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The experimental researcher flow chart
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Do no forget: need funds!




INFN CSNS3 . Research Areas
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Universe Evolution

e\“.‘&’(

A leng journey
... a lots of nuclear and

sub-nuclear/hadron
physics involved

After ~0.01 s nucleosynthesis began

Then quark confinement entered the
game and nucleons got formed

Quark-gluon plasma has dominated
between ~0.01 nsand 1 us

Strong force appeared at ~103° s



Energy
Laboratory
keV Underground p,a — light nuclei
Nuclear
Astrophysics

Light-medium nuclei
fragmentations
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e Obﬁ v, e — p, nuclei

TeV

ALICE

A JOURNEY OF DISCOVERY

EIC

p-p, p-Pb e Pb-Pb

Experiments @ INFN Gruppo3 — Rome

Astrophysics:
* Nucleosynthesis,

* Chemistry of universe,

e Barionic density ...

Hadrontherapy:
* Treatment plan

Radioprotection

* On line dosimetry N space
s N N N Y
QED- Hadron, Structur‘e
nucleon of nuclei
QCD
iteracti structure and
and neutron Quarks e
ons .
dynamics | | stars gluons
dynamics
N VAN J \ J 1 (QCD)
Phase transition in hadronic matter
(quark-gluon plasma)




Laboratory

Underground
Nuclear

Astrophysics

Nuclear Astrophysics
Big Bang Nucleosynthesis (BBN)

Of40
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https://luna.lngs.infn.it/

Contact: Carlo Gustavino

carlo.gustavino@romal.infn.it




Nuclear Astrophysics overview

Underground

: , : Nuclear
1N ~ Why Nuclear
AT ifomy Nuclear reactions are responsible for the
| Stignition ' e syntht_asis of _the elements in the
- ] Onlgnition celestial bodies and BBN.
- | P High precision data are required
| “Ne=ignition’ . . :
N TR C-ignition o . . ‘
128 = S e Understanding the Sun (and stars)
e ' G Stellar population
O 4 ' Ple-isnitior " : Evolution and fate of stars
"8 ] - a3 Big Bang Nucleosynthesis
" oy AR Isotopic abundances in the cosmos
H-ignition * - Stellar Evolution
i 0 P-4 .. Ll G 8 10
log (pg)

For a 15 Mg, star:

Hydrogen burning | 10 million years
{| Helium burning 1 million years

Carbon burning 300 years
Oxygen burning 200 days
Silicon burning

C.Gustavino Vulcano 2018 ~




Laboratory
Underground
Nuclear

Astrophysics
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Accelerators go deeply underground

Laboratory

Gran Sasso National Laboratories Indergron

Astrophysics

Background reduction with respect to Earth’s surface: p~ 10°
y ~102-10°

neutrons ~10-3

Surface vs LNGS
/
F 4
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Nuclear Astrophysics overview

Why Underground Measurements?

Underground
Nuclear
Astrophysics

Nucleosynthesis fusion processes have very low cross section due to the
Coulomb barrier and they occurr in the Gamow Peak (highest tunneling

probability) = Cosmic Radiation is a huge background = underground

accelerator

<coulomb barrier No particles> Tunnel prob. in
MAXWELL - BOLTZMANN Astrophysica' Coulomb
DISTRIBUTION Barrier
> oc/exp (~E /KT) . / Factor
= !
& TUNNELING T )
o f 1
& 1 “ESSESSQ BARRIER I Vi) |
;5-_; cexp (-VEG/E] S(E) —_ _G |
= | - E
= * O (E ) = —— |
Ll ¢’ /7 \\ |
B / %75_ ’ E A e l
E,~200 kevV ' y

ENERGY
LUNA/400 Experiment @ Gran Sasso National Laboratories uses
proton/alpha 400 KeV accelerator

soon LUNA/MV with 1 MeV and heavier ions accelerator!



LUNA 50

1991: The birth of underground Nuclear Astrophysics

Thanks toE Bellottl C. Rolfs and G. Fiorentini
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Astrophysical S-factor (MeV barn)

E oo ® 1 — 50 keV
| ,..x = 500 uA protons, *He
Energy spread ~ 20 eV

C.Gustavino Bormio 2019
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10

SHe(®He, 2p)*He

LUNA (1998)

Krauss et al. (1987)
Dwarakanath et al. (1971)
LUNA (1998) Bare Nuclei Fit
LUNA (1998) Shielded Nuclei Fit

L'l »mO

R. Bonetti et al.
‘m Phys. Rev. Lett. (1999( 5205

10 10 10 ?
Center Mass Energy (keV)

First measurement below the Gamow
peak of a key reaction in p-p chain

c(16.5 keV)=20x10 fb -2 events/month

No evidence for a narrow resonance =
SSM valid = neutrino oscillations

"



LUNA experiment overview

LUNA 400 kV @ LNGS Bncergrae

Nuclear
Astrophysics

Still the world’s only operating underground accelerator

s © “N(p,y)'"°0O  (CNO-I cycle)

* 3He(*He,y)’Be (Sun, BBN)

« 5Mg(p,y)2°Al (Mg-Al Cycle)

* °N(p,y)'®*O  (CNO-II Cycle)
« 70(p,y)'8F  (CNO-IIl Cycle)
2H(*He,y)°Li  (BBN)
22Ne(p,y)?”®Na (Ne-Na Cycle)
2H(p,y)*He  (BBN)
13C(at,n)160 (s-process)
1213C(p,y)'314N (12C/13C ratio)

22Ne(a,y)*®Na  (s-process)

E oo = 50 — 400 keV
| ,..x = 300 A protons,*He
Energy spread ~ 70 eV

C.Gustavino Vulcano 2018



Big Bang Nucleosynthesis overview

n = pte*+v,
p+n = D+y
D+p = 3He+y
D+D = 3He+n
D+D = 3H+p
3H+D - *He+n
3H+%He > “Li+y
3He+n - 3H+p

9 2e0 g o e hos

C.Gustavino

. 3He+D = *He+p
. 3He+%He > "Be+y
. Li+p = *He+*He
. "Be+n =2 Li+p
. “H+D - SLi+y
. SLi+p = 3He+*He
. 'Be+n = ‘He+*He
. 'Be+D = p+*He+*He

Vulcano 2018

Big Bang Nlicleosynthesis

BBN is the result of the competition between the
relevant nuclear processes and the expansion
rate of the early universe (0.01 s —3 m):

HQZ?WG,O

. 7 /4 4/3
P=b +8(11> @

Calculation of primordial abundances depends on:
= Baryon density Q,

= Particle Physics (N, a..)

= Nuclear Astrophysics, i.e. Cross sections of

relevant processes at BBN energies

13



Big Bang Nucleosynthesis overview

n = pte*+v,
p+n = D+y
D+p = 3He+y
D+D = 3He+n
D+D = 3H+p
3H+D - *He+n
3H+%He > “Li+y
3He+n - 3H+p

9 2e0 g o e hos

C.Gustavino

- Theory V& observations

. 3He+D = *He+p
. 3He+%He > "Be+y
. Li+p = *He+*He
. "Be+n =2 Li+p
. “H+D - SLi+y
. SLi+p = 3He+*He
. 'Be+n = ‘He+*He
. 'Be+D = p+*He+*He

Isotope BBN Theory Observations
Yp (*He) 0.24771+0.00014 0.254+0.003
D/H (2.41+0.05)x10°> (2.53+0.03)x10°>
3He/H (1.00£0.01)x10°5 (0.9%+1.3)x10°5
I Li/H (4.68+0.67)x1020 (1.23 *0-68  ..)x10-10
‘ 5Li/ Li (1.5£0.3)x105 <~102
F R L B
- 2 Cyburt 2016
C; 1 2 3 4 :5
105xD/H
10 ? ] L L '_i:_\ L I BN B E
o 0.8 - + =
g06[ + =
Soal + =
— F I ]
0= ES E
0.0 b a ]
7

8 9 10 11 12 1 2 3 4 5 6 7
106x3He /H 1019%7Li /H

“He, D, *He abundances measurements are (broadly)
consistent with expectations.
Li: Long standing “Lithium problem”

6Li: “Second Lithium problem”?

Vulcano 2018
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The Lithium problem(s)

Observed ’Li abundance is about 3 times =
lower than foreseen: Well established 3
“Lithium problem”. :
Debated claim of a huge abundance of
SLi (Asplund2006).
Systematics in the measured “Li, ¢Li and
abundances in the metal-poor stars of our
Galaxy.
Unknown processes before the birth of the HORE
galaxy
New physics, e.g. sparticle annihilation/decay 3 P
(Jedamzik2008), long lived negatively charged 3 "
particles (Kusakabe2010) T

i®]
.Nuclear physics, i.e. the lack of knowledge <
of the relevant nuclear reactions. s

1,0E-06

Important opportunity for LUNA-MV (2019 and beyond)
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The D(p,y)3He reaction at LUNA

D(p,y)*He reaction @ LUNA400

10

——Theory

© LUNA 2002

L)
| SCHMID 97

® MA97

© GRIFFITHS 62

Reaction |Rate Symbol |o2g /5 - 10”
p(n,~v)"H Ry +0.002 |
d(p,~v) He Rs 10.062
d(d,n)”He Rs +0.020
d(d,p)°H R4 +0.013

(Di Valentino, C.G. et al. 2014)

« The error budget of computed abundance of
deuterium is mainly due to the D(p,y)3He

reaction

S-FACTOR (eV*barn)
[y

LUNA/400

‘% +¢3 ? -'“"3'.55':;'1-.."}.-** ol e_—é
BBN

 Measurements (9% error) NOT in agreement o1

with recent “Ab-Initio” calculations.

Measurement goal:

* Cross section measurement at

30<E.,(keV)<260 with ~ 3% accuracy

» Differential cross section

measurement at 100<E_,<260

C.Gustavino

1 10 100 1000

> Physics impact: """

= Cosmology: measurement of Q.
» Neutrino physics: measurement of N .
* Nuclear physics: comparison of data

with “ab initio” predictions.

16
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The D(p,y)3He reaction at LUNA

D(p,y)*He reaction: setup

High efficiency (~¥60%, ~4r acceptance)

, | = !?I
— Calorimet
[?% = LHP_ f)rlme er :

Gas inlet

BGO

Pressure gauge LY L

BGO scintillators

High energy resolution (~10 keV @ 6 MeV)

Proton beam |—|__|

Deuterium exhaust @

2 x Ge(Li) sensors

* Tabletop setup
* Need very accurate calibration

C.Gustavino Vulcano 2018



The D(p,y)3He reaction at LUNA

(ch2) {diag1==0&&diag2==0&&mult==2&&ch1<8000&&(t1-t2)>-200&&(t1-t2)<400}

. T 10° h
Systematics: efficienc -
- 1001— Mean 2873
i RMS 2000
L N, -e i ol Ge2
G(E) - ‘4/(19 (Z)) dz i Inclusive
0 t Iyeam " P(2) " (2) -
B spectra
60—
BEAM CURRENT Calibration with Faraday cup 40__
TEMPERATURE PROFILE Direct Measurement i
20—
PRESSURE PROFILE Direct Measurement -
BEAM HEATING Rate Vs Current measurement B
% 71000 2000 3000 4000 5000 6000 7000 8000
DETECTOR EFFICIENCY Calibration with *N(p,g)*°0 reaction
ANGULAR DISTRIBUTION Peak shape Analysis (ch1) {ch2>=6790&&ch2<6802&&diag1==08&&diag2==0&&ch1<8000&&(t1-12)>-2008&(t1-t2)<400}
h
22005 Entries 8222
. . .y . . - Mean 714.4
Calibration exploiting the reaction: 200 RMS 5618
14 15 C
N+p2>10+y,+y, 1800/ Gel
14N(p,y)*°0 L600F- Coincidenc
Er=260 keV -
Ge1 R La00F- spectra
\\7 1 1200
Proton beam [—— -
1000
— N, gas target (4 mbar) > -
8001
}/2 C
6001
Vi -
= —_— 400[—
200 ‘
O_ LIJIIIIJIIIIIIIIIIIIIJIIIIIIIIIIIII
0 1000 2000 3000 4000 5000 6000 7000 8000

C.Gustavino

Vulcano 2018
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The D(p,y)3He reaction at LUNA

Systematics: Angular Distribution

g NY ‘€ a0 | experimental data f' 1
o (E ) = j W(l9 (Z)) dz i MonteCarlo "ab initio" | !
0 t- Ibeam . p(Z) . €(Z) 500 [ MonteCarlo |sot?'op|c i
BT T . " G250k ;
BEAM CURRENT Calibration with Faraday cup = 300 B i
TEMPERATURE PROFILE Direct Measurement - 200 _ _
PRESSURE PROFILE Direct Measurement
BEAM HEATING Rate Vs Current measurement 100 k' - . \ ]
DETECTOR EFFICIENCY Calibration with 1*N(p,g)>0 reaction B - ‘ B Y \ :
: 5400 5450 5500 5550 5600 5650
ANGULAR DISTRIBUTION Peak Shape Analysis E, (keV)
Y
Proton beam =] . D, gas target (0.3 mbar) >
Moreover: 0
: : /4 Ge(Li)
* Beam induced background - Dedicated measurements e
* Instrumental bias (dead time, pile-up,..) 2 Pulser method
* Energy loss>Ziegler formulae/direct measurements mzzg + mczi — mIZ{e + 2E,m,
E |=
. . . 14
* Detailed simulation to correct second order effects 2(Ep + mg +pj, COS(ﬁlabﬁ]

C.Gustavino Bormio 2019



LUNA MV

| Next: LUNA MV
LUNI First run scheduled in June 2020

Starting program:

1“N(p,y)'*O (CNO I Cycle)

12C+12C (Carbon burning)

12C(a.,y)1%0 (Helium burning)

13C(a,n)180 (s-process) LUNA MV Accelerator room
“Ne(a.n Mg (sprocess) e

N
2 /
P XENON Ex
: W ENON WT

Terminal Voltage ~ 0.2 — 3.5 MV An experimental apparatus

| hax ® 100-1000 pA protons,*He,?C*,12C** and an LNGS facility
from C.Gustavino S




LUNA MV

Hydrogen
fusion, Nonburning
\ envelope

/,/" (hydrogen)

Helium
fusion

Carbon
fusion _

Oxygen
fusion o

Neon
fusion —___ /
I

Magnesium R |
fusion

Silicon .
fusion

lronash

Massive star

Interested in Nuclear Astrophysics ?
Contact Carlo Gustavino
carlo.gustavino@romal.infn.it

C.Gustavino

Bormio 2019

oI lels M ={VaaliglomY TYpeE la supernovae

Critical mass for the fate of a star

Population of WD, novae, SN1a<—> SN, NS, BH.
Duration of quiescent carbon burning

Complex chains involving C=2Si nuclei

Affects s-process

Strongly affects the abundance of elements
Type 1la supernovae outcomes

204 120 5 160 42 4He
— Ne+* He
— BNa+p"
— BMg+n
— HMg+y
10" ‘ l : ‘ ‘
. 125, 125 l;x
10 F \Q‘- 3
1010 ¢ Dattersonetal (162 0rs) j
£ e+ High & Cujec (1977)
A Rosales et al. (2003)
1 0‘5 = Kettner et al. (1990)

» Beckeretal. (1981)
Spillane et al. (2007)
o Dasmahapatra et al. (1982)
10 © Aguilera et al. (2006)
E a  Barron et al. (2006)
E Erb & Bromley (1981)
o Satkowiak et al. (1982)

1013 ; —  Yakovley et al. (2006)

S(E) (MeV barn)

10”2 LUNAMV

11 L I I I I T 1 1 1 I R N
0.1 1 10
E (MeV)

T4




The italian collaboration
@ JLab

: apl2

Nucleon structure/dynamics € QCD
Neutron Star, parity and hypernuclei
Dark Matter Search

Contact People:
Guido Maria Urciuoli:
guido.maria.urciuoli@romal.infn.it
Evaristo Cisbani:
evaristo.cisbani@romal.infn.it

-@

[=]

https://www.ge.infn.it/jlab12/



The italian collaboration

o1 Atthe luminosity frontier

— a2

CEBAF Linear electron accelerator
T. Jefferson National Laboratory
(Virginia/USA)

s']]

-

Luminosity [em ™

lﬂ T T T TTTTT T T T TTTTT T T T TTTTT T T IIIII@
- fud

1{}38 L___Ef:l.b]" %ﬂfﬂiﬁfﬂ

e Zi4=172 ]
107" ¢ SLAC E
10% | :
0% ¢ Bous [ ] :-.[E]«E' 2
e o MEI R HL REIC | Emittance: ~ few nm-rad

| ~ LHeC .

10° Bl cREC o Polarized beam: long. ~ 85% (1kHz helicity flip)

32 Y ]
10 o oMPAS I i Current <100 pA 100% duty factor (CW, 499 MHz)
10°! frmoeen - -l = _

o | ERMES {EMCANMC | HERAepotly 1 4 experimental Halls
10 T B e T

10° 10! 10° 10° 10*

Targets: from H to Pb (also polarized)

CM energy Vs, [GeV]



BN

JLab Physics

|

Nucleon
Structure
Nuclei quark structure and their
propagation in the nucleare medium o
(EMC effect, nuclear transparency) .
) ”
e
Nuclear —< 2 o
.:_'_ - » -
Structure (A),%Z, .
2/7<0 | j
Short Range N-N interaction e /
N-A Interaction A Vv .
*. ] :
High precision test of o
standard model
Quark-s distribution in A
nucleons Pa rity
Neutron distribution in violation
medium-heavy nuclei Y
Beam: Targets:

| High intensity ] ‘ from H to Pb

[ «high» (.energy ] ‘ polarized J

| polarized |

| |

stand high beam intensity

low emittance

J

Form Factors, Partonic distributions, origin
of the nucleon spin, nucleon size and mass

4 Search of hybrid
Hadron and exotics states
Spect roscopy Lattice QCD test
NG J Confinement

Electron—Nucleous
scattering processes
QED ® QCD

Detectors:

large acceptances

hadron identification

|
[ support high background
|
|

D S NS

precise reconstruction

INFN Nuclear Physics Group - Regw&sunc/so - swoy



~20% of proton spin from
quark

- Orbital Angular Momentum

- Gluon Contribution _
Recent measurment (Pohl et al. ( San;p”e g”age )
. 2010) strongly disagrees with actual proauct may vary.

(Proton) radius T

QED-QCD reaction mechanisms

Rome - 05/June/2019 INFN Nuclear Physics Group - Rome 25



Nucleon (Hadron) mass, QCD and confinement

The mass of the nucleon is
determined by the interactions
among the three valence

qguarks rather than their masses;
fraction of the original large
energy density remained
confined into the hadrons

M[MeV]

2000

1500-
1000

500

L-QCD predictions
S. Diirr et al. arXiv:0906.3599v1 $_—*

—e—K

i+T[

K™

e

=/

—— experiment
—= width
o input
¢ QCD

0

Lattice QCD predics (relative) hadrons masses pretty well, but it
does not provide hits on the mechanism behind the origin of them

QCD is a Yang-Mills non-abelian gauge theory: the mass gap
(confinement) is intrinsically a quantum effect — (while Higgs
mechanism is classical and enter ElectroWeak gauge theory by
guantization) (see F. Wilczek, Origins of Mass MIT-CTP/4379,2012)

QCD is poorly known and counterintuitive:
its «explainability» may represent a scientific revolution

One of the 1MS$
Millennium Problem of the

Clay Math. Institute




Toward a unified picture of nucleon structure

Naively: probability to find a quark
g in the hadron n with given
momentum (x,k) and position b

Large experimental
“firepower” required:
» Elastic Scattering

Wigner functions:
W[(!,n (iL‘, k.L1 b.L)

WACS | DVCS
SI-DIS | DY
Lepton-Lepton

DES dxs _]'([ZE_L, FT I_)’_]_ > (ff)

xp

(SIDIS 1 (x,ic;)

TMD: ]

-

oz, :
xp , D g

TRy (o

- pzb‘)

Rome - 05/June/2019 INFN Nuclear Physics Group - Rome 27



Proton Form Factors G./G,, — unexpected discrepancy

| | ||||||| | | ||||||| | | |||||||
e Qattan (Jlab 2005) Friedrich+Walcher 2003 | do‘ 5 T <o
18+ * Christy (Jlab 2004) — — Kelly 2004 - d_Q oC GEp + — GMp
s+ Andivahis (SLAC 1994) .
v Walker (SLAC 1994) TT 1 _
1.6 © Borkowski (Mainz 1975) . Rosenbluth Separation: assume
¢ Bartel (DESY 1973) o single photon approximation
& Berger (Bonn 1971) L L |
1.4 o© Litt (SLAC 1970) C = . -
. Barte! (DESY 1967) T | Before 2000: prot0|_1 G./G, fairly constant
DEEE x Janssens (SLAC 1966) y I ! with Q2
~ 1.2 - 1 e >
o W T14 1
S ' # R, = u,2el@) ~1-0.13 (Q% — 0.29
L e kT = | == = = e — T e - . - .
o L e = HeGu@ I8 (&7 — 0
* Puckett (Jiab 2010) e *-‘ Pol. Transfer Discr.
0.8~ . Ppaolone (Jiab 2010) ™ l N
v Ron (Jlab 2007) ' ) )
e Crawford (Bates 2007) GEIO _ Pt (Ebeam + Ee) tan i
0.6 ¢ Hu(Jiab2008) ' — H G. H P M
a4 Jones (Jlab 2006) Mp I p
®= MacLachlan (Jlab 2006) ) . . L
|« Punjabi (Jlab 2000/2005) B Polarization transfer from the incident
041" v strauch (Jiab 2003) electron to the scattered proton
= Gayou (Jlab 2002) _
M ]
e OsSpIsc alnz — , . !
+ Gayou (Jiab 2001) \ . At JLab, new class of experiments show
=  Milbrath (Bates 1993) o i - - . 2 !
ol vl NiJ | Proton Ge/Gy decreasing linearly with Q° |
107 1 10 Form Factors are an important probe of the
Q?/ (GeV/c?) color CONFINEMENT at all energy ranges!

Rome - 05/June/2019 INFN Nuclear Physics Group - Rome 28



e @jLOb]z

SuperBigbite Spectrometer in Hall A/JLab

Physics Cases:
Nucleon Form Factors, Neutron spin and TMD, Pion structure functions
... an experimental tool for hadron structure investigation

/

[ Contact:

franco.meddi@roma1.infn.it

Form Factors and SI-DIS program

Gas Electron
Multiplier Trackers

‘A‘t o
e o "
W _

1.0

L e B
~~~~~~~~ VMD - E. Lomon (2002) ]
VMD - Bijker and lachello (2004)
RCQM - G. Miller (2002)
——— DSE- I. Cloet (2009)

F,/F, = I°(Q%/A%)/Q% A =300 MeV |

[ ] GEp(1)
¥ GEp(2)
GEp(3)

GEp(5) E12-07-109, SBS

for high luminosity experiments!

Hadron Calorimet

lectron beam

o ., A

Expected Background:

CH> Ang photon (250 MHz/cm2)

charged (160 kHz/cm2)

-

Rome - 05/June/2019

I 1\0 L L " "
Q% in GeV?

INFN Nuclear Physics Group - Rome

State of the art
detector technologies
in conventional
configuration

29



@12 GEM Tracker / Cosmic Setup @ JLab

MPD GEM -~ s
Readout (VME 7000 readout channels !
mode) - JLab 'j(lll-w»h_ e

Chamber jO
S N

ma '
bl )

Drift Cathode :A .
_— Chamber j2

GEM foil

- Transfer
T —

Large scintillators

GEM foil
nm - Transfer

GEM foil &y,




.@lop12  GEM - Garfield++ microscopic simulation

Model = Electrostatic Field = Simulation of electrons/ions avalanche

lonizi ng\Particle
1 | | | Drift Cathode

3 mm - Drift

GEM foil
2 mm - Transfer
GEM foil

2 mm — Transfer

B | [ GEM foil
M= = = =
2 mm — Induction

Readout Plane

Single track in GEM

Ongoing activities:

» Silicon — microstrip detector characterization

« Commissioning (cosmics and beam) of the GEM tracker

* Development of the track reconstruction algorithm (based on neural network)

* Microscopic model of the GEM response (by Garfield++)



-@lab12  The «giant nucleus»: Neutron Star

The possible end of a red supergiant star

One of the most strongly correlated
fermionic system (~1017 kg/m3)

Binary Neutron Star Merger source of a
recent (17/08/2017) Multi-messenger
observation

o The NS core is supposed to be a sort
of neutral fluid of neutrons, protons,
muons and electrons in equilibrium
(respect to weak interaction) | | '

o This fluid is described by the Equation &=
of State (EoS) of strong interacting
matter: relate Pressure, Energy
density and Temperature

o The derivation of EoS from nuclear
interaction is an extremely complex

theoretical problem

ATMOSPHERE




~@lab12  Nuclear physics and Neutron Stars

Constraining the empirical parameters:

r/G0 - dwoy

jumping across the scales!

* @e Na@ @rediction

uclear constraint>
experiment <,}.-edicﬁon
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-@|ap12 Neutron Star EoS and Symmetry Energy

The EoS is the derivative of the energy function and strictly related to
the asymmetry term (a,) in nuclear binding energy

S. Gandolfi et al. Phys. Rev. C 79(2009)054005

100 ! [ ; II ! I ! I

s | /L
Q ;60_
O = 80‘g"ﬂso_
S
"L:' 60_ _t \
The asymmetry term can be 2 | 3
. e
precisely measured from the s 40l
] ] Q-
neutron-proton radius difference > [ Fermigas -
. . o 201
in heavy nuclei (PREX* g 5
experiments) by parity violation in & o™ 02 MV O
! | L | | | ' | L
PEr y parity % 01 02 03 04 05
polarized electron elastic Neutron Density (fm”)
scattering & ] )
longitudinally 2 F 2
polarized e Apy ~ GrQ 1—4sm GW—|— (Q ) «Right-Left Asymmetry
Amo -~ F,(0?)
l ~0 i

PREX-Il is going to run shortly (this year) at JLab

Contact: Guido Maria Urciuoli: (Activities on experiment preparation/simulation,

guido.maria.urciuoli@romal.infn.it

data taking and analysis)



@)l ao1Nucleon Star Mass&Size — Hyperon Puzzle

3.01‘ L T ! L T T T T T T T T T =
—— 4U 1820-30
—— SAX J1748.9-2021
2.5k —— EX0 1745-248 MPA1 i
—— KS 1731-260
—— 4U1724-207 AR
5> ol — 4u1608-52 . )
-3
2 1.5+ -
[1+]
=
1.0+ GS1 A
0.5 F. Ozel et al. arXiv:1502.05155
SQM1
0.0 L 4 L L 1 L L 1 1 | 1 1 L L 1 1 L
0 5 10 15
Radius (km)

A-N can be investigated by hypernuclear

spectroscopy in electron-nucleus scattering /—\\
0.4 r AN 1

e-beam

nucleus

NS with >2 solar mass with ~10 km have been observed
At such high density, hyperons (A,X) can be relevant and
A-N interaction becomes essential to predict NS mass-to-

size relation
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Hypernuclear electroproduction is
one of the peculiar physics
highlights at JLab.

Contact: Guido Maria Urciuoli:
guido.maria.urciuoli@romal.infn.it




-@lab12 Dark Matter Search

Beam Dump eXperiment: LDM direct detection in a e beam, fixed-target setup

LDM production
* High-energy, high-intensity e~
The BDX beam impinging on the dump
experiment * LDM particles pair-produced

radiatively, through A" emission

LDM detection
* Detector placed behind the dump at
~20m
* Neutral-current scattering on atomic e-
through A’ exchange, recoil releasing

visible energy
* Signal: 0(100 MeV) - EM shower

-
iy EETEE

X

Dump Detector E

"

https://arxiv.org/abs/1607.01390



@lob12 Dark Matter Search preliminary tests

BDX-mini measurement campaign @JLab:

* Detector lowered at beam height in a pipe drilled 25 m behind Hall A

o o beam-dump
BDX—m Ini * Beam-on measurement foreseen fall 2019 (beam energy 2 GeV ; current
tests @JLab

150 pA)
* Currently cosmic data-taking ongoing

BDX-mini setup is based on “traditional” triggered DAQ. A test
measurement run has been taken with the BDX triggerless system

V



-@lcb12  RM1 developed the WaveBoard digitizer

« The board is based on a Commercial-Off-The-Shelf (COTS) System On Module (SOM) mezzanine
card hosting a Zynq-7030

* There are 12 analog front end channels
— 6 dual-channel ultra low-power ADCs (12/14 bit up to 250MHz)
— Pre-amplifier on board: selectable gain (either 2 or 50)
— HV provided and monitored on-board

Single Channel Front
End w/ High Voltage

ho_1_2

EEEEE

— pedestal set by DAC

an 51.78

1800~ SdDev 2096

« Timing interfaces:

— PLL to clean, generate, and distribute clocks

— External clock and reference signals

— White Rabbit enabled board
ARM-M4 controls on-board peripherals (ADCs, DACs, PLL,
* On board peripherals:

— High speed: GbE, SFP, USB OTG

— Low Speed: serial, 12C, temperature monitor

First results
n prototype

i) 1600}
1400:
1200:

; 1000:

800

o b b b by by
0 20 40 60 80 100

Highly integrated electronics
Toward continuous streaming readout (triggerless system)
The new frontier of DAQ in high energy / nuclear physics experiments

Contact People:
fabrizio.ameli@romal.infn.it
carlo.nicolau@romal.infn.it



ALICE

http://aliceinfo.cern.ch/Public/Welcome.html

Contact:
Alessandra Mazzoni
Maria.Alessandra.Mazzoni@roma.infn.it

Quark-Gluon plasma




A Large lon Collider Experiment Contact: Dr. Alessandra Mazzoni
(Maria.Alessandra.Mazzoni@roma1.infn.it)

http://alice-collaboration.web.cern.ch/
Understanding QCD by ion-ion
collision at LHC

ALICE

p-Pb . PbPb

4| |8 @
' No nuclear matter

Soft QCD and pQCD, fragmentation in vacuum
Reference for p-Pb and Pb-Pb

| No medium was expected, Cold Nuclear Matter (CNM) effects

Initial and final state effects due to nuclear matter

Reference for Ph-Pb o €, Geedleens
N CSN3 / Set/2015

' Hot and dense medium produced, Quark-Gluon Plasma (QGP)

@l J In-medium effects: thermal production, collective flow, energy

loss, jet quenching, recombination, fragmentation in the medium

——




QCD Phase Diagram

wnas S

JLAB12,
MAMBO




Contact People:
Guido Maria Urciuoli:
guido.maria.urciuoli@romal.infn.it
Evaristo Cisbani:
evaristo.cisbani@romal.infn.it

E I C http://www.eicug.org/

The next frontier of QCD experimental investigation
(JLab + ALICE physics and more)

Nucleon/Hadron structure/dynamics
Quark-Gluon Plasma
Standard Model Test



Luminosity Icm'2 5'1]

Electron lon Collider (EIC)

Electron (and positron) and ion beams from proton to Pb/U

Polarization (e, p, d, 3He) >70%

Luminosity up to =103#/(cm s) (1000 x Desy/HERA)

World’s first
polarized e-p/light
ion and electron-
nucleus collider

CM energy large and variable (20-100 GeV)

Reach very low x ~ 10~

10 ———— R AR
" JLabl2 epleAlup/uA facilities ]
10°° ——m-m -
37 E%/[z:‘tlensz ZIA=1 E
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"T'-\ Fundamental Symmetry
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o 1034 Tomography (p/A)
o Transverse Momentum
= Distribution and Spatial
O Imaging
> 1033} Spin and Flavor Structure of
= the Nucleon and Nuclei
o
= Parton 4
g 1032} Distributions‘g_m
1 Nuclei

[ S E———
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EIC options

Beam

Bump Polarized

Electron
e, Source

Linac

y | eRHIC
X ‘ EtéCtOr

/ | Detector Il |
lons / ) \

l \ \\ \\\
\ \\ |

Existing RHIC, 20 GeV e on 275 GeV p

/Electropis
/ /

(Pf)(drized) / /
Igh Source /
7 ,

ePHTENIX

Needs advanced technologies for
both acceleration and detection

Electron Collider Ring

Electron Source

Existing CEBAF, 12 GeV e on 100 GeV p
Optimized for high ion beam polarization

* Inclusive, Seminclusive and Exclusive reactions * Vertex Resolution down to 0.1 mm

* Good Particle ID (for hadrons and leptons) * Momentum Resolution (down to =100 MeV =1%)

O Best guess for completion of EIC facility construction would be after 2025, aroung
2025-2030 - in roughly a decade from now!




Dual-radiator RICH
(dRICH)

Goal:

Provide full hadron identification (n/K/p,
better than 3 sigma apart) from ~3 GeV/c
up to ~50 GeV/c, in the forward ion-side
endcap of the EIC detector, covering polar
angles up to 25 deg and whole azimuthal
angle (360 degq)

How:

« Use two Cherenkov radiators: aerogel and gas simultaneously -

« Focusing optics (for the gas mainly)

« Six large «petals» with their own mirror and detector surface

« Highly segmented photon detectors

44 m

Flux-
return
coils &

Flux-return

coils
Modular

aerogel

Muon chambers

(flux return yoke) (top view)

mirrors

solenoid caoil
. __________________________________________|

EMcal (Sci-Fi)

@)
N

-
(o))

DIRC & TOF

Emcal (Shaslyk)

ker (TRD?)

GEM trackers

|
|

dipole

Endcap tra

muon chamber

GEMC imp\ementation
m by Zhiw&n Zhao

trackers
! 32m

w  Space for additional

5

| B

electron endcap hadron *dcap

central barrel

Cherenkov photons are emitted by a charged particle when traveling a medium with speed > speed
of light; photons are emitted at an angle related to the speed (then mass) of the particle.

RICH: Ring Imaging Cherenkov detector: designed to reconstruct the Cherenkov angle



dRICH Prototype - preliminary design

Transparent window (April 2019)

(quartz/lucite) o
* Maximize R&D components from CLAS12-RICH:

* Only 4 PMTs + MAROC3 electronics
e Use standard vacuum components

dRICH 01/Apr/2019 INFN-FE - L. Barion et al.



Contact Person:
Vincenzo Patera
vincenzo.patera@romal.infn.it

e Cancer Radiation Therapy
* Nuclear Fragmentations

Rome - 05/June/2019 INFN Nuclear Physics Group - Rome 47



Intermezzo: External Radiation Cancer Therapy

Use particle beams to kill cancer cells (breaking DNA) sparing healthy cells

1. Conventional radiotherapy with electrons and photons
up to 25 MeV

1 the best choice for the treatment of the shallow

tumors (electrons)
O high conformation with IMRT
O the most diffused option in radiotherapy treatments
2. Hadrontherapy (maily proton-therapy)
O more suitable for radioresistant tumors
O higher conformation (intrinsic/Bragg Peak)
O tumor near critical organs

O about 40 centers around the world

610cZ/2unr/gQ - swoy
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(a) Desired dose profile
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Rome - 05/June/2019

INFN Nuclear Physics Group - Rome
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Physics-Biology-Clinics Interplay

Clinical outcomes depend
on how well we know and

control the physics and

biological processes

involved in the hadron

therapy and how make

them happen

Patient Preparation
oCT (PET) imaging
ePositioning/Alignment
eImmobilization
eTreatment Planning

Rome-05/ 2019

[
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1.0

0.8 Normal tissue

0.6
0.4

0-2 _
0.0 —
0 50 100

RBE
OER

Cell-cycle
dependence

Fractionation
dependence

Angiogenesis

Cell migration

Machine
preparation

eDaily Quality checks
*Machine configuration

low

Decreased
Decreased

Treatment

e Continuous monitoring
e Stop at prescribed dose

INFN Nuclear' Physics Group - Rome

Durante & Loeffler,
Nature Rev Clin Oncol 2010

Potential advantages

Physics

High tumor dose, normal tissue sparing
Effective for radioresistanttumors

Effective againsthypoxic tumorcells

Increased lethality in the target because
cells in radioresistant(S) phase are
sensitized

Fractionation spares normal tissue mor
than tumor

Reduced angiogenesis and
metastatization Biology

-
Assessment

*On-line/Offline imaging




Bologna, Frascati, Milano, Napoli,
Perugia, (Pavia), Pisa, Romal, Roma2, e
Torino, Trento

Strasbourg, GSI, Aachen, Nagoya
People: ~70 researcher, ~27 FTE

Data taking 2018-2021@ GSI,
Heidelberg, CNAO

Contact Vincenzo Patera .
vincenzo.patera@romal.infn.it . G

Experiment with
translational approach:
focus on nuclear physics,
physics applied to
medicine and
radioprotection in space

% Rome
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Motivations: Target fragmentation
In proton Therapy

This process gives contribution also outside the tumor region

Cell killed by ionization
Recoil fragment
generated

"

od¥ |
pe

']lli

| R=1/8 -

| 200 MeV proton
beam in water

l I ] ( LI B B |

[ .. Entrance channel: = 2% cell killing, = 0.25% cells undergoing nuclear inelastic interactions
. - Bragg Peak: = 40% cell killing, = 1% cells undergoing nuclear inelastic interactions

_I L1 1l I | I [ I L1 1 1 I Ll 1l I L1 1 1 ] | | L1 1 1 I |

L

Cancers 2015,7 Tommasino & Durante

Rome - 05/June/2019 INFN Nuclear Physics Group - Rompepth

and change the proton RBE  p 9 12C 160 @ 150-200 MeV

About 10% of biological
effect in the entrance
channel due to secondary
fragments (Grun 2013)

Largest contributions of
recoil fragments expected
from
He, C,Be, O, N
In particular on
Normal Tissue
Complication Probability
See also:

- Paganetti 2002 PMB
- Grassberger 2011 PMB



Motivations: beam frag. in light ion Therapy

Effect of beam Fragmentation already known to produce mixed
particle field of different RBE/LET. Considered in '2C treatment,

but still scarce validation data!
Effect to be taken under

IO A— T— o .................. ContrOI aISO Wlth the new

Prolectlle frag. In carbon

R Therapy .................... .................. .................. .................. beamS |n use: 4He, 1 60
5 f 5 5 f Data useful for TPS

12C = 12C 160, H @ 350
MeV/u

160 = 12C,160, H @ 400

MeV/u
0 50 100 150 200 250 300 350 400
Depth [mm] 4He 9 12C,160, H @ 250

Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006 J\/I V/
Rome - 05/Jusivulation: A. Mairani PhD Thesis, 2007 NUbhecCinteRty €315 2008 - Rom e U

Arbitrary units
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Electronic Detector

Dipole
magnets

/ MSD

measurements of
TOF, P, Ekin, AE

AE/TOF

target
SC l

Length < 2.5 meters

v’ Start Counter = thin plastic scintillator

v' Beam Monitor = drift chamber performances
v’ Vertex detector = silicon pixel detector @200MeV/u:
v' Inner Tracker = silicon pixel detector ”p/p ~A%,

v’ Large tracker = silicon micro strip detector
v' AE/TOF Detector = plastic scintillator
v’ Calorimeter = BGO crystal calorimeter

10r ~ 70 ps
[ /EKIN ™~ 2%

810¢/aunr/gQ - swoy

awoy - dnoug) soIsAyd JeajonN N4NI
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TOF and the Start Counter @ RM1

Margarita Detector :

» 250 um plastic scintillator read out by 48
SiPM (12/side) to improve light collection

» Should improve the time resolution to
readout limit ~ 30-40 ps

» Needed for measurements @ 700 MeV/u
» Test beam at CNAO carbon

Contact: Vincenzo Patera
Vincenzo.Patera@romal.infn.it

Rome - 05/Junq@Q o° |



IGrant opportunity! Nuclear Physics in Lab

 CSNS3 has lauched 2+ grants for master
students («laureandi magistrali») and young
physicist («neolaureati»)

* The grants consists of 3 month stage in one of
the internationaly laboratories where the CSN3
experimental activities are carried on

* Second applications submission deadline
June/24t%/2019

https://reclutamento.infn.it/ReclutamentoOnline/#!bandi/BORSE

Consider also: thesis grants (for all CSN) are going to be funded by the
Rome INFN!



INFN Gruppo3 - Rome — Experiments and contacts

Phase transitions o .
— f — Quarks and Hadrons Dynamics

nuclear and hadronic
JLAB (VA) EIC) Mainz, Bonn,(GE)

JI_ MAMiBOnn
O b ] 2 Collaboration

fuido.maria.urciuoli@romal.infn.it ~ francesco.ghio@romal.infn.it
evaristo.cisbani@romal.infn.it

matter

610Z/3uUnr/g0 - swoy

CERN

ALICE

A JOURNEY OF DISCOVERY
__ maria.alessandra.mazzoni@romal.infn.it

Nuclear Astrophysics ... —

Interdisciplinary research

vincenzo.patera@romal.infn.it Laborato ry
Underground
Nuclear
Astrophysics
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carlo.gustavino@romal.infn.it

— (Europa) I— Laboratori Gran Sasso —




«Healthy» digression

Cockcroft—Walton @ ISS

\ 4 The first Italian particle accelerator (1 MV).
> Designed by «via Panisperna boys» with
strong endorsment from E. Fermi.

It began operation in 1939 at the Italian
Institute of Public Health (now Italian
National Institute of Health)

The accelerator has been promoted and
exploited for medical applications (e.g.
radiopharmaceutical production) and
nuclear physics experiments

[@9]

St el |
(Dol Tl
4\
SALA MACCHINE

~u e —
Now on show at the entrance hall of the

INFN central administration building
in Frascati National Lab




Molecular imaging with radionuclides in ISS/TISP /V"C/ea,./w

.. : Q-
Compact, dual head, scintimammography Open, multi-heads SPECT system OI/C‘/ne
- Early diagnosis of breast cancer * Therapeutic effectiveness of stem cell in
- Breast compression and dual modal system stroke induced heart disease

» Atherosclerotic plaques identification

PMT

Custom electronics with
advanced features
INFN collaboration

A RICH detector for CLAS12
Pre-production engineering of the (CLASMED / premiale 2013)
MBI device (MBI/Regione Lazio)

Endorectal probe for Imaging of beta-
: . Development of new beta-
prostate cancer (TOPEM) radiopharmaceuticals -« } diooh ticals (Sond |
(MetroMRT) radiopharmaceuticals (Sondarm

[Contact: evaristo.cisbani@romal.infn.it ]




TOP-IMPLART facility

ENEN

Italian National Agency for New Technalogies,
Energy and Sustainable Economic Development

:5 I
ISTITUTO NAZIONALE TUMORI
REGINA ELENA

ISTITUTO DI RICOVERO E CURA A CARATTERE SCIENTIFICO

talian National
nstitute of Health

_- REGIONE
VP LAZIO

Status:
Current Energy: 35 MeV
Current/Pulse: 30 uA

(135 MeV in 3 years)

= First Linear Accelerator for Cancer
-Sn» Therapy:

Full active beam delivery (direction,
energy, intensity)

Fast dose delivery for optimal organ
motion control

Power efficient and Radiation clean
Modular

Activities on development of beam diagnostic detectors, Dose Delivery Monitor, unique low

[Contact: evaristo.cisbani@romal.infn.it ]

energy vertical line for radiobiology ...



Low Energy proton vertical line

= Peculiar facility

= Mandatory to investigate
optimal delivery
protocols of a the unique
LinAc beam

= Conceptually very simple
but technically demanding

Activity on the development of a fluence monitor
based on Si-detector and nuclear elastic scattering

40x CR39 -
4-6 MeV protons
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