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Peeling the Atomic Onion

Xiaochao Zheng

September 29™, 2017

- The Scale of Everything and the Standard Model of Particle Physics
- Questions to be asked
- Electron scattering, deep inelastic scattering (DIS), and quarks

- Parity-violation in DIS, electron-quark effective couplings and "new”
contact interactions

- Summary and outlook
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The Beauty of Physics - From Leptons and Quarks to the Cosmos

human: 109m

Solar system:

108m

atoms: 10-10m

. 15
proton: 10715m electron:
A <10-19m
quark:
<10-18m
Planck the entire
: iverse:
length Hniverse universe: 1027m

10-35m 1029m?

s UNIVERSITYo VIRGINIA prepared as odp file on poppy with libreoffice X. Zheng, September 2017, Colloquium at UVa 3/50



Standard Model of Elementary Particles

three generations of matter

(fermions)
I |l [1
mass | 2.4 MeV/c? =1.275 GeV/c? ~172.44 GeV/c? 0 =125.09 GeV/c?
charge | 2/3 2/3 2/3 0
-~ @Il @ |- @ . H
up charm top Higgs
(7)) =95 MeV/c? =4.18 GeV/c?
N /3 /3
(2 4 12 ‘ 12
<L
2 strange bottom
(@4
£0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c?
-1 -1 7,
1/2 ‘ 1/2 ‘ 2
o
electron tau N
N @)
> <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c? (aa)
o 0 0 +1 Ll
- - @ |- @ [ ©
0. -
T electron muon tau W boson =T
- neutrino neutrino neutrino 0

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice
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The Four Interactions of Nature

Electromagnetic 102 SU(2)xU(1)
Weak 10° at low E

Strong 10-1~10° SU(3) QCD
Gravitational 10-38 General relativity

QED: tested to 10 accuracy Weak

PDOQ m e m P”@ @ Tested to good precision, but there

f@\ [@\ /@\ /@\ m are uncharted areas
on oo AN BN AN Strong

P?:% ;""“‘x f’w\z ﬁ _@_ @ Gluons carry colors!

@@ Q Q @_@_ @ quasi-free at small scales, color
ﬁ% @ @ @ 9 @ confinement at large scales
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The Beauty of Physics - From Leptons and Quarks to the Cosmos

human: 109m

Solar system:

108m

atoms: 10-10m

. 10-15
proton: 107{°m electron:
<10-1%m
quark:
<10-18m
P) Planck the entire

length: universe:
10-35m 1029m?

universe: 1027m

s UNIVERSITYo VIRGINIA prepared as odp file on poppy with libreoffice X. Zheng, September 2017, Colloquium at UVa 6/50



Caught in the Act |

VP- mass | 2.4 MeV/c?

2/3
- @

up

=172.44 GeV/c?

2/3
- @
top

%1.275 GeV/c?

2/3
-~ @

charm

charge

u W vV

7)) ~95 MeV/c? =4,18 GeV/c?
N 1/3 13
, . - @ |- @
! <L
3[4 - strange bottom
Li | Be d
1 [12
Ma | Mg
wl2o|21]22]23]24]25 ~0.511 MeV/c? ~105.67 MeV/c? =1.7768 GeV/c”
K | Ca|% | Ti V | Cr [ Mn

37 [ 38 | 39 | 40 [ 41 | 42 | 43 | 44
Rb [ S | ¥ | Zr [ Nb | Mo | Tc | Ru

-1
- &

electron

55 56| 57| 72|73 | 74 | 75 | 76
| Cs |Ba | 71| Hf [ Ta | W | Re | Os
87 | 88 | 89 [ 104105 107 | 108

-1
w &
tau

57 |58 | 59 61 | 62 | 63 | 64 66 | 67 | 68 [ 69 |70 [ 71

106

Fr | Ra [-103] Rf | Db | 5g | Bh | Hs
60
N Dy | Ho! Er [Tm | Yb | Lu |

<1.7 MeV/c? <15.5 MeV/c?

B

la | Ce d | Pm| Sm | Eu | Gd

65
Th

80 (90 | 91 |92 (93 | 94 |95 |96 | 97 | 98 | 99 | 100( 107|102 [ 103
Fa [ U Bk

W
=
Ac | Th Np| Pu | Am|cm Cf | Es | Fm| mdlNo | Lr (@) 0
[ Ko im anticuiity ] abow Seabong pubslished his periodic tabile (1945) l— e ‘
alse knorwn when (akw) Lavaisier published his list of elerments (1789 also known U o
Eﬂkwhhrd-lmp::ﬁ::dlis p:r:;ictahlcﬂﬁw [ | ga:mkzmz e & eleCtr:Ol'l muqn tau.
[l akw Deming published his periadic tade (1923) - neutrino neutrino neutrino

@UNIVERSITY#‘VIRGINIA prepared as odp file on poppy with libreoffice X. Zheng, Sepfember' 2017, Colloquium at UVa 7/50



More Layers?

SIZE IN SIZE IN
ATOMS METERS
107"
Just as nuclear power was inconceivable before the
discovery of atomic structure, unveiling a new layer

10,000 107 of matter would reveal phenomena we cannot imagine.
1 )
100,000 ?15
1 at most
100,000,000 . 108
“preons"?
(#1F7?)
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Modern Physics Homework

SIZE IN SIZE IN 7 SE. di
ATOMS METERS Sx 8p= 5 (binding
10‘10 energy)

electrons in an atom 10-19m ~ keV xeV

10,000 ‘b 10 14 nucleons in the nucleus | 10¢14~19)m| 210°MeV | #10'MeV

1 quarks in nucleons 10 m x2102MeV (*102MeV)

100,000 10‘15
preons in quarks 10-19~18 m 5 5
at most . : :
100, 000 000 . " and leptons:
“preons"?
(#1F?)
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Modern Physics Homework

SIZE IN SIZE IN 7 SE. .
ATOMS METERS Sx 8p= 57— (binding
10—10 energy)
electrons in an atom 10-19m ~ keV xeV
1
10,000 ‘b 10 -4 nucleons in the nucleus | 10¢4~1B)m| 2102MeV | *10!MeV
1 quarks in nucleons 10 m x2102MeV (*102MeV)
100,000 10‘15
at . preons in quarks 10918y | ® 10°6eV | Ty
100, ooo 500 . e and leptons: -TeV

|

“preons"?

* If preons exist, they may (must?) interact through a
new interaction, with an energy scale at the TeV level;
The effect would be extremely small at low energies

(#17?)

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice

X. Zheng, September 2017, Colloquium at UVa

10/50




The Four Interactions of Nature

Electromagnetic 102 SU(2)xU(1)

Weak 10 at low E

Strong 10-1~10° SU(3) QCD

Gravitational 10-38 General relativity
SU(3) Color

(6rand Unification)

SU(2) EW
(Theory of Everything)

U(1) EW Gravitational

>

(103GeV  ~ 5x 10" GeV ~2.4x 10" GeV)?
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Questions to be asked

@ Are quarks and leptons the end of the story? Is there anend to
our study of the subatomic structure?

@ Are there new interactions (new physics) beyond the four known
intferactions?

@ Do our answers to the above two questions automatically answer
some of the existing questions about the Standard Model?
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The Role of Electron-Nucleon Scattering

Electron beam = a source of photons and Z°'s

@ photons: probe structure of the nucleon - how do quarks form
the nucleon energy, mass, spin ... ... via strong interactions?

@ Z0s: parity violation electron scattering - high precision test of
the electroweak interaction and to search for new physics
beyond the Standard Model
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Electron Scattering on Fixed Nuclear or Nucleon Targets

electron
beam (GeV)

H
.

H

H

H

H

H

H

H

H

H

H

H

H

» H
» H
H

H

H

H

H

TargeT(aT§
rest)

Before

to detector

~

@ Inclusive: only the
scattered electron
is detected

After

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice
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Electron Scattering on Fixed Nuclear or Nucleon Targets

to detector

electron
beam (GeV) ./
| ¥ Inclusive: only the
@ t. | scaftered electron
Tar,ge.r (a.'. IS deTZCTCd
rest)
) After
Before
W2:P2
ta el TR S R N

P=(M,0|

v

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice

o 197 MeV - fm =0.2 fm
DB 1GeV '
Cross section
A
0.4_ N W =2 GeV
%k
Ny 2 /
o2
0.0 i
1.0
Constant W
(resonances)
5.0 — W= M
(quasi—elastic)
Q% (GeV/c)?
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/ Three kinematic regions

"Elastic": W=M_or M :
/ ......................... P We can select the thS|CS bY

choosing carefully the angle and the
momentum of scattered electrons

Cross section

From cross section we extract A
“elastic form factors” Y g N )NzQGeV
1
“Resonance”: 02|
1<W<2GeV
0.0 -
1.0 Y
"Deep Inelastic": W>2 GeV, first evidence
of quarks; directly probes the quasi-free 20
Constant W

quarks inside the nucleon.

(resonances)

L
ﬂ,;bﬂ’ s Q W =M

N B S TJE&; % 1 8 (quasi-elastic)

T -
&f?r ap 0 rlrl\ or Q? (GeV/c)?
= b e
o A smaller
m \a s v aaoa s 2y y aandINIA prepared as odp file on poppy with libreoffice X. Zheng, September 2017, Colloquium at UVa 16/50



Symmetry permeates Nature, and Our Lives

““mm_‘l% A
i ML
““&\\\\\\\\\\\\\\\?&W‘“‘W

1. X 2 k e’ [ Y Y
MWIM#MM#HI‘H!HMHI fil ummummfm . i W1 ‘f.nu.mmmn M\'l“ 'l\\l\\\\\‘n\\\\\'\\\\\\\\\\\\\\\\\\\\\\\\\\\ LY %
Jl > ’ fx. L ¢ O T :

Hild

“MIT Stata Center aka
The Ugly Building”

‘lll!l\‘.ﬂll'lllﬂl

Our everyday life is so complicated
that we keep searching for
simplicity. Symmetry fulfills this
strong desire. It soothes us... ...
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Parity Violation in Electron Scattering_

P, to detector
beam /

o P

=o>——{]) |

S5

@ If parity symmetry were exact, then the physical law behind a
process is the same as the law behind its mirror process.
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Parity Violation in Electron Scattering_

to detector
to detector
electron /' \ elsg’rron
beam Ps 9 am

~o>—{]} s

S5 L
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Parity Violation in Electron Scattering

to detector to detector
eleCTI"OH / eIeC'rr-on
beam ® beam /

.
~o>——{ ] |

e L0
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Parity Violation in Electron Scattering

to detector

to detector
eleCTt"OH / e'ec'rr-on
beam ® beam /

.
~o>——{ ] |

s L0

@ We can access parity violation by
the count difference between

left- and right-handed beam \ /' €
electrons. \/
@ Tn the electroweak Standard SY

S,

and
Model, this is given by the

interference term between:
_ O.I”_O,l N Q2
LR~ =

o' +0' M,
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak
interaction: g , g,

or “vector” and "axial” weak charges: g ~(g,+9,) 9,~(9,-9;)

g i . i f 45
—1723/“ QV_QAY5] fermions  9a=I3 | gy =I3—2Qsin 0
1 1
e\/'e Ve, VM 5 2
1 1 s
70 e - —§+251n 0y
1 1_4 29
/\ u, C E E gsm W
i
d S —% _§+§SIH29W
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak
iInteraction: g , g,

or “vector” and “axial” weak charges: g ~(g,+9,) 9,~(9,-9;)
sPVES asymmetry comes from V(e)xA(targ) and A(e)xV(targ)

/
e\v_A/é e~V A,

ZO

/\/-A\A “V-A
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Standard Model Predictions for PVES

s Unlike electric charge, need two charges (couplings) for weak
iInteraction: g , g,

or “vector” and "axial” weak charges: g, ~(g9,+g9,) 9,~(9,-9;)
sPVES asymmetry comes from:

C1,=2949y, C2,=29y ga

V-A -V-A “electron-quark
e\/ve c © effective couplings”
Z° and can be directly

related to sin?o,,
M—A\f’ TN
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Physics Accessed in PVES

@ The first PVES (SLAC E122, 1978) measured sin®6,, for the
first time, established parity violation in neutral weak current

and the Weinberg-Salam-Glashow model. DEUTERIUM TARGET
& —w-s = (E)
o
RN sin29w
2 J:\‘:\\ 0.30

A /Q2 (GeV/c) 2

Prescott et al, Phys.
Lett. 77B, 347 (1978)
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Physics Accessed in PVES

@ The first PVES (SLAC E122, 1978) measured sin®0,, for the
first time, established parity violation in neutral weak current

and the Weinberg-Salam-Glashow model. PEUTERTLW ”‘RGE(TEQ)
@ Nowadays, PVES is being used to test the B W, sin? By,

Standard Model, and to set limits on new RN G207

thSiCS. -4 - "\\x\\ 0.28

@ PVES in elastic scattering can access C,
while PVDIS can access both C,_and C, .

Prescott et al, Phys.
Lett. 77B, 347 (1978)
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Best Data on C, (eq AV couplings) from elastic
PVES+APV

0.18

- Inner Ellipses - 68% CL
Outer Ellipses - 95% CL o

Qweak has already 0.17 |
released their final |
results. Maybe the 0.16 |
colloguium next 5
week will reveal + 045]
. . I E r
new exciting plofs! 3 |
0.14]
0.13]
0.12! - - - - -
-0.70 -0.65 -0.60 -055 -0.50 -0.45 -0.40

C1u — C1d
Androic et al., PRL 111, 141803 (2013);
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Accessing C, in PVES /

EIGSTiC PVES / ........................

— Hadronic effects suppressed, directly probes C,,
(as the proton weak charge)

— Hadronic parity violation shows up as the nucleon
axial form factor G,, and extracting C, from G, is

model dependent
PV in Deep Inelastic Scattering (PVDIS): — &= %, ﬂglﬂj
measure both €, and C,_ explicitly. Ec&h 2Py 0
@a@f& E b Fqg
Fle T oo
Paao e

A _eq Bl e
Ciq=9av:C2q=9va
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Formalism for PVDIS

G 9

A=
Vo 2na

lalx]+Y (y]b(x)

For an isoscalar target (2H):

u, +dy

u+. +d+.

b(x):%(ZCZU—CZd)

0.6s™
u+. +d+.

a(x)Z%(2C1u—C1d)

1+
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Formalism for PVDIS

G 9

A =
2 na

lalx)+Y(y])b(x]]

For an isoscalar target (2H):

“static limit": O 1
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Formalism for PVDIS

G 9

A=
Vo 2na

lalx]+Y (y]b(x)

For an isoscalar target (2H):

3 : . 3 il =
a(x)zﬁ(2C1u—C1d) .7 : b(x)zﬁ(zczu_cw) :/.erf.
“std¢ Jc limit": O 1
3 10 . > 3 7
§+?sm 0, 5 1—4sin"0,,
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ZCZU'CZd

C,, from E122 (before JLab)

E I I I I I I I I I

-150 -1.25 -10 -0.75  -0.50

R e lu . ld ,,,,,,,,, % .-, _.._.r2017, Collogquium at UVa
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ZCZU-CZd

then zoom in

0.

0.0

-0.1

-0.2

]IIIIIIIIIIIII’IIIIIIIIIllll‘lllllll

QV

)

L
o
\

| I | I | l | r

-1.50

-1.25

-1.0
2C. -C

v

—1d

-0.75

-0.50

:r 2017, Colloquium at UVa
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PVDIS at 6 GeV (Jefferson Lab)

APPLIEDY RESEARCH (CENTER

SITE LOCATION

. l.'u.":li.'l‘.ﬂ'-|1 Lab

AVENLY

JOTrEEST

RESIDEMCE
Far T [T

40

3%

30

25

30 125 120 115 110 105 100 85 80 &5 &O ] o 65

i T > =
N b | " =
'f; . \j [ Canada H? / Y,
155 \f\;;l"”_h"'\'- | ! f {_ﬁl ]
&, Olympia | 1 —— 1 | A | i \
) " e, 1 !
o —— % Helena ND v |
) i y \
/ salem FANIA ° MT . MM
OR IBgite VoA —— Blgmarck) ¢ \_"'\ﬂ
/T * o | N Ly oo Ty
'} iy =8 / f & Pierra S Paul™,
{ f e bk | e r " \Madison L=.1r|§|ng. Y NY
Sacdamants Carson City | ] T 1A N f yonyl
oclhl_.un:r lo g LB T 4 Fh,_..__.‘_..“..u NE \ " . G / PA
1 LI A \ pes
T NV Saltbake Cify o v | LiPcolne | bloines 2y | ndishapol
Y . — Y 1
| uTt | | - -K Mo - S'.
..L'l"L'l'.-'}J[?\_
- City
. |
Santa Fe - oK Hles Rcugr MNashwille” "o~ === y
L Oklahema - T T =_1r-'lgﬁ B L
A ) olLimibi
o “Cllhr---»r ar fus, A& SEH
i Mpntgomery N5 A
— e [ L [ GA Y
T ) ™ \LA Hlacksbn AL L iJ tantic
Matoh S W Taieh c
Bustin m E;ub * o M \=| ahg=see
/N I ] FLY
i , A
- ¥ \ \
L Mexico

# 100uA, 90% polarized beam
on a 20cm liquid deuterium
target

¥ Measured two DIS points:
Q?=1.085 and 1.901 GeV?

+ LOT 2003, proposal
approved 2005 and re-
approved in 2008; ran in
Nov-Dec. 2009, four
publications in 2012-2015.

Blllwg NIV BIOL L 17 Y LRALINLIA. prepared as odp tile on poppy with libreotrice

A. cnenlg, September 2017, Colloquium at UVa 34/50




PVDIS at 6 GeV (JLab Hall A)

+ Results:

Aghysl 085,x=0.241 EL Ry st vt 2 2

compare to

A™=(1.156x10"*)(2C,,—C, ,)+0.348(2C,,—C,,)

Aghys1 901, x=0.295 R R e S

compare to

A™=(2.022x107%)[(2C,,—C,,4)+0.594(2C,,—C, |
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On the e-q VA Previous data: E122, Elastic PVES + APV

Couplings OFE
: 1 f
) o 00"
s 3 _— -01; ®
SNoor 02+
O 2[ :
8 [ 03F
1 041
0 E AN \ .
_1 B | | | | | | | k}

-150 -1.25 -10 -0.75  -0.50
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On the e-q VA Add JLab 6 GeV PVDIS

Couplings °FF ;
E 1F
4 : [\
5 0.0F
- 3 i -O.lf— %
S B
J 0.2
O 2 [ ;
1§\ B 0.3
1 04
: =675:||||||||||||||
O Ry 09 -08 -0 % -05 -0.4
q L [ T e ||TJ |

-150 -1.25 -1.0 -0.75  -0.50
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On the e-q VA best fit
Couplings

0.0

-0.1

-0.2

-0.3

-0.4

IIII|IIII|IIII|IIII|IIIIIlll‘lllllll

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

ﬁ'llllllg\illllllll
0 —O.d -0.8 -0 6 -05 -04

el A SE
-150 -1.25 -10 -0.75  -0.50

’ 2C, -C
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Quarks are not f

ambidextrous

By separately scattering right - and left-handed electrons off quarks in a
deuterium target, researchers have improved, by about a factor of five, ona
classic result of mirror-symmetry breaking from 35 years ago. SEE LETTER P.67

Marciano., Nature 506, no. 7486, 43 (2014);

lllllllllll[

0.0

The value of 2C, -C,, is 26 from zero -

( Quarks are like people, most prefer to use 01 _
their right hands, but some prefer left...) T
L 0.2F
O 2 [ —
AN B -0.3
1 i

clearly identified parity-violating Ly Ly
0 contribution from quarks’ parity- m 4
violating property

|

I

_ i e "Measurement of parity violation in
150 -125 -1 electron-quark scattering”
2C Wang et a!., Nature 506, no. 7486, 67 (2014);
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yestil i Description of New Physics
10 h S
S sp=—— | (binding
1 - i energy)
’ 10—14 .
> ‘a electrons in an atom 10%m ~ keV & eV
100?000 10—15 nucleons in the nucleus | 10C14-1Dm| #102MeV| =10'MeV
‘ at most  quarks in nucleons 10-m 2102MeV |(*102MeV)
100, 000 000 10718
preons in quarks 101918y | ® 10°GeV | yTev
@ and leptons: -TeV
“preons”? If preons exist, they must interact through a new
(#7F2) interaction, with an energy scale at the TeV level.

"Bw =(g2/2A2)[m L‘IL Vp‘@LﬂWWL T T]RRQ’TRV]U ‘PRJRY”‘PR +2T}RL$R?’;1¢R$L?#I¢L]-

mass scale A

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice
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}

Searching for "New Contact Interactions’ THE
e
OF
PHYSICGS

Below the mass scale A: such new physics will
manifest itself as new llgg-type 4-fermion contact
inferactions, that modify the values of C, and C,,

from their Standard Model predictions.

8\/371

i W)

A:V BITHF .I.AUI\:; | CT:\EGE
(5(2C2U_C2d)Q2:0) _G_ND_SEGRE BETTIN 0 m—_
/
\V—A/v V-A e e
e e e e V-A
/V-A\A “V-A V-A
q q ¢—— g _ ; !

B UNIVERSITY,/VIRGINIA prepared as o fie on poppy with bxeofice Erler&Su, Prog. Part. Nucl. Phys. 71, 119 (2013)



Limit on new eq VA contact interactions

857 12 15 / \
A=y
[6(2€,,—C.4) ) /
I new physics excluded
10 from the red region
3
F 5
O o
QN
&
< 5
(PS it was an awkward 10
timing that our Nature 20 TeV /|
paper was released on 15

Feb. 14™, 2014) 5 10 5 0o 5 0 15

i UNIVERSITYs/ VIRGINIA prepared as odp file on poppy with libreoffice A (ZCIU_CIC‘) (TZV) it UVa 42/50



Contact Interaction Limits from LHC (PDG)

No access to AV or VA
terms

PVES is complementary
to collider searches

+
A (V-A)

Ay

| Inclusive Jetsf.

~ ATLAS
g CmMs
3
) : 1
: ]
: 1

= — Observefd
: llIllI; Expecte;d

AL 2l

AL 2
| | | | | | | | | | | | i | | | |
6 8 10 12 14 16

(I UNIWRSITY@PVIRGINIA prepared as odp file on poppy with libreoffice

Contact Interaction Scale Limit [TeV]
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Coherent PVDIS Program with SoLID @ 12 GeV
! i I i ice”

X & viewer-0 (OpenGLImmediateQt) - 1= 7

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCE

file:///home/zw: Efile;///home/zw:  Efile:;///homefzw: | @ pvdis 01 07 p

E.Chudakov: Sol & file:///home/zw: & Resource - Calo® EBMySQL Workhe
qemc_____ ) ¥ viewer-0(Open
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Coherent PVDIS Program with SoLID @ JLab 12 GeV

ed
29”9 ],y

lllllllllllllll[llllll]lllllllllllllllIllllllllllllllllllllllllllll

0.5
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I IIIIIIIIIIIIIII IlIIlll

LI

0.4 Qweak + APV

B SLAC-E122

JLab-Hall A
B all published

. SM
BN SolLiD (proposal)

-0.06

0.3 -0.08

-0.10

-0.12

.0.14 12 9™- 9",

-0.16

Goal on C, : one

order of
maghitude

0.76 -0.74 -0.72 -0.70 -0.68 Improvement
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Coherent PVDIS Program with SoLID @ 11 GeV

[2 geU_ ged]Av
SLAC-E122
JLab-Hall A
- = = SoLID
[2 geU_ ged]VA
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+o0 be Running weak mixing angle

results and prospects

updated | o245

0.240 Q(P) “IQW(E} NuTeV
=
= Q. (APV) |
D 0.235 " eDIS
=
/4]
- Tevatron ;EE 1
0.230 MOLLER = -
; — T
Mainz-P2 _ 3L SoLID ™ L HC 300/b
Mainz-C I IQweak (final) = LHC 3/ab
0.225
0.0001  0.001  0.01 0.1 1 10 100 1000 10000
u [GeV]

Figure from Jens
Erler, WIN2017
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SIZE IN
ATOMS

10,000 ‘b

1
100,000

100, 000 000 .

|

?

gl [ JNIVERSITYo/ VIRGINIA prepared as odp file on poppy with libreoffice

SIZE IN
METERS

10—10

10 —14

10—15

at most
10— 18

Summary (1 of 3)

| |
electrons in an atom 10%m & keV & eV
nucleons in the nucleus| 10¢1*-19m | 2#102MeV |*10'MeV
quarks in nucleons 10m #102MeV (*102MeV)
within quarks and 10918 |~ 10°GeV 2TeV
-TeV

leptons:

By conducting high precision measurements with

high intensity electron beams, we are now
venturing into a new era of studies of the

Standard Model and the subatomic structure of
matter, in a way that is complementary to the

direct search of new physics (at colliders).

X. Zheng, September 2017, Colloquium at UVa
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Summary (2 of 3)

~1900

human: 100m
~1960 atoms: 10-10m

Solar system:

108m

profon: 10-15m electron:

1021
<10-19m "
~ 2010 quark:
<10-18m
Planck the enti N
? e.en |r'.e observable
~? length: aniverse: universe: 1027m
10-35m 1029m?
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Our “Hopes and Dreams’ For
Louw“peu e in First Grade Are:
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Compare to Standard Model?

s =—91.10+3.11+2.97 ppm

@3 0o iFE G 1]

AM=(1.156x10""%)

2C,,—C4)+0.348(2C,,—C,,)|=—87.7 ppm
N T

uncertainty due to PDF: 0.5% 5%

uncertainty due to HT: 0.5%/Q?, 0.7ppm

Al ot ve029s=—160.806.39%3.12 ppm
A™=(2.022x107")|[2C,,— C 4] +0.594(2C,,— C,,)|=—158.9 ppm
N T
uncertainty due to PDF: 0.5% 5%

uncertainty due to HT: 0.5%/Q?, 1.2ppm
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