Hunting for Quarks and Gluons

Jerry Gilfoyle
University of Richmond

o What we know about the sub-atomic world and its
forces - background.

o We're about to learn more at the upgraded Jefferson
Lab (JLab) - physics motivation.

o How we measure things - technical details.

e Summary and Conclusions.
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What Do We Know About the Structure of Matter?

@ The structure of matter. = PERIODIC TABLE OF THE ELEMENTS
— Table of Elements (TOE)
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What Do We Know About the Structure of Matter?

matter constituents
@ The structure of matter. FERMIONS spin - 112, 32.5%2...

Leptons spin =1/2 Quarks  spin =12
— Table of Elements (TOE) (s Mass  |Electic]| pver | "LPO | Electio
avor GeV/c? charge Gevic2 | charge
' eV/ce
@ The current TOE! T =

L lightest . (0-2)x10 o Juw 0.002 213

— quarks and leptons. € clecton  0.000511 -1 Jdown 0005 -3

Yo middle - 0009-2x10° 0 | € cham 13 213

M muon 0.106 -1 S strange 0.1 -1/3

Vi heaviest (0,05-2)x10™° o Jtiwp 173 213

T tau 1.777 -1 b bottom 4.2 -1/3
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matter constituents
@ The structure of matter. FERMIONS spin - 112, 32.572...

Leptons spin =1/2 Quarks  spin =1/2
— Table of Elements (TOE) Mass |Electic Approx | Elaciic
Flavor GeVio? charge Flavor Mass7 charge
@ The current TOE! . — e
’ Vijghtest.  (0-2)x10 o Juuw 0.002 213
— quarks and leptons. € clecton  0.000511 -1 Jdown 0005 -3
@ We are made mostly of triplets |[% R ©oo-2x0° o feoam 13 2
M muon 0.106 -1 S strange 0.1 -1/3
of quarks.
V), heaviest _o)x10~°
— protons and neutrons WG 05200 0 ftwe a3 20
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What Do We Know About the Structure of Matter?

matter constituents
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What is the force that holds us together?

@ The color force binds quarks together via gluon exchange.

@ The quarks are never alone.
— confinement

@ At high energy the force is weak.
— asymptotic freedom
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What is the force that holds us together?

The color force binds quarks together via gluon exchange.

The quarks are never alone.
— confinement

@ At high energy the force is weak.
— asymptotic freedom

@ Quantum Chromodynamics - QCD nails it.
— 2005 Nobel to Gross, Wilczek, and Politzer.
— QCD applies only at high energy where the

color force is weak.

QCD can't be solved at nucleon energies where we live.
Yet!
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e does mass come from?

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...

e The proton Is 2 ups + 1 Leptons spin =1/2 Quarks spin =1/2

Approx. .
H Mass Electric Electric

down; the neutron is 1 up Favor | Geuiez |charge | P | Mass | charge
+ 2 downs. wiges.  ©0-2x0° o fuw oo 23
€ electron 0.000511 -1 | d down 0005  -13

Yo middie . 0000-2)x10° 0 | € charm 13 23

M muon 0.106 -1 S strange 0.1 -1/3

Vi heaviest. (0,05-2)x10™° o |t 173 23

neutrino® (0 ) op
T tau 1777 -1 b bottom 4.2 113
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Where does mass come from?

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...

o The proton is 2 ups + 1 Leptons spin =1/2 Quarks  spin =1/2
Approx. .
. M Elect Electric
down; the neutron is 1 up Favor | Geuiez |charge | P | Mass | charge
+ 2 downs. g, o-2x0° o fuw ooz 2
. € electron 0.000511 -1 | d down 0005  -13
° A quiz: How much does Yo middie . 0000-2)x10° 0 | € charm 13 23
the proton weigh? M muon 0.106 < |sswange 01 -3
Vyheaviest  (005-2x10° 0 |t wp 173 213
T tau 1777 -1 b bottom 4.2 113
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FERMIONS spin = 1/2, 3/2, 5/2, ...

o The proton is 2 ups + 1 Leptons spin =1/2 Quarks  spin =1/2
Approx. .
. M Elect Electric
down; the neutron is 1 up Favor | Geuiez |charge | P | Mass | charge
+ 2 downs. g, o-2x0° o fuw ooz 2
. € electron 0.000511 -1 | d down 0005  -13
° A quiz: How much does Yo middie . 0000-2)x10° 0 | € charm 13 23
the proton weigh? M muon 0.106 < |sswange 01 -3
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T tau 1777 -1 b bottom 4.2 113

mp = 2rnup + Mdown
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does mass come from?

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...

o The proton is 2 ups + 1 Leptons spin =1/2 QuorksA sr;in =1/2
down; the neutron is 1 up e | Mo, e par | e | S
+ 2 downs. g, ©-2x10°

€ electron 0.000511

e A quizz How much does T T8 0 009-21x10°2

the proton weigh? H muon

Vo hedliest,  (0.05-2)<10~°
tau 1.777

/ J
mp = 2Myp + Maown= 2(0.002 GeV'/c?) + 0.005 GeV//c?

=0.009 GeV/c?

Jerry Gilfoyle Research Introduction 4 /14



Where does mass come from? - UH-OH!

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...

o The proton is 2 ups + 1 Leptons spin =1/2 QuorksA sr;in =1/2
down; the neutron is 1 up e | Mo, e par | e | S
+ 2 downs. g, ©-2x10°

€ electron 0.000511

e A quizz How much does T T8 0 009-21x10°2

the proton weigh? H muon .

Vo hedliest,  (0.05-2)<10~°

tau 1.777

L
mp = 2Myp + Maown= 2(0.002 GeV'/c?) + 0.005 GeV//c?

=0.009 GeV/c?
=0.939 GeV/c®> OOOPS!!17?777?
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How do we get out of this?

@ The color charge of a quark produces
a strong field, e.g. a charged particle.
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How do we get out of this?

@ The color charge of a quark produces
a strong field, e.g. a charged particle.
@ Between and around bound quarks the
energy density is high.

@ Most of the mass we see comes from
the quark color fields — gluon cloud!

@ At JLab we probe the nucleon interior
with high-momentum electrons.

@ The momentum/wavelength (\) of
the electrons sample different sizes.

@ At high momentum you probe close to

04 A large

%”3 ------- a=10
the quarks — bare quark mass. S
@ At low momentum you probe the = Rsmall
whole cloud. " NS
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But is it real?

@ The cross section reflects the effective e o @
size of the target in a scattering exper- € & €
iment. gg 2

@ The form factors Gg and Gy, are two /g,) S
components of the cross sections we po
measure.
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But is it real?

@ The cross section reflects the effective
size of the target in a scattering exper-
iment.

@ The form factors Gg and Gy, are two
components of the cross sections we
measure.

@ The ratio of the form factors Gg/ Gy
for the proton is sensitive to the shape  "[°*% 10
of the mass function.

-'.\
pi
o2 | CR,PRL 111 (101803),2013. "+ .~ ]

0 2

4 6 8 10
@ (GeV?) Momentum kick
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But is it real?

@ The cross section reflects the effective
size of the target in a scattering exper-
iment.

@ The form factors Gg and Gy, are two
components of the cross sections we
measure.

@ The ratio of the form factors Gg/ Gy
for the proton is sensitive to the shape  "[°*% 10
of the mass function.

oo | CR,PRL 111 (101803),2013. "+ .~-_]
We are probing how mass 0 >
emerges from QCD color fields.

4 6 8 10
@ (GeV?) Momentum kick
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A Connection With Ted
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A Connection With Ted

History of the Universe
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How Do We Measure the Form Factors? - 1

@ Build the newest US national lab Jeffer-

son Lab (JLab) in Newport News, VA ' o i

@ The accelerator CEBAF is a mile-long, ook =7
racetrack-shaped, superconducting lin- : : 3
ear accelerator.

@ Rapidly varying electric fields push elec-
trons to 12 GeV.

@ Electron beam distributed to four halls.
@ Just completing a $330M Upgrade.
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How Do We Measure the Form Factors? - 1

@ Build the newest US national lab Jeffer-

son Lab (JLab) in Newport News, VA p=HallD g

@ The accelerator CEBAF is a mile-long, A )
racetrack-shaped, superconducting lin- : ; 3
ear accelerator.

@ Rapidly varying electric fields push elec-
trons to 12 GeV.

@ Electron beam distributed to four halls.
@ Just completing a $330M Upgrade.

It's a QCD laboratory!
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How Do We Measure the Form Factors? - 2

@ Build a large (3-story, 45-ton) particle
detector called CLAS12 in Hall B.

electron-target collisions.

@ 62,000 detecting elements in =~ 40 lay-
ers.

@ Large magnet bends charged particles to
measure momentum.

@ Get the 4-momenta of the debris out.
Will write 5-10 TByte to disk each day.

Jerry Gilfoyle Research Introduction 10 / 14
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@ Build a large (3-story, 45-ton) particle
detector called CLAS12 in Hall B.

electron-target collisions.

@ 62,000 detecting elements in =~ 40 lay-
ers.

@ Large magnet bends charged particles to
measure momentum.

@ Get the 4-momenta of the debris out.
Will write 5-10 TByte to disk each day.

First beams are in April!
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Some of the Nuclear Physics at the University of Richmo

@ The usual suspects: Keegan Sherman, Omair Alam, Alexander Balsamo, David
Brakman, Peter Davies, old gray-haired guy.
@ Software is important! We are writing code for:

o methods to align the 33,792 elements of the
silicon vertex tracker to within 40 — 50 pum.

@ extracting the magnetic form factor Gy, from
the eD — €’p(n) and eD — €’'n(p) reactions.

@ measuring the neutron detection efficiency Scattering chamber (10 cm diameter)
needed for eD — €'n(p) with ep — e'7"n.

@ monitoring and operating a cryogenic LDy — 2m

LH, target. Keegan's w00
geometry | ;

@ Rely now on simulation of CLAS12 and
cosmic ray data until 2017.
@ Four student posters in Vancouver in October.
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Summary and Conclusions

o JLab is at the frontier of our understanding of the
basic properties of matter including most of the
known mass.

e First measurement of the nucleon mass curve?

o CLAS12 is a large, complex particle detector about to
see first beam.

o Our group is preparing feverishly to understand the
deluge of data that is coming - first beams in April!
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What is the force that holds us together?

@ The color force binds quarks together via gluon exchange.
@ The quarks are never alone.
— confinement
@ At high energy the force is weak.
— asymptotic freedom
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But is it real?

. . /
@ The cross section reflects the effective

size of the target in a scattering exper-

iment. ) ;ﬁ) 9

Bmo
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@ The cross section reflects the effective

size of the target in a scattering exper-
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@ This cross section can be expressed p

here in electric and magnetic form fac- O
tors Gg and Gyy.

Bmo

98 = sy (eGE + 7GRy)

Jerry Gilfoyle Research Introduction 14 / 14



But is it real?

@
. _ . P /
@ The cross section reflects the effective e 22 e
size of the target in a scattering exper- g% n
iment. 9
p

@ This cross section can be expressed
here in electric and magnetic form fac- O

tors Gg and Gyy.

@ The ratio Gg /Gy for the proton hasa  ggq = (1+7)
zero crossing sensitive to the shape of
the mass function. ofe. T oL

T ep/Garp
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But is it real?

@ The cross section reflects the effective
size of the target in a scattering exper-

iment.

@ This cross section can be expressed
here in electric and magnetic form fac-

tors Gg and Gyy.

@ The ratio Gg/Gyy for the proton has a
zero crossing sensitive to the shape of

the mass function.
@ So does Gg /Gy for the neutron.
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