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Who am 17

= Matteo Bonanomi, 24yo0;

x MSc in Particle Physics at the University of Milano
Bicocca on the MUonE experiment;

x Second year PhD student at Ecole Polytechnique with
the CMS esperiment;

= \Working on the CMS High Granularity Galorimeter
(HCGAL) beam tests analysis;

= ROOT User/addicted for my analyses ...
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Who am 17

= |Vatteo Bonanomi, 24yo;

x MSc in Particle Physics at the University of Milano
Bicocca on the MUonE experiment;

Ly

x Second year PhD student at Ecole Polytechnique
with the CMS esperiment;

= \Norking on the CMS High Granularity Calorimeter
(HCGAL) beam tests analysis;

= ROOT User/addicted for my analyses ... before
my PhD started ( 2 ® )
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CMS,
< '\\

N this presentation

® [he Standard Model in a nutshell;
® \\Vnhat is the muon anomaly: present and future;

® [he MUonE experiment:

» [ heoretical framework;

= Experimental overview and beam tests;

®x Conclusions

LLR Students Seminar, 08/10/2019



Standard Model in a nutshell

Le bestiaire

Quarks Leptons Bosons

"A theory of fundamental interactions in which the electromagnetic,
weak and strong interactions are described in terms of the exchange
of virtual particles”

LLR Students Seminar, 08/10/2019
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andard Model in a nutshell

Le bestiaire

Quarks Leptons Bosons
Up Down g Electron Neutrino Photon Gluon

Charm Strange i Muon Neutrino Muon
f2e
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Top Neutrino Tau - Higgs Graviton
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Standard Model in a nutshell

Le bestiaire

Quarks Leptons Bosons

ﬁi N %* é‘ %

Down Electron Neutrino Photon Gluon

Charm Strange ? Muon Neutrino Muon 3
@
: -~
ny .« W
7 ') » N
< K \ & o
Beauty Neutrino Tau Higgs Graviton

European Organization for Nuclear Research | Organisation européenne pour la recherche nucléaire

What do they have in common’?
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CMS,
o)

Matteo in the SM

What do they have in common?

pone MUonE ~— CMS

« Precisionfrontier; | = High Energy frontier:

» No collider; x At LHG;

x Small collaboration x | arge collaboration
O(1e2): O(1e3);

= Probe physics BSM;

LLR Students Seminar, 08/10/2019



CMS,
RSP

1Ihe high energy frontier

Why particles have mass?

From 2012 main‘focus of the
physics at high-energy frontier;

Many precision measurements Q.
on Higgs sector ongoing at LHC;

ggggg

Possible hints of physics beyond
the SM at accelerators;

LLR Students Seminar, 08/10/2019
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1he precision frontier

CMS,
o)

» |Nndirect evidence of physics
peyond the:sM can come
from the precision frontier;

= BNL, Mainz;

= Flavour factories;

n , M2e @Fermilab;

LLR Students Seminar, 08/10/2019
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CMS,
RSP

The g-2 anomaly ( | )

Magnetic dipole moment of a particle with spin:

H=g—5
2m

® [he constant g iIs known as g-factor;
* Dirac equation predicts g = 2;

x Due to QED and QCD effects we have

e
2m

1
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CMS,
RSP

The g-2 anomaly ( |l )

Having spin, they have

%* »

\)
2m
g
B IS referred to as anomaly.
=lectron Muon
a®’ = 1159652180.73(28) x 10712+ 0.24 ppb a;? = 116592089(63) x 10~''/+ 0.54 ppm
Less sensitive to heavier physics ; Strongly affected by hadronic
<mﬂ>2 i contributions
; ~ 43000

LLR Students Seminar, 08/10/2019 5



CMS,
RSP

The g-2 in the SM

60 ppm on
SM __ _OED Weak Had

ﬁ a, =a, +aM +aﬂ aSM
H
. aﬂQED . Well known up to 5-loop diagrams;
x Ve - \well known at 1-100 t work at 2-loops:

ﬂ . O, current work at 2-loops;
w s o O O e DT

H H M H :

Sensitive to mass scales in O(1e2) GeV region: W, Z
bosons and possibly BSM contributions.

LLR Students Seminar, 08/10/2019
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CMS,

g-2 theory and experiment

160 170 180 190 200 210 220
(2,5 x 10'%)-11659000

and SM prediction have a long-
standing discrepancy

AafP M ~ (261 £78) x 107"

LLR Students Seminar, 08/10/2019 L4



g-2 to nail down the 5o

160

170 180 190 200
(a,%M x 10'%)-11659000

Theoretical uncertainty

limits the SM prediction.
Mostly dominated by
hadronic effects (in
particular H-LO)

LLR Students Seminar, 08/10/2019

Experimental
uncertainty imited by
avallable statistics. New
experiments foreseen at
FNAL and J-PARC (x4

BNL accuracy)

17



g-2 to nail down the 5o

Theoretical uncertainty

i o PRk =€ AN 0~ < 2990 L g0, 050
limits the SMiprediction:.

Mostly dominated by

180 190 200
(a,%M x 10'%)-11659000

Requirement of
experimental data as

hadronic effects (in
particular H-LO)

> linput to Improve the
computation.

LLR Students Seminar, 08/10/2019
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How to measure a," = (| )

CMS,
N

2

om

- : " H_LO a”a //t
DISpersive approach : a,; = = (_37z ) d

o, (e"e” — had.)

olete = utuo)

LLR Students Seminar, 08/10/2019
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How to measure a; == (1)

CMS,

amﬂ

3

Dispersive approach : a7 =

o, (e"e” = had.)

olete = utuo)

LLR Students Seminar, 08/10/2019

2

Full hadronic R ratio
.
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CMS,

How to measure a; == (1)

1=
A -<°r— (=] o
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® Sets the current precision at 3.7 0;

x Relies on many experimental inputs: BELLEIl, BaBar, KLOE...

= Hard to compute in the low E region due to fluctuations.

LLR Students Seminar, 08/10/2019 <!



]
A

How to measure ¢,/ (Il )

Alternative approach based on space-like phase space
integration:

T

a/f"w = (—) dx(l —x had(t(x)) /

x Allows to compute the H-LO contributions in an independent way;

x Space-like phase space only, no channels interference!

* Depends on the running of o, ...

... yes, a,,. is not constant 1/137 &

LLR Students Seminar, 08/10/2019

CMS,
o)
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CMS,
o)

A
a v/ \

How to measure ¢,/ (Il )

Alternative approach based on space-like phase space
integration:

Aty areassaacar i8S
a, Sind: e

alt) =

J dx(1 — x)\

0

a(0)
i Aalep(t)_Aahad(t)

LLR Students Seminar, 08/10/2019 ‘s



CMS,

How to measure ¢,/ (Il )

t| (107° GeV?)

0.55 2.98 10.5

®x  Smooth integral, free from
resonances: can be fully
extracted from data;

x Pure t-/ike approach, allows to
select channels w/o interference;

n 9 ... but how do we measure

Aay,,(Hx)) ?;

24
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LU

The UON€ experiment

Scattering of high energy muons (Eﬂ ~ 150GeV) on atomic

electrons of low Z target

p
LLR Students Seminar, 08/10/2019 ?



The HON€ experiment

(&
o
;4"
do doy [ a ]
. O,
® Pure t-channel process with — = =22 | &
dt dt | a(0)

. . . . 1 + 7% cos? 6,
* Iwo body scattering with closed kinematics Ef = m,
1 — r?cos?6,

® Boosted kin. allows to keep systematics under control

LLR Students Seminar, 08/10/2019 %



CMS,
<N

The HON€ experiment

® Systematics under control: same process for both signal and
normalisation region;

» Simulating 2y data taking: 0.3% stat uncertainty on a,,' "

t| (107° GeV?)
2.98 10.5
F. Jegerlehner’s hadr5n12
Fit to pseudo-data (Padé)
pQCD + time-like data —a—

pseudo-data +—e—

~87% of
integral

LLR Students Seminar, 08/10/2019 el



CMS,

The HON€ experiment

Correlation between electron and muon angles can be exploited to retrieve elastic
scattering events.

Signal region for @, < 10mrad and £, > 10GeV

Muon beam momentum = 150 GeV

]
©
—
=
Q@
o
=
©
o>
c
=
@
=
v
O
w
c
S
=
=

Electron scattering angle (mrad)

LLR Students Seminar, 08/10/2019 23



LIONE : the detector

CMS,
<N

50-100 cm

100mrad
acceptance

~1cm State-of-art Silicon detectors

Be Target

[ L

BCAL.  MUON

x 60 modules: 1 cm Be target + 3 Si trackers;

x State of art Si detectors to achieve ~20um resolution;

x EFCAL and muon chamber for particle ID.

LLR Students Seminar, 08/10/2019
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CMS,
< '\\

HIONE : facing systematics

It (1073 GeV?)

G e Precise measurement of

F. Jegerlehner’s hadr5n12 ——

Fit to pseudo-data (Padé) —— ' | 5.‘; 2% P
0D ot e a/fl LO requires knowledge of

signal/norm ratio with 10ppm
systematic uncertainty

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Multiple scattering in thin absorber: need to be known at
~1% (in core region);

x Beam energy knowledge at 0.8% using BMS spectrometer;

x [racking uniformity, alignment and angles reconstruction

LLR Students Seminar, 08/10/2019 e



LIONE : beam tests

Beam tests in October 2017 and April 2018 to understand Multiple
Scattering effects and to have a first proof-of-concept of the detector

October 2017 beam test @ CERN, using UA9 telescope:

1 module tested: 2 upstream + 3 downstream planes

C, Be targets for 2, 4, 8, 20 mm
12.20GeV e beams

LLR Students Seminar, 08/10/2019 =1



CMS,
N

HoNe : Multiple Scattering

Aty W % pagcreove: .
#’H‘% tot % f HH%H H*‘%Jf gﬁr irﬁir Jrir

O
<
L
©
()
L
©

0.3 04 0.5
dtheta_y [mrad]

= Multiple Scattering increases with target thickness;

»x Dedicated Geant4 simulation of the apparatus describes at
~1% data;

LLR Students Seminar, 08/10/2019 el



LIone : Multiple Scattering

12GeV e beams on target
-
Entries 577605

— 4mm Mean -0.002359
— 8mm N\ Std Dev 0.2829

— 20mm

Bout-6in [Mrad]

® : MSC core is gaussian, we can deal with it

® : \What do we do with the tails? MSC events end there!

LLR Students Seminar, 08/10/2019 o



CMS,
5 \\

LON€ - pescribing Multiple Scattering

- What do we do with the tails? We fit them!
JO) = Jretescopel®) = SrarelO)

(Gauss +
t-Student

t-Student

4
LLR Students Seminar, 08/10/2019 s



CMS,
5 \\

IJ§N9 - Tracking

" Scattered electron and mu from )(2 minimisation on
downstream planes;

» Delicate to take into account MSC errors.

Monte Carlo 6.,-6, (3646 evts)

001 T 0.02 003 “0.04 0.045 0.05
6, [rad]

LLR Students Seminar, 08/10/2019 o



CMS,

IJ§N9 - Tracking

Qualitative good agreement between data and simulation for
the reconstruction of elastic scattering events!

MC normalized to TB2017 data

0 '1.e PO R ABUAT WY A TN N NE S PR LEETLE She TN CED L R S S
0 0.005 0.01 0.015 0.02 . . . . 0.045 0.05
6, [rad]

LLR Students Seminar, 08/10/2019 S%



IJ§N9 . What is the background?

CMS,
<N

We can use Geant4 - & - to better understand how the
O 9/4 plot gets populated... most of the background

comes from e e~ pair production!

—— muloni (2133)

—— muPairProd (1513)

& r - ‘. ada .c . pe - =
Laff -!.‘.90..’*.3 .‘_«-J',,u.s-.-.".«— P TN ".._":"'.f«?f;‘-_-..}: A .'_ o -
0.01 0.02

LLR Students Seminar, 08/10/2019
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IJENQ - The importance of tracking ”

CMS,

In April 2018: new beam test!

tracking

8 7 6 2 3 - 5
setup: I I I

absent absent tungsten
until run carbon targets between run layer

300232 300162 & between
300198 vistas

u, v planes for discrimination; X,y for tracking
Two targets to measure independently mu-e events;
Si trackers with 40um (20um in 2017 T1B);
Larger detector arm, up to 15mrad full acceptance;

Upstream BGO-PMT calorimeter for PID.

LLR Students Seminar, 08/10/2019
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CMS,
N

IJENE - The importance of tracking
In April 2018: new beam test!

Two stations

Worse Si trackers (40um res), larger acceptance (12mrad)

39
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CMS,
5 \\

IJ§N9 - The importance of tracking
In April 2018: new beam test!

Two stations

Worse Si trackers (40um res), larger acceptance (12mrad)

UA9 Telescope resolution simulated

4
LLR Students Seminar, 08/10/2019 ?
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CMS,
RSP

Conclusions

o 2)M discrepancy between E821 and SM at ~ 4o

> Extremely interesting portal to BSM physics

x H-| O contribution is the dominant source of theoretical
uncertainty: Lione aims to nail it down;

> LOI'submitted in 2019; First pilot run 2021
> Possible start of physics run in 2023.

® Delicate experiment aiming to reach ppm precision: very
challenging but very stimulating!

LLR Students Seminar, 08/10/2019 il



Feedback torm

https://forms.gle/bjQu4dJBBQIVmEaAwW9

pone
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