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E906/SeaQuest experiment
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than its predecessors:

e extend E866’s measurement of d/u;
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e eliminate the shadowing effecter agne
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SeaQuest in a nutshell

* Fixed-target dimuon experiment at Fermilab
> Physics data taking from 2013 to 2017 (1.4E 18 protons collected)
> Preliminary results released based on FY14 and FY|5 (0.6E 18 POT)
e Understanding sea quark structure of proton:
> sea quark flavor asymmetry, (eventually) absolute magnitude
* Nuclear effects:

> partonic energy loss, EMC in sea quarks, |/w (v’) nuclear dependence
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e 3 successor/parasitic experiments will follow:
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> polarizing the target (E1039) - commissioning starts this fall (Xuan Li’s talk tomorrow afternoon)

> polarizing the beam (E1027) - hopefully after polarized target run

> search for dark photon/higgs (E1067) - parasitic running with all future upgrades, with the

potential for dedicated beam time
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E906 kinematic coverage

The Drell-Yan process: 09 F- Log scale in 2
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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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Looking into the light quark sea

* Proton as a sum of quarks: P =gq. 4+ ¢ + ¢q> Z Qtealbeq

Valence

* Separate the sea from valence:
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Flavor asymmetry in light quark sea

2.25
- * Assuming charge symmetry, ignoring
7 nuclear effects of deuterium and heavy
- quark contributions:
1.75 = Pt 1 [14— c_i(:zrg)] |
s :_ 20|, 5q, 2 u(x2)
T E * Naively we would expect flavor symmetry
125 between u and d
g - * E866/NuSea experiment reveals a striking
| e  LLLLE TS S - asymmetry in the sea distributions at
- moderate x
- O
075 = O 5?561/1\1 udea * Caused by virtual
- — CTEQ5M --- CTEQ4M pions!?
05 —--- MRST  —- MRS(12)
mERREEEE GRV98 O— <' !N [m
0.25 - Systematic Uncertainty B
0 =RREE N N T S * Important constraints on light sea polarization
0 005 01 015 02 025 03 035
X
[ E906’s x coverage: 0.1 - 0.45
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Preliminary results

3.0 ' ! !
o o o ~40% of total statistics
2 5[l MMHT2014 NLO | ... i ... .. .. USSR W SO SORURPOPPPRRE1
o Eoee Lo ® Major systematic uncertainties:
C_Z 2 0| /@ SeaQuestLO S
() ! g > H contamination in LD?2
u(x) Sl s > Background
o Hig:'“* > Beam intensity induced
; - — ] reconstruction inefficiencies
05| _E8665ys. S -
' é z . i i é > Uncertainty from CT 10 PDF
;SeaQuest SYS. 1 ; 5 5
0.0 | | ; ; | |
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X
* Potential disagreement between E906 and E866 For final results, we could expect:
> Very different Q2,54 GeV?2 for E866 and ~29 > 2 .5x more statistics
GeV? for E906

> Nuclear effects in deuterium

A,
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> Better constraint on the systematic
uncertainness
> NLO extraction
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0w (820 Brief history of EMC effect in DIS
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* First discovered by European Muon Collaboration in DIS process
* One natural explanation involves pion excess in the nuclear medium

= results in sizable enhancement in the sea quark distribution

= results in larger effect in DY process
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The EMC effect in DY

D.Alde, et al., Phys. Rev. Lett. 64, 2479 (1990)
t " — 125 —

M E772 Drell-Yan - - = Coester

. ® E906 Drell-Yan Jung and Miller

Brown et al.

Dieperink and
Korpa (range)

* E772 data found no anti-quark
enhancement compared to the L2

free nucleon i

* Large theoretical discrepancy at 1.0
high x. E906 will be able to

0.9

provide enough sensitivity to  — — - Pion Excess
differentiate between these g L - Quark Cluster
models | —— Rescaling 1 085
0.7 " - L { P 0.8 i RN NENANNENAN m
' 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5
0.0 0.1 0.2 "
EPERSPECTIVES “ .
. Made a rather persuasive case that
Where Are the Nuclear Pions? virtual pions with momenta created
George F. Bertsch, Leonid Frankfurt, than about 400 MeV/c are not very
Mark Strikman important in a nucleus”
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Preliminary results

. C Fe W
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From Bryan Dannowitz (UIUC) dissertation
® |ncludes ~40% of data

o ~3% of the systematic uncertainty not shown
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= Partonic Ener gy Loss in Cold
Nuclear Medium




Understanding Jet Quenching at RHIC/LHC

Energy loss of partons from hard scattering T B
through re-scattering in the hot and dense A
medium (Quark Gluon Plasma) P S 4 N I R
e nuclear modification factor Raa << | at high pr """ jlerv [0 | | .
i Medium
_ YieldAA/<NbinaJy>AA ~1—f ®d_E
AA Yield | P » Access medium properties through
. statistical analysis:
Sngle Hadron Tomography jet * example: transport coefficient

* model dependent

0.6

CPHENIX =’ (Au+Au 0-5% Central)
- Global Systematic Uncertainty=12%

“A. Adare e.t-_-_’gl_lj{;ﬁ]'.'fl-?;e-'ﬁ_fzg@) 064907

<
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o 0.5

one of the key questions 0.4
in heavy ion today

0.3

o

e e —

Recent JET collaboration progress (PRC 90, 014909 0-2
(2014)) for 10 GeV quark: 0.1

Illlllllllllllllllll
1

POM
* qhat = 1.2 £ 0.3 GeV%/fm for RHIC (b‘ : é : ‘i : é : 81 ' 1'0 ' 1'2 ' 1'4 ' 116 ' 1118' “50
e ghat = 1.9 £ 0.7 GeV2/fm for LHC o P, (GeVic)
A

) Measurement of Cold Nuclear Medium will help pin down the model uncertainty
> Los Alamos 14
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Theoretical expectations of the scale

Think of the parton (quark) energy 1 | Vitev PRC 75, 064506 (2007)

E_T_I'I"I'l"l'n'l T lllnll'l T lnlnll T lIl"ﬂI T Innltl T rrrrm
loss in the nuclear rest frame E Bertsch-Gunion E-loss
i —e o o—o p 4
+Q_ 0 — a——0G-—-8—— 48— —0——
+\ Ol.—' /B’ = Y= =Y == — P
B h-G a = 7/ ,.»__.-
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| deal QGP @ T s - musossoen
/
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Initial-State : InITIal State E-|OSS QU ark jeTS

Q. =m, =094 GeV
Drell-Yan: p+A o o
0.1k
Q =
<]
. R 0.01
DIS:et+A E
Final state E-loss 0—o Mq =0 GeV
+Q- 0]. — [ Mq=1.3GeV
- (c g - -—" o—0 Mq =45 GeV
o o . + /7
* Initial-state E-loss is large and much larger than g 7 l RHIC
final-state energy loss for cold nuclei
* |[n Drell-Yan we don’t have final-state interactions 001
1w’ 1t 10t 100 10t 100 10
+
N p/2~ Ejet [GeV]
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Initial-state energy loss and Drell-Yan in p+A

c lot
e >
"~ AF
X
[ Xp
TR dwmere
£140 1-1:Eumn - .
sows  10f : * Interaction would degrade the
EB7 8= u . . .
s i AN Y longitudinal momentum of the dimuons
— EMC Cu ’ ’ = . .
£ T * do/dxr would shift to more negative xr
~ The "EMC Effect"” d .
e 7 for Drell-Yan on nuclei
= XL T ol —
Fliag] | % 1 *RpA=0pa/0p0 would drop below 7 as
I ~ * '
i - 1‘ xr approaches 1
FIRTRT
0.4 08 0.8 1.0
X Large xr corresponds to small xa

| = shadowing effect need to be considered
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Early data from E866 @ Fermilab

* Energy loss vs. shadowing

- Correction must be made for

shadowing effects
* Garvey & Peng PRL 90 (2003)

- NO partonic energy loss if all

effects from shadowing
* Vasiliev et al.,, PRL 83 (1999)

- Significant parton energy loss,
~1.2 GeV/fm if all from energy
loss
* Johnson et al, PRC 65 025203

(2002)

Both yield 20~30% effects in Rpa
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|.Vitev et dl, Ph[ys. Lett. B 704 I(20'I I)I

EKS shadowing parameternzation
—— Intial-state energy loss cailculation
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EGeV<Q<7GeV
| N |

® E772/E866 Drel-Yan data

~ 5-old uncertainty in
the IS E-loss magnituce
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N pp = Tas work, EFSIOLO e
- . == EKS9
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e
arXiv: 0802.0139
Figure 11: Co;nparison of the average valence and sea quark, and gluon modifications at
Q? = 1.69GeV* for Pb nucleus from LO global DGLAP snalyses EKSO8 |1, 2|, EKPS [3),
nDS 6], HKNO7 (5], and this work EPSOSLO.



Quark energy loss at SeaQuest

|.Vitev et al, Phys. Lett. B 704 (201 I)

* Parton initial energy: 30 - 120 GeV L l ' l 1 r
d _ _ [~ == = EKS shadowing parameterization |
(relevant tO RHIC and LHC Parton a B A=C Q =4.5GeV B Initial-state energy loss calculations
energy) < ! === 5
¢ Direct test on various models: % 08 — Xy~ 160h ~
= Gavin and Milana: Azy = —K121 43 @ oc i i‘”ig :: T
K 1 O — - —1
- Brodsky and Hoyer: Az: = —ng ! R
- Baier et al: Ax, = _@A% 12— o Anticipated E906 statistcal acuracy !
° = 12
* Sea quark x = 0.1 ~0.3 < e 1
e e . o : e
* Minimal shadowing = o6 B 038
. : <C
o dE/dx effect enhanced with lower T . 1 si’
beam energy (800 GeV to 120 GeV) |
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Preliminary results

Fe/C

1.4

1.2

0.8

Ac olp+A) /A o(p+C)
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E906 preliminary

40% of anticipated data

Mass > 4.2 GeV

Xtarget > 0-15

- EKS Shadowing
= q,=0.016 GeV?/im
—— g, = 0.032 GeV?/im

0.6 — Systematic uncertainty: ~ 8%
1 1 L L l L 1 L L l L L 1 L l 1 L L 1 l 1 1 L 1 l L 1
0464 0.5 0.6 0.7 0.8 0.9
X Beam
1.6
e E906 preliminary

|

1.2

Ac o(p+A) /AA o(p+C)

40% of anticipated data

Mass > 5 GeV
Xrarget > 0-15

xBeam >0.6
Systematic uncertainty: ~ 8%

L l 1 1 1 l 1 1 L l 1 1 1 1 l L | 1 1 I 1 1 L i J 1 1 L 1 l ] 1 1 I

/

l 2.5 3 3.5
A1/3
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W/C
—1 L L 1 1 l 1 L 1 L l 1 1 L 1 l L 1 L L l L 1 1 L l L
0.4 0.5 0.6 0.7 0.8 0.9
X Beam

e A clear indication of suppression beyond the
shadowing strength is observed in p+Fe and p+W
data

e E906’s measurement in return proves the large
suppression observed in E866 has a large
shadowing contribution

* With the complete data set, we will be able to
clearly distinguish between:

> _dE « A3 (or « L)
> _dE « A23 (or « L2)



Summary

Exciting results: 40% of total statistics:

e confirmed the large light sea quark asymmetry d(z) 20/
at x2 ~ 0.15, while the region beyond x, > 0.3

still needs to be understood

e observed consistent negative slope beyond the

extent of shadowing

Ongoing analysis: 2.5x of statistics and

better constrained systematics

Many other ongoing physics analysis:

e EMC effect in Drell-Yan

* Transverse momentum broadening in both DY

and charmonia production
e |/ and P’ suppression in pA
* Search for double J/\p production
* Search for dark photons
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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 : 0 & . :
« 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
N = test the flavor dependence prediction

—
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Expected precision of E906

|

* Significant improvement in ~ o
precision compared with

-
o)
|
|
w
»
X
Q
®

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

2,
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Understanding the pr spectrum of DY and charmonia

Accord, PRC 76,034902 (2007)

hard | Origin of pr spectrum
IS parton ihnt., F'S partons F'S prehadron hht'L.(ll'liZ}H: * intrinsic pr of IS parton
K S * elastic scattering of IS parton
q.q ;%' ‘-' i, * gluon emission of IS parton
S q— S * can be isolated in DY process

%; 8 d) %% C% 5 Modification to pr spectrum

* 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)

2
- Los Alamos 24
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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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Drell-Yan Ratio
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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 o) - |
1 0.7 t ———— boeob e . —t
. (x 12 Ir //-
_ NA3 (200 GeV/c) v
11 F - prs !
@
1.0 f-=mmmmmmmmc e L o -/',-K ___________
_»
09 LS 3
0.8 (et I |
- E866, M. Leitch et al.{ PRL 84 (2000) 3256
07 bt ) PR TP PGP S
0 1 2 3 0 1 2 3 4
P.(GeV/c)

* Nuclear effects scale with xf, but not xr
* ‘Universal’ behavior for &(pr) and &(xF),
e E906 will probe this behavior at much lower energy

- production mechanism changes with /s
- formation time could also change

26



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 |

 J/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 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 152250 05 1 152250 05 1 15 2 25
ﬁj pr (GeV) Phys. Rev. Lett. 66, 133 (1991) pr (GeV)
» Los Alamos Phys. Rev. D52, 4251 (1995) 27
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