Precision
Ansgar Denner u Wirzburg, Stefan Dittmaier u Freibur
Plehn u Heidelberg

February 26-March 9, 2018

TOPICAL WORKSHOPS

The Evaluation of the Leading Hadronic Contribution
,Timan o the muon anomalous magnetic moment

Massimo Passera INFN Padua, Luca Trentadue u parma,
Carlo Carloni Calame INFN Pavia Graziano Venanzoni INFN Frascat;
ebruary 19-23, 2018

ar
Bridging the Standard Model to New Physics

Next theory workshop in Zurich - Feb 2019
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Resolution dominated by MS up to 100 GeV/c

0 res [mrad]

1E+01

1E-02

1E-03

2xCMS upg 2S
2xCMS current
il LHCb VELOpix
liimne CMS Upg Pixel

Angle resolution:
AB°=AB;+ A

Angle intrinsic

1 10 100140

p [GeV]

s MimosaZ26 chip resolution:
mmm ALICE Upg Inner Ax+2
------------- — Spec reference AGI: 0.5m
} MS angle: i
4 O O SRR =
) T Ads= p/MeV v
(1+0.0381nm)

Scattering material:

first layer only
1000 =%
XO det

Resolution on scattering angle assumptions:
2 measurement plane 0.5 m apart

Scattering on: _
- No plane (ideal resolutlon% _
- First detector plane (pure tracker resolution) _
- First plane + %2 Be target (includes “average” MS in target)

Core of MS only considered (no tails)
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Effect of the target (Geant)

2 1 GeV, d = 30 mm
10° =
- Gaussian core, o = 3.6 mrad

10* =
i A GEANT4 events

' ? i J L '|| i
- i i ‘..r,

102 u ‘ V \I\M H H‘ “ uu | M ||||‘| F
| ’H \’ ] HH il
13.6 d | d

Zz.|—|1+0.038In|— H

10 [J’pc X, _ Xy |

: [ | I I | I | | [ | I | [ I | ‘ I R Y ‘ L1 1 1 | I I | [ I
-50 -40 -30 —20 -10 0 10 20 30 40 50
[mrad]

Highland formula (PDG) = 3.593 mrad
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