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Outline

e SpinQuest experiments at Fermilab
* E1039 polarized NH;/ND; targets

* Follow up of SeaQuest/E906 unpolarized target program

* Novel physics of sea quarks at x=0.1~0.4
* Flavor asymmetry

e Sivers & OAM

* Future opportunities

 E1067 dark photon search, 2016 - 2021+

EicC: sea quarks
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* E1027 polarized beam, 2021+ ” '
S o
* TMD physics in p+p/n complementary to EIC, 2019-2021+ ) .
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SpinQuest Dimuon Spectrometer

120 GeV protons from the Main Injector
4s beam spill very 60 sec

19ns RF, ~10s K protons per RF bucket
5x1012 Proton On Target (POT) per spill
Total integrated POT for E1039 (2-year):
1.4x1018 POT

Year 2015

SeaQuest Dimupn Tracking Top View

Top View (Bend Plane)

2 FMag & Iron Station 4
. : KMag ] Station 3
E906 unpolarized targets: 2012-2017 ol Station 1 Station 2
- 1H, 2D, 12C, S6Fg, 184\ ' ) ‘
E1039 polarized targets: 2018 — 2021+ '“_,T:“< r s
- Polarized protons (NHs) as] g
- Polarized neutrons (ND;) 1 X (m) ‘ ‘
E1027 polarized beam d
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Drell-Yan @SeaQuest — a Sea Quark Laboratory
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Kinematically favors sea-quarks

Amo’ from target — a sea quark lab!
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Dimuon Mass from SeaQuest/E906
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E906 Unpolarized Physics Program

* Thin targets: ~¥10% interaction length )
* Liquid H/D Table H,
e Solid C, Fe, W Moton
* Physics
* Sea quark flavor asymmetry, dbar/ubar
* Quark energy loss in p+A collisions, dE/dx
e and more ... Beam| o p

Empty

None

* Experimental runs — 6 years -
* 2012 — commissioning Carbon
e 2017 — ComPIEted Tungsten [

5/13/19 Ming Liu @QCD Evolution 2019 8



Flavor Asymmetry of Sea Quarks at Intermediate x

Update with latest plot?

- | o) SeaQuest, 5% of anticipated data
d/u 2.5
o ” . = = 5866
Proton vs “Neutron™ targets: - -
20 L
pd— ™~ 1 d : It
oPe™ Tt 1.5 o
_ s g @ : e Sealuest
opPP— T 2 U T - {
Th> Tt 1F
0.5(-
This could lead to a very interesting physics ... b b

0.4 0.6

Bjorken x
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Sea Quark Flavor Asymmetry and OAM

virtual
pion

Pion cloud and
Drell-Yan process

Pion cloud model

e Sea-quark flavor asymmetry
 Sea-quark orbital angular motion A
* Expect large Sivers functionatx=0.0~0.4 -

7'('_'_ Meson ud |p>=a|py>+ b|py + pi®> + c|n+pit>+ ...

d d

proton neutron

10
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Nucleon 3-D Structure and Sivers Function

Sivers function f7(x, ki)
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Sivers Functions from Global Fits

e Sea Quark Sivers poorly constrained, SIDIS not sensitive to sea quarks at large x

1612.06413, M. Anselmino et al
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_|_/ , , Anselmino et al 2016
RHIC pp500GeV: W= Ay < commrsocovimmms | <, cmnposmocer wmzsom)

08-ps5s <Pl <10Gevic 08-y s <P} <10Gevic
0.6

0.4-

AN(W+) ~ (ANfu/pT X fj/p + ANfJ/pT @ fu/p)

0.4- w1

-0.6:— . KQ (assuming “'sign change™) -0-6_— = o KQ(no "sign change™)

-\ ~ A” ‘,\T T Global +*d.of.=7.4 /6 - Global »2/d.o.l. =19.6 /6
ANW) ™ (AFo /1 © fagp + A0 © fupy) | |

-0.8- 3. 4% beam pol. uncertaingy nor shhown 3 4% beam pol. uncervaingy not shown

-1- | 1 Il 1 | L 1 _1 | 1 1 L 1 | L L 1 |

-0.5 0 0.5 05 0 0.5
F Tian et al. / Nuclear Physics A 968 (2017) 379—.y90 yw
RHIC data: . i - | | -
. . [ ] STARW+
- A mix of valence and sea quark Sivers 05 204" ; Mode=1
- Quark flavor identified
- High Q?

- Statistically limited, ~0(10%)
- Possible large dbar Sivers contributions

E1039:
- low Q2
- Good statistics, ~O(1%) 05 ; — T E—— ; —
W W
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Polarized NH, Target Developed for DY Sivers

5/13/19

NMR system: to measure

Mlcrowaye:‘lnduces e », polarization
electron SpIn ﬂIpS — Input Sig,:rl Out
* EI0 + Power equip: 1aocte *”ﬂ"ll‘ Bgia o
{ Ulau j 2 wgz‘:’/‘:‘:’:f— He  Roots pump system used
= to pump on #He vapor to
. | 1 pump P
© 44 — .
Refrigerator: ] f? reach 1K

Superconducting
Coils for Magnet: 5T

NMR Coil

]

5T

material: frozen NH3/ND3 Irradiation@ NIST ——
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Dynamic Nuclear Polarization: Pol. ¥90%
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Hydrogen )
micro wave

V,=213MHz
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With DNP,
Pol. ¥ 90%

W/o DNP, at thermal
equilibrium:
-T=1K
-B=5T
Proton target polarization:
P.=0.5%

i B
Pi:tanh<g’u )

2kpT
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Projected SeaQuest Target and Beam Performance
Ameas — f - Pr - Aphy

Target Beam
Polarization P 88% || Beam 1012 p per spill
Packing fraction .6 || spill b sec , one per minute
Dilution Factor f 176 || Luminosity 4*10%° /ecm? /s
Density NHjs 82 g/em?® || EBeam 120 GeV
Total utu~ pairs 4.59 *10°
Experiment available A48
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Projected Drell-Yan Transverse Single Spin Asymmetry

g 1,4
py _ w(®p) - 17 (x4)
ANT -
u(xp) - w(xy)
AA 11 1
oo Drell-Yan Target Single-Spin Asvmmetry - —_
pp?—-ou'uX. t<jl/l“p<;(7e'v, - - f P \/N_I_ _I_ N
Range xrg  Mean g  Total events AA
0.10-0.14 0.123 159097 0.016
e 0.14-0.17 0.154 136558 0.017
o —4—+—+ = —_— 0.17-0.21 0.188 123566 0.018
................. 0.21-0.50 0.258 119508 0.019
i - Sun an:li\unn. 2013
0.1 0.15 0.2 0:2—5 0.3 0.35 0.4
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Drell-Yan Sivers Asymmetries w/ QCD Evolution

Kang et al, 1401.5078
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E1039 Status & Plan

DOE approval, March 2018

L - F ilab Stage-2 approval, May 2018
E906 decommissioned 6/2018 ermiia 6€-2 approv Y
- Target installation in progress 2019

E1039 target shielding in progress - E1039 commissioning starts in late 2019
Beam collimatorin progress - Run for 2+ years, 2019-2021+
Polarized target to be installed by fall of 2019

j’a rget

i
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Physics Beyond E1039 Polarized DY A,

* Dark sector physics search — E1067
 Parasitic run with E1039: 2018 — 2021

* Proposed dedicated run after E1039: 2021 - 2030

* Physics with polarized beams — E1027

e Polarize the Main Injector 120GeV beam

* Valence quark Sivers
e Test QCD dynamics in DY vs DIS

5/13/19

Ming Liu @QCD Evolution 2019

Atoms
4.6%

Dark
Matter
23%

DIS: attractive

Dark
Energy
72%

Drell-Yan: repulsive

* /

Sivers|pig = —Sivers|py
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Fermilab Long Range Plan

LONG-RANGE PLAN

FY18 FY18 FY20 Fy21 FY22 FY23 FY24 FY25 FY26 FY27 FY28 FY29 FY30
LBNF / | SANFORD DUNE | DUNE | DUNE | DUNE | DUNE | DUNE | DUNE | DUNE | DUNE | DUNE
PIPII FNAL LBNF LBNF LBNF LBNF |LBN F [ LBNF LBNF LBNF LBNF
NINERvERKINERvES OPEN B OPEN B OPEN B OPEN PE
NuMl Mi p—
NOvA I NOvA BRI NOvA B NOVA Bl NOvA T NOVA BENOv, AY|
pBooN BooN BooNES OPEN B OPEN B OPEN PE OPEN B9 OPEN B OPEN BMOPEN
BNB B ICARUS BCARUS ICARUS ICARUSTICARUS JICARU PE OPEN B OPEN 38 OPEN B OPEN
SBND BN SBND S SBND B SBND = SBND " SBND PE OPEN B OPEN B OPEN B OPEN
-2 -2 -2 OPEN
Muon Complex 5 5 2 v
Mu2e Bl Mu2e B Mu2e B Mu2e Mu2d Mu2e u2 Mu2e BN Mu2e B Viu2e BROPEN
MT FTBF FTBF FTBF FTBF FTBF FTBF TB FTBF FTBF FTBF FTBF
SY 120 MC FTBF FTBF FTBF FTBF FTBF FTBF B FTBF FTBF FTBF FTBF p.
NM4 | OPEN 1039 P E1039 " E1039 " E1039 PEN PE OPEN B OPEN B OPEN B OPEN
FY18 FY19 FY20 FY21 FY22 FY23 FY24 FY25 FY26 F FY28 FY29 FY30
SeaQuest
Construction / commissioning Run Subject to PAC review . Shut

Z Capability unavailable

Z Capability ended

Fermilab Program Planning 5-April-18

Opportunity for new
programs at

NOTES: 1. Mu2e estimates 4 year running starts mid-FY22 after 18 months commissioning. Assume, with contingency, 5.5 years data taking. SeaQuest after E1039

2. DUNE: 1st 10kT detector module commissioned in FY24. Runs without beam FY25 to mid-FY26.
3. NOVA runs as long as possible [in the spirit of PAC Nov 2017].

4. Assume NuMlI in nubar mode through FY19 - facilitates 12E20 POT for MINERvA [PAC Nov 2017]. Assumption may need revision.

5. Assume g-2 completed before Mu2e commissioning start mid-FY20. Very tight. Needs scrutiny.
6. Assume E1039 fully approved & commissioned by mid-FY19.

Experiment estimates 2 yrs run. Add 1 yr contingency. [Stage 1 approval PAC June 2013, update July 2017]

7. FY19 and FY20 MicroBooNE running subject to future PAC review [PAC July 2017].



Dark Photons and Dark Higgs Search at SpinQuest/DarkQuest

Photon portal: “vector” Higgs portal: “scalar”
LmiX: EFQEDF“V £miX — MMHTH‘
9" Hy Dark .
q %% 9 = uv/my? r
h 1) ¢ }l

Advantage of hadronic collisions
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Dark Sector Physics Search at DarkQuest
2018 ~ 2021+, proposed long term program after E1039

FMAG & BEAM QB:S-RBER
DUMP KMAG
: STATION 1 STATION2 STATION S STATION 4
120 GeV :
PROTO :
'+
BEAM | ¢
A’ -
i b -~ it | (-
25 M ——
Add tracking detectors Add EMCal, PID
close to “target” to et~ h+- -
5/13/19 improve mass resolution Ming Liu @QCD Evolution 2019 23




Dark Photon Search at DarkQuest
with all Future Projections

A -t

2- and 3-body decays, m,/fr =3

I? 10_2 E T -
; 1073 |
] :
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€ i
3 107 |
1076 [
10-7 L

N\ BaBar
N ]
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Ming Liu, The 10th Hadron Physics Workshop in China
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Spin physics Program with Polarized Main Injector — E1027

* Access both valence and sea quarks
* Fermilab PAC stage-1 approved
* Complementary to EIC Spin Physics

Recycler Ring (above MI)

Test QCD processes in DY vs DIS
over a broad range of kinematics

Ay = N =N fir () - @)
- NT4+ NV u(xp) - u(xr)

Anselmino et.al

Polarized Source\ 0.05
——2_ _Spin Rotator Pol ¢ Polarimeter RFQ's
olarimeters
ML Sn{«\a " . / \ \JJ 2 ~—— Sources
RR Snake ' { \_Switching

8.9 GeV/c
Booster

Fast Uncalibrated and CNI
Polarimeters with H, Jet Target f

120 GeV/c Main Injector

\Partial Snake

Magnet

400 MeV Linac < 0.00

Pulsed Quads ?

5/13/19

f;( SeaQuest

-0.05 FNAL pol DY
3210 POT
L I 1 L L I L L 1 I L 1 L I 1 L L
Beamline CNI Polarimeter Fast Polarimeter 0.0 0.2 X 0.4 0.6 0.8
f
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L] uest f
2.5

Summary and Outlook

1.5

5

0.
W Run Time Collision Types Physics LI o

E906 2012-2017 p + targets - dbar/ubar asymmetry
(H, D, C, Fe, W) - quark dE/dx

E1039 2018 - 2021+ p + pol. targets Sea-quark Sivers, TMDs
(NH;, ND;)
E1067/Dark 2017 —2021+ p+anytargets dark photon, dark Higgs,
Quest (beam dump) ALP ...
E1027 202x Pol. p-beam + - quark Sivers )

any targets - TMD, spin
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SeaQuest/E1039 Collaboration — need update

A small collaboration, great opportunities for new comers to contribute
and lead major detector and physics efforts

5/13/19 Ming Liu @QCD Evolution 2019
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backup
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TMDs probed via DY at SeaQuest

Boer-Mulders functions:

- Unpolarized Drell-Yan: do,,, oc " cos(2¢) 906, 1039, E1027
Sivers functions:
- Single transverse spin asymmetry in polarized Drell-Y an:
Ay o fir (x,) 7 (x5) E1039
Transversity distributions:
- Double transverse spin asymmetry in polarized Drell-Yan:
Ar o by (x )y () E1027
¢ Drell-Yan and SIDIS involve different combinations of TMDs
e Drell-Yan does not require knowledge of the fragmentation functions
e T-odd TMDs are predicted to change sign from DIS to DY
(Boer-Mulders and Sivers functions)
Remains to be tested experimentally! = COMPASS, RHIC, EIC/SeaQuest for sea quarks
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New Beam Collimator and Target

L 5
Target cross section: 18 x 28 mm E906 beam profile:

SigX =4.0mm
SigY = 3.0mm

Beam cross section:
Need be well contained within

4 sigma, required by dR< 2x10*

sigX=18/2/4=2.2 mm
sigY =28/2/4 =3.5 mm
Beam jitter: dX=dY ~ 1mm

1 sig =0.68269
2 sig =0.95450 L

3 sig = 0.99730
4 sig = 0.99994

Beam collimator

R =T el 1'5"% —F— @vr il
— = — AIRL :
1 254, 0114 B \{ jgﬂ 0
120GeV ﬁ o 3 1 3
beam i
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Target and Beam Dump Event Separation
target at upstream: /Z=-3.5m

Smeared Zvix
—_ Zvtx
T T g Entries 79572
o 'E  Trigger optimization possible! .~ - |Mean 45.47
5 E o ", LRMS 40.68
- 4t +
107 e, - Iy iyt
T R g
R f
102 = i & @ i, WJ[ r
= o i
- +H ﬁ}ﬁ ] } T
S |
o \M j
10'5;— ‘ ‘
: | | | 1 | I}I 1 Hl | | | I}; | | | | 1 I 1 | | | | | | | | | |
-400 -300 -200 -100 0 100 200
\ | Zvix [cm]
Dump

E906 (-130 cm)
E1039 (-350 cm) |

5/13/19 Ming Liu @QCD Evolution 2019



Projected Dark Sector Physics Search
Sensitivity

| Dark Higgs search
‘ [ 7es===—"71
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