Measuring a,"-° via p-e scattering

G. Venanzoni
INFN, Pisa, Italy

In collaboration with: G. Abbiendi, C.M.Carloni Calame, F.V.
Ignatov, M. Incagli, U. Marconi, C. Matteuzzi, G. Montagna, O.
Nicrosini, M. Passera, C. Patrignani, F. Piccinini, F. Pisani, R.
Tenchini, L. Trentadue

%

. T CAm S
koo e
i e /&
Si Be Si Si Be Si fy fy

(4

Q Center, St. Charles IL, 5 June 2017



Reference papers

A new approach to evaluate the leading
hadronic corrections to the muon g-2 *

C. M. Carloni Calame?®, M. Passera®, L. Trentadue®, G. Venanzoni

¢ Dipartimento di Fisica, Universita di Pavia, Pavia, Italy
YINFN, Sezione di Padova, Padova, Italy
¢ Dipartimento di Fisica e Scienze della Terra “M. Melloni”
Universita di Parma, Parma, Italy and
INFN, Sezione di Milano Bicocca, Milano, Italy
dINFN, Laboratori Nazionali di Frascati, Frascati, Italy

Measuring the leading hadronic contribution to the muon g-2 via pe scattering

G. Abbiendi!, C. M. Carloni Calame?, U. Marconi!, C. Matteuzzi®, G. Montagna*?2,

O. Nicrosini?, M. Passera®, F. Piccinini?, R. Tenchini®, L. Trentadue”?, and G. Venanzoni®
LINFN, Sezione di Bologna, Bologna, Italy
2INFN, Sezione di Pavia, Pavia, Italy
3INFN, Sezione di Milano Bicocca, Milano, Italy
4 Dipartimento di Fisica, Universita di Pavia, Pavia, Ttaly
SINFN, Sezione di Padova, Padova, Italy
8INFN, Sezione di Pisa, Pisa, Italy
" Dipartimento di Fisica e Scienze della Terra “M. Melloni”,
Universita di Parma, Parma, Italy
8INFN, Laboratori Nazionali di Frascati, Frascati, Italy

Phys. Lett. B 746 (2015) 325

Eur. Phys. J. C(2017) 77: 139.



Reference papers

A new approach to evaluate the leading
hadronic corrections to the muon g-2 *

C. M. Carloni Calame?®, M. Passera®, L. Trentadue®, G. Venanzoni

¢ Dipartimento di Fisica, Universita di Pavia, Pavia, Italy
YINFN, Sezione di Padova, Padova, Italy
¢ Dipartimento di Fisica e Scienze della Terra “M. Melloni”
Universita di Parma, Parma, Italy and
INFN, Sezione di Milano Bicocca, Milano, Italy
dINFN, Laboratori Nazionali di Frascati, Frascati, Italy

Measuring the leading hadronic contribution to the muon g-2 via pe scattering

G. Abbiendi!, C. M. Carloni Calame?, U. Marconi!, C. Matteuzzi®, G. Montagna*?2,

O. Nicrosini?, M. Passera®, F. Piccinini?, R. Tenchini®, L. Trentadue”?, and G. Venanzoni®
LINFN, Sezione di Bologna, Bologna, Italy
2INFN, Sezione di Pavia, Pavia, Italy
3INFN, Sezione di Milano Bicocca, Milano, Italy
4 Dipartimento di Fisica, Universita di Pavia, Pavia, Italy
SINFN, Sezione di Padova, Padova, Italy
8INFN, Sezione di Pisa, Pisa, Italy
" Dipartimento di Fisica e Scienze della Terra “M. Melloni”,
Universita di Parma, Parma, Italy
8INFN, Laboratori Nazionali di Frascati, Frascati, Italy

Phys. Lett. B 746 (2015) 325

Eur. Phys. J. C(2017) 77: 139.



a, "t calculation, traditional way: time-like data

Collection of many experimental results
e Optical theorem and analyticity: gt s T

47T e’e” -> hadrops
0(3)(e+e——>had) - ? Im Hhadron(s) .
o0 4 T l L
HLO 1 .
a = —F ds K(s)-o(s +e——had "“M
H 473 Jam2 (8) - 0 (8)(ete=sha i ¢~§?V -
. . . . . . R —H—  mean
* The main contribution is in the highly v o
* BaBar
fluctuating low energy region. ACMD2,SND  APLUTO
). +MEA ¢ BESII
1 2 e
z°(l -z 1
K(S) =/ dx ( ) ~ — X MD- 1
0 x2 + (1 - .’L') (s/mz) S OBES I WDM2, BABAR  #DHHM
" A DASPII, CLEO, CUSB,MAC, CELLO,MARK J I

| ......POCD
The enhancement at low energy implies that the grsiigposy 0. 54X 0.1
p = TN resonance is dominating the dispersion T S A
integral (~ 75 %). Current precision at 0.6%—> need to , £ . .
gral | ) P ’ The high-energy tail of the integral is
be reduced by a factor ~2 :
calculated using pQCD 4

F. Jegerlehner and A. Nyffeler, Phys. Rept. 477 (2009) 1



Alternative approach: a,"'° from space-like region

2
a,* = ——f (1= DA, (~Z—mdx| o)) t=e<0
2.2 2
t = * M O=s—-t<+ (Ezgy?éll\l/lg\(j)v
x—1 0 5531071 2098 10.5 35.7 tpeak OO
! 4mi | ] x 10° (Z“,e\lﬂ) | | I
X Sy 1- ); O=x<l1; (- X)Aahad(__m ) '
u - X i
. . 2 091{ : I'
a0 is given by the integral of the curve 7 i = 0105 G I
(smooth behaviour) §‘? i
It requires a measurement of the hadronic ‘
contribution to the effective electromagnetic £ l-
coupling in the space-like region Aoy 4(t) = !
(t=g%<o0) = Il
It enhances the contribution from low g2 !
region (below 0.11 GeV?) II
Its precision is determined by the uncertainty . | | i
nA in this region 0 0.2 0.4 0.6 03 Tpeak 1
0N Allpgg (1 J (t=0) z X 0.92 i
G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017 (t—'
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Measurement of Aa, _,(t) spacelike at LEP

OPAL
* Aay,4 (1) (t<0) has been measured at LEP £ w| = omen
using small angle Bhabha scattering N
S 1003 - Aa:Aog::+Aochad ]
f(t) = data(t) o ( ) oo b _f
T 0 ' 0.998 — —
Accuracy at per mill level was achieved! Th e w s aas ss o
G. Abbiendi et al., Eur. Phys. J. C 45, 1—21 (2006)
136 _\
e Forlow t values (=0.11 GeV?) and higher ' L3
. . . . 134 |
precision (~1075) as in our case a different _
approach is needed! Gszf
'._ts |

130 | * small angle
- = large angle

1.5<4/-t<2.5 GeV
3.5<y/-t<58 GeV

1 0

128 -

1 2 3 4
, _ Vlog(-Q%/GeV?)
G. Venanzoni, Theory Workshop, Fermilab, 5June 2017 M. Acciarri et al., Phys. Lett. B476 40-48 (2000)



Experimental approach:

Use of a 150 GeV pu beam on Be target at
CERN (elastic scattering ue 2 u e)

150 GeV

G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017



Why measuring Ao, _4(t) with a 150 GeV p
beam on e target ? {0=-0.12GeV?

0 5.53-1071  2.98 10.5 35.7 tpeak OO

Tr It x 103 (GeV?)

It looks an ideal process!

6 +

Tphak =~ 0.914
peak [ —0.108 GeV?

 ue->ue is pure t-channel (at LO)

* Simple kinematics (2 body process, t=-2m_E_<0)
allows to span the region o<-t<0.143 GeV?
(0<x<0.93); 87% of total a,"© (the rest can be |
computed by pQCD/time-like data)

2,.2
(1-z)- Aahﬂd(i—mfi) x 10°

0 0.2

* Angular measurement: high boosted
system gives access to all angles (t) in the

CMS region  g.L4B<32 mrad (E>1 GeV)
0,4B<5 mrad

“) x 104

2.2
x‘ms,
1

Aayu ( T

* It allows using the same detector for signal .|

and normalization (x<0.3, Ao, _4(t) <205) >
cancellation of detector effects at first order

normaljzation signal

0.01

01 02 03 04 05 06 07 08 09 1

G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017 * X



Detector considerations

Modular apparatus: 20 layers of 3 cm Be
(target), each coupled to 1 m distant Si (0.3 mm)
planes. It provides a 0.02 mrad resolution on the
scattering angle

The t=qg? <o of the interaction is determined by
the electron (or muon) scattering angle (a’ la
NA7)

ECAL and w Detector located downstream to

solve PID ambiguity below 5 mrad. Above that,
angular measurement gives correct PID

It provides uniform full acceptance, with the
potential to keep the systematic errors at 105

(which is the accuracy needed to known the
cross section at few per mille in the peak region)

Statistical considerations show that a 0.3%
error can be achieved on a "9 in 2 years of data
taking with 1.3x107 u/s (available at CERN)

" station n é 1 m 9 station n+1

. it
] -
Si Be Si Si Be Si

Muon beam momentum = 150 GeV

Muon scattering angle (mrad)

Electron scattering angle (mrad)

0

nnnnnnn —_—
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Muon beam M2 at CERN

“Forty years ago, on 7 May 1977, CERN inaugurated the world’s largest accelerator at the

time — the Super Proton Synchrotron”. COMPASS

target

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

Scraper

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 /¢ muon beam.
Beam parameters Measured
Beam momentum (p,)/(px) (160 GeV/c) /(172 GeV /c)
Proton flux on T6 per SPS cycle 1.2 10"
Focussed muon flux per SPS cycle 2:10°
Beam polarisation (—80+4)%
Spot size at COMPASS target (oz X oy) 8 X 8 mm?
Divergence at COMPASS target (oz X oy) 0.4 x 0.8 mrad
Muon halo within 15cm from beam axis 16%
Halo in experiment (3.2 x 2.5m?) at |z,y| > 15cm ™%

Ibeam
G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017

>10” muon/s, E, = 150 GeV .

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



Detection technique

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

~“1m
e
Transverse dimensio
modulen M ~10x10 cm?

target n target n +1

Measuring angles with high angular resolution ~ 0.02 mrad
5
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Elastic scattering in the (6., 6 ) plane

Coplanarity of the momentum vectors and angular kinematical constraint

- x=0.93, E_ =130.7 GeV
S x ' e © Muon beam momentum = 150 GeV

Muon scattering angle (mrad)
NN

IIII|I|II|III||IIII|III

Ollll | | | |
1 10 102

ee - Ee > t= qz - Zmez _ ZmeEe Electron scattering angle (mrad)



The role of Multiple Scattering:

it breaks the p-e two-body angular correlation, moving events out of the kinematic
constraint. It also causes acoplanarity, while two- body events are planar.

GEANT4, 1 GeV electrons, Be target 1GeV,d=3cm
- Gaussian core,
0t 1= GEANT4 | ¢ = 3.6 mrad
g -~ events
103? 104?
102; 10° = »1 i W
= E M gt i M“h;‘l””‘“‘v”p -
i 3 102 | "‘“‘l “ ‘ ‘ i .} H\ Y “'l' i ”\H‘wu“.
0110 A || I ||MHI\ \III\I I ‘ 13 - d d
WHHMMMH || Bl u o i 1+0 0381n(X )
i OOOOOORYOOOPOOOOPO R S E R R e
00 A S0 20 00 0 20 %0 A 50 40 -3 -20 -10 0 10 20 30 40 50

Highland formula (PDG) = 3.593 mrad

Vertices of the pu+ e = pu + e collisions will be uniformly distributed inside the
target along the direction of the beam axis.

The observable angles (electron and muon angles) depend therefore on the
particles’ path length inside the material and on their energies.

We need a MSC model to relate the observed angles to the scattering ones.

Analytical considerations (confirmed by fast simulation) shows that 1% uncertainty on MSC13

model = <10ppm on the cross section 13

[mrad]



0, [mrad]

Events in the (0., 0,) plane: 10° Geant-4 events
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Background events are mainly due to pair production:
K and e*looking as 2 body final state: ~102

Cut at E>1GeV (x=0.1) reduces much of the
MSC effects from low energy electron
scattered away from the original direction

ratio= observed / truth turns out to be 1. within
few parts per mille (without any correction)

G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017

— LO differential cross section
~_ Obs. distribution

— Obs. distribution, E, > 1 GeV
Obs. distribution, E, > 2 GeV
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Detector design/optimization

Calorimeter

* Electromagnetic calorimeter needed to:

— Perform the PID: muon/electron discrimination.

* PID capabilities also reconstructing the electromagnetic shower in
the tracking system.

— Triggering : (muon in) AND (ECAL E > E)

* There is an alternative trigger condition: (muon in) AND (2 prongs
into a given module)

* Measure E_ to get rid of events with E_.< 1 GeV

G. Venanzoni, Theory Workshop, Fermilab, 5 June 2017



Systematics

1. Acceptance
2. Tracking
3. Trigger Affordable by means of
4. PID GEANT4 based simulations
5. Effects of E_ energy cut
6. Signal/Background:
It requires a dedicated event generator.
7. Uncertainty in the location of interaction vertices: Segmented/

active target to resolve the vertex position

8. Uncertainty in the muon beam momentum:
Scattering kinematics to determine the beam momentum

9. Effects of Multiple Scattering (must be known at ~1%):
It requires dedicated work on simulation and measurements (test
beam).

10. Theoretical uncertainty on the mu-e cross section (see later)

All the systematic effects must be known to ensure an errror on the
cross section < 10ppm 6



Activity on the theory side

QED NLO corrections. Easy.

Resummation of dominant corrections up to all orders, matched with
NLO corrections. Non-trivial issue: mass effects in this case are
important

NNLO corrections: some classes of NNLO re-usable from existing
Bhabha calculations, some new due to different mass scales (m, and
m,). In any case, NNLO must be matched with 1. and 2. [references: Eur.
Phys. J. C 66 (2010) 585 and references therein]

Development of dedicated MC tools including all the above ingredients
Detailed study of all the mentioned corrections, comparison among
independent calculations, estimate of further-missing higher-order

corrections

Theory workshop this year in Padova (5-5 September 2017), and one
next year in Mainz (19-24 February 2018). You are all invited!
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Test Beam

Check Geant4 MSC prediction and populate the 2D (6_, Bu) scattering plane

e 27 Sep-3 October 2017 allocated at CERN in "H8 Beam Line"
e 5 Sjstrips planes: 2 before (upstream) and 3 after the target
* Maxrate 10 kHz

e Beam energy in the range 90 - 190 GeV

Be or C target here
upstream downstream

4 :; x ¢
= = - ) o
o T o Ty Ty
» » S% > 2
— [ oo wl I
3
10,289mm o 9,960mm
L]
/e beam

G auB|d AX

s103e||13uns Jadduu
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295 | 416 214
mm mm mim
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Plans
2017 - 2019

— Detector optimization studies
— Test beams (first on 27 Sep-3 October 2017 at CERN)

— Set up a collaboration
— Theoretical studies
— Letter of Intent to the SPSC

2020

— Detector construction and installation
(a staged version of the detector may be)

2021 - 2024

— Start the data taking after LS2 to measure auHLO
(not necessarily the ultimate precision)

2015 2016 2017 2018 2019 2020 2021
a1|az]a3|a4]a1]|az|a3]|a4|a1[a2]|a3|as]a1 [a2]a3|as]a1 |az|a3]|as|a1]a2|a3]as a1 |a2] 23104} B Physics
LHC - Long Shutdown (LS)
Injectors Beam commissioning
- PHASE 1 . Technical stop

2022 2023 2024 2025 2026 2027 2028
3 a1]az]a3]a4[a1]az]a3]as a1]az]a3]as

LHC
Injectors

LHC schedule

o— PHASE 2

Y




Conclusion

* Proposal part of the CERN “Physics Beyond Collider
Study Group” at CERN

(http://pbc.web.cern.ch/ )

* If approved (by CERN SPSC) first results in the same
period of the g-2 measurements at Fermilab and J-
Parc

We are setting up the collaboration: if you are interested
you are welcome!
(send an email to graziano.venanzoni(at)pi.infn.it)

Thanks!
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Fraction of the a "' integral as a function of the muon beam
momentum: p, = 150 GeV > 87% of the integral (0 < x <0.93).

©
o

o
©

Fraction oéaHAD covere%
o ¢
o0

o
N
o

o
N

0.65

0.%

Optimal Muon Beam Momentum

E,~120GeV

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

[
60 80 100 120 140

| I
160 180 20(

Incoming muon momentum (GeV/c)

0

5.53-10"1  2.98 10.5

35.7 tpeak 0O

[t| x 10° (GeV?)

Tpeak =~ 0.914

tpeak ~ —0.108 GeV2

0.2

0.4 0.6

T

0.8 Zpeak 1

Beyond the kinematic limit the integral can be determined using pQCD & time-like data, and/

or lattice QCD results.

23



Test Beam

27 Sep-3 October 2017

Plan to use existing UAg setup in H8 Replacing
max rate = 10 kHz : :
r | with thin
p beam = 57%-100% of 180 GeV ¢ ySta tht
Be,C target
upstream downstpgam =
g
[ (8] 3 o w o §_
10,289mm 2 9,960mm “

295 1416 214
mm mm mm

Basic setup from IC :
5 Si1 planes, 2 before and 3 after the target, 3.8x3.8 cm2
as 1s it the setup achieves 5.2 urad, limited by the MS in the Si



Detector considerations |

In order to be competitive with a "-© from time-like data (0.6%
error) a subpercent uncertainty on aMHLO is required

5Aahad<t>~o.5J(5Nd““<f>) +(5N”””"<fo>

RMC — da(j)wc(t)
do)“(t,)

© o (SRYC Y
+ RMC + corr. terms

Ndata (l_) Nnorm (Z_O)

OAa, 4/Aay .4 at 0.5% at peak region (x=0.92, Aa, 4~1073)>
ON(t)/N(t)~105

Such an accuracy demands high statistics keeping low
systematic errors!

Dense (active) target would provide the required statistics at a
price of an unavoidable large multiple scattering and background
process (pair production, bremsstrahlung, nuclear interaction)
Our choice goes to light Z (Be) target with a modular apparatus
which minimizes systematic errors



NA7 experiment

A MEASUREMENT OF THE SPACE-LIKE PION ELECTROMAGNETIC FORM FACTOR,

“The pion form factor has been measured in the space-like g2 region
0.014 to 0.26 (GeV/c)? by scattering 300 GeV pions from the electrons of a liquid
hydrogen target”.

Target: 28 cm liquid Hydrogen
BEAM VERTEX SPECTROMETER Xo (IquId H,) =890.5 cm

—

S.R A etal. / Pion elec ic form factor 173

BS ™1
/ I MWPC3
el

MWPC Vi vz V3

=i

S1S2
TARGET

ShSv M1M2

MWPC2 M1

:
il

MAGNETS DRIFT CHAMBERS Vacuum vesse ' I\\ Alyniiun
v V2
V3

s lead intillat
| ea cintillator
10 cm . ~0.2m
ig. ounding the target.

0m

“The g? variable for the final sample was determined from the angles alone, up to the
kinematic ambiguity which was resolved using the shower detectors. In this procedure

the only rejection criterion involving the momenta was a cut against electrons of less
than 1 GeV/C”. 26

Nuclear Physics B277 (1986) 168-196



NA7 experiment

Elastic scattering in the (0.,06,) plane Coplanarity

S.R. Amendolia et al. / Pion electromagnetic form factor

a)
700 [~
600 [~
500 [
“
o = 400
E s
- L i)
- &
>
03 - 300 L
200 |
100 F l i
%2 -5 -1.  -o.s o 0.5 I 1.5 2.
Fig. 8. The distribution of the triple scalar product of unit vectors along the incident and scattered
tracks, in units of the applied cut. This varied smoothly with decreasing opening angle from 1.1 X 10~¢
t0 0.6 X 107°.
" T .
The scatter distribution of the measured polar azngles of the right “A fraction of the hadronic background was rejected by requiring
and left-going particles (6;,0,). Our estimate of q> was made from the coplanarity of the incident and scattered tracks”

point on the theoretical kinematic curve nearest to these angle

coordinates”. 27
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Goal of the TB

« Measure the angle of e- and muons
« |solate the signal (elastic scattering) events
* plot 2D 8, vs 6, (in the allowed region)

Compare with simulation

Preliminary: O(104) ue evts expected within <30 mrad assuming 10kHz u

Muon beam momentum = 150 GeV

§ B
lé, 5 — x=0.928, E,=130.7 GeV
1000 |- 5 [
: Nyt = 10 g
o g4—
gro = 245 /Lb 'g —
r ﬁ B
El > 1GeV s L
< s F
=z = C
S 100 L —
L 2 —
| x=0.
_Ee: B\I
— = A o
Int=10% evts : ‘
- A
10 I | | | | I I : =
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ol— 4'0 —— 50

T

30mrad 1mrad

Electron scattering angle (mrad)



u-e proposal: plans (next 2 years)

Focus on Multiple Scattering (MSC) effects:
* How non gaussian tails affects our measurement and can be monitored/
controlled (2D plots and acoplanarity)
Background subtraction and modeling in GEANT
Optimization of target/detector and full detail simulation
Test beam(s) and proto-experiment with a realistic module
NNLO MC generation of pe process

Design possible implementation in M2

Consolidate the collaboration and write a CDR

Proposal part of the Physics Beyond Collider Working Group!
http://pbc.web.cern.ch/

G. Venanzoni, XllI B Physics Meeting, Naples, 23 May 2017



Systematics

Multiple scattering Must be known at "% it breaks the u-e two-body
level: angular correlation, moving

events out of the kinematic
constraint. It also causes
acoplanarity, while two-body
events are planar.

Different target
Test Beams

Acceptance To be studied

Tracking To be studied High uniformity; three layers
system

Trigger

PID

Uncertainty on Muon

momentum

Theory O(10%) See later

The cross section must be known at level of O(10ppm)



a, "t calculation, traditional way: time-like data

a,=(g-2)/2
g~ 1 (s)K(s)ds
wo A3 am? ete” —hadr
K= [dee20=0 1 5 (- im0
b X+ (=x)(s/m?) s € S e - ..
Traditional way: based on precise R = O
experimental (time-like) data:

a HLO = (692.3+4.2)10-° (DHMZ)

* Main contribution in the low energy region
(highly fluctuating!)

e Current precision at 0.6% > needs to be
reduced by a factor ~2 to be competitive with

the new g-2 experiments

A CMD2, SND A PLUTO
MEA # Crystal Ball

< MO- 1
¥ DM2, BABAR & DHHM

4 DASPII,CLEQ, CUSB, MAC,CELLO,MARK J |

-----------------




Plans (next 2 years) and Conclusion

Focus on Multiple Scattering (MSC) effects:
* How non gaussian tails affects our measurement and can be monitored/
controlled (2D plots and acoplanarity)

Background subtraction and modeling in GEANT
Optimization of target/detector and full detail simulation
Test beam(s) and proto-experiment with a realistic module
NNLO MC generation of ue process

Design possible implementation in M2

Consolidate the collaboration and write a TDR



Experiment proposed to CERN

* |dea presented to the “Physics Beyond Collider Study
Group”

 C. Matteuzzi and G. Venanzoni experiment representatives.

* Physics Beyond Collider Study Group will select
experiments aiming to:
— Enrich and diversify the CERN scientific program

— Exploit the unique opportunities offered by CERN’s accelerator
complex and scientific infrastructure

— Complement the laboratory’s collider programme
(LHC, HL-LHC and possible future colliders).

— The scientific findings will be collected in a report to be
delivered by the end of 2018. This document will also serve as
input to the next update of the European Strategy for Particle

Physics.
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