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A Laboratory for Studying Sea Quarks 
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  xf	
  (=	
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  xt)	
  à !

Beam	
  an\quark	
  
densi\es	
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•  Sensitive specifically to antiquarks in the target!!
•  Complements DIS results!

3/15	
  



Measuring the Light Sea Asymmetry 
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proton. An extrapolation was made to account for the unmea-
sured region at low x. To extrapolate this integral from the
measured region, which is shown in Fig. 11, to the unmea-
sured region, MRST and CTEQ5M were used to estimate the
contribution for 0!x!0.015 and it was assumed that the
contribution for x"0.35 was negligible. The uncertainty
from this extrapolation was estimated to be 0.0041 which is
half the difference between the contributions as given by
MRST and CTEQ5M.

VII. CHARGE SYMMETRY AND SHADOWING

The analysis presented here assumes that the parton dis-
tributions of the nucleon obey charge symmetry: i.e., up(x)
!dn(x), d̄ p(x)! ūn(x), etc. This is consistent with the treat-
ment in previous experiments #1–4$ and global fits #13–15$.
The possibility that charge symmetry could be significantly

TABLE XI. The cross section ratio, d̄/ ū and d̄" ū values determined from the combination of all data sets for each x2 bin. The first
uncertainty is statistical and the second uncertainty is systematic. The quantities extracted from the cross section ratio are given for Q2

!54 GeV2/c2. The cross section ratio has a systematic uncertainty of less than 1% as shown in Table X. The average values for kinematic
variables are also shown.

x2 range %pT& %M'#'"&
min-max %x2& %xF& (GeV/c) (GeV/c2) (pd/2(pp d̄/ ū d̄" ū

0.015–0.030 0.026 0.534 1.004 4.6 1.038$0.022 1.085$0.050$0.017 0.862$0.489$0.167
0.030–0.045 0.038 0.415 1.045 5.1 1.056$0.011 1.140$0.027$0.018 0.779$0.142$0.096
0.045–0.060 0.052 0.356 1.076 5.6 1.081$0.010 1.215$0.026$0.020 0.711$0.077$0.060
0.060–0.075 0.067 0.326 1.103 6.2 1.086$0.011 1.249$0.028$0.021 0.538$0.055$0.041
0.075–0.090 0.082 0.296 1.122 6.8 1.118$0.013 1.355$0.036$0.023 0.512$0.044$0.028
0.090–0.105 0.097 0.261 1.141 7.2 1.116$0.015 1.385$0.046$0.025 0.400$0.040$0.022
0.105–0.120 0.112 0.227 1.156 7.5 1.115$0.018 1.419$0.060$0.027 0.321$0.038$0.017
0.120–0.135 0.127 0.199 1.168 7.8 1.161$0.023 1.630$0.085$0.031 0.338$0.034$0.013
0.135–0.150 0.142 0.182 1.161 8.2 1.132$0.027 1.625$0.110$0.033 0.259$0.035$0.010
0.150–0.175 0.161 0.164 1.156 8.7 1.124$0.027 1.585$0.111$0.032 0.180$0.027$0.008
0.175–0.200 0.186 0.146 1.146 9.5 1.144$0.038 1.709$0.158$0.036 0.142$0.023$0.005
0.200–0.225 0.211 0.133 1.146 10.3 1.091$0.047 1.560$0.194$0.034 0.081$0.022$0.004
0.225–0.250 0.236 0.120 1.178 11.1 1.039$0.063 1.419$0.264$0.036 0.045$0.023$0.003
0.250–0.300 0.269 0.097 1.177 12.0 0.935$0.067 1.082$0.256$0.032 0.006$0.019$0.002
0.300–0.350 0.315 0.046 1.078 12.9 0.729$0.124 0.346$0.395$0.022 "0.040$0.036$0.002

FIG. 9. d̄(x)/ ū(x) versus x shown with statistical and system-
atic uncertainties. The combined result from all three mass settings
is shown with various parametrizations. The E866 data and the
parametrizations are at Q2!54 GeV2/c2. The NA51 data point is
also shown.

FIG. 10. d̄" ū as a function of x shown with statistical and
systematic uncertainties. The E866 results, scaled to fixed Q2

!54 GeV2/c2, are shown as the circles. Results from HERMES
(%Q2&!2.3 GeV2/c2) are shown as squares. The error bars on the
E866 data points represent the statistical uncertainty. The inner er-
ror bars on the HERMES data points represent the statistical uncer-
tainty while the outer error bars represent the statistical and system-
atic uncertainty added in quadrature.
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R. S. Towell,1,6 P. L. McGaughey,6 T. C. Awes,9 M. E. Beddo,8 M. L. Brooks,6 C. N. Brown,3 J. D. Bush,1 T. A. Carey,6
T. H. Chang,8,* W. E. Cooper,3 C. A. Gagliardi,10 G. T. Garvey,6 D. F. Geesaman,2 E. A. Hawker,10,6 X. C. He,4

L. D. Isenhower,1 D. M. Kaplan,5 S. B. Kaufman,2 P. N. Kirk,7 D. D. Koetke,11 G. Kyle,8 D. M. Lee,6 W. M. Lee,4,†
M. J. Leitch,6 N. Makins,2,* J. M. Moss,6 B. A. Mueller,2 P. M. Nord,11 V. Papavassiliou,8 B. K. Park,6 J. C. Peng,6 G. Petitt,4
P. E. Reimer,6,2 M. E. Sadler,1 W. E. Sondheim,6 P. W. Stankus,9 T. N. Thompson,6 R. E. Tribble,10 M. A. Vasiliev,10,‡

Y. C. Wang,7 Z. F. Wang,7 J. C. Webb,8 J. L. Willis,1 D. K. Wise,1 and G. R. Young9

!FNAL E866/NuSea Collaboration"
1Abilene Christian University, Abilene, Texas 79699

2Argonne National Laboratory, Argonne, Illinois 60439
3Fermi National Accelerator Laboratory, Batavia, Illinois 60510

4Georgia State University, Atlanta, Georgia 30303
5Illinois Institute of Technology, Chicago, Illinois 60616

6Los Alamos National Laboratory, Los Alamos, New Mexico 87545
7Louisiana State University, Baton Rouge, Louisiana 70803

8New Mexico State University, Las Cruces, New Mexico 88003
9Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

10Texas A & M University, College Station, Texas 77843
11Valparaiso University, Valparaiso, Indiana 46383

!Received 14 March 2001; published 10 August 2001"

Measurements of the ratio of Drell-Yan yields from an 800 GeV/c proton beam incident on liquid hydrogen
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determined over a wide range in Bjorken-x . These results confirm previous measurements by E866 and extend
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NA51, NMC and HERMES.
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I. INTRODUCTION

Recent measurements $1–4% have shown a large asymme-
try in the distributions of up and down antiquarks ( ū and d̄)
in the nucleon. While no known symmetry requires ū to
equal d̄ , a large d̄/ ū asymmetry was not anticipated. The
usual assumption was that the sea of quark-antiquark pairs is
produced perturbatively from gluon splitting. Since the mass
difference of the up and down quarks is small, nearly equal
numbers of up and down pairs should result. Thus a large
d̄/ ū asymmetry requires a non-perturbative origin for this
effect.
The data from experiment E866/NuSea $1% at Fermilab

were the first to demonstrate a strong Bjorken-x dependence
of the d̄/ ū ratio. In that earlier work, only data at fairly large
dimuon mass were analyzed. In this paper we report results
based on the entire data set and describe the details of the
experimental apparatus and analysis procedure. These data
cover a larger range of mass and Bjorken-x , and demonstrate

consistency of the results for three different spectrometer set-
tings. They also provide more accurate determinations of
d̄/ ū , d̄! ū and the integral of d̄! ū . The data are compared
with several parton distribution function sets, and the impli-
cations of these results for various models that predict a d̄/ ū
asymmetry are discussed.
There have been four other experimental studies $2–5% of

the d̄/ ū asymmetry in the nucleon. The first measurement
was performed by the New Muon Collaboration !NMC".
NMC measured the cross section ratio for deep inelastic scat-
tering !DIS" of muons from hydrogen and deuterium $2%.
Their extrapolated result for the integral of the difference of
the proton and neutron structure functions is

!
0

1
$F2

p!F2
n%
dx
x $0.235%0.026. !1"

This result can be compared with the Gottfried sum rule
!GSR" $6%. The Gottfried sum, SG , can be expressed in terms
of the parton distribution functions as

SG&!
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• What	
  is	
  the	
  origin	
  of	
  the	
  
quark	
  sea?	
  

• Naïvely	
  expect	
  flavor	
  
symmetry	
  

4/15	
  

• E866	
  measured	
  an	
  
asymmetric	
  light	
  quark	
  sea	
  

• Caused	
  by	
  influence	
  of	
  
valence	
  quarks?	
  	
  Virtual	
  
mesons?	
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Nuclear Dependence of Drell-Yan – Exciting mysteries! 

§  E772	
  produced	
  results	
  on	
  
several	
  nuclear	
  targets	
  

§  No	
  evidence	
  of	
  DIS-­‐like	
  an\-­‐
shadowing	
  for	
  sea-­‐quarks.	
  
Interes'ng...	
  

§  Where	
  are	
  the	
  excess	
  pions	
  
we	
  expect	
  for	
  nuclear	
  
binding?!	
  

§  x-­‐reach	
  limited	
  where	
  many	
  
models	
  predict	
  an\quark	
  
enhancement	
  

DIS	
  for	
  comparison	
  

Alde	
  et	
  al	
  (Fermilab	
  E772)	
  Phys.	
  Rev.	
  Lee.	
  64	
  2479	
  (1990)	
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E906/SeaQuest	
  –	
  D-­‐Y	
  Comparison	
  with	
  E866	
  
120	
  GeV	
  protons	
  from	
  
FNAL	
  main	
  injector	
  (vs.	
  
800GeV	
  @	
  E866)	
  

σDrell-­‐Yan	
  falls	
  off	
  as	
  1/s	
  

J/ψ	
  background	
  
propor\onal	
  to	
  s	
  

  50x	
  rela\ve	
  increase	
  in	
  
precision!	
  

And	
  other	
  PDF	
  related	
  topics…	
  absolute	
  cross	
  
sec8ons,	
  partonic	
  energy	
  loss.	
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Charm at SeaQuest 
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•  J/ψ is	
  the	
  (large!)	
  background	
  for	
  the	
  Drell-­‐Yan	
  analyses	
  

•  D-­‐mesons	
  dominate	
  singles	
  rate	
  at	
  large	
  angles	
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More recent calculations by 
Nason,DawsonandEllis(ll,37)and 

t vcoE 
Beenakker, et al (38) provide a com- 
plete next to leading order calcula- 
tion of &. In this calculation, a great 
many additional diagrams are in- 
cluded. The cross section goes as the 

/ / 

1’ 
K 

square of the sum of the amplitudes / represented by these diagrams and E4-.cix 02’4”: terms proportional to a,” are kept. 
-00, 

I 
The net result of these calculations is 

---OOI (leadIng a&l only) 

I that the total cross sectionincreased 

Lii++hJ by a factor of about 3 relative to the 
400 leading order calculation. Agree- 

Plab IGeVI 

5.1 &CD Perturbative Calculations 

The parton level cross section, 6, is normally calculated in a perturbative series 
in the strong interaction coupling constant “s(p*). The use of Equation 1 for 
calculations ignores all of the possible effects discussed in Section 3. Flavor 
excitation is ignored, as is the role of the spectator (non-interacting) non-charm 
producing par-tons in the incident hadrons. This leading order cross section is 

proportional to a,“, These first order calculations have been done by a number of 
authors (35) and the justification of the factorization represented by Equation 1 
examined on the basis of the lowest order contributions (36). 

ment with the total cross section data 

Figure4. Total charm quark production YS 
is comfortably achieved with charm 

incident proton momentum. The dashed quark masses on the order of 1.5 GeV 
curve represents a calculation to leading or- 
der only with a charm quark mass of 1.3 GeV. as seen in Figure 4 (39). Differential 
The two solid curves represent calculations in 
nexttoleadingordertiththeindicatedcharm cross section shapes do not change 
quark masses. much by the addition of the next to 

Ann.Rev.N
ucl.Part.Sci.	
  42	
  (1992)	
  367-­‐399	
  

11

Constraints on the gluon distributions in 
nuclei from quarkonium A-dependence

p + A or ’ at s1/2 = 38.8 GeV

(xF) is practically 
flat over the region          

-0,1 < xF < 0.3 

The flat nuclear dependence for gluon 
distributions over 0.025 < x < 0.12 can put 

constraints on some parametrizations

Arleo, arXiv:0804.2802

2
1 2 1 2; /Fx x x x x M s

Additional constraints could be provided 
from E906 A-dependence measurement

Phys.Rev.Lee.	
  84	
  (2000)	
  3256-­‐3260	
  

cross	
  sec\on	
  	
  
changes	
  rapidly	
  

nuclear	
  dependence	
  
Effect	
  of	
  nuclear	
  maler?	
  



The SeaQuest Timeline – Some Unexpected Difficulties 
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2010	
   2011	
   2012	
   2013	
  

Schedule:	
  

Actual:	
  

Run	
  I	
   Injector	
  Upgrade	
   Run	
  II	
  

The	
  Fermilab	
  Main	
  Injector	
  is	
  currently	
  shut	
  down	
  to	
  upgrade	
  intensity	
  

Run	
  I	
  became	
  a	
  short	
  
commissioning	
  run	
  

• 	
  Addi8onal	
  radia8on	
  shielding	
  required	
  
• 	
  500	
  tons	
  of	
  concrete	
  and	
  steel	
  
• 	
  14	
  tons	
  of	
  steel	
  on	
  movable	
  cart	
  

•  Beamline	
  loses	
  vacuum	
  
•  Last	
  delivered	
  beam	
  to	
  KTEV	
  
•  760’	
  pipe	
  buried	
  under	
  berm	
  
• Ul'mately	
  leak	
  controlled	
  and	
  
reasonable	
  vacuum	
  was	
  possible	
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Commissioning Run (~two months) 

§  First	
  protons	
  arrived	
  in	
  hall	
  on	
  March	
  8,	
  2012	
  

§  Run	
  ended	
  April	
  30,	
  2012	
  with	
  beginning	
  of	
  shutdown	
  

§  All	
  systems	
  worked!	
  

–  Typical	
  issues	
  with	
  mapping	
  and	
  8ming	
  resolved	
  quickly	
  

–  Some	
  challenges	
  with	
  TDC	
  microcode	
  –	
  modules	
  rolled-­‐back	
  to	
  
a	
  prior	
  somware	
  version,	
  zero-­‐suppression	
  moved	
  to	
  VME	
  CPUs.	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
à	
  	
  rela8vely	
  long	
  dead-­‐8mes	
  (>1ms)	
  

§  Unexpectedly	
  large	
  hit	
  mul8plici8es	
  with	
  dimuon	
  trigger	
  –	
  
termed	
  “splat	
  events”	
  

Joshua	
  G.	
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  Mee8ng	
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“Splat” Events 

Joshua	
  G.	
  Rubin	
  	
  	
  	
  	
  Fermilab	
  Users'	
  Mee8ng	
  	
  	
  	
  	
  June	
  	
  13	
  ,	
  2012	
  

Symptoms	
  and	
  Clues:	
  

•  Very	
  large	
  hit	
  mul8plicity	
  
for	
  dimuon	
  trigger	
  events	
  
for	
  both	
  matrix	
  and	
  simple	
  
NIM	
  triggers	
  

•  All	
  systems:	
  hodoscopes,	
  
chambers,	
  and	
  prop.	
  tubes	
  
swamped	
  

•  Single	
  trigger	
  (1*2*3*4)	
  
provides	
  clean	
  single	
  tracks	
  

•  Average	
  intensity	
  normal,	
  
measured	
  by	
  beamline	
  
instrumenta8on	
  

Sta8ons	
  3+4	
  
(all	
  hits)	
  

full	
  detector	
  (hodoscope	
  hits)	
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“Splat” Events – Understanding the Beam 
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•  Independent	
  10kHz	
  
pulsed	
  DAQ	
  read	
  out	
  
raw	
  hodoscope	
  rates	
  

•  Bins	
  are	
  integrated	
  
counts	
  over	
  100µs	
  
(≈5000	
  RF	
  buckets)	
  

•  Large	
  varia8on	
  in	
  
Instantaneous	
  intensity,	
  
duty	
  factor	
  very	
  low.	
  

•  Periodic	
  structure	
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“Splat” Events – Understanding the Beam – FFT 
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•  Several	
  clear	
  resonances:	
  
60Hz	
  and	
  harmonics,	
  360Hz	
  

•  Fine	
  grained	
  feedback	
  for	
  the	
  
accelerator	
  control	
  room.	
  

•  Injector	
  power	
  supplies?	
  	
  Slow	
  extrac8on	
  procedure?	
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The Splat-Block Card 
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•  A	
  card	
  was	
  developed	
  to	
  keep	
  a	
  running	
  average	
  of	
  the	
  
mul8plicity	
  over	
  a	
  160	
  ns	
  window	
  (8	
  RF	
  buckets).	
  

•  If	
  average	
  mul8plicity	
  above	
  threshold,	
  raises	
  a	
  trigger	
  veto	
  

•  Luminosity	
  greatly	
  reduced,	
  but	
  trigger	
  suppresses	
  windows	
  
of	
  8me	
  with	
  large	
  beam	
  intensi8es.	
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Run I Summary 

§  Short	
  run,	
  problems	
  solved	
  or	
  understood	
  
–  The	
  shutdown	
  gives	
  us	
  the	
  opportunity	
  to	
  address	
  remaining	
  problems	
  properly	
  

–  Full	
  luminosity	
  (≈1019	
  POT)	
  will	
  s\ll	
  be	
  delivered	
  by	
  end	
  of	
  Run	
  II.	
  

§  Approximately	
  two	
  weeks	
  of	
  analyzable	
  produc\on	
  data	
  taken	
  with	
  splat-­‐
block	
  

§  Dimuon	
  pairs	
  observed	
  and	
  reconstructed!	
  

§  Data	
  taken	
  with	
  several	
  target	
  species	
  (H,	
  D,	
  C,	
  Fe,	
  and	
  W)	
  

§  Luminosity	
  too	
  low	
  to	
  make	
  a	
  meaningful	
  Drell-­‐Yan	
  analysis,	
  but	
  J/ψ	
  cross	
  
sec8on	
  much	
  larger	
  

§  We	
  expect	
  to	
  produce	
  at	
  least	
  120GeV	
  rela8ve	
  J/ψ	
  cross	
  sec8ons	
  on	
  
nuclear	
  targets.	
  

§  Offline	
  analysis	
  underway…	
  tracking,	
  alignment,	
  chamber	
  calibra8on,	
  data	
  
quality,	
  etc.	
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Run II Improvements 

§  Upgraded	
  Sta8ons	
  1	
  and	
  3-­‐	
  will	
  expand	
  acceptance	
  to	
  larger	
  xt	
  
§  Transistorized	
  PMT	
  bases	
  to	
  address	
  possible	
  voltage	
  sagging	
  in	
  Sta8on	
  1	
  due	
  to	
  

larger	
  than	
  expected	
  rates	
  
§  Zero	
  suppressed	
  TDCs	
  –	
  improve	
  live	
  8me	
  significantly.	
  
§  Possible	
  beamline	
  Cerenkov	
  to	
  monitor	
  individual	
  bunch	
  intensity	
  

–  Feedback	
  to	
  the	
  accelerator	
  control	
  room	
  
–  Generate	
  DAQ	
  veto	
  
–  Produce	
  accurate	
  luminosity	
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And beyond! 

Special	
  thanks	
  for	
  an	
  extraordinary	
  effort	
  from	
  the	
  Fermilab	
  team!	
  

•  SeaQuest	
  with	
  polarized	
  Main	
  Injector	
  has	
  ben	
  proposed	
  
to	
  study	
  transverse-­‐momentum	
  dependent	
  distribu8ons	
  


