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• 核子の構成要素であるクォークが発見されてから数十年が経過


• しかし，内部の粒子が量子力学的な束縛状態である核子のスピンなどの特性を 
どのように形成しているかは実験的/理論的に未解明


• valenceクォーク以外に陽子の内部には短い時間の間，クォーク・反クォーク対が存在する


• 短い間のため観測が難しいが，クォーク・反クォークが対消滅する反応を用いることで測定が可能


• FermilabのSeaQuest実験が陽子内部で反クォークのフレーバー対称性が破れていることを確認


• 陽子ビームを液体水素/液体重水素標的に入射させ，Drell-Yan反応で得られるミューオン対を検出


• 大きいBjorken  領域で反アップクォーク（ ）より反ダウンクォーク（ ）の方が多かったx ū d̄
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• クォーク模型によると，陽子は2つの  と1つの  から構成される（valence quark）


• しかし，陽子の質量（ ）に対して，クォーク単体の質量（Higgs mass）は数 


• さらに，陽子のスピンに対して，valence quarkが寄与する割合はわずか（約 ）


• より小さいスケールでは，クォーク模型では説明しきれない実験事実が存在


• クォーク，反クォーク（まとめて sea quark），グルーオンが存在


• これらをまとめてpartonと呼ぶ


• QCD（強い相互作用の理論）によると結合定数はフレーバー（ 種類）に依存しない 
（フレーバー対称性）


• 厳密には と 質量差の分だけ異なるが， 
質量差（ ）は陽子の質量に対して小さいため 
陽子中のグルーオンから と が対生成する確率はほとんど同じ

u d

938 MeV/c2 MeV/c2
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パートン模型とフレーバー対称性

https://www.titech.ac.jp/news/2021/048489.html

https://teamkmisc.wixsite.com/home/dark-candy-standard-model
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• クォークと反クォークが仮想光子 または を介して 
レプトン・反レプトン対に崩壊する反応 
（ ）


• 他の反応と比べて物質中の反クォークを調べるのに適している


• Drell-Yan反応の断面積は，parton distribution function に依存する


　（ ：ビーム．ターゲット）


• はBjorkenの （パートンが核子の運動量を担う割合）


• ：重心系エネルギー， ：クォークのフレーバー， ：クォーク電荷

γ* Z

p + p → μ+ + μ− + X

q(x)
d2σ

dxb dxt
=

4 π α2

9 s xb xt ∑
q

e2
q[q(xb)q̄(xt) + q̄(xb)q(xt)] b, t

x x
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Drell-Yan反応
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• CERN New Muon Collaboration（NMC）が において，


 を確認


• （SPSから得た二次 ミューオンビームを水素/重水素標的と深部非弾性散乱）


• CERN NA51 DYSSIS実験でDrell-Yan反応を用いて で が より大きいことを確認


• Fermilab E866 NuSea実験では，水素と重水素標的に 陽子ビームを入射 
反応断面積の比から を測定


• DESY HERMES実験でも同様の結果

x ∼ 0.004 - 0.8

∫ dx d̄(x) − ū(x) = 0.147 ± 0.039

90 - 280 GeV

x ∼ 0.18 d̄(x) ū(x)

800 GeV
d̄(x)/ū(x)
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先行実験
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2!pp !
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This equation illustrates the sensitivity of the Drell-Yan cross
section ratio to d̄/ ū for x1!x2.
In Fermilab E866/NuSea %1& the ratio of the Drell-Yan

cross section for proton-deuteron interactions to that for
proton-proton interactions was measured over a wide range
of x and other kinematic variables. This measurement in turn
provided an accurate determination of d̄(x)/ ū(x) and an in-
dependent determination of the integral of % d̄(x)# ū(x)&
over the same x region.
Recently, the HERMES Collaboration %4& has reported a

measurement of d̄# ū over the range 0.02$x$0.30, based
on a measurement of semi-inclusive deep-inelastic scatter-
ing. The HERMES results are in good agreement with the
results from Fermilab E866/NuSea, but have limited preci-
sion.
In Ref. %1&, we presented initial results of the Fermilab

E866/NuSea study of the light antiquark asymmetry in the
nucleon sea, based on an analysis of approximately 40% of
our data. Here we present the final results of the analysis of
the full data set from the experiment.

II. EXPERIMENTAL SETUP

FNAL E866/NuSea used an 800 GeV/c proton beam ex-
tracted from the Fermilab Tevatron accelerator and trans-
ported to the east beamline of the Meson experimental hall.
The beam position and shape were measured using RF cavi-
ties and segmented-wire ionization chambers #SWICs$. The
final SWIC was located 1.7 m upstream of the target. The
beam at this SWIC was typically 6 mm wide and 1 mm
high %full width at half maximum #FWHM$&. The most im-
portant beam intensity measurement was made with a sec-
ondary emission monitor #SEM$ located about 100 m up-
stream of the targets. In addition to the SEM, the beam
intensity was monitored with a quarter-wave RF cavity and
an ionization chamber. The nominal beam intensity ranged
from 5%1011 to 2%1012 protons per 20 second spill, de-
pending on the spectrometer magnet setting.

The proton beam passed through one of three physically
identical, thin, stainless steel target flasks. These flasks were
cylindrical in shape with hemispherical ends and insulated
vacuum jackets. The flasks were 7.62 cm in diameter and
50.8 cm in length. The two end windows on each flask to-
taled 0.10 mm of stainless steel and 0.28 mm of titanium.
One flask was filled with liquid deuterium, another was filled
with liquid hydrogen, and the third was evacuated. The hy-
drogen target was 7% of an interaction length and 6% of a
radiation length, and the deuterium target was 15% of an
interaction length and 7% of a radiation length. The evacu-
ated target was less than 0.2% of an interaction length and
1.4% of a radiation length. Both the temperatures and vapor
pressures of the filled flasks were monitored.
All three flasks were mounted on a movable table so that

the target could be changed during the 40 second gap be-
tween the 20 second beam spills. The normal target cycle
consisted of twelve spills with five spills on the deuterium
target, one spill on the empty flask, five spills on the hydro-
gen target and another spill on the empty flask. This frequent
cycling of the targets minimized many systematic uncertain-
ties.
At 85° to the beam direction there were a pair of four-

element scintillator telescopes. These viewed the target
through a hole in the heavy shielding enclosing the target
area to monitor the luminosity, duty factor, data-acquisition
live time, and to independently verify which target was in the
beam.
The detector apparatus used in this experiment was the

E605 dimuon spectrometer %17&, shown in Fig. 1. While
changes were made to the spectrometer for E866, the basic
design has remained the same since the spectrometer was
first used for E605 in the early 1980s. Three large dipole
magnets provide for the momentum analysis of energetic
muons, while deflecting soft particles out of the acceptance.
The magnetic fields are in the horizontal direction, bending
the tracks in the vertical direction. The polarities and currents
of the first two magnets were adjusted to select particular
ranges of dimuon mass, while minimizing background rates
in the drift chambers. The changes to the spectrometer for
E866 were the installation of six new drift chamber planes at
the first tracking station, a reconfigured absorber wall, two
new hodoscope planes %18&, and a new trigger system %19&.

FIG. 1. The FNAL E866/
NuSea spectrometer.

IMPROVED MEASUREMENT OF THE d̄/ ū ASYMMETRY IN . . . PHYSICAL REVIEW D 64 052002

052002-3

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.

R. S. TOWELL et al. PHYSICAL REVIEW D 64 052002

052002-10

10.1103/PhysRevD.64.052002

https://doi.org/10.1103/PhysRevD.64.052002
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• アメリカ シカゴ近郊にある加速器実験施設


• Tevatronで クォークが発見された


• Muon g-2，Minibooneなどの実験を行っている


• Main Injectorから”遅い取り出し”（4秒間/60秒間隔）


• の陽子ビームを用いる

t

120 GeV/c2

9

Fermilab（FNAL）

https://mu2e.fnal.gov/public/hep/computing_retired/Workshops/2012_August/trainingCenter.shtml

SeaQuest実験

https://www.fnal.gov/pub/science/particle-accelerators/accelerator-complex.html

https://mu2e.fnal.gov/public/hep/computing_retired/Workshops/2012_August/trainingCenter.shtml
https://www.fnal.gov/pub/science/particle-accelerators/accelerator-complex.html
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C.A. Aidala, J.R. Arrington, C. Ayuso et al. Nuclear Inst. and Methods in Physics Research, A 930 (2019) 49–63

Fig. 1. Schematic of the SeaQuest spectrometer. The 120 GeV proton beam enters from the left, and the solid iron magnet also serves as an absorber for the beam that did not
interact in a target. The active elements of the spectrometer are shielded interactions of the primary proton beam by additional concrete and steel enclosing FMag and the target
region that is not shown here.

Table 1
The SeaQuest experiment’s data sets and the dates when they were recorded. Note that the major breaks
generally correlate with the Fermilab accelerator maintenance periods. Live Prot. is the integral number of
protons on target that were not vetoed by the BIM (Section 2.2) and while the DAQ was live. Section 6
explains the drift chamber configuration nomenclature.
Data set Dates Live Prot. ù1017 Drift chamber Config. Comments

1 Mar.–Apr. 2012 DC1.1;DC2;DC3p-m.1 Commissioning

2 Nov. 2013–Sep. 2014 2.0 DC1.1;DC2;DC3p-m.2

New station 3 (lower) drift
chamber
New stations 1 and 2
photomultiplier bases

3 Nov. 2014–Jul. 2015 6.1 DC1.1;DC2;DC3p-m.2

4 Nov. 2015–Feb. 2016 0.8 DC1.2;DC2;DC3p-m.2 New station 1 drift
chamber (DC1.2)

5 Mar. 2016–Jul. 2016 2.5 DC1.1;DC1.2; Both DC1.1 and 1.2 installed
DC2;DC3p-3m.2 in station 1

6 Nov. 2016–Jul. 2017 2.3 DC1.1;DC1.2; DAQ upgrade (See Section 9.1.)DC2;DC3p-3m.2

contain protons during the SeaQuest slow spill cycle. Unfortunately for
SeaQuest, the number of protons in these 492 buckets varies greatly
throughout a slow spill, as is shown in Fig. 2.

The SeaQuest trigger is synchronized with the Main Injector RF and
is able to discriminate between muons from interactions in different RF
buckets. The SeaQuest trigger is designed to accept events containing
a high mass pair of oppositely charged muons. Typically, this implies
muon pairs in which both tracks have high transverse momentum. The
trigger uses hits in one scintillation counter hodoscope located between
FMag and KMag and three hodoscopes located downstream of KMag.
For a detailed description of the hodoscopes and trigger, see Sections 5
and 8, respectively. However, the vast majority of SeaQuest triggers are

the result of hits from a number of unrelated particle tracks that can
mimic a high mass muon pair. The probability that this type of trigger
will occur increases dramatically with proton beam intensity. When this
is combined with the non-uniformity of the slow spill extraction, the
data acquisition system can be saturated with undesired triggers. The
Beam Intensity Monitor was designed to solve this problem.

2.2. Beam intensity monitor

The SeaQuest Beam Intensity Monitor (BIM) senses when the beam
intensity is above a (programmable) threshold and inhibits triggers
for a window around the high-intensity RF bucket. The duration of

51

• E866 NuSea実験の後継実験


• より大きい について を測定するためにスペクトロメーターを大型化


• の陽子ビームを液体水素/液体重水素標的に入射


• 標的， 標的，空容器（BG測定用）を入れ替えながら測定


• 2段の電磁石，ドリフトチェンバー，プラスチックシンチレーターで構成


• 1段目の電磁石で横方向にキックし，低質量事象を排除


• 2段目で曲げることで電荷と運動量を測定


• ドリフトチェンバーで飛跡を測定


• 飛跡を再構成し標的から飛来したかを判別


• station 4にある の鉄absorberを貫通 
したものを として粒子識別

x d̄(x)/ū(x)

120 GeV/c2

H2 D2

t ∼ 1 m
μ

10

E906 SeaQuest実験
C.A. Aidala, J.R. Arrington, C. Ayuso et al. Nuclear Inst. and Methods in Physics Research, A 930 (2019) 49–63

Table 2
Characteristics of the seven SeaQuest target positions. The ‘‘Spills/Cycle’’ should be
regarded as a typical configuration. It can vary in response to sample balancing needs
and running configurations. The non-zero interaction length of the empty flask is due
to the 51 �m-thick stainless steel end-caps of the flask and the 140 �m-thick titanium
windows of the vacuum vessel that contains it.
Position Material Density

(g/cm3)
Thickness
(cm)

Number of
interaction lengths

Spills/Cycle

1 H2 0.071 50.8 0.069 10
2 Empty flask – – 0.0016 2
3 D2 0.163 50.8 0.120 5
4 No target – – 0 2
5 Iron 7.87 1.905 0.114 1
6 Carbon 1.80 3.322 0.209 2
7 Tungsten 19.30 0.953 0.096 1

during trigger dead time, excluding buckets inhibited while the event
is being recorded; (d) a snapshot of beam intensity close in time to the
trigger (ADC measurements for 16 buckets before and after the trigger
and the triggered bucket); and (e) a complete record of the bucket-by-
bucket intensity for the slow spill. The timing of the inhibit signal and
of all of the sums calculated by the BIM interface module are controlled
using programmable registers. The module is normally controlled using
a 100 Mbps Ethernet interface. One third of the complete spill record
is recorded through the same Ethernet interface used to control the
module. Two additional 100 Mbps Ethernet interfaces are used to
record the remainder of the complete spill information. This readout
occurs between spills. The snapshot of beam intensity close in time to
the trigger is also output on a twisted-pair ribbon cable and is recorded
through the SeaQuest event data acquisition system.

The linear range of the phototube and voltage divider was es-
tablished using an LED pulser. The largest (linear) dynamic range
was found with a bias voltage of about *900 V. This agrees with
vendor-provided information on the phototube performance. The neu-
tral density filters used to attenuate the Cerenkov light allow the tube to
be biased at *870 V while providing signals of appropriate amplitude
to match the QIE dynamic range.

The BIM measurement of beam intensity is normalized using a
Secondary Emission Monitor (SEM) located upstream of the Cerenkov
counter. The SEM signal is integrated over each spill. It is calibrated by
measuring the activation of a thin foil placed in the beam. The linear
dynamic range of the BIM measurement was also verified using the
SEM. data set

3. Cryogenic and solid targets

The SeaQuest targets are centered 130 cm upstream of the first
spectrometer magnet. The general design and many parts of the target
are inherited from the E866/NuSea experiment [7,8]. As depicted in
Fig. 4, the target system consists of two liquid targets, three solid
targets, and two positions for measuring background count rates—an
empty flask and an empty solid-target holder. The targets are mounted
on a remotely positionable table which translates in the x-direction over
a range of 91.4 cm.

The details of the target materials in the seven target positions are
summarized in Table 2. The 1

H2 target used commercially available
‘‘Ultra High Purity’’ gas which was 99.999% pure. The deuterium came
from two different sources. The first is a supply of gas at Fermilab
that was previously used in bubble chamber experiments. This gas was
known to have a small hydrogen contamination and was measured
by mass spectroscopy to be 95.8 ± 0.2% 2

H with 1
H as the balance,

primarily in HD molecules. Later, SeaQuest switched to commercially
available 2

H2 that had a purity of 99.90% with N2 as the balance. The
N2 would have condensed in the pre-target cold trap.

Each of the solid targets is divided into three disks of 1/3 the
total thickness listed in Table 2. These are spaced 25.4 cm apart along
the beam axis to approximate the spatial distribution of the liquid

Fig. 4. Top view of schematic layout of movable target table showing the seven target
positions.

targets, thereby minimizing target-dependent variation in spectrometer
acceptance. The one exception to this is that during the data set 2
period the iron disks were more closely spaced (17.1 cm).

3.1. Target control and motion

The control system for the cryogenic targets uses a Siemens APACS+
programmable logic controller (PLC). This system contains several
modules providing a large number of analog and digital input and
output channels. Nearly all of the sensors providing telemetry on table
position and liquid target parameters are processed by this system and
the majority of the signals controlling valves, feedback for heating
systems, and power signals for pumps and refrigerators originate in
this system. The PLC is powered by an uninterruptible power supply
and is capable of regulating the target systems and taking action under
a large number of problem scenarios, even if disconnected from the
target control computer and the rest of the network. The target control
computer communicates with the PLC via an ‘‘M-BUS’’ interface. Pro-
gramming and configuration of the PLC code is performed with Siemens
4-Mation software, and the real-time user interface to the PLC is built
using the GE Fanuc iFix suite of software. The graphical user interface
is built in iFix Workspace. This suite also includes remote historical
data warehousing and plotting through iFix Historian and Proficy Portal
software.

Motion of the target table is accomplished with a stepper motor
driving a lead screw which moves the table on rails. The stepper
motor, motor driver, and motor controller are made by Anaheim Au-
tomation. A single step of the motor translates the target table by
2.54 �m and target positions are confirmed by monitoring magnetic
proximity switches mounted to the translating table and platform base.
The software step position is recalibrated to the edge of the central
proximity sensor each time the table passes. The motor controller is
programmed using Anaheim Automation SMC60WIN software, running
on the target control computer, and connected via USB. In operation,
the target controller requires only control signals sent to its input

53

10.1016/j.nima.2019.03.039

https://doi.org/10.1016/j.nima.2019.03.039
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• 飛跡を再構成した 対の運動量（ ）から，ビームと標的の および不変質量 を決定


， 　（ ）





• 液体水素と液体重水素標的のイベント数


• 低質量領域では が支配的 
（ ）


• 崩壊が続く


•  ( )と 
をよく再現している

μ+-μ− p1, p2 x M

xb =
ptarget ⋅ psum

ptarget ⋅ (pbeam + ptarget)
xt =

pbeam ⋅ psum

pbeam ⋅ (pbeam + ptarget)
psum = p1 + p2

M2 = (E1 + E2)2 − p1 + p2
2

J/ψ → μ+ + μ−

BR ∼ 6 %

ψ ′ → μ+ + μ−

mJ/Ψ = 3.1 GeV/c2 Γ = 0.21 GeV/c2

mΨ′ = 3.7 GeV/c2

12

測定

Article

Extended Data Fig. 3 | Reconstructed invariant mass spectra.  
a, b, Reconstructed muon-pair invariant-mass spectra for the liquid hydrogen 
(a) and liquid deuterium (b) targets. In the lower mass region, the predominant 
signal is produced by J/ψ → µ+µ− decay, followed by µ+µ− decay of ψ′. The 
prominence of the J/ψ peak provides a calibration point for the absolute field of 
the solid iron magnet. At invariant masses above 4.5 GeV/c2, the Drell–Yan 

process becomes the dominant feature. The data are shown as red points. 
Additionally, Monte Carlo (MC) simulated distributions of Drell–Yan, J/ψ and ψ′, 
along with measured random-coincidence and empty-target backgrounds, are 
shown. The sum of these is shown in the blue solid curve labelled ‘MC sum’. The 
normalizations of the Monte Carlo and the random background were from a fit 
to the data.
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along with measured random-coincidence and empty-target backgrounds, are 
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• SeaQuest実験に用いる陽子ビームはMain Injectorとから"遅い取り出し（slow-spill extraction）”


• 陽子ビームの強度が強すぎると，pileupや余計なBGの原因となるため 64000陽子以上のbunchを
Cherenkov検出器でveto（排除）する（赤線より下となる時間領域を使う）


• bunchの中の陽子数によって飛跡再構成率とaccidental coincidences（偶発同時計数）が変化


• バンチ強度に依存する効果を，重水素の収率 と水素の収率 の比を強度 の関数として表し解析





• Fit関数のパラメーター数は赤池情報量規準に基づいて決定

YD YH I
YD(xt, I )

2YH(xt, I )
= Rxt

+ aI + bI2
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ビーム強度による補正
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Fig. 2. The beam intensity measured by the Beam DAQ Cerenkov counter every beam bucket. Each strip shows the number of protons per beam bucket as a function of time for
approximately 33 �s. The upper and lower plots begin 2.0 s and 2.5 s after the beginning of the same spill. The horizontal line in each plot indicates the threshold above which
the trigger is inhibited. In the lower plot, a significant number of the ‘‘RF buckets’’ were above this threshold. During this time and in the surrounding buckets the trigger was
inhibited and no data was recorded.

Fig. 3. The Beam Intensity Monitor (BIM) Cerenkov counter. Dimensions are given in
inches. The box at the bottom of the diagram is a cylinder of black plastic that covers
the access port holding the mount for the black paper baffle.

the inhibit window is programmable, and was typically set to ±9 RF
buckets. The inhibit threshold is generally set between 65,000 and
95,000 protons per RF bucket.10 The beam intensity is measured using
a gas Cerenkov counter operated at atmospheric pressure, as shown
in Fig. 3. The counter and digitization electronics were designed to
have good time resolution, and a linear response over a large dynamic

10 At the proposed beam intensity of 5ù1012 protons/(4 s) spill, the average
number of protons in a full RF bucket is approximately 28,000.

range. A 45˝ aluminized Kapton11 mirror held on an elliptical G10
frame directs light to a single photomultiplier tube (PMT). A baffle of
black construction paper held parallel to the mirror ensures that the
active path length in the radiator12 for protons is independent of beam
position. A two-inch diameter 8-stage photomultiplier tube (Electron
Tubes 9215B) is positioned close to the mirror so that all Cerenkov light
falls directly on the face of the phototube. The phototube and ‘‘fully
transistorized’’ voltage divider13 (also provided by Electron Tubes) were
chosen to maximize dynamic range.

The BIM photomultiplier tube signal is carried on an RG8 cable
(approx. 50 ft. long) to a Fermilab-designed NIM module located out-
side of the high radiation area. The signal is integrated and digitized
using a custom integrated circuit designed at Fermilab for the CMS
experiment at the CERN Large Hadron Collider. This chip is one of the
‘‘QIE’’ (Charge Integrator and Encoder) family of circuits used first by
the KTeV experiment at Fermilab [11]. The chip is clocked with the
Main Injector RF clock and provides an ADC conversion every 18.8 ns
clock cycle. The output is encoded using eight bits and a non-linear
scale that provides approximately constant binning resolution (bin size
divided by bin magnitude) over a dynamic range of 105. The QIE bin
size contributes an RMS uncertainty in the measured beam intensity
of approximately 1%. The light incident on the photomultiplier tube
is attenuated using neutral density filters so that the QIE least count
corresponds to about 30 protons per beam bucket. The QIE full scale
corresponds to more than 3 ù 106 protons per beam bucket.

In addition to inhibiting triggers when the instantaneous intensity is
above threshold, the BIM interface module provides the information re-
quired to count the number of protons incident on the SeaQuest targets
while the experiment is ready and able to trigger. The BIM interface
module provides (a) integrated beam for entire spill; (b) integrated
beam while inhibit is asserted at trigger logic; (c) integrated beam

11 After exposure to approximately 3ù1017 protons, the mirror reflectivity is
significantly reduced in the beam spot and the mirror is replaced. The best
mirror lifetime was found with a relatively thick vapor deposited layer of
aluminum (1 �m).
12 A gas mixture of 80% Argon and 20% CO2 is used as the Cerenkov
radiator. This gas mixture is used in the beam line instrumentation package
located just upstream of the BIM and was chosen for convenience.
13 The voltage divider (Electron Tubes Part Number TB1102C284AFN2) uses
a circuit based on [10] to make the dynode voltages independent of phototube
current.
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active path length in the radiator12 for protons is independent of beam
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Tubes 9215B) is positioned close to the mirror so that all Cerenkov light
falls directly on the face of the phototube. The phototube and ‘‘fully
transistorized’’ voltage divider13 (also provided by Electron Tubes) were
chosen to maximize dynamic range.

The BIM photomultiplier tube signal is carried on an RG8 cable
(approx. 50 ft. long) to a Fermilab-designed NIM module located out-
side of the high radiation area. The signal is integrated and digitized
using a custom integrated circuit designed at Fermilab for the CMS
experiment at the CERN Large Hadron Collider. This chip is one of the
‘‘QIE’’ (Charge Integrator and Encoder) family of circuits used first by
the KTeV experiment at Fermilab [11]. The chip is clocked with the
Main Injector RF clock and provides an ADC conversion every 18.8 ns
clock cycle. The output is encoded using eight bits and a non-linear
scale that provides approximately constant binning resolution (bin size
divided by bin magnitude) over a dynamic range of 105. The QIE bin
size contributes an RMS uncertainty in the measured beam intensity
of approximately 1%. The light incident on the photomultiplier tube
is attenuated using neutral density filters so that the QIE least count
corresponds to about 30 protons per beam bucket. The QIE full scale
corresponds to more than 3 ù 106 protons per beam bucket.

In addition to inhibiting triggers when the instantaneous intensity is
above threshold, the BIM interface module provides the information re-
quired to count the number of protons incident on the SeaQuest targets
while the experiment is ready and able to trigger. The BIM interface
module provides (a) integrated beam for entire spill; (b) integrated
beam while inhibit is asserted at trigger logic; (c) integrated beam

11 After exposure to approximately 3ù1017 protons, the mirror reflectivity is
significantly reduced in the beam spot and the mirror is replaced. The best
mirror lifetime was found with a relatively thick vapor deposited layer of
aluminum (1 �m).
12 A gas mixture of 80% Argon and 20% CO2 is used as the Cerenkov
radiator. This gas mixture is used in the beam line instrumentation package
located just upstream of the BIM and was chosen for convenience.
13 The voltage divider (Electron Tubes Part Number TB1102C284AFN2) uses
a circuit based on [10] to make the dynode voltages independent of phototube
current.

52

1 in = 2.54 cm

10.1016/j.nima.2019.03.039

https://doi.org/10.1016/j.nima.2019.03.039


2021/04/12 Phi Colloquium 
The asymmetry of antimatter in the proton 
Takuro HASEGAWA

• Drell-Yan反応の断面積の最低次の項は，





• Feynman momentum fraction  （前方領域）のとき，右辺第一項だけが生き残る


• 断面積比から直接PDF比を求めることができる





• 実際は，  があまり良く成立しないため精度が悪い


反復解析により を決定する


1. 実験データから反応断面積比 を測定


2. の仮の値を設定（初期値： ）


3. LHCでの測定から求めたPDF”CT18”のNLO計算 
（QCD結合定数 の1次の項まで摂動展開）を行い 
反応断面積比 を 毎に計算


4. と の差に基づいて の値を更新


5. と の差が十分小さくなるまで3.と4.を繰り返す

d2σ
dxb dxt

=
4 π α2

9 s xb xt ∑
q=u, d

e2
q[q(xb)q̄(xt) + q̄(xb)q(xt)]

xF ≡ xb − xt ≫ 0

σD

σH
≈

σp + σn

σp
≈ 1 +

d̄p(xt)
ūp(xt)

xb − xt ≫ 0

→
d̄(x)
ū(x)

Rdata
d̄
ū

d̄
ū

= 1

αs
Rpred (xt, xb)

Rdata Rpred
d̄
ū

Rdata Rpred
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断面積比から比 を導出d̄/ū

Measurement of d̄(x)/ū(x) with Drell-Yan Process
• Drell-Yan process: p + p → γ∗ → µ+ + µ−

◦ Invariant mass: M2 = xbeamxtargets,
Rapidity: expY =

√
xbeam/xtarget

◦ xbeam = M√
s eY , xtarget = M√

s e−Y

◦ Cross section at LO:

d2σ

dxbdxt
=

4πα2

9xbxt

1
s

∑

q=u,d

eq
2 {qb(xb)q̄t(xt) + q̄b(xb)qt(xt)}

◦ Only “qb(xb)q̄t(xt)” survives @ forward rapidity,
i.e. quark in beam & anti-quark in target

• Ratio of cross sections with LH2 & LD2 targets

σD(xt)

2σH(xt)
≈

1
2

(
1 +

d̄(xt)

ū(xt)

)

• SeaQuest measures the x dependence of d̄(x)/ū(x)
particularly at high x (0.15 ! x ! 0.45)

SeaQuest実験によるドレル-ヤン反応を用いた核子内フレーバー非対称度の測定結果 10 / 24
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• 先行実験であるNuSea実験の結果と重ね書き（今回のSeaQuestはより大きい に最適化）


• SeaQuestとNuSeaは小 で一致するが， 近辺のデータは 異なっている


• 赤線と青線は，NuSea実験のデータを含むPDFを用いてSeaQuest kinematicsで計算


• NuSeaとSeaQuest実験の違いはkinematicsの違いだけでは説明できない


• シアンと緑は，陽子内にフレーバー非対称性を生み出すモデルから理論計算


• NuSea実験の を再現するモデルは今のところ存在しない

x

x x = 0.32 3σ

d̄
ū

< 1
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Parton Distribution Function比

Nature | Vol 590 | 25 February 2021 | 563

The Drell–Yan process in hadron–hadron collisions is a reaction in 
which a quark and an antiquark annihilate into a virtual photon, and that 
virtual photon decays into a lepton–antilepton pair10. One can isolate 
the antiquark distributions from the Drell–Yan cross-section by mak-
ing use of this property. At lowest order, the Drell–Yan cross-section 
σ is given by

∑σ
x x

α
s x x

e q x q x q x q x
d

d d
=

4 π
9

[ ( ) ( ) + ( ) ( )], (3)
q

q

2

b t

2

b t

2
b t b t

where xb and xt are the momentum fractions of the beam and target 
partons participating in the reaction, respectively, eq is the electrical 
charge of quark flavour q, q(x) and q x( ) are the probability distributions 
for quarks and antiquarks of flavour q in the proton, α is the 
fine-structure constant, and s is the square of the centre of mass energy 
of the beam and target. In a Drell–Yan measurement at CERN, the NA51 
collaboration confirmed11 that d x( ) is larger than u x( ) at an average x 
value of 0.18.

When a Drell–Yan experiment is performed with a proton beam and 
kinematic acceptance that selects events with xb in the valence-quark- 
dominated region and with Feynman momentum fraction xF = xb − xt ≫ 0, 
the first term in equation (3) dominates. The charge-squared weighting 
and the fact that uv(x) is approximately 2dv(x) for the valence quark 
distributions of the proton beam mean that the measurement is, by a 
factor of approximately eight, more sensitive to u quarks in the target 
than d . The renormalization and factorization scales for the extraction 
of parton distributions are usually chosen as the mass of the virtual 
photon squared times the speed of light squared, M c x x s c P= ( / ) −2 2

b t
2

T
2, 

where PT
2 is the square of the transverse momentum of the virtual  

photon and is usually small compared to M2c2. Using charge symmetry12 
to relate the proton and neutron parton distributions (up(x) = dn(x), 
dp(x) = un(x), u x d x( ) = ( )p n , d x u x( ) = ( )p n ), as is assumed by almost all the 
global parton distribution fits, and assuming that the nuclear correc-
tions in the deuteron are small, as supported by calculations13,14,  
the ratio of the Drell–Yan cross-section on a deuterium target to that 
on a hydrogen target, σ σ σ σ σ d x u x/ ≈ ( + )/ ≈ 1 + [ ( )/ ( )]p n p p pD H t t , almost 
directly measures d x u x( )/ ( )t t .

The Fermilab NuSea/E866 collaboration4 (whose results are displayed 
in Figs. 1, 2) was able to measure the xt dependence of the σD/(2σH) ratio 

with an 800-GeV proton beam in the kinematic range 0.015 < xt < 0.35, 
and by extrapolating the results to xt = 0 and xt = 1 obtained a value of 
∫ x d x u xd [ ( ) − ( )] = 0.118 ± 0.012

0

1
 at an average scale of 54 GeV2/c2). The 

HERMES collaboration also measured part of this integral and obtained 
results15 consistent with those of NMC and NuSea. One feature of the 
NuSea results, with admittedly limited statistics, is the suggestion that 
the ratio of d x u x( )/ ( ) begis to decrease for x > 0.2, reaching a value of 
d x u x( )/ ( ) = 0.35 ± 0.40 at x = 0.31, as seen in Fig. 2.

There are various mechanisms that may account for the antiquark 
flavour asymmetry of the proton; recent reviews include refs. 16,17. Pauli 
blocking18 may lead to a flavour asymmetry as the extra u valence quark 
Pauli blocks some u–u pairs from forming, but the x dependence and 
even the sign of this mechanism are debated in the literature3,19. A 
related approach involves statistical models20,21. Another class that 
includes chiral soliton models22 and meson–baryon models emphasizes 
mesonic degrees of freedom in the proton structure23–25. These latter 
models (statistical, chiral soliton and meson–baryon) attempt to 
describe the entire non-perturbative composition of the proton, and 
a common feature of these models is a rise in the d u/  flavour asym-
metry with x. Although at low x this behaviour reproduces the NuSea 
data, none of these models is able to reproduce the fall-off at higher x 
observed by NuSea. The only ab initio technique with which to calculate 
the parton distributions of the proton is lattice QCD (recently reviewed 
by Lin et al.26). At this time, the lattice results for both quarks and anti-
quarks are still not in quantitative agreement with global fits of parton 
distributions to experimental data, and the systematic errors are still 
being evaluated.

The SeaQuest experiment (E906) at Fermi National Accelerator Labo-
ratory (Fermilab) was designed to investigate the flavour asymmetry at  
higher xt values than NuSea with the newly constructed experimental  
apparatus that is described in detail in ref. 27. With a proton beam at an  
energy of 120 GeV, liquid hydrogen and deuterium targets and a focusing 
magnet of 10 T m after the target region, the experiment was optimized 
for the study of target antiquarks in the intermediate region, with xt 
around 0.3, by detecting muon (µ+µ−) pairs from decays of the virtual pho-
tons produced in the Drell–Yan process. The proton beam was extracted 
from the Fermilab Main Injector using slow-spill extraction for 4 s every 
60 s. The microstructure of the beam consisted of 1-ns-long bunches of 
approximately 0 to 80,000 protons at 53 MHz repetition rate. About 
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Fig. 2 | Ratios ( )/ ( )d− x u− x . Ratios d x u x( )/ ( ) in the proton (red filled circles) with 
their statistical (vertical bars) and systematic (yellow boxes) uncertainties 
extracted from the present data based on NLO calculations of the Drell–Yan 
cross-sections. Also shown are the results obtained by the NuSea experiment 
(open black squares) with statistical and systematic uncertainties added in 
quadrature4. The cyan band shows the predictions of the meson–baryon model 

of Alberg & Miller25 and the green band shows the predictions of the statistical 
parton distributions of Basso et al.21. The red solid (blue dashed) curves show 
the ratios d x u x( )/ ( ) calculated with CT1829 (CTEQ635) parton distributions at 
the scales of the SeaQuest results. The horizontal bars on the data points 
indicate the width of the bins.
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• 核子同士は中間子を介して相互作用している


• 核子が単体で存在している場合でも，中間子の放出・自己吸収が起き得る


• 中間子の発生量に伴って陽子における反クォークの存在量が変わり， が1からずれる


•  @ 


•  @ middle 


•  @  


• スピン偏極（ ）無しを予言





• これはRHICで得られた の非対称度 の結果と	inconsistent

d̄
ū

d̄ /ū → 1.0 x → 0

d̄ /ū > 1.0 x

d̄ /ū < 1.0 x → 1

Δq(x) ≡ q↑ − q↓

Δd̄(x) = Δū(x) = 0

W± AL

18

pion cloud model

Comparison to Theory Calculations
• Pion Cloud Model

◦ |p〉 = (1 − a − b)|p0〉+ a|Nπ〉+ b|∆π〉
◦◦ d̄ in π+ as |nπ+〉 etc.
◦◦ ū in π− as |∆++π−〉 etc.

◦ ūp(x) ∼ ūp0(x) + fπN ⊗ ūπ(x) + fπ∆ ⊗ ūπ(x)
d̄p(x) ∼ · · ·
◦◦ fπN & fπ∆: pion-splitting functions (indendent of SeaQuest nor NuSea data)
◦◦ d̄/ū → 1.0 @ x → 0
◦◦ d̄/ū > 1.0 @ middle x
◦◦ d̄/ū < 1.0 @ x → 1

◦ Predicts no spin polarization (∆d̄ = ∆ū = 0)
◦◦ When only scalar mesons are considered
◦◦ Inconsistent with AL of W± at RHIC??

◦ Predicts non-zero orbital angular
momentum (Lq,q̄)
◦◦ Needs L = 1 of π to make JP = 1/2+ of

proton, as parity of π is JP = 0−

SeaQuest実験によるドレル-ヤン反応を用いた核子内フレーバー非対称度の測定結果 22 / 24
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FIG. 6. d̄ (x) − ū(x). Blue symbols are E866 data [5]. The bands
are computed by using minimum and maximum values of the split-
ting functions shown in Fig. 3. In the top panel, the upper band is
for p → πN , the lower band is for p → π". In the lower panel, the
band represents the sum of the two contributions.

and the symmetric sea of the bare nucleon. For larger values
of x, terms of Fig. 2(b) dominate, with the πN contribution
rising with increasing x until x ≈ 0.4. The ratio then drops
because of the enhancement of ū [Eq. (15)] provided by the
π" contribution, which becomes relatively more important
as x increases.

Excellent agreement with experimental data is obtained for
x < 0.2, but the decrease in the ratio d̄ (x)/ū(x) for higher
values of x is not reproduced. This disagreement might seem
to rule out this model calculation. However, E866 is the only
data set that impacts this quantity, and it is therefore important
to determine if this behavior is correct. The displayed band
predicts the results of the SeaQuest experiment, which will
cover the range 0.1 ! x ! 0.6 and this should definitively
resolve these questions.

A point of interest in previous literature, due to the dra-
matic turn-down of the data (Fig. 7), is the limit as x → 1.
For large values of x the pion valence quark distributions
dominate, although both ū(x) and d̄ (x) become vanishingly
small. The ratio

d̄ (x)
ū(x)

≈
( 5

6 fπN + 1
3 fπ"

)
⊗ qv

π( 1
6 fπN + 2

3 fπ"

)
⊗ qv

π

(17)
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FIG. 7. d̄ (x)/ū(x) Blue symbols are E866 data [5]. In the upper
panel, the domain of the plot includes the range of x covered in
the SeaQuest experiment [6]. The solid band is computed by using
minimum and maximum values of the splitting functions shown in
Fig. 3, using the bare sea of Ref. [47]. The dashed band includes
the effects of varying the bare sea by a factor of 0.75 or 1.25. The
dashed band represents our prediction for the results of the SeaQuest
experiment. In the lower panel, the domain of the plot is extended to
x = 1.

does not vanish, and d̄ (x)/ū(x) approaches 1/2 because of the
explained greater importance of the π" term for x → 1. This
shows one mechanism that allows d̄/ū to drop below unity,
but it is not likely that experiments will ever reach such values
of x.

Some readers may be concerned that this model’s form
factors produce a flavor-singlet sea x(ū + d̄ ) in excess of
what is allowed by empirical parton densities that account
for QCD evolution. That this is not the case is shown in
Fig. 8, which compares x(ū + d̄ ) for the present model to
the NLO CT14 calculation. The resulting distributions are
seen to be well below what is allowed. The contribution of
the bare sea (included in the plot of the total flavor-singlet
sea), determined at Q2 = 4 GeV2, is also much smaller than
the CT14 distribution. The effects of QCD evolution of the
bare sea from Q2 = 4 GeV2 to Q2 = 54 GeV2 are to decrease
the bare sea for x > 0.14 and increase it for x < 0.14 [59].
These changes are smaller than the uncertainty bands that
we used for the bare sea, and much less than the difference
between CT14 (dashed line) and our calculation (solid line).

035205-6

10.1103/PhysRevC.100.035205
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• パートン分布が量子統計に従うというモデル


• 質量0のパートンが一定温度一定体積のなかで， 
クォーク・反クォークはFermi-Dirac統計に，グルーオンはBose-Einstein統計に従う





• 陽子のvalenceクォークは 


• Pauliの排他律によって抑制され， は よりも作られにくい


• 反対方向のスピン偏極を予言





• これはRHICで得られた の非対称度 の結果とcompatible

xqh(x) =
AqXh

0qxbq

exp [(x − Xh
0q)/x̄] + 1

+
Ãqxb̃q

exp(x /x̄) + 1

xq̄h(x) =
Āq (X−

0qh)
−1

xbq̄

exp [(x + X−h
0q )/x̄] + 1

+
Ãqxb̃q

exp(x /x̄) + 1

xG (x, Q2
0) =

AGxbG

exp(x /x̄) − 1

uud

u d

Δd̄(x) − Δū(x) ≈ − d̄(x) − ū(x)

W± AL
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statistical model

76 E. Basso et al. / Nuclear Physics A 948 (2016) 63–77

Fig. 14. Predictions for the Z boson transverse momentum distribution at √s = 13 TeV (left panel) and for the ratio of 
sea quark PDFs d̄/ū as a function of fraction x with scale variations within 1 < Q2 < 100 GeV2 interval (right panel) 
obtained by using PDF models from Refs. [3–5].

A noticeable deviation of the BS15 prediction, which lies below the other PDFs, is seen only at 
low pZ

⊥ < 10 GeV, otherwise differences between the predictions for this and other observables 
such as y and Ml̄l distributions are small. We conclude that the BS15 NLO PDF is a good tool to 
investigate pQCD physics in the second run of LHC measurements.

As is seen in Fig. 7, at low energies the PDF models exhibit more substantial differences in 
shapes of the invariant mass and xF distributions than those at high energies. This fact indicates 
the critical importance of low energy Drell–Yan measurements such as the FNAL E906/SeaQuest 
experiment [27]. In particular, the E906 experiment will determine the ratio d̄/ū at large x (up 
to x ∼ 0.5–0.6). The statistical BS15 model predicts d̄/ū > 1 at large x as illustrated in Fig. 14
(right) together with CT14 and MMHT14 predictions where the filled bands correspond to scale 
variations within 1 < Q2 < 100 GeV2 interval for each PDF model. This characteristic effect 
is based on the Pauli exclusion principle and the fact that in the proton there are two u-quarks 
and one d-quark such that more d̄ compared to ū. A high precision measurement of such a ratio 
would therefore become a crucial test of physics behind the PDF models.
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• SeaQuest実験とNuSea実験の結果は，LHCでのKaluza-Klein粒子探索に影響を及ぼすかもしれない


• Kaluza-Klein粒子 階層性問題を解決する余剰次元モデルに登場する未発見粒子


• KK粒子である や は軽いクォーク・レプトンとの結合が重い粒子に対し抑制されている


• NuSea実験の結果を含むPDF”CTEQ6”を用いて計算すると， 
現在の質量領域上限の少し上の では，


• と からKKボソン が得られる断面積が増加し，


• と から得られる断面積が減少することが予測されている


• 陽子のスピンを構成するのに反クォークのスピンと角運動量がどの程度寄与しているかを調べること 
がNuSea実験とSeaQuest実験の違いを説明する鍵となる


• 現在，いくつかの実験がFermilab，Jefferson Lab，BNL，CERNで計画中

⋯

W′ Z′ 

4 - 5 TeV/c2

uV(x1) d̄(x2) W′ /Z′ 

uv(x1) ū(x2)
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他の実験への影響
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• FermilabのE906 SeaQuest実験はDrell-Yan反応（ 対が仮想光子を介して 対に崩壊する反応）を 
用いて先行実験であるE86 NuSea実験よりも高運動量領域でフレーバー非対称度を測定


• 陽子ビームを液体水素/液体重水素標的に入射させ，Drell-Yan反応で得られるミューオン対を検出


• 大きいBjorken  領域で反アップクォーク（ ）より反ダウンクォーク（ ）の方が多かった


• この結果と先行実験であるNuSea実験の結果は一部食い違う 
（SeaQuestとNuSeaは小 で一致するが， 近辺のデータは 異なっている）


• この違いの原因はまだ明らかになっていない


• 今回のSeaQuest実験の結果は全データの を解析に用いたもの


• 残りの半分を現在解析中

q-q̄ μ-μ̄

x ū d̄

x x = 0.32 3σ

50 %
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まとめ
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断面積比 Article

Extended Data Fig. 1 | Comparison of NuSea and SeaQuest data with NLO 
calculations. a, b, Comparison of the data from the present work and the 
NuSea measurements with NLO calculations made at the integrated kinematics 
of SeaQuest (a) and average kinematics of NuSea (b) based on the CT18 and 
CTEQ6m parton distributions. Events in the SeaQuest data were produced by a 
120-GeV proton beam, whereas in the NuSea data were from an 800-GeV beam. 
In addition, the spectrometers, although similar in concept, had different 
acceptances. As a consequence, the cross-section ratios, which convolve xt 

with xb, are expected to differ because of their distinct distributions in 
accepted xb. These kinematic effects can clearly be seen by the difference 
between the curves. Because an acceptance table analogous to Extended Data 
Table 3 was not available for NuSea, those calculations used "xt#, "xb# and "M# of 
the NuSea data. Both CTEQ6m and CT18 have included the NuSea data in their 
global analysis, so calculations based on those probability distribution 
functions are expected to agree better with the NuSea data. The red (violet) 
curve in a (b) is the same as that in Fig. 1a and is repeated here for comparison.

• NuSeaのSeaQuestは陽子の 
エネルギーやアクセプタンス 
が異なる為，もう一つの 
力学変数である が異なり， 
断面積比が違っている


• CT18NLO，CTEQ6m 
：Parton Distribution Function


• NuSeaのデータを含む為 
よく一致するはず

xb


