
M e as ur e m e nt of J / ψ a n d ψ (2 S ) pr o d u cti o n i n p + p a n d p + d i nt er a cti o ns at 1 2 0 G e V

C. H. L e u n g a, 1 , K. N a g ai b, c, d, 2 , K. N a k a n o b, e,f , D. N a w ar at h n e g , J. D o v ea , S. Pr as a d a, h , N. W u erf el i, C. A. Ai d al a i, d,
J. Arri n gt o n h, 3 , C. A y us oi, C. L. B ar k erj, C. N. Br o w nk , W. C. C h a n g c , A. C h e na, c,i , D. C. C hristi a n k , B. P. D a n n o wit za ,

M. D a u g h erit y j, L. El F assi l, m, D. F. G e es a m a nh , R. Gil m a n m , Y. G ot o e , R. G u on , T. J. H a g u e j, 3, R. J. H olt h, 4 ,
M. F. H oss ai n g , D. Is e n h o w er j, E. Ki n n e y o , A. Kl ei nd , D. W. Kl ei nj a n d , Y. K u d op , P.-J. Li no, c, 5 , K. Li u d , M. X. Li u d ,

W. L or e n z o n i, R. E. M c Cl ell a na, 6 , P. L. M c G a u g h e yd , M. M. M e d eir osh , Y. Mi y a c hi p , S. Mi y as a k a b , D. H. M ort o n i,
K. N a k a h ar a q, 7 , S. N ar ap , S. F. P at e g , J. C. P e n g a , A. P u ng , B. J. R a ms o n i, k, P. E. R ei m er h , J. G. R u bi n i, h, F. S a nftlb ,

S. S a w a d a r, T. S a w a d a i, 8, M. B. C. S c ott i, h, 9, T.- A. S hi b at a b, e, 1 0 , A. S. Ta d e p allim, 1 , M. Te oa , R. S. T o w ell j,
S. U e m ur a d, 1 1 , S. G. Wa n g c, n, 1 2 , A. B. Wi c k esd , J. W uk , Z. H. Ye h, 1 3

a D e p art m e nt of P h ysi cs, U ni v ersit y of Illi n ois at Ur b a n a- C h a m p ai g n, Ur b a n a, Illi n ois 6 1 8 0 1, U S A
b D e p art m e nt of P h ysi cs, T o k y o I nstit ut e of Te c h n ol o g y, M e g ur o- k u, T o k y o 1 5 2- 8 5 5 0, J a p a n

c I nstit ut e of P h ysi cs, A c a d e mi a Si ni c a, T ai p ei 1 1 5 2 9, T ai w a n
d P h ysi cs Di visi o n, L os Al a m os N ati o n al L a b or at or y, L os Al a m os, N e w M e xi c o 8 7 5 4 5, U S A

e RI K E N Nis hi n a C e nt er f or A c c el er at or- B as e d S ci e n c e, W a k o, S ait a m a 3 5 1- 0 1 9 8, J a p a n
fU ni v ersit y of Vir gi ni a, C h arl ott es vill e, Vir gi ni a 2 2 9 0 4, U S A

g D e p art m e nt of P h ysi cs, N e w M e xi c o St at e U ni v ersit y, L as Cr u c es, N e w M e xi c o 8 8 0 0 3, U S A
h P h ysi cs Di visi o n, Ar g o n n e N ati o n al L a b or at or y, L e m o nt, Illi n ois 6 0 4 3 9, U S A

iR a n d all L a b or at or y of P h ysi cs, U ni v ersit y of Mi c hi g a n, A n n Ar b or, Mi c hi g a n 4 8 1 0 9, U S A
jD e p art m e nt of E n gi n e eri n g a n d P h ysi cs, A bil e n e C hristi a n U ni v ersit y, A bil e n e, Te x as 7 9 6 9 9, U S A

k Fer mi N ati o n al A c c el er at or L a b or at or y, B at a vi a, Illi n ois 6 0 5 1 0, U S A
lD e p art m e nt of P h ysi cs a n d Astr o n o m y, Mississi p pi St at e U ni v ersit y, Mississi p pi St at e, Mississi p pi 3 9 7 6 2, U S A

m D e p art m e nt of P h ysi cs a n d Astr o n o m y, R ut g ers, T h e St at e U ni v ersit y of N e w J ers e y, Pis c at a w a y, N e w J ers e y 0 8 8 5 4, U S A
n D e p art m e nt of P h ysi cs, N ati o n al K a o hsi u n g N or m al U ni v ersit y, K a o hsi u n g Cit y 8 0 2 0 1, T ai w a n

o D e p art m e nt of P h ysi cs, U ni v ersit y of C ol or a d o, B o ul d er, C ol or a d o 8 0 3 0 9, U S A
p D e p art m e nt of P h ysi cs, Y a m a g at a U ni v ersit y, Y a m a g at a Cit y, Y a m a g at a 9 9 0- 8 5 6 0, J a p a n

q D e p art m e nt of P h ysi cs, U ni v ersit y of M ar yl a n d, C oll e g e P ar k, M ar yl a n d 2 0 7 4 2, U S A
r I nstit ut e of P arti cl e a n d N u cl e ar St u di es, K E K, Hi g h E n er g y A c c el er at or R es e ar c h Or g a niz ati o n, Ts u k u b a, I b ar a ki 3 0 5- 0 8 0 1, J a p a n

A bst r a ct

We r e p ort t h e p + p a n d p + d di ff er e nti al cr oss s e cti o ns m e as ur e d i n t h e S e a Q u est e x p eri m e nt f or J / ψ a n d ψ (2 S ) pr o d u cti o n
at 1 2 0 G e V b e a m e n er g y c o v eri n g t h e f or w ar d x - F e y n m a n ( x F ) r a n g e of 0.5 < x F < 0 .9. T h e m e as ur e d cr oss s e cti o ns ar e i n
g o o d a gr e e m e nt wit h t h e or eti c al c al c ul ati o ns b as e d o n t h e n o nr el ati visti c Q C D ( N R Q C D) usi n g t h e l o n g- dist a n c e m atri x el e m e nts
d e d u c e d fr o m a r e c e nt gl o b al a n al ysis of pr ot o n- a n d pi o n-i n d u c e d c h ar m o ni u m pr o d u cti o n d at a. T h e σ ψ (2 S )/ σ J / ψ cr oss s e cti o n
r ati os ar e f o u n d t o i n cr e as e as x F i n cr e as es, i n di c ati n g t h at t h e q q̄ a n ni hil ati o n pr o c ess h as l ar g er c o ntri b uti o ns i n t h e ψ (2 S )
pr o d u cti o n t h a n t h e J / ψ pr o d u cti o n. T h e σ p d / 2 σ p p cr oss s e cti o n r ati os ar e o bs er v e d t o b e si g ni fi c a ntl y di ff er e nt f or t h e Dr ell- Ya n
pr o c ess a n d J / ψ pr o d u cti o n, r e fl e cti n g t h eir di ff er e nt pr o d u cti o n m e c h a nis ms. We fi n d t h at t h e σ p d / 2 σ p p r ati os f or J / ψ pr o d u cti o n
at t h e f or w ar d x F r e gi o n ar e s e nsiti v e t o t h e d̄ / ū fl a v or as y m m etr y of t h e pr ot o n s e a, a n al o g o us t o t h e Dr ell- Ya n pr o c ess. T h e
tr a ns v ers e m o m e nt u m (p T ) distri b uti o ns f or J / ψ a n d ψ (2 S ) pr o d u cti o n ar e als o pr es e nt e d a n d c o m p ar e d wit h d at a c oll e ct e d at
hi g h er c e nt er- of- m ass e n er gi es.
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(J / ψ a n d ψ (2 S )) w er e c oll e ct e d si m ult a n e o usl y. R es ults fr o m
S e a Q u est o n t h e σ p d / 2 σ p p Dr ell- Ya n cr oss s e cti o n r ati o, w hi c h
is s e nsiti v e t o t h e d̄ / ū fl a v or as y m m etr y i n t h e pr ot o n, w er e r e-
p ort e d r e c e ntl y [ 3 , 4 ]. I n t his p a p er, w e pr es e nt r es ults fr o m
S e a Q u est o n t h e J / ψ a n d ψ (2 S ) c h ar m o ni u m pr o d u cti o n i n
p + p a n d p + d i nt er a cti o ns.

U nli k e t h e Dr ell- Ya n pr o c ess w hi c h pri m aril y i n v ol v es t h e
q u ar k- a nti q u ar k a n ni hil ati o n t hr o u g h t h e el e ctr o m a g n eti c i nt er-
a cti o n, c h ar m o ni u m pr o d u cti o n pr o c e e ds vi a t h e str o n g i nt er-
a cti o n c o nt ai ni n g b ot h t h e q u ar k- a nti q u ar k a n ni hil ati o n a n d t h e
gl u o n- gl u o n f usi o n pr o c ess es. T h e si m ult a n e o us m e as ur e m e nt
of t h es e t w o v er y di ff er e nt pr o c ess es pr o vi d es c o m pl e m e nt ar y
i nf or m ati o n o n t h e p art o ni c str u ct ur es of t h e n u cl e o n. I n p arti c-
ul ar, t h e σ p d / 2 σ p p r ati o f or c h ar m o ni u m pr o d u cti o n is e x p e ct e d
t o b e s e nsiti v e t o t h e r ati o of t h e gl u o n distri b uti o ns i n t h e pr o-
t o n a n d n e utr o n, as w ell as t h e d̄ / ū r ati o i n t h e pr ot o n [5 ].

If q u ar k- a nti q u ar k a n ni hil ati o n is a n i m p ort a nt s u b pr o c ess
f or c h ar m o ni u m pr o d u cti o n, t h e n t h e σ p d / 2 σ p p r ati o w o ul d
pr o vi d e a n i n d e p e n d e nt m e as ur e m e nt of t h e d̄ / ū fl a v or as y m-
m etr y i n t h e pr ot o n [ 5 ], a n al o g o us t o t h e Dr ell- Ya n pr o c ess. O n
t h e ot h er h a n d, t h e gl u o n- gl u o n f usi o n s u b pr o c ess w o ul d all o w
t h e σ p d / 2 σ p p r ati o t o pr o b e t h e r el ati v e gl u o n c o nt e nt i n t h e
pr ot o n a n d n e utr o n, pr o vi di n g a t est of t h e c h ar g e s y m m etr y
( C S) at t h e p art o ni c l e v el [6 ]. T h e C S o p er ati o n i nt er c h a n g es
t h e u p a n d d o w n q u ar ks, a n d it als o i nt er c h a n g es t h e pr ot o n a n d
t h e n e utr o n. Si n c e t h e gl u o n is a n is o-s c al ar p arti cl e, C S r e-
q uir es t h at t h e gl u o n distri b uti o ns i n t h e pr ot o n a n d n e utr o n ar e
i d e nti c al. Vi ol ati o n of C S is pr e di ct e d at b ot h t h e h a dr o ni c [7 , 8 ]
a n d t h e p art o ni c [ 9 ] l e v els. A m e as ur e m e nt of t h e gl u o n c o n-
t e nts of t h e pr ot o n a n d n e utr o n c o ul d t est C S at t h e p art o ni c
l e v el [6 , 1 0 , 1 1 ]. It is als o i nt er esti n g t o c o m p ar e t h e pr o d u c-
ti o n m e c h a nis ms f or J / ψ v ers us ψ (2 S ).

W hil e pr ot o n-i n d u c e d c h ar m o ni u m pr o d u cti o n is oft e n d o m-
i n at e d b y t h e gl u o n- gl u o n f usi o n pr o c ess [1 2 ], t h e q u ar k-
a nti q u ar k a n ni hil ati o n pr o c ess c o ul d als o c o ntri b ut e si g ni fi-
c a ntl y. T h e r el ati v e i m p ort a n c e of t h es e t w o pr o c ess es d e p e n ds
o n t h e b e a m e n er g y a n d o n t h e x - F e y n m a n ( x F ) (s e e E q. (1 )) of
t h e c h ar m o ni u m [5 ]. T h e N A 5 1 c oll a b or ati o n r e p ort e d a m e a-
s ur e m e nt of t h e p + p a n d p + d cr oss s e cti o ns f or c h ar m o ni u m
pr o d u cti o n at 4 5 0 G e V at a si n gl e v al u e of x F ≈ 0 [ 1 3 ]. T h e
S e a Q u est m e as ur e m e nt c o v ers t h e br o a d er ki n e m ati c r a n g e of
0 .5 < x F < 0 .9 at t h e l o w er b e a m e n er g y of 1 2 0 G e V. T h es e
t w o m e as ur e m e nts c a n pr o vi d e c o m pl e m e nt ar y i nf or m ati o n.

T h e S e a Q u est e x p eri m e nt w as p erf or m e d usi n g t h e 1 2 0 G e V
pr ot o n b e a m fr o m t h e F er mil a b M ai n I nj e ct or. T h e S e a Q u est
di m u o n s p e ctr o m et er w as d esi g n e d f or d et e cti n g hi g h- m ass
di m u o n p airs pr o d u c e d i n t h e i nt er a cti o n of a pr ot o n wit h v ari-
o us t ar g ets. D et ails of t h e S e a Q u est s p e ctr o m et er c a n b e f o u n d
els e w h er e [ 1 , 3 , 4 ]. A pri m ar y pr ot o n b e a m c o nt ai ni n g u p t o
6 × 1 0 1 2 pr ot o ns i n a 4-s e c o n d l o n g b e a m s pill e v er y mi n ut e
w as i n ci d e nt u p o n o n e of t hr e e i d e nti c al 5 0 .8 c m l o n g c yli n-
dri c al st ai nl ess st e el t ar g et fl as ks or s oli d n u cl e ar t ar g ets. T h e
t ar g ets alt er n at e d b et w e e n li q ui d h y dr o g e n, li q ui d d e ut eri u m,
s oli d n u cl e ar t ar g ets, a n d t h e e m pt y fl as k t ar g et. A C h er e n k o v
c o u nt er w as pl a c e d i n t h e b e a m t o r e c or d t h e i nst a nt a n e o us pr o-
t o n i nt e nsit y f or e a c h 1- ns l o n g R F b u c k et at a 5 3 M H z r e p eti-
ti o n r at e.
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Fi g ur e 1: Di m u o n m ass distri b uti o n f or e v e nts c oll e ct e d o n a li q ui d d e ut eri u m
t ar g et f or t h e s e c o n d d at a s et. T h e d at a p oi nts (s oli d s q u ar es) ar e c o m p ar e d
wit h a fit (s oli d bl u e li n e) c o nsisti n g of v ari o us c o m p o n e nts (s e e t e xt).

T h e S e a Q u est s p e ctr o m et er c o nsists of t w o di p ol e m a g n ets
a n d f o ur d et e ct or st ati o ns e q ui p p e d wit h h o d os c o p es a n d tr a c k-
i n g c h a m b ers. A s oli d ir o n m a g n et d o w nstr e a m of t h e t ar g et f o-
c us es t h e di m u o ns a n d als o s er v es as a b e a m- d u m p a n d a h a dr o n
a bs or b er. A n o p e n m a g n et f urt h er d o w nstr e a m m e as ur es t h e
m u o n m o m e nt u m. T h e di m u o n tri g g er r e q uir es a q u a dr u pl e
h o d os c o p e c oi n ci d e n c e wit h a p att er n c o nsist e nt wit h a m u o n
p air ori gi n ati n g fr o m t h e t ar g et. Vari o us di a g n osti c tri g g ers ar e
als o i m pl e m e nt e d. I n p arti c ul ar, t h e “si n gl e- m u o n ” tri g g er is
us e d t o e v al u at e t h e a c ci d e nt al di m u o n b a c k gr o u n d, a n d t h e
“r a n d o m ” tri g g er s a m pl es t h e d et e ct or r es p o ns e t hr o u g h o ut t h e
d at a-t a ki n g p eri o ds.

T h e S e a Q u est d at a ar e s e p ar at e d i nt o t w o s ets, e a c h c o nt ai n-
i n g r o u g hl y h alf of t h e t ot al d at a s a m pl e. T h e first p art i n cl u d es
d at a t a k e n b et w e e n J u n e 2 0 1 4 a n d J ul y 2 0 1 5, a n d t h e s e c o n d
p art c o v ers t h e r e m ai ni n g p eri o d u p t o J ul y 2 0 1 7. R es ults o n
t h e a n al ysis of t h e Dr ell- Ya n e v e nts fr o m t h e first d at a s et h a v e
alr e a d y b e e n r e p ort e d [ 3 , 4 ]. I n t his p a p er, w e h a v e a n al y z e d
t h e f ull S e a Q u est d at a s ets. Si n c e t h e tri g g er c o n diti o ns a n d t h e
d et e ct or c o n fi g ur ati o n f or t h e t w o d at a s ets ar e n ot i d e nti c al, t h e
a n al ysis w as p erf or m e d s e p ar at el y f or e a c h d at a s et. R es ults o b-
t ai n e d fr o m t h e t w o d at a s ets ar e first c o m p ar e d t o v erif y t h eir
c o nsist e n c y, a n d t h e n c o m bi n e d f or t h e fi n al r es ults.

D et ails of t h e d at a a n al ysis pr o c e d ur e c a n b e f o u n d i n
R efs. [ 3 , 4 ]. C a n di d at e m u o n tr a c ks r e c o nstr u ct e d i n t h e drift
c h a m b ers ar e e xtr a p ol at e d t o t h e t ar g et r e gi o n. O nl y di m u o n
e v e nts c o nsist e nt wit h ori gi n ati n g fr o m t h e t ar g et ar e s el e ct e d.
T h e t ar g et p ositi o n is t h e n us e d t o r e fi n e t h e p ar a m et ers of
e a c h m u o n p air. T h e r es ulti n g R M S m ass r es ol uti o n f or J / ψ is
≈ 2 0 0 M e V, d o mi n at e d b y t h e fi nit e t ar g et l e n gt h a n d t h e m ulti-
pl e s c att eri n g of m u o ns i n t h e ir o n m a g n et.

Fi g ur e 1 s h o ws t h e di m u o n m ass s p e ctr u m f or p + d d at a c ol-
l e ct e d i n t h e s e c o n d d at a s et. A c o m p aris o n wit h t h e m ass s p e c-
tr u m o bt ai n e d f or t h e first d at a s et, r e p ort e d i n R ef. [4 ], s h o ws
g o o d a gr e e m e nt wit h s o m e s m all di ff er e n c es attri b ut e d t o t h e
mi n or c h a n g es i n tri g g er c o n diti o ns a n d s p e ctr o m et er s etti n gs.

T o e xtr a ct t h e yi el ds of J / ψ a n d ψ (2 S ), t h e di m u o n m ass
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Figure 2: The differential cross section per nucleon dσ/dxF for J/ψ and
ψ (2S ) production in p + p and p + d interactions at 120 GeV, integrated over
pT . The error bars represent the total uncertainties. The curves correspond to
NRQCD calculation [14] using the LDMEs obtained in [15] and the nucleon
PDFs from CT18 [16] and NNPDF4.0 [17]. The error bands indicate 68%
confidence level from the PDFs.

spectrum is fitted by including several components. First, data
collected with the empty target flask are analyzed to determine
the background originating from sources other than the liquid.
Second, a GEANT4 [18–20] based Monte Carlo (MC) simu-
lation is performed to obtain the expected line shapes of the
J/ψ and ψ (2S ) resonances. The MC dimuon events are then
embedded with additional hits in the detectors using data col-
lected with the “random” trigger, which randomly samples the
spectrometer response to background hits. This procedure ac-
counts for the spectrometer response to background hits. Third,
dimuons from the Drell-Yan process are simulated using a next-
to-leading order calculation [21] with the CT14 parton distri-
bution functions (PDFs) [22], as described in an earlier pub-
lication [4]. The embedding procedure is also applied to the
Drell-Yan MC data. Finally, the accidental dimuon background,
caused by two independent interactions within the same RF
bucket, is simulated by forming a random combination of data
collected with the “single-muon” trigger, as discussed in detail
in Ref. [4], labeled as “mix” in Fig. 1. Other mixing meth-
ods [23] have also been studied and included in the systematic
uncertainties. These embedded MC events are then analyzed by
applying cuts identical to those for the real data.

A fit to the p + d dimuon data, allowing the normaliza-
tions of the various components except the empty flask data
to vary, is shown in Fig. 1. The empty flask data are normal-
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Figure 3: The ratio of σψ(2S )/σJ/ψ in p + p and p + d interactions at 120 GeV.
The inner (outer) error bars represent the statistical (total) uncertainties. The
curves correspond to NRQCD calculation using CT18 and NNPDF4.0. The
error bands indicate 68% confidence level from the PDFs.

ized according to their relative luminosity. The data are well
described as the sum of various components. The adequacy
of this approach is further validated by the excellent agree-
ment between this method [4] and an independent intensity-
extrapolation method [3] for the extracted σpd/2σpp Drell-Yan
cross section ratios.

To obtain the charmonium differential cross sections, the data
were split into bins of xF and pT and the dimuon mass spectrum
for each bin is fitted with the procedure described earlier to ex-
tract the J/ψ and ψ (2S ) yields. We note the following definition
of xF [3]:

xF =
2pL

√
s
(
1 − M2/s

) , (1)

where pL is the longitudinal momentum of the dimuon in the
hadron-hadron center of mass frame. M and

√
s are the dimuon

mass and the hadron-hadron total energy, respectively. The
charmonium production cross section is obtained as

dσ =
dY

B · Acc · Eff · Lum
, (2)

where the yield dY is the number of J/ψ or ψ (2S ) events for
each xF or pT bin, Acc the spectrometer acceptance, Eff the
efficiency for analysis cuts, Lum the effective luminosity in-
cluding the data-acquisition deadtime, and B the branching ra-
tio for decaying into a muon pair. We use B (J/ψ→ µ+µ−) =
(5.961 ± 0.033) % and B (ψ (2S ) → µ+µ−) = (8.0 ± 0.6) ×

10−3 [24].
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Table 1: The differential cross sections per nucleon, dσ/dxF (in nb), for J/ψ and ψ (2S ) production in p + p and p + d collisions at 120 GeV for different xF bins.
The statistical uncertainties followed by systematic uncertainties are also shown.

p + p p + d

⟨xF⟩J/ψ dσ/dxF

∣∣∣
J/ψ ⟨xF⟩ψ(2S ) dσ/dxF

∣∣∣
ψ(2S ) ⟨xF⟩J/ψ dσ/dxF

∣∣∣
J/ψ ⟨xF⟩ψ(2S ) dσ/dxF

∣∣∣
ψ(2S )

0.553 6.411 ± 0.246 ± 1.130 0.550 1.654 ± 0.112+0.451
−0.319 0.553 6.944 ± 0.275 ± 1.224 0.550 1.802 ± 0.112+0.468

−0.315

0.625 3.618 ± 0.145 ± 0.647 0.624 1.134 ± 0.079+0.302
−0.209 0.625 3.758 ± 0.166 ± 0.706 0.624 1.222 ± 0.088+0.329

−0.230

0.672 2.204 ± 0.082 ± 0.383 0.671 0.709 ± 0.055+0.184
−0.124 0.672 2.309 ± 0.087 ± 0.408 0.672 0.846 ± 0.055+0.220

−0.148

0.733 1.149 ± 0.037 ± 0.205 0.734 0.423 ± 0.031+0.113
−0.079 0.733 1.177 ± 0.039 ± 0.217 0.733 0.413 ± 0.032+0.114

−0.082

0.812 0.293 ± 0.011 ± 0.056 0.817 0.109 ± 0.012+0.030
−0.021 0.814 0.305 ± 0.013 ± 0.055 0.817 0.127 ± 0.013+0.034

−0.024

Table 2: The differential cross sections per nucleon, dσ/dp2
T (in nb GeV−2), for charmonium production in p + p and p + d collisions at 120 GeV for different pT

bins. The statistical uncertainties followed by systematic uncertainties are also shown.

p + p p + d

⟨pT ⟩J/ψ dσ/dp2
T

∣∣∣
J/ψ ⟨pT ⟩ψ(2S ) dσ/dp2

T

∣∣∣
ψ(2S ) ⟨pT ⟩J/ψ dσ/dp2

T

∣∣∣
J/ψ ⟨pT ⟩ψ(2S ) dσ/dp2

T

∣∣∣
ψ(2S )

0.195 3.570 ± 0.134 ± 0.605 0.195 0.957 ± 0.059+0.200
−0.160 0.193 3.789 ± 0.137 ± 0.634 0.194 1.017 ± 0.055+0.211

−0.169

0.376 3.045 ± 0.114 ± 0.519 0.376 0.827 ± 0.043+0.181
−0.149 0.376 3.119 ± 0.115 ± 0.558 0.377 0.864 ± 0.046+0.185

−0.150

0.550 2.196 ± 0.070 ± 0.392 0.551 0.669 ± 0.031+0.145
−0.119 0.550 2.251 ± 0.071 ± 0.421 0.553 0.645 ± 0.030+0.137

−0.111

0.761 1.373 ± 0.052 ± 0.261 0.764 0.367 ± 0.023+0.102
−0.091 0.761 1.337 ± 0.056 ± 0.277 0.764 0.355 ± 0.025+0.109

−0.099

1.095 0.473 ± 0.021 ± 0.086 1.106 0.122 ± 0.011+0.035
−0.031 1.098 0.506 ± 0.022 ± 0.096 1.111 0.108 ± 0.012+0.037

−0.035〈
p2

T

〉
= 0.714 ± 0.021 ± 0.040

〈
p2

T

〉
= 0.714 ± 0.036 ± 0.068

〈
p2

T

〉
= 0.717 ± 0.022 ± 0.046

〈
p2

T

〉
= 0.663 ± 0.035 ± 0.067
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Figure 4: The individual contribution from the qq̄ (red dash) and gg (blue
dotted) process to the production of J/ψ (left) and ψ (2S ) (right) calculated in
NRQCD using NNPDF4.0 PDFs.

The xF dependence of the J/ψ and ψ (2S ) production cross
sections in p + p and p + d collisions is shown in Fig. 2 and
listed in Table 1. The dσ/dxF differential cross sections are
obtained with an acceptance calculation using a pT distribution
which best fits the data. The systematic uncertainties include
an overall normalization uncertainty, common to both p + p
and p + d cross sections. Other uncertainties which are largely
independent of data set are the relative normalization of the

flask data, the event mixing procedure (≈ 7.2%), the trigger
efficiency (≈ 11%), reconstruction efficiency (≈ 15%) and the
trigger roadset dependence (≈ 2%). A second set of uncertain-
ties correlated between data sets are the J/ψ and ψ (2S ) polar-
ization (≈ 5.5%) and the uncertainty in the beam normalization
(≈ 10%). More discussion on the systematic uncertainties can
be found in Ref. [29].

The dσ/dxF distributions of charmonium production are
compared with theoretical calculations in Fig. 2. The cal-
culations were performed using the non-relativistic QCD
(NRQCD) [30] approach, which is based on the factorization
of the heavy-quark QQ̄ pair production and its subsequent
hadronization. The QQ̄ production includes the subprocesses
of gluon-gluon fusion, quark-antiquark annihilation, and quark-
gluon interaction. The hadronizations into quarkonium bound
states are described by a set of long-distance matrix elements
(LDMEs), assumed to be universal and fixed by the experimen-
tal data [14]. The LDMEs are taken from a recent global fit
to fixed-target proton and pion induced J/ψ and ψ (2S ) pro-
duction data performed with the SMRS pion and CT14 proton
PDFs at charm mass mc = 1.5 GeV in Ref. [15], which give
the best overall χ2 in their analysis. The estimated J/ψ cross
section also includes the feed-down from hadronic decays of
ψ (2S ) and radiative decays of the three χcJ states as described
in Ref. [15]. Figure 2 shows that the dσ/dxF data for p+ p and
p + d are very well described by the NRQCD calculation [14]
using CT18 [16], including the overall normalization, which is
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Figure 5: The differential cross section per nucleon dσ/dp2
T , integrated over

0.5 < xF < 0.9, for J/ψ and ψ (2S ) production in p + p and p + d interaction at
120 GeV. The error bars represent the total uncertainties. The curves
correspond to fits using the Kaplan form described in the text.

fixed by the LDMEs.
The ratio of σψ(2S )/σJ/ψ as a function of xF is shown in

Fig. 3. The measured ratio is found to increase as xF increases,
suggesting a broader xF distribution for ψ (2S ) production than
for J/ψ production. This behavior is well described by the
NRQCD calculations as shown in Fig. 3. Since the valence
quark in the proton has a much broader x distribution than the
gluon, one expects the qq̄ annihilation process would give a
broader xF distribution than the gluon-gluon fusion process.
Therefore, the broader xF distribution for ψ (2S ) production
is attributed to the increasing importance of the qq̄ annihila-
tion process for ψ (2S ) production. This implies that the ψ (2S )
production is more analogous to the Drell-Yan process, which
is dominated by the qq̄ annihilation process. Figure 4 shows
the individual contribution from the qq̄ annihilation and gluon
fusion processes to the J/ψ and ψ (2S ) production in p + p
collision calculated in NRQCD using NNPDF4.0 PDFs. At
xF ≤ 0.6, the gluon fusion process is more important than qq̄
annihilation for J/ψ production. In contrast, the ψ (2S ) produc-
tion is dominated by the qq̄ annihilation process for the entire
xF range. Similar behavior was also observed for pion-induced
J/ψ and ψ (2S ) production data [31].

The pT dependence of the J/ψ and ψ (2S ) cross sections is
shown in Fig. 5 and listed in Table 2 for p + p and p + d.
The dσ/dp2

T differential cross sections are obtained by using
the xF distribution obtained from NRQCD to evaluate the spec-
trometer acceptance for J/ψ and ψ (2S ). These pT distribu-
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Figure 6: The extracted
〈
p2

T

〉
for p+ p → J/ψ from SeaQuest (solid red circle)

compared to other experiments [25–28] at different
√

s. The
〈
p2

T

〉
increases

logarithmically versus
√

s, as illustrated by the fit (gray line) to the data.

tions are fitted with the Kaplan parameterization dσ/dp2
T =

c
(
1 + p2

T /p2
0

)−6
[32] and the results of the fits are shown in

Fig. 5. The ⟨pT ⟩ and
〈
p2

T

〉
can be expressed as

⟨pT ⟩ =
35πp0

256
,

〈
p2

T

〉
=

p2
0

4
. (3)

And the values of
〈
p2

T

〉
are also listed in Table 2, showing very

similar values for p+ p and p+d, as well as for J/ψ and ψ (2S ).
The extracted

〈
p2

T

〉
for p + p → J/ψ is compared with re-

sults from NA3 [25], NA51 [26], ISR [27] and PHENIX [28]
in Fig. 6. The

〈
p2

T

〉
increases logarithmically as

√
s increases

over a wide range of energies. A linear fit versus the log of the
center-of-mass energy, adapted from Ref. [28],〈

p2
T

〉
= a ln

(√
s/b

)
, (4)

with

a = (1.150 ± 0.043) GeV2, b = (6.98 ± 0.37) GeV, (5)

describes the general trend. Some variation is expected due to
the differing rapidity range of the measurements, as shown in
previous fixed-target J/ψ production measurements [33].

The σpd/2σpp J/ψ cross section ratios versus xF are shown
in Fig. 7. As a result of the identical target geometry of the two
liquid targets and the frequent interchange between the targets,
most of the systematic uncertainties largely cancel in the cross
section ratio. The remaining systematic uncertainties shown in
Fig. 7 have dominant contributions from the uncertainties asso-
ciated with the mass-fitting procedure. Also shown in Fig. 7 is
the J/ψ cross section ratio at xF ≈ 0 measured by the NA51
collaboration [13] with the 450 GeV proton beam. The average
ratio for the J/ψ production across the SeaQuest measured re-
gion is ≈ 1.055 ± 0.033 ± 0.025. Both the SeaQuest and the
NA51 data show that the σpd/2σpp ratios for J/ψ production
are greater than unity with ≈ 2σ significance.
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The σpd/2σpp cross section ratio for J/ψ and ψ (2S ) pro-
duction is also compared with the Drell-Yan process [4] in
Fig. 7. The difference between the Drell-Yan and the charmo-
nium cross section ratios in Fig. 7 clearly reflects the different
underlying mechanisms in these two processes. The Drell-Yan
process, dominated by the qq̄ annihilation subprocess, leads
to the expectation that the cross section ratio is approximately(
1 + d̄(x2)/ū(x2)

)
/2 at forward xF [4], where x2 is the momen-

tum fraction of the parton in the target proton. The measured
range of 0.5 < xF < 0.9 corresponds to 0.048 < x2 < 0.078
for J/ψ production, which covers a region of x2 smaller than
that covered by the Drell-Yan process (0.13 < x2 < 0.45) [3, 4].
For charmonium production, the gluon-gluon fusion subprocess
alone would give a cross section ratio as

(
1 + gn(x2)/gp(x2)

)
/2,

where gp,n refers to the gluon distribution in the proton or neu-
tron. As the gluon is an iso-scalar particle, one expects an
identical charmonium production cross section per nucleon for
p + d and p + p. This prediction clearly would be modified
once the contribution from the qq̄ annihilation subprocess to
the charmonium production is included. It should also be noted
as the strong interaction is insensitive to the electric charge of
the quarks, the relative weighting between uū and dd̄ is differ-
ent between charmonium production and the Drell-Yan process.
As a result, the charmonium production is less sensitive to the
light sea-quark asymmetry than the Drell-Yan process. The red
solid curve in Fig. 7, obtained from the NRQCD calculation us-
ing the NNPDF4.0 proton PDFs, is in good agreement with the
J/ψ cross section ratio data. The clear deviation from unity for

the calculated ratio indicates a sizable contribution from the qq̄
annihilation at the large xF region, even though the gluon-gluon
fusion remains important for J/ψ production at lower xF . For
comparison, the black dot-dashed curve in Fig. 7, correspond-
ing to the NLO calculation for the Drell-Yan cross section ra-
tio, gives significantly larger values for the ratio in qualitative
agreement with the data.

In summary, the SeaQuest experiment has measured the cross
sections for J/ψ and ψ (2S ) in p + p and p + d interactions at
120 GeV. The xF dependence of the J/ψ and ψ (2S ) produc-
tion cross sections is well described by the NRQCD calcula-
tion. The σψ(2S )/σJ/ψ ratio is also shown. The measured ratio
increases as xF increases, indicating the increasing importance
of qq̄ annihilation in ψ (2S ) production. The pT dependence is
also reported. The extracted

〈
p2

T

〉
from this measurement fol-

lows an increasing pattern versus
√

s established by data over a
wide range of energies.

We also present a direct comparison of σpd/2σpp between
J/ψ production and the Drell-Yan process. While the Drell-Yan
process proceeds via qq̄ annihilation, J/ψ production has con-
tributions from both the qq̄ annihilation and the gg fusion pro-
cesses. The measuredσpd/2σpp ratios are greater than unity for
both the Drell-Yan and J/ψ production, showing that both pro-
cesses are sensitive to the d̄, ū flavor asymmetry of the proton
sea. The smaller values of σpd/2σpp for J/ψ production reflect
the dilution due to the additional contribution of gg fusion for
charmonium production. It would be interesting to include the
σpd/2σpp J/ψ data in a future extraction of the d̄/ū asymmetry
of the proton.

Acknowledgments

We thank G. T. Garvey for contributions to the early stages of
this experiment and M. Diefenthaler, L. Guo, B. Kerns, N. Kitts,
N. C. R. Makins, I. Mooney, A. J. Puckett, D. Su, B. G. Tice,
S. Watson, Z. Xi for their contributions to the execution of the
experiment. We also thank the Fermilab Accelerator Division
and Particle Physics Division for their support of this experi-
ment. This work was performed by the SeaQuest Collaboration,
whose work was supported in part by the US Department of En-
ergy under Grant No. DE-AC02-06CH11357, No. DE-FG02-
03ER41243, No. DE-FG02-07ER41528, and No. DE-FG02-
94ER40847; the US National Science Foundation under Grants
No. PHY 2013002, No. PHY 1812340, No. PHY 2110898,
No. PHY 2110229, No. PHY 2111046, No. PHY 2209348,
and No. PHY 2309922; National Science and Technology
Council of Taiwan (R.O.C.); the JSPS (Japan) KAKENHI
through Grants No. 21244028, No. 25247037, No. 25800133,
No. 20K04000 and No. 22H01244. Fermilab is managed by
Fermi Research Alliance, LLC (FRA), acting under Contract
No. DE-AC02-07CH11359.

References

[1] C. A. Aidala, et al., The SeaQuest spectrometer at Fermilab, Nucl. In-
strum. Methods Phys. Res., Sect. A 930 (2019) 49–63. arXiv:1706.

09990, doi:10.1016/j.nima.2019.03.039.

6

https://www.sciencedirect.com/science/article/pii/S016890021930347X
http://arxiv.org/abs/1706.09990
http://arxiv.org/abs/1706.09990
https://doi.org/10.1016/j.nima.2019.03.039


URL https://www.sciencedirect.com/science/article/pii/

S016890021930347X

[2] S. D. Drell, T.-M. Yan, Massive lepton-pair production in hadron-
hadron collisions at high energies, Phys. Rev. Lett. 25 (5)
(1970) 316–320, [Erratum: Phys.Rev.Lett. 25, 902 (1970)].
doi:10.1103/PhysRevLett.25.316.
URL https://link.aps.org/doi/10.1103/PhysRevLett.25.

316

[3] J. Dove, et al., The asymmetry of antimatter in the proton, Nature
590 (7847) (2021) 561–565, [Publisher’s correction: Nature 604, E26
(2022)]. arXiv:2103.04024, doi:10.1038/s41586-021-03282-z.
URL https://www.nature.com/articles/s41586-021-03282-z

[4] J. Dove, et al., Measurement of flavor asymmetry of light-quark sea in the
proton with Drell-Yan dimuon production in p + p and p + d collisions
at 120 GeV, Phys. Rev. C 108 (3) (2023) 035202. arXiv:2212.12160,
doi:10.1103/PhysRevC.108.035202.
URL https://link.aps.org/doi/10.1103/PhysRevC.108.

035202

[5] J. C. Peng, D. M. Jansen, Y. C. Chen, Probing ū/d̄ asymmetry in the
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