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FROM CONSTITUENT QUARKS TO PARTONIC QUARKS

» Constituent Quark/Bag Model motivated valence
approach
— Use valence-like (primordial) quark distributions
at some very low scale, Q?, perhaps a few
hundred MeV L LI
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FROM CONSTITUENT QUARKS TO PARTONIC QUARKS

» Constituent Quark/Bag Model motivated valence
approach
— Use valence-like (primordial) quark distributions
at some very low scale, Q?, perhaps a few
hundred MeV
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FROM CONSTITUENT QUARKS TO PARTONIC QUARKS

» Constituent Quark/Bag Model motivated valence
approach
— Use valence-like (primordial) quark distributions
at some very low scale, Q?, perhaps a few
hundred MeV
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FROM CONSTITUENT QUARKS TO PARTONIC QUARKS

= Constituent Quark/Bag Model motivated valence V\ihat does valence mean?
approach [l () — @] dx =2
— Use valence-like (primordial) quark distributions 1 _ _
at some very low scale, Q?, perhaps a few fo [d(x) — d(x)] dx =1

hundred MeV
— Radiatively generate sea and glue. Gluck,
Vogt, ZPC 53, 127 (1992)
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VOLUME 23, NUMBER 24 PHYSICAL REVIEW LETTERS 15 DECEMBER 1969

VERY HIGH-ENERGY COLLISIONS OF HADRONS

Richard P. Feynman
California Institute of Technology, Pasadena, California
(Received 20 October 1969)

Proposals are made predicting the character of longitudinal-momentum distributions
in hadron collisions of extreme energies.

¥ . .. | have difficulty in writing this note because it is not in the
., nature of a deductive paper, but is the result of induction. |

am more sure of the conclusions than of any single argument
271 which suggested them to me for they have an internal
conS|stency which surprises me and exceeds the consistency of my deductive
arguments which hinted at there existence.

Only the barest indications of the logical bases of these suggestions will be
indicated here. Perhaps in a future publication | can be more detailed.?
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THE SEA IS A FUNDAMENTAL PART OF THE PROTON

Parton distributions for high energy collisions ; , Gluck, Reya, Vogt, ZPC 53, 127 (1992)
. Y | Y T T T 1 T

M. Glick, E. Reya, A. Vogt - -
Institut fiir Physik, Universitit Dortmund, Postfach 500500, W-4600 Dortmund 50, Feder: 1.2 2 2 2
. = = -

-

Received 10 June 1991

Y

Recent data from deep inelastic 1.0 m
scattering experiments at x > 102 are 0.8 _‘
used to fix the parton distributions down .
tox=10%and Q°=0.3 GeV?. The 0.6 _
predicted extrapolations are uniquely i
determined by the requirement of a 0.4 —
valence-like structure of all parton -
distributions at some low resolution 0.2 =
scale . . .. 0.0 A
0.0 0.2 0.4 0.6 0.8 1.0
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LIGHT ANTIQUARK FLAVOR ASYMMETRY: BRIEF HISTORY

= Naive Assumption:

= a === GSR
d(x) = u(x) osl NMC Q@ =4GeV® s
= NMC Gottfrled Sum Rule) s
p 1 X G
[F (x) — FJ! (x)] —= = X
3 x ¢ e s
302k o + o1 -
f [dC) — aGo]dx = 0 : A
0 ' ’ il
a® (e}
jLI; ¢o¢ +
< o1} © -0.05
. . +
¢ ¢
o
+ ¢ o
| ! T | 9
10° 1072 ¥ 107" 1
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LIGHT ANTIQUARK FLAVOR ASYMMETRY: BRIEF HISTORY

= Naive Assumption:
d(x) = u(x)
» NMC (Gottfried Sum Rule)

1
] |[d(x) — u(x)|dx # 0
0

= CERN NAS51 (Drell-Yan):
d(0.18) = 2xu(0.18)

= Fermilab E866/NuSea:
d(x)/u(x) for 0.015 < x < 0.035

» Knowledge of sea dist. are data driven
= Non-pQCD allow d(x) > @ (x)

b3 semruens of Agoone Novonsl Lobormory 50 .
7 ENERGY :ozyeizes Paul E Reimer
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NON-PERTURBATIVE MODELS: PION CLOUD

= Meson Cloud in the nucleon Sullivan process in DIS

p) = (1 = Xa)|po) + anm) INT) + ajar) [AT) + ajp|AK) + -

= |n its simplest form, Clebsch-Gordon Coefficients and nN, A couplings

|p, 7T0> ua—;dd . %
a N . |N7T> = < _
INT) \ In, ) ud \/g
Predicts
( ATT x7)  di @ d> i
Aamys |AT) = AT, 7%) e —\/g Cannot have
\ |A® 7)) ud \/% d<u
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MODELS RELATE ANTIQUARK FLAVOR ASYMMETRY AND SPIN

= Meson Cloud in the nucleon—Sullivan process in DIS

p) = (1 — a — b)|po) + a|Nm) + b|Am) + --- N
Antiquarks in spin 0 object - No net spin % .

» Chiral Quark models—effective Lagrangians
3 3a B 3a B
{qlg) =1 = —|{alq) + —{qml| qm)

1 1 5
jo |d(x) — () |dx = Z?a jo [Au(x) — Ad(x)]dx =3 3a

= |nstantons ) ) ) 5
L < ugudpd;, + ujugd; dg d;(x) —u;(x) = § [Au; (x) — Ad;(x)]

= Statistical Parton Distributions
d(x) — u(x) = Au(x) — Ad(x)

(2 ENERGY 7795 Pgul E Reimer 18 March 2021 Argggngug




How IS THE SEA CREATED?

*pQCD does create a Sea
d(x) = dpQCD (%) + dpeson (X)
u(x) = apQCD (x) + Umeson (X)

= Gluon splitting component is symmetric
dpocp () = Upgep (%)

CZ(X) —u(x) = szeson(x) - ﬁmeson(x)

» Symmetric sea via subtracts away
= No Gluon contribution at 1st order in o
* Non-pQCD models compare to difference

7)ENERGY 1% w2z Paul E Reimer
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1.2
How IS THE SEA CREATED?

T B E-866 Lattice, H-W Lin
- NuSea et al

A HERMES [] Lattice, ETMC
= Lattice weighs in!!
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EyP(r)oc Y eha[ale, Q%) +a(x, Q)]

q€{u,d,... }

FP(a) + "o Yz [q(x,Q%) +q(x, Q)]

q€{u,d,... }

PN (@) o Y0 x[a(e, Q) - qlz, Q%)
q€{u,d,... }

x* nt o rE
N Y [q(:c, QY)D™ +q(x,Q*)D ]
q€{u,d,... }

e Naton
od
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HOW CAN WE MEASURE THE SEA DISTRIBUTIONS?

Need a process that can isolate sea FIP(2) o Z e2z [q(z, Q%) + q(z, Q)]

contributions: ge{ud,...}

- SIDIS FyP(z)+ Fy" o Y z[q(z, Q%) + qlz, Q)]
» K/m identification qc{u.d,...}

» Knowledge of fragmentation
functions (D7)

rFfN () o Yz [e(z, Q%) — q(x, Q)]

- HERMES, COMPASS, JLab 12 GeV actind}
N o S [a@ @)D" +q(e,Q)D™ ]
Collider W product et
° ollider prodauction - _
« Fermilab Tevatron, CERN LHC MAW u 331)‘{(12) — d(z1)u(ws)
BNL RHIC u(xy)d(x) + d(zy)u(xs)
do _ _
. Drell-Yan S 3 erla@n)alez) +alan)g(r2)]
» Rest of talk Lz qe{u,d,... }
7JENERGY /% w2 Paul E Reimer 18 March 2021 Argonne &
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THE DRELL-YAN PROCESS
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EARLY MUON PAIR DATA

VOLUME 25, NUMBER 21 PHYSICAL REVIEW LETTERS

23 NovEMBER 1970

Observation of Massive Muon Pairs in Hadron Collisions*

J. H. Christenson, G. S. Hicks, L. M. Lederman, P. J. Limon, and B. G. Pope
Columbia University, New York, New Yovk 10027, and Brookhaven National Labovatory, Upton, New York 11973

and

E. Zavattini
CERN Laboratory, Geneva, Switzevland
(Received 8 September 1970)

=S
Muon Pairs in the mass range 1 <m,,, <6.7 GeV/c? have ‘i:
been observed in collisions of high-energy protons with g
uranium nuclei. At an incident energy of 29 GeV, the cross =,
section varies smoothly as de/dm,, = 102/ m,,,,5 cm? g

(GeV/c)? and exhibits no resonant structure. The total
cross section increases by a factor of 5 as the proton energy
rises from 22 to 29.5 GeV.
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DRELL AND YAN’S EXPLANATION

VoLuMme 25, NUMBER 5 PHYSICAL REVIEW LETTERS 3 AucusT 1970

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

100000 =171 7 T 3
B . Also predicted A(1+cos?0) angular
- . distributions
10000 = =
» - 3 T 2F
= - ] 2 ®
=] - ] é 18 [N 2 /’
u N O e 0 = A(1+Acos™8) i
5 1000 = E g 16 -\ A=1.05+0.04
b a— ]-—-4—- EF ; s E
b L | = \
ﬂlg 100 g‘ E -
B 3 3 8 12
2 = = < = \.
Q%= x,%,;5 . : SR oo0ggeete®
o [ R B Z -
@ 5 10 15 20 25 30 5 08
0? (Gev?) % =
{b} FIG_zldqfszcompufedfmmEq ﬂl)}a_ggunﬁng < 06 —]IIIIIIIIIIIIIIIIIIIIIIIIII|ll||ll|||l|
identical parton and antiparton momentum distributic B T s e LS (RS B
and with relative normalization. cos®
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EARLY MUON PAIR DATA

VOLUME 25, NUMBER 21 PHYSICAL REVIEW LETTERS

23 NovEMBER 1970

Observation of Massive Muon Pairs in Hadron Collisions*

J. H. Christenson, G. S. Hicks, L. M. Lederman, P. J. Limon, and B. G. Pope
Columbia University, New York, New Yovk 10027, and Brookhaven National Labovatory, Upton, New York 11973

and

E. Zavattini
CERN Laboratory, Geneva, Switzevland
(Received 8 September 1970)

=S
Muon Pairs in the mass range 1 <m,,, <6.7 GeV/c? have ‘i:
been observed in collisions of high-energy protons with g
uranium nuclei. At an incident energy of 29 GeV, the cross =,
section varies smoothly as de/dm,, = 102/ m,,,,5 cm? g

(GeV/c)? and exhibits no resonant structure. The total
cross section increases by a factor of 5 as the proton energy
rises from 22 to 29.5 GeV.
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DRELL-YAN MASS SPECTRA
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3000 |

= \What they could have seen if 102
they had sufficient resolution
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» The Nobel Prize was awarded to
Sam Ting and Burton Richter
for the discovery of the J/V
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DRELL-YAN CROSS SECTION—

SENSITIVITY TO SEA QUARKS

Cross Section
» Point-like scattering of spin-1/2 particles
= Convoluted of beam and target parton distributions

_d%0 — Ama Z eg @t (z¢)qn (zb) + @b (2b) g (24)]

dxyvdx ThTtS
R bt q€{u,d,s,... }

7 ENERGY m’)“L’ Paul E Reimer
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DRELL-YAN CROSS SECTION—

SENSITIVITY TO SEA QUARKS

0 0.2 0.4 0.6 0.8

Cross Section "
= Point-like scattering of spin-1/2 particles L | d(z)
= Convoluted of beam and target parton distributions 20PP - 5 [ u(x)]

d?o 4o 20
W T s Z Cal [z (xt)%@”
qe{u,d,s,... } 1

Acceptance limited

u-qu?zr/l;)g?/rsnia?:)ge (Fixed Target, Hadron Beam)
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NEXT-TO-LEADING ORDER IN Qg
@ ’

BRI\ é* \\ m(ﬁ@
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Station 1:
Hodoscope array Stations 2 and 3
MWPC tracking Hodoscope array —y
Drift chamber tracking Ho dit:éf;e érray

Solid iron focusing Proportional tube tracking

magnet, hadron Momentum
absorber and beam measuring

magnet (KMag)

dump (FMag)

Hadron absorber
(iron wall)

Liquid Ha, D,, and
solid targets

<
<

25m
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HE BEAM WAS DELIVERED

7 ENERGY *. © Paul E Reimer




“SPLAT” EVENTS — UNDERSTANDING THE BEAM

Beam Structure

» Macroscopic:
— 4s every 60s

» Microscopic
— “bucket” every 19 ns

* Independent 10kHz pulsed
DAQ read out raw

hodoscope rates
— Long time compared to
accelerator frequency of
53MHz
— Phase locked to 60 Hz AC

7 ENERGY “ora v Paul E Reimer

[ X1T vs eventID (10kHz trigger) | 1XAT
Entries 58114
@ [~ Mean 3945
§ = RMS 296.2
o 1200'_—
1000—
800(—
600
400

200

0

* Average intensity normal, measured by
beamline instrumentation
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THE SPLAT-BLOCK CARD

Trigger veto:
= Electronic running average of the multiplicity over a 160 ns window (8 RF buckets).
= |f average multiplicity above threshold, raises a trigger veto

» Luminosity greatly reduced, but trigger suppresses windows of time with large beam
intensities.

—t
Production: run 002022 - /
Event: 18 T ] /
Coda Event: \ |

Production: run_002022
Event: 18
Coda Event:

ESSIE =

[em]

x [em]
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COMMISSIONING RUN

Very preliminary

1.5 months of beam

7JENERGY 252

—<— Reconstructed Data

Reconstructed J/ WwWMC

i i Normalized Background
j —-$-
i | J L .:l—g++$+rﬂ oo | |, e
3 4 5 6 7

“ Paul E Reimer

M(n n ) (GeV)
18 March 2021
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<~—125in

BEAM CHERENKOV

= <16 ns time resolution
= Approx. 30 to 3x10'6 protons/RF cycle

» Calibrated every minute against beam
line SEM

BAFFLE

10.5in

BEAM

MIRROR

Argonne &




RANDOMLY CHOSEN BEAM INTENSITY PROFILE

3 Turns starting at 2.0s

| ‘ | = Each bin is 19 ns
| | = \Veto Level

w 120
& 100
2 80
g 60|
£ 40
& 20

I|III| II|III|III|I 3
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M vg et br i b i i it
600 800 1000 1200 1400 1600
RF Bucket Index

3 Turns starting at 2.5s

= Even beam distribution
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5 100 |
Q- 80

c 60—-
"é‘ 40
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DO WE RECONSTRUCT EVENTS WHEN THERE ARE EVENTS?

= Entire beam interacts upstream of first SeaQuest
Spectrometer tracking chamber

= Spatial resolution poor along beam axis|

= Resolve target vs beam dump

High-ma3ass events on target

I[illllillllilllli

||i||||i||||]||||i|l

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

Bad ' LH: 2Empty3 LDz 4Dump5 Fe
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06 MASS SPECTRUM
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—#— Data
CROSS CHECK OF Preliminary —— Total
- . e Drell-Yan
RATE DEPENDENCE 3 L - — JPsi
. . N - Psi'
= Multi-component mass fit s F ——— Mixed
_ _ g B — Empty Flask

» Combinatorial background g L

“mixed” and reconstruction T

efficiency S =
. - ;
é ;” —~-Real data SH :
33 —Fit total = B
-3 Iy -
3 v N =
S ;

- oy, = 021 GeV I [Ij -‘

;_ - 1 | I | | | | | i 1 | 1 I | | | | I

- 2 3 4 5 6 7 8

E A R, Drell-Yan M{up)(GeV)

S e e e R
Dimuon mass (GeV)
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RATE DEPENDENT EFFECTS

» \We were expecting these effects and had handled them in E866/NuSea

= Overall question: Do the rates effect LH, and LD, differently?
— 1storder, all beam interacts between target and spectrometer
— 2" order, different fractions interact in target and dump _

* Primary problem:
— Background from two uncorrelated muons
— Different distribution from target and dump

Argoane Nationsl Laboratoey 1 &
U.S. Department of Energy laboratory
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IS THERE STILL AN INTENSITY DEPENDENCE?

Plot “D/ZUH as a function of the # of protons in the triggered bucket

Possible sources:

» Trigger inefficiency at high rates

» Increased triggering on noise events

» Reconstruction inefficiency at high occupancy

= Cut on beam intensity "
— Lose statistical power of the data M'uul.m\lmhmllmlumlmll
= Model-based corrections D00 20 W0 400 N0 600 T
— Fit data w/model of source — Becomes difficult with
— Monte Carlo to verify multiple effects

— Used by E866/NuSea

ZJENERGY 2205000 Paul E Reimer 18 March 2021 Argonne &




INTENSITY DEPENDENCE

Counts

d-IIlllIllllIllllllllllllllllllllllll

I 111 1 11

= Extract intercept at O which is free
from accidental background and rate
dependence!

Intensity (arb units)
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1.6 I 1.6

1 INTENSITY
] s . . g+ EXTRAPOLATION

1.4

2 5
1 [ o~ —. r 8 T
= Y © 1 ‘ ] -} 1 =] T
8 . . . : 0.8 0.8 . . . R
Zero intensity extrapolation *%| Zero intensity extrapolation - Zero intensity extrapolation
= Data — Fit - Data — Fit = Data — Fit
06 0.130<x<0.160 | o? 0.8{ (290 <x<0.350 %€ 0350<x<0.450 | o?
I 1 - N I 1
(o] 10 20 30 40 50 60 70 0 10 20 30 40 5‘0 Sb -,'6( 10 (o] 10 20 30 40 50 60 70
Intensity (Protons) Intensity (Protons) Intensity (Protons)

Yp(xe, 1
p(xt, ) =Ry, +al+bI?
2 YH (x t | ) ‘ .
g | : - Intensity =0
V intercept from
| ey i o, 3 simultaneous fits
T S | gives %@ /2 o, for

Zero intensity extrapolation 08| Zero intensity extrapolation 0-81 > oro intensity extrapolation % 5 .
o R S —— different x+ bins
0.160 <x <0.195 N 0.240 <x <0.290 o x10* %8 0195<x<0.240 he10?
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Intensity (Protons) Intensity (Protons) 0 10 A enaty Froons) T 0

Intensity (Protons)
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SEAQUEST
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1
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SEAQUEST AND E866

eaQuest and NuSea in high statistics NuSea overlap—should GD/ZJH agree?

s

= Tl

1.3

1.2

1.1

o,/ (20,)

III||I||I|IIII|I||I IIII|I||I||I|I|I [

1 I
0.9 } SeaQuest/E906
0.8 Syst. uncert.
0.7 —4— NuSea/E866 ——
| | | | | | | | | | | | | | | = | | | | | | | | |
0'60 0.1 0.2 0.3 0.4
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SEAQUEST AND E866

1 33 eaQuest and NuSea in high statistics NuSea overlap—should GD/ZJH agree?
1.2
11 f—
I -
S -
Z 1
c 09l —* SeaQuest/E906
[ Syst. uncert.
0.8 I NuSea/E866
-~ ——— CT18NLO, SeaQuest kinematics -
0.7— = CT18NLO, NuSea kinematics
: | | | | | | | | | | | | | | | 4 | | | | | | | | |
0-65 0.1 0.2 0.3 0.4

Avgosne Ntional Laboratory 18 0
U Department of Energy laboratory
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(ZJENERGY it Xq Argonne &
onnEs




SEAQUEST AND E866

1 33 eaQuest and NuSea in high statistics NuSea overlap—should GD/ZJH agree?
1.2
11 f—
I -
S -
Z 1
c 09l —* SeaQuest/E906
[ Syst. uncert.
0.8 I NuSea/E866
-~ ——— CT18NLO, SeaQuest kinematics -
0.7 = CT18NLO, NuSea kinematics
: | | | | | | | | | | | | | | | 4 | | | | | | | | |
0-65 0.1 0.2 0.3 0.4

Argoane Nationsl Laboratoey 1 &
U.S. Department of Energy laboratory
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3 D
SEAQUEST’S 4/ EXTRACTION “ 1
200 2
Correct way to extract quark distributions is within the context of a global fit.
What we did instead:

= Assume the current global fits are omnipotent except for 4/,

1+ =

d”NLO

= Compute
oD ffdxldxzdxl dx; 3
— = with /3|,
20H 5 daNLOd d l
ffdxldxz X1 aXx3
and the integrals are over the experimental acceptance

= Compare with measured i and iterate on a/—]
ZO-H’ u I+

U.S. DEPARTMENT OF _ Argonne National Laboratory is &
7 ENERGY US. Department of Energy laboratory
7 managed by UC gonne, LLC

d
u
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SEAQUEST AND E866

B % SeaQuest/E906
ol
- Syst. uncert.
15/ g —H [E | [ﬂ
JE - ’_E_‘
B
1 L
B d(x)
- SeaQuest “*/; .y > 1 for
0.5 entire measured range.
oL——— . | | A RN
® EﬁEﬁGYQ:;m;:‘” 0.1 0.2 0.3 0.4 Argonne &




SEAQUEST AND E866

B % SeaQuest/E906
ol
- Syst. uncert.
15/ g —H [E | [ﬂ
JE - ’_E_‘
B
1 L
B d(x)
- SeaQuest “*/; .y > 1 for
0.5 entire measured range.
oL——— . | | A RN
® EﬁEﬁGYQ:;m;:‘” 0.1 0.2 0.3 0.4 Argonne &




SEAQUEST AND E866

2.5
—&- SeaQuest/EQ06

Syst. uncert.

0.5

I 1 1 1 1 I | | | | I 1 1 | 1 |

0.1 0.2 0.3 04

® ENERGYQWE,WM Argonne &




SEAQUEST COMPARED WITH GLOBAL FITS

2.5
- —¢- SeaQuest/EQ06

ol Syst. uncert.
| —— NuSea/E866

-~ CTI8NLO, NuSea kinematics

CT18NLO, SeaQuest kinematics —

Py W _ _ _ _ A
, sutepems,,
\ZJENERGY .Ssasiimm e Argonne
= —




SEAQUEST COMPARED WITH MODELS

2.5

E —¢- SeaQuest/EQ06
ol Syst. uncert.
. —— NuSea/E866

Argonne &



SEAQUEST COMPARED WITH MODELS

2.5
- —¢- SeaQuest/EQ06

ol Syst. uncert.
| —— NuSea/E866

Illl‘ll

0.5 Alberg and Miller

TTTTTTTT

0 | | | 1 I 1 1 1 1 | | | | | 1 1 | 1
R O —— 0.1 0.2 0.3 0.4
7 ENERGY 15 i i Argonne &




WHAT ABOUT THE SOLID TAR%ETS’)
e N

(7)ENERGY 7% = Paul E Reimer 18 March 2021 Argonne &



1.1
EMC EFFECT IN ANTI QUARKS

= DIS results establish nuclear 1.05
dependence of quark distributions.

= Expectations of large antiquark effects
©0.95

(2]
O
Anti-Shadowing 0.9
Shadowing
0.85
EMC Effect
0.8
(ZJENERGY (75550055 Paul E Reimer

¢ NMC DIS
©1 E139 DIS

__ %dm ¢ A E665 RC DIS

7

111 IIII|IIII|IIII|IIII|IIII|IIII|II
0O 01 02 03 04 05 06 0.7

X

18 March 2021 Argonne &




EMC EFFECT WITH ANTI QUARKS?

1-3 A ’ LS ] Al T [ T I 2
" DIS results establish nuclear dependence [ ¢/ [ ca/H :
of quark distributions. T { Il
. . 1.1 -+ -
= Expectations of large antiquark effects AT i 44 ; -
. 1.0 I —3—& [} T
= No effects were seen in Drell-Yan i *y 1 } &t t { t 4
S 09 -+ -1
H O NMC DIS . - 1+
105 £ E139 DIS e 08 ' i i =
] CP# ¢ H;‘ ¢ Z& E665 RC DIS g |i Alde ft al (F;irmllab‘E772) Phys. I?Ev. Le;t. 64 2j179 (1290) | )
; = ; ;
I C‘? >r [ Fe/?H ;7 1% -ErzweH i
. I % i -,5, 1.2 | .7 T % - EMCSn/?H (DIS) l
3095 [( ;-l d \\\_—,// -'-.,_— -+ p
3 I % ] I C T s = } -
b o E o B
0.9 » " 1.0 I I 3
0.85 ) L " ' i !§ i ]
] 09 | ——- Pion Excess T % -j
S e Quark Cluster | 1 ]
Ogﬁb O.BL-___ Rescaling % ]
0 01 02 03 04 05 06 07 07 PR W R I |
X 0.0 0.1 0.2 0.1 0.2 0.3

e Navos
od

7JENERGY 520 50 Paul E Reimer 18 March 2021 Argonnee




EMC EFFECT WITH ANTI QUARKS?

= DIS results establish nuclear dependence1 ) [ ® E772Drell-Yan -+~ Coester
of quark distributions. ' + Jung and Miller
_ . i 7---- Brown et al.
= Expectations of large antiquark effects 1.15 Close et al.
= No effects were seen in Drell-Yan | P Miller
13— —— I — Dieperink and
il C/%H 1 Ca/*H _ I A ///“ ......... T Korpa(range)
i} P w05 |
i3 + 0 B
1.0 IS SELERLER! { i ] LLD |
S 09 - + -
ec-e 3 + 4 - .
o 08 7 —4 ------- A
E —_l Ald'e etal (FerrTl1iIab E772) Phys. Rev. L.ett 64 2479, (1990) L O .95 | ‘ ~, . .
212 | Fyon ’/ "% 33?:,(/?}; os) 17 i ‘\ ‘
g 11 L— \‘j:”—__j_f,_/_,, __ [ ] b 09 ’%&%‘i\ 5
ST B IS _ S
1. L !r\{q\}w 1 ‘1{ T T :’:’:’z‘:‘
0s | 1 . 085 | RBKKe
™ | ==- Pion Excess | 3 ] Q‘Q’Q
os | QuekCuster 1 : - R
I i 1 " 1 A 1 " 1 " ] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
“Too o1 oz o1 0z 03 08 57005 0.1 0.15 02 025 0.3 035 0.4 045 0.5
7 ENERGY "Z20i0 0% Paul E Reimer 1§ March 2021 Argonne &
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SEAQUEST EMC NUCLEAR DEPENDENCE

S S s I Sl S — :
6 : L . L B : 2 l HL - : . .
2. o= | Preliminary £ .- e | Preliminary . o= |Preliminary
: : - i N/
120 C/D 12" Fe/D P WI/D
1.1 I 1.1F + 1.1F
etig BEE .o | +
il =n I A = ERKidhc
0.f l 0.9F + 1 ,+ 0.f + Pl
0.8F ‘ 0.8 - 0.8F -
o llllillIlillllillllilll]illllilllljlllljl]ll llllllllllllllllllllllllllllllllll lllll cLiil llllillllillllillllillllilllllllllIllllillll
0 0.5 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5

Xy Xy T

* No enhancement seen as in the case of a pion excess model
« Caveat—partionic energy loss is important

7 ENERGY "Z20i0 0% Paul E Reimer 18 March 2021 Argonne &
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SEAQUEST EMC NUCLEAR DEPENDENCE

gl —— : Sl4—— : gl ————
S [ |@Ews TN i > [ |@®E90s T | L s [ @05 | . .
= [ w [ = [
Za .. |Preliminary L. [Preliminary 2 m.. [Preliminary
1.2F # 1.2f 1.2}
1 I ++— 1.1 1.1f
Fh.iﬁ. + I I 1
0.9 [ l| 0.9 0.9F
0.8F . 0.8} 0.8}
L o s B r
0.7F s s s b s s s 0.7F -, 0.7} s i s s b s
CLLll lIlIIIIlIIIIlllllllllIllllllllllllllllllllll ol B IllIlllllllll[IIlll|lllllllll|Illlllllllllll CLill IIIlIIlIlIlIIlIlIIIIlIllIlIlIIlIlIIlIlIlIIlI
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Xy Xy Xy

* No enhancement seen as in the case of a pion excess model!
« Caveat—partionic energy loss is important
* In agreement with E772 results in the overlap region

w2 Paul E Reimer 18 March 2021 Argonne &
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QUARK MOTION IN THE SEA




SPINQUEST—POLARIZED HYDROGEN AND DEUTERIUM

Where is the spin of the proton?

I 1
—==-AY+ A L
5 = 5AXt G+

AY = Au+ Ad + As

1
§AZ ~ 25% AG ~0—15%

SMC, HERMES, STAR,
COMPASS PHENIX

[, & unmeasured

[ZENERGY TN Paul E Reimer 18 March 2021 Argonne &



https://commons.wikimedia.org/w/index.php?curid=3262268

SPIN DECOMPOSITION
1. It's all in the quark spin (u and d).

2. It's in the strange quarks

11, 1
S ZAYA- x 0.1
g T Ay x 018

3. It's in the glue

1 1
—==-A¥Y 4+ A
5= 9 + AG

1. I's in Orbital Angular Momentum???

—:—AE‘AG

(7 ENERGY /i Paul E Reimer

18 March 2021

Argonne &



How TO MEASURE ORBITAL ANGULAR MOMENTUM?

Q(X)E&%O
i = @ — @

hit(X) = ‘ = ‘

Non-zero
after kr
integration

gs1(x,k7) = ‘ — ‘ kr -

dependent,
1 = —
ht(ck) 5 @ = @ | «Teven

hitt(x,kt) = ‘ = ‘

fix(x, kT) ‘ = , Sivers

U3 EPARTMENT OF _ Argonne National Laboratory is &
ZJENERGY V3.2 trergy lavoreiory
4 manage t

“Naively” T-Odd

kt dependent
distributions
hi(x, k)= ‘ = ‘ Boer-Mulders
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o 0.06

SIDIS SIVERS MEASUREMENTS .. '

= 0.02 - ¢
ESTES HERMES PRELIMINARY 2002-2005 ! tet + ¢t
< 025 Iy o+ lepton beam asymmetry, Sivers amplitudes L I S R EERRREEEEEEEEEEEEE SRR -
< - 8.1% scale uncertainty
£ 02 HERMES, Airapetian et al. Phys. Rév. Lett. 103, N
@ : 152002 - | T ol W +
o 015 - =

o
—
I
+
_-_
+
_._
T
_._
+
F =
Eamas
+
+
— =
(=}
f=}
[}
:
.
.
:
—o—
.
T
-~
——
—o—

°";5 3:!: o * ? —t o O —+ +:| 0o e 0____{'__+++ +++ """" B +++*+‘+++++++++

-0.02+
0 [~ e it e Rt 107 1o 05 ' o5 T 13
E.'_.'T|....|....|.-i...|...|.,,|,:,|,,-,,,|,,,|'—’:,,,|,,,|,”|, COMPASS,xAdIOphetaI.PhySLett.B,717,z383 p;(GeV/c)
ra K
0.15 :_A TC- - — y

2 (sin(¢-0g)ir

01 [ ‘ _ _
0.05;- _ _ |
o fAF%T bfté %tFL4

_0'15'||||||||||||||||||||||||||||||||||| L T T T T
01 02 0302 03 04 05 06 02 04 0.6 0.8 1
X z P, [GeV]
ZJENERGY 2205000 Paul E Reimer 18 March 2021 Argonne &
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Anselmino et al, JHEP 1704 (2017) 046

FITS OF SIVERS ASYMMETRIES* [

= Shown at left are the 1st moments

0.02 i .
» Data fit to extract Sivers distributions . . /\ )
;

0

While it can be shown rigorously that a noﬁg'04

lr P
002 i R
0. ,
= But. .. d H R
]
1
I
T L
A Y
"\
‘+
A Y
AJ

. . . . . -0.06 |— :'
zero Sivers function implies orbital angular AR
0.01 |~ u_bar — S
momentum .
0 S ——————
There is not yet a rigorous method to ot
. . L -0.01 — N — R4
quantitatively extract L, from Fiz L ol
0.01 |~ d-bar | — ..
0 lf')
-0.01 | ;" = e
10° 10? 107! P 05 1
X k. (GeV)

7 ENERGY "“oiiiai  Paul E Reimer 18 March 2021 Argonne &
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PION CLOUD AND OAM

Consider a nucleonic pion cloud |p) = (1 — a — b)|py) + a|Nm) + b|Am) + ---

Pion Jr=0- Negative Parity
Need L=1 to get proton’s Jr=5*

(7 ENERGY ‘52025 Pgaul E Reimer 18 March 2021

Argonne &



A\ S\

“‘Remodeling” plans for
Y SeaQuest target cave

SEAQUEST E1039 STATUS

(ZENERGY 550750 Paul E Reimer 18 March 2021 Argonne &



E1039 SPINQUEST STATISTICS

= Statistics precision shown for two
calendar years of running :

— Integrated Protons on target
2.7 x 1018
— £=7.2 x 1042 /cm?

» Spring 2020—Commissioning run
» Fall 2020-Summer 2022—Data
production runs

7) ENERGY /% ooz Paul E Reimer

0.4

0.2

-04

(=)
T T

| Drell-Yan Target Single-Spin Asymmetry
_ ppld) - puX, 4 <M, <9GeV

- ¢ 7.9 cm NH, target
B (1) 7.9 cm ND, target

i Sun and Yuan, 2013

I
________

! Anselmino et al, 2009

________

III|IIlI|lIII|lIII|IIIIIlIl

0.15 0.2 0.25 0.3 0.35

X rarget

18 March 2021 Argonne &

nnnnnnnnnnnnnnnnnn



<) NATURE PODCAST - 24 FEBRUARY 2021

MEDIA The quark of the matter: what’sreally inside a

- proton?

-./. °* -
- L-Quantamacazine
CUANTUM PHYSICS NEWSRELEASE24_\:E&207-‘nhOUSe m\\’ror \n T_‘ﬂe p(otOﬂ

\

ecades-Long Quest Reveals Details of\atur€ > u ding agymmeml
the Proton’s Inner Antimatter understan™ ® o
» Twenty years ago, physicists set out to investigate a mysterious ood!

asymmetry in the proton’s interior. Their results, published today, show : Ie
how antimatter helps stabilize every atom’s core. e W
e S

o] ‘ °
\ 0\0“ ‘ ‘ 1921
(666 ¢\ e ‘ C‘o§ JouRN’“‘SM e
j5 2P 3"\'2 NDEPEN PHYSICS eVe
Aot 2% % a‘\\.\ ! @ pARTICLE atter ‘-S
\ " e\(\l ° ot S, ntlm n We
o e? Ptoton . ded tha
a‘i\’ & ae ‘_
ne A w I OYe Op K
- 1, dOWN antiquar®®
e m E thou h ¢ partictes \r\nm\r\?”’“"o ¢
“‘\\e\\\ the slosh “quar\ks
tnu

P —
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The Proton Sea

Protons, the positively charged particles in atomic nuclei, seem

' simple from a distance, but their interiors swirling sea of
n quarks, antiquarks and gluons that physicists are still struggling
to understand. Three unbalanced “valence” quarks give the

proton its overall charge.

Valence ~ — Quark-
quarks 7 ¢ antiquark
pairs

The Proton’s Pion

A proton may spend part
of its time as a neutron
and a pion — a transition
allowed by the fleeting
appearance of a down Gluons bin g "%,
everything

together

quark-antiquark pair.

Quantamacazine
o ®

Bottom Charm Strange

NEUTRON PROTON

Quantamadcs:

Daniel Dominguez/CERN
In Science News

US. DEPARTMENT OF
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EPILOGUE

» Feynman made it all look easy.
= Drell-Yan provides access to antiquark dist. 2 |
- For xg; < 0.45, P4’ gPP > 1

= SeaQuest has measured the nuclear .
dependence of the Drell-Yan reaction

2

0.5

gr"”’"’ |Preliminary gs-km Preliminary g:_km Preliminary
JRR R 1ot ot
by o + EE el £

0.85 0.8- —f 0.8
0.7F A 0.7F e R 07 ;
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Xg Xt X
'7'\_ US. DEPARTMENT OF Argngml Navonal \:Eummyy e
\ZJENERGY oy st Shmacted

¢ SeaQuest/E906
[]Syst. uncert.
+ NuSea/E866

ﬂ Alberg and Miller

D Basso, Bourrely, Pasechnik and Soffer

1 . |
0 0.1 0.2

X
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EPILOGUE RS—

2 [:]Syst. uncert.
+ NuSea/E866

» Feynman made it all look easy.
" Drell-Yan provides access to antiquark dist. &

. For XBJ' < 045, o_pd/o.pp 2 1 Ny ﬂAlbergandMiuer q}% "

D Basso, Bourrely, Pasechnik and Soffer

» SeaQuest has measured the nuclear o ‘ . ‘ .

0 0.1 0.2 0.3 0.4

dependence of the Drell-Yan reaction x

15 g

:g,g_w Preliminary ;_Fm | Preliminary %:_FM | Preliminary
R T S ARERN
 ARRNIES AR TERINARF GRS
0.;: 0.=: l 0.9 _? 1

Drell-Yan Target Single-Spin Asymmetry

0.8F 0.8- | 0.8

£ - F ] — - - ppl = WX, 4<M, <9 GeV
s " E e e :
0.71 o 0.7F : A 0.7 .
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Xy Xr Xy

» SpinQuest will measure the Drell-Yan =0 .
Sivers Function and probe sea quark et

orbital angular momentum with a polarized - ——
target. oy
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