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E906/SeaQuest experiment
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E906/SeaQuest experiment at Fermilab

E605, E772, E906 first

Detector First
E789,E866 proposal assembled proton! ) Main Future upgrades
Run-| L’gzgj; Run-]| Run-1II of polarized

< > <€ > € > program
. and dark photon

New Drift Chamber search

............. ! 4
80's - 90's 1999 201 | 2012 2013 2014 2015 NOW 2016

SeaQuest Integrated Protons
10" 3/31/14 - 7/4/15

Protons seen by G2SEM
Protons not Inhibited - 60%
Protons not Inhibited, not Busy - 47%

X

-
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* Run-l: 2-month commissioning, first
convincing J/y signal

* Run-ll: solved almost all the technical
problems and substantial improvement in
beam quality, first physics results!

* Run-lll:
- high quality beam
- accumulated 30% of the expected statistics

-
»

1.8x10'8 protons
delivered
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-
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0.8 x10'8 protons (~30%
of total proposed
luminosity) recorded

Integrated Protons (S:G2SEM)
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> - new station-l DC to increase the x;
0.4 coverage
0.2 * Polarized target experiment (E1039) will take

| : : | | over in summer 2016
1 U 1 |

f—/ 03/31 06/15 08/31 11/16 01/31 04/18107/04 e Parasitic dark photon/higgs search
» Los Alamos

NATIONAL LABORATORY
£57.1943




E906 kinematic coverage

The Drell-Yan process: 09 F- Log scale in 2
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MRST

Unique sensitivity to sea quarks!

g:(x¢): target sea quark at low/intermediate x
dn(xv): beam valence quark at high x
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Flavor asymmetry in light quark sea

225 - * Assuming charge symmetry, ignoring
7 nuclear effects of deuterium and heavy
- quark contributions:
1.75 = Pt 1 !1+ 6_1(1132)] |
s :_ 20|, 5q, 2 u(x2)
N * Naively we would expect flavor symmetry
195 - between u and d
%’ - « E866/NuSea experiment reveals a striking
[ S SR - asymmetry in the sea distributions at
- moderate X
0.75 8 5?561/1\1 udea e Caused by virtual
- — CTEQSM --- CTEQ4M pions?
05 —--- MRST  —- MRS(12)
C o GRV98 —O— 4 !N (m)
0.25 - Systematic Uncertainty B
ol b b b * Important constraints on light sea polarization
0 005 010150202503 03 No models until 2014 (Peng et al, PLB 736
X 2014,411) could incorporate the behavior
= E906’s x coverage: 0.1 - 0.45 beyond x > 0.25
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Nucleon spin puzzle

1
— = §AZ +AG+Lg+ Ly Latice QCD: K-F. Liu et al arXiv:1203.6388

u+d
| | - La+d
sk 5| PhysRevLew 113012001 (201%) mL
i st | 0L
o - . mJY
[ - AY _
m_ '0’ . . T|u+rl-+-..~
[ Qo =
°f e | ——
;.‘":: "~ Neutron (trom ¥e) 1 sl \* A
o; » “r— R —_—
amf | | Mm* T A e e AT AT AT e A ~ 25%,
o 0 0 e 2 0.1 005 0 00?: 0.1 015 ‘02 025 03 035 2Lq ~ 46%[0%(Lvalence) + 46%(Lsea)]7
0.2 de Ag(x.Q%)
~ : 20, ~ 25%
AZ ~J 0.25 T ... dZUAg(ZU) = 0.2 = 0.00
0.05
Lattice QCD calculations indicate the missing 50% come from sea quark OAM
Could be quantified through the measurement of TMD Sivers function
> Los Alamos 7
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Leading twist TMDs

Parton

Nucleon

Boer-Mulders
hy (x,kq)

® - ®

Unpolarized

U f1(x)

Access through the

angular distribution of
unpolarized DY at E906

Worm-Gear
glL(X) hiLL(X’kT)
OO0 | @& — @
orm-Gear TraLv(ers;ty (5 (5

th X —
gllr(x kr) Prezelosity
é o é hiLT(X,kT) d) o é

* Both TMDs lack experimental measurement in DY
* Compared with SIDIS, DY provides unique probe

Access through L-R

asymmetry in polarized

DY at EI039 to sea quarks
A * Both TMDs are naive T-odd, leading to a sign

> Los Alamos change between DY and SIDIS 8
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Accessing Quark Sivers function

Polarized Semi-Inclusive DIS Polarized Drell-Yan

pT
2,01,q(,) FTR
A0S quqfqu(,.xv,]caDj’(z) e qufl[ff(xl). iLTq(‘Xz)”""z]
ur _
Zq esz(x)‘g’Dcll(Z) ! Zq ei[f‘l’(xl)-f‘f(xz)+l(——>2}

* L-R asymmetry in hadron production * L-R asymmetry in Drell-Yan production
* Quark to hadron fragmentation function * No fragmentation function involved
* Valence-sea quark: mixed * Valence-sea quark: isolated

/)
—)
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E1039 experiment with polarized proton (NH3) target

* 120 GeV proton beam from Main Injector
> Improved focusing
> In development at Fermilab
* Polarized proton (NH3) target
> In development at LANL and UVa
> Modification to target cave by FNAL
* Existing dimuon spectrometer
> Existing E906 spectrometer
Collaboration

e < ¢

Main
Injector
120 GeV

» Los Alamos 10
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Status of polarized target system

Dynamic Nuclear
Polarization (DNP)
Microwave signal

v =140 £ 0.256 GHz

Cryostat
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Microwave

Input

140 GHz ”
[ = 4 | b

To Pumps

Magnet

Target

(inside coil) '
E -

* Full system tested at UVa
* Expect installation at Fermilab in Summar 2016
* Data taking expected to start in Fall 2017
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NMR Polarization

NMR <
Signal Out Measurement
Refrigerator

To Pumps | e Roots pump system to pump

on liquid “He evaporation to
T' reach IK, power15,000 m3/hr

y Superconductor Coils
/ 5T magnetic field
I

Irradiated NH; at|™
NIST (P ~ 92%) [~
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Projected precision with a polarized target at E1039

0.6 u(ws) - fi7" ()

~ Drell-Yan Target Single-Spin Asymmetry A%Y X

pr' =X, 4<M,, <9 GeV U(zb) ~ u(xt)
® 8cm NH; target, P, =08 (updated Dec. 2014)

Existing data do not put enough constraints
on the sea quark Sivers distribution, neither
sign nor value.

If AN # 0, major discovery:

e “Smoking gun” evidence for Lupar # 0

e Determine sign and value for ubar Sivers
distribution

 Confirm Lattice QCD and Meson Cloud

Model expectations

-0.2 -
Eo2 Sun ond Yuan, 2013
= Anselmino et al. 2009 If A = 0
01 015 0z 025 03 035 o4 * Lubar =0,spin puzzle more dramatic ?
Yrarger  Sea flavor asymmetry hard to explain
Statistics shown for one calendar year of running:  In contradiction to Lattice QCD and Meson
L =5.2x10"cm? < POT =9.7x10" Cloud Model expectations

- Los Alamos Data taking expected to start in 2017 fall! 12
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Accessing Boer-Mulders (BM) function in unpolarized DY

do : :
70 o 1 + Acos?8 + w sin26 cose in’6 cos2¢ 3 o Essepramecogevie
| % NA107+Wat194 GeVic ¢ E615 m+W at 252 GeV/c
< 2F I ]
, . F—— g ‘
hadron plane 4 _-,é,i ..... i ... ’—§—‘ %ii\f ............. *
- - ]
Z
AR
) —— 05 -
TR RTRRTINN NS T T ST T T S ST U ST SN (SN T S UN (U W S U S W S U N RN '
RS
/ 0.5 — % }
lepton plane (cm) /" Collins-Soper frame : ¢ & . :
« Lam-Tung violation: 1 — X\ #£ 2v 05 b ;
. 1k :
e V can be decomposed to the convolution of two , [T e
. Lol | | ~
BM functions: v  [hy of q] x |hy of ¢] = .3 R
- - ’_9_$—-£=—< ________ e Pecccccccccnas
* Measurement of BM in proton-induced DY using z ’ E
pPp and pd data: 2F

> identify the source of Lam-Tung violation o o5 1 15 2 25 8 85
T test the flavor dependence prediction

—
Lo amos 3




Expected precision of E906

* Significant improvement in ~ o
precision compared with

POT = 3.4x]0'¢

previous experiments S
0.025— < I
* Very challenging analysis e | e e hessesennen o -
002  d
- O p+d @ 800 GeV (E866)
-0.04— ° p+p @ 800 GeV (E866)
*Both ptp and ptd data | T ——
available I

/)
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Nuclear Dependence of Transverse
Momentum Distribution in DY and
Charmonia Production




Understanding the pr spectrum of DY and charmonia

Accord, PRC 76,034902 (2007)

hard | Origin of pr spectrum
IS parton int. FS partons  FS prehadron hadron intrinsic pr of IS parton
£ - * elastic scattering of IS parton
q.q £2 <O i, * gluon emission of IS parton

. H— %% e can be isolated in DY process
% 8 (5 O C% . Modification to pr spectrum
5 * absorption of FS prehadron

* interaction of FS prehadron with
nuclear medium

Charmonia

. contains both initial Understanding the suppression in
and final state (FS)  normal nuclear matter is critical if they
are used as a probe for hot high density
matter (QGP) in heavy-ion collisions

DY contains
initial state (IS)

A
>
» Los Alamos 16
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PRELIMINARY
0.6 |
. 0.133((A/2)"°=1)
S|
; 0.4 + J/ ¥
— + T(1
/\
W02
Y,
T Drell—Yan
0 " N1/3
0.027((A/2)"°=1)

A combined analysis of pr-broadening

extract the initial-state interaction

Transverse momentum broadening (Cronin effect)

P.L. McGaughey, J. M. Moss and |. C. Peng, Annu. Rev. Nucl.
Part. Sci. 49,217 (1999); J. C. Peng, arXiv:hep-ph/9912371.

10 10°
MASS NUMBER

and xr degradation is needed to

» Los Alamos
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Nuclear effects in charmonia production

800 GeVicp+A —>J¥ or ¥’

E866/NuSea, 6, =6, * A"

il 1.2 i _0.1 < XF < 0.3 Ifq— 0.2 < XF < 0.7 /-
A = + // :
1.1 f = T 1

1 1 [p=======aalEiE=h-====1

UL [N L L | T T 1.0 L | :
I &3 ;| 09 x= &
=3 =
i - -
08 | o
— - a | ?
i ) 0.7 +
® E866/NuSea i
| 0 NA3 (200 GeV) i
OE772 I 0.6
MDY YO JSNNP VST DO VAN SOTYRNY Y N N WUOY YUY VOB [N VO VO VO [N | 05 ...;l—z n ;.;.;.._1
00 02 04 06 08 1.0 10 10
E866/NuSea, o = o, * A”
1.0 p===-= } ------ e R LTS
09 | E . EE B
o : %
1 -
0.8 : - N
® J/ 1
i : II
* D (E789) .
0.7 | . |
E866/NuSea |
800 GeV p + A —> J/y T [
0.6 ......................
0.0 0.2 Q.4 0.6 0.8 1.0
F
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0.8 i oy ! .

1 07 t ———— boeob e } —t
. (x 12 Ir //-

| NA3 (200 GeV/c) -
11 N Z J
©
1.0 === L L _/‘,_4’ ___________
_®

09 ¢ L ® |
0.8 - |
RL 84 (2000) 3256 ;

07 A et o o o & o o o 4 M
0 1 2 3 0 1 2 3 4

P.(GeV/c)

e Nuclear effects scale with xf, but not x71

* ‘Universal’ behavior for &(pr) and X(xF),

e E906 will probe this behavior at much lower energy
- production mechanism changes with /s
- formation time could also change



Preliminary pr measurement at E906

E906 Preview Fpa = Z;‘//g * Only 30% of final data set, and very conservative
14 DY, Fe - DY, W systematic error estimation

120 :

* Both DY and charmonia suppression shows very

; ; similar scale/shape compared to previous
: { J/w EB66 | experiments with 800 GeV beam.
il | wESSE |

 //y and y’ shows very similar pr dependence,

where they both correspond to ccbar traversing
the nucleus.

E906 Preview o = oy A“

.+ DY 5_ JPsi
ok T T
d g + E906
0.8¢ ¢ DYE772
07k b J/V E866
[ [ [ t ' E866 :
O r r 0.6’|....| ........................... | BN A AN [ I Loy s by wa iyl
20 05 1 15 2 25 05 1 15 2 25 0 05 1 1.5 2250 05 1 15 2 250 05 1 15 2 25
ﬁj pr (GeV) Phys. Rev. Lett. 66, 133 (1991) pt (GeV)
» Los Alamos Phys. Rev. D52, 4251 (1995) 19
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Summary

’ Being a fixed target expeljiment, E906/ _ e ~ Drell-Yan Target Single-Spin Asymmetry
SeaQuest and the extension E1039 provide ol WX, <M <0 GeV
very unique access to the sea quark TMDs in @ 8om NH, target, P;r:et:O.S (updated Dec. 2014)
DY: 0.4
> first measurement of sea quark Sivers function in

DY, long missing piece of the nucleon spin
> much more accurate measurement of the Boer-

Mulders function in proton-induced DY 0.2

Z
<

* On pA physics side, E906 is able to extend the
previous DY and charmonia measurement to 0
lower c.m. energy and larger kinematics, to
constrain the extraction of QGP properties in 7
heavy-ion collisions —02 -

- Sun and Yuan, 2013
—1 Anselmino et al. 2009

* Other physics programs at E906 and beyond: i
> light sea quark flavor asymmetry o e 0 e 05 o o4
> search for dark photon/higgs produced in Hiarget
beam dump

> I
e Thanks very much!

» Los Alamos 20
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Backup slides: challenges,
other physics programs



Quark energy loss in DY

Fe/C W/C

1.6
g E906 preliminary ~_
Q i 30% of anticipated data !
& 42l Mass=>4.2GeV .
= - Xy = 0.15 L
L - - =
T b o —e— ________ P [ S—— ...
o e ——— é
< , ' .
a - — S SPaiowing \' <
T o8 [ — f =0016 GeV'¥m '__
<U - e— = 0032 GeV¥m s
0.6/~ Systematic uncertainty: ~ 8% [~
0'4 '-l A i i L l 3 A L 2 l A i 3 L l i L L i l L A 3 A l i A '-l ) A A l A i 3 3 2 3 i
04 0.5 05 0.7 038 0.9 0.4 0.5 05 0.7 038 0.9
X Xp
161 * A clear indication of suppression beyond the shadowing
“:_ E906 Prel,m’nary strﬁnthhlshobierved in 5'+F'e and p+W data, which agrees
o - well with the theory prediction.
o | 30% of anticipated data yP
& 0 * E906’s measurement in return proves the large suppression
° I observed in E866 has a large shadowing contribution
< : : : : :
D s S e are working closely with leading theorists to interpre
= - * W king closely with leading th ts to interpret
E_ c ; our latest results (l. Vitev Z-B Kang and H-X Xing from
T o8| )"(’:asgzjﬁgv LANL, R.Vogt, B-W Zhang et al from outside)
1) - ar
< s Xgeam > 0-6 e With the complete data set, we will be able to clearly
’ - Systematic uncertainty: ~ 8% distinguish between:
T T T T > _dE « A3 « L
T T TR A B 9 - AT or = D)
A > -dE « A?3 (or « L?)
/A This is the first unambiguous sign of quark energy loss in cold nuclear matter!

» Los Alamos
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EMC effect in DY from E906

1.3 C/D Fe/D W/D

oAU b 1+ 4 soous
n(s)” ﬂ& | N * |

::n**ﬁ ---------------------- ,-*TM- ------ ol *'*WH -----------

0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4
LT

* Only consists of 5% of the total expected statistics

* Well consistent with E772 results at low xr

® Pushing into xr range (0.3 - 0.6) where DIS sees clear depletion parton
densities (what will the sea do?)

e Current systematic error mainly comes from LD; impurity and unresolved
rate-dependence.We expect final systematic uncertainty to be ~1%

AN

» Los Alamos 23
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Post-E906: searching for dark photon

Dark Energy

e Dark matter consists of 27% of the universe, yet
only interacts very weakly with SM particles.

* WIMPs are considered to be the prime candidate
of dark matter, the gap of un-excluded parameter
space are quickly closing

* Sub-GeV low mass weakly interacting particles
becomes the next target

107 107
10—4() 10_4
= 1041 g 02 , 5
Standard Model & 10 . 107 2
. 2 et
Hidden Sector 2 104 IS 10 g
2 R o oo 12) s
Quarks leptons Bk 3100 e, 58 20 %eﬂoﬂ\m‘; 107 3
ark matter 2 b udaflos = 201 %
8 W Z Y = 1074 Neutinos "% ) A e LU"‘S?SQQ, g/g\g”\/: ; 107 £
A’ § B Neutrinos .‘-_' SN \\\. E‘??bo E’:‘;!ELQ’_/ 1/‘)6&%‘;}36? " . %
2 10- ‘-~'-fl‘:‘<:;_'\.,—. it et M 0710 3
=] e, R IERARE 2
Known forces T e |
Dark force? E 1074 : reeno ']|'M ‘l‘lmagm ble space for WIMP searchmg e eni . E
Violet oval) Magnetic o=
SUG)e x SUMNw x U] 5 10 Lo | ore rapidy disoppeenttEie 102 %
X X ' VISSM Iurf.' g L-"IU
(3)c x SUR)w > U(l)r u(ly o At R o o
Strong weak EM 1050 3322?}ﬁiIZIEL‘L“;?SZ’SL’.'",‘;I;‘3.‘[3;.'.‘0” - R e
1 10 100 1000 1()!l

WIMP Mass [GeV/c?]
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Modest upgrade with great discovery potential

Top View (Bend Plane)
1 St-4 muon ID
s KMag |st-2tracking  St-3 tracking
i1k St-1 tracking L
L S = Ih
arge . o
eam Targ | .
0 L .. .0
— X
05} S |
NEW forward NEW ba 'k.war -
-1 X(m) da‘;':tz(i{::n dark pl:oton1 [ ] |
| detedr EMCal/HCal § T
-1.5 Phase-I Phase-lI
2F Z (m)
I I I l 1 1 I I l 1 L 1 1 l I 1 1 I
0 5 10 15 20 25
Phase-I:

e Addition of new displaced dimuon trigger to tag long-lived downstream
decayed dark photon/higgs

e Runs parasitically with E1039 (pol. target) and any future upgrades

e Supported by LANL LDRD-ER (joint effort of P and T division, M. Liu and
Z-B Kang as co-Pls)

* The experiment E-1067 was initiated by LANL (M. Liu and P. Reimer as
co-spokespersons) and endorsed by Fermilab PAC

PhaseJI

Dedicated beam time if phase-| is successful, with EMCal/HCal upgrades
for e*- and h*'- capabilities
e Cover full parameter phase space allowed by beam energy and luminosity
* Cesar has submitted his early career proposal for EMCal/HCal detector
/) * An open lab for all possible target physics

» Los Alamos
NATIONAL LABORATORY
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SeaQuest
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" DarkLight
- APEX Full

10 - Belle Il

10 7}

e (GeV) °

1077

“.. e og#nffé?"f'ﬁe exciting oppgﬁénity brought by
P1067 to search directly for a.dark photon and
ark Higgs in high-energy proton-nucleus

Los Alarpos National Laboratgry

collisions usnga,ex:stmg SeaQuest Spectrometer.”

s Adv visory Commitee 1PAL) “The Comanittee o pl ll)
et llvp epared presentations for this meeting.

reanxmpo rtant toj p at the meeting. Excerpts on your LOI from the PAC report are
i lht’ excitin 1g DD i b oughlb y Pl 007 to

usmg(., xisti ng SeaQue_ st Ypeumm eter. " The PAC note \:lth it in the LOI th 11 bo ation requests

“Th'e ‘PA C offers exciting physics proﬁzmyam these modest g P rospp Cts
and ‘recoﬁﬁniﬁ“"” thé-Labératory-to-grant these

A St requUests e

Sincerely,

///;,//

Nigel S. Lockyer
Director of Fermilab

cc: D. Bortoletto S. Geer J. Lykken
G.Bock P. McBride T. Meyer
P. Reimer D. Geesaman A. Stone
J. Shank
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