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後藤さんからの依頼

RHICf-Iでの p+p-->pi0+X asymmetryがまずお願いしたいこ
とですが、加えてRHICf-IIでは新たに、p+A-->pi0+Xと、
K0S、Lambdaの cross section およびasymmetry測定が目的
としてあります。 
そちらについても議論したいので、準備できるものがあ
ればお願いします。

2 三塚 岳　RHICf-II研究計画ミーティング (7 July 2021)



Fx
0.5− 0 0.5

NA

0.05−

0

0.05

0.1

0.15

0.2

0.25
 = 510 GeVs+X at 0π →+p ↑p

η6 < 
 < 0.07 GeV/c

T
0.00 < p

 < 0.19 GeV/c
T

0.07 < p
 < 0.30 GeV/c

T
0.19 < p

 < 0.50 GeV/c
T

0.30 < p
 < 0.69 GeV/c

T
0.50 < p

 < 1.00 GeV/c
T

0.69 < p

 (GeV/c)
T

p
0 0.2 0.4 0.6 0.8

NA

0.05−

0

0.05

0.1

0.15

0.2

0.25

 < 0.34F0.25 < x
 < 0.44F0.34 < x
 < 0.58F0.44 < x
 < 1.00F0.58 < x

 = 510 GeVs+X at 0π →+p ↑p
η6 < 

(b) 

(a) 

RHICfでのp↑p→π0X測定: AN(xF, pT)
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RHICf at √s = 510 GeV

•前方中性子ANとは符号が逆。 

• |AN|/pTは前方中性子の約半分。
• √sに依らず大体同じAN/xF 

(pT ~ 1 GeV/cでsoft/hardが
分かれるので偶然か？)
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E704でのp↑p→π+/-X測定: AN(xF)

4

E704 at √s = 19.4 GeV

• Charged πの情報は有益。 
Triple-reggeモデルに基づけば、 

- π+, π0 → N交換 and Δ交換 

- π- → Δ交換 

• Charged πのANを説明できればπ0も説明で
きるはず。 

• π+/-とπ0のpT領域は同じ？

π+

π0

π-
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ISR at √s = 45 GeV

E350 at √s = 13 GeV

•断面積も重要(の割に太古の測定しかない)。 

- Inclusive測定のANは様々なチャンネルの
個々のANに断面積比を掛けたもの。 
前方中性子は例外的にπ-exc dominant。 
 
 

- ANと断面積を両方再現して初めて計算の
正しさを保証。

ISRおよびE350でのpp→πX測定: Ed3σ/dp3

π0

π+
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前方粒子を生成するdiagramはいわゆるTriple-regge diagram

交換できるtrajectory

を足し上げる

p↑p→πX計算: Triple-regge diagram
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• g13: p→π0のvertex (coupling) 

• g2X: p+i(j)→Xの断面積、つまり全断面積 

• η: 交換するtrajectoryの位相 

• α(t): trajectory~tの関数 

• M2/s ~ 1 - xF

[Barone and Predazzi]

R R

P
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p↑p→πX計算: Regge trajectories
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[Storrow, Phys. Rep. 103, 317]
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Fig. 34. (a) Fits to the missing mass squared distributions in pp—~(if~, ir, K~)Xat s = 20230eV2 and u = —0.55 (0eV/c)2. The solid lines are the
fits described in the text (eq. (4.37)). (b) Effective trajectories obtained from fits to the inclusivemeson production data in pp—~(it, ir. K~)Xat ISR
energies. Both from ref. [307].

Thus the anomalously low effective trajectories found at PS energies seem to indicate that in these
reactions triple Regge behaviour does not set in until very high energies. It has been suggested by Chan
Hong-Mo [297,310, 311] that this is a general feature of cases where a heavy particle fragments into a
light one. The argument is essentially kinematic and depends on the fact that in these cases the edge of
the physical region Umax {= (ma — md)2} has a significant positive value [=0.6 (0eV/c)2 for p—s. ur] and for
moderate energies different multiperipheral mechanisms could be important [297]. There is some
support for this in that in two similar non-exotic cases, ‘yp—s. urX at PL = 9.3 GeV/c [312] and
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古い論文だが大してアップデートはないと思われる。



p↑p→πX計算: 吸収効果 (ISI/FSI)
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•生成粒子が有限の左右非対称を持つために
は位相干渉(Im[ηi(t)ηj(t)*] ≠ 0)が必要; 

- 異なる交換粒子同士の位相干渉 

- 始状態・終状態での散乱 (吸収効果) 
のいずれかが必要。 

• 例) 前方中性子(Kopeliovich, PRD 84)の場合: 

- π-a1交換間の位相干渉 → 寄与大 

- 吸収効果 → 寄与小 

•一旦運動量空間の散乱振幅をフーリエ変換
して実空間上へ変換したあと、吸収係数
S(b)を掛けて再度運動量空間に戻す。

[Kopeliovich, Phys. Rev. D 78, 014031]

compared to the pion [1], they become equally important
and start taking over at z * 0:9.

Another important correction, which is the main focus of
this paper, is the effect of absorption, or initial/final state
interactions. The active projectile partons participating in
the reaction, as well as the spectator ones, can interact with
the proton target or with the recoil neutron, and initiate
particle production, which usually leads to a substantial
reduction of the neutron momentum. The probability that
this does not happen, called sometimes survival probability
of a large rapidity gap, leads to a suppression of leading
neutrons produced at large z. There are controversies re-
garding the magnitude of this suppression. Some calcula-
tions predict quite a mild effect, of about 10% [2– 5], while
others [6– 8] expect a strong reduction by about a factor of
2. See [8] for a discussion of the current controversies in
data and theory, for leading neutron production.

Usually absorptive corrections are calculated in a proba-
bilistic way, convolving the gap survival probability with
the cross section. We found, however, that the spin ampli-
tudes of neutron production acquire quite different sup-
pression factors, and one should work with amplitudes,
rather than with probabilities.

In Sec. II we introduce the spin amplitudes for inclusive
production of neutrons and calculate the cross section in
Born approximation of single pion exchange. Contrary to
the usual case in binary reactions, the spin nonflip term is
large and rises towards small z. Comparison with ISR
measurements [9] shows that the calculation overshoots
somewhat the data, albeit only by about 10%. Calculations
also result in a substantial rise of the cross section with
energy.

In Sec. III the absorptive corrections are introduced.
Assuming that the corrections factorize in impact parame-
ter space, the spin amplitudes are transformed to this
representation, and the general expression for the gap
survival amplitude is derived. We found that the main
Fock component of the incoming proton, which is respon-
sible for the absorptive corrections, is a 5-quark color
octet-octet state. Therefore it is not a surprise that the
resulting neutron damping at which we arrive is quite
strong. In order to figure out what was missed in previous
calculations which led to a weak absorption damping, in
Sec. III C we reformulated the current mechanism in terms
of Reggeon calculus.

We calculate the gap survival amplitude within two quite
different models. In Sec. IV we employ the well developed
phenomenology of light-cone color dipoles fitted to photo-
production and deep-inelastic scattering (DIS) data. We
use the saturated model for the dipole cross section, gen-
eralized recently to a partial dipole-proton amplitude.

Another model for the survival amplitude is presented in
Sec. V. Expanding the 5-quark Fock state over the full set
of hadronic states, we assumed that the !p pair containing
the 5 valence quark is the dominant term. The gap survival

amplitudes of pion and proton was extracted in a model-
independent way directly from data for elastic !p and pp
scattering. We found that the results of the two models,
based on dipole and hadronic representations, resulted in
rather similar gap survival amplitudes.
In Sec. VI we calculate the spin nonflip and flip contri-

butions to the cross section, and found that the inclusive
cross section of neutron production is about twice as small
as the original result of the Born approximation. We also
conclude that absorptive corrections practically terminate
the strong energy dependence that results from the Born
approximation. The ISR data support this observation.
Although the calculated shape of z-distribution is im-

proved by absorption and corresponds to the shape of the
ISR data at qT ¼ 0, the overall normalization is quite lower
than in the data. In Sec. VII B we compare the ISR data
with other measurements, in particular, with the recent
results of the ZEUS collaboration for inclusive neutron
production in the photo-absorption reaction "p ! Xn.
The two sets of data turn out to be not really consistent,
what makes questionable the normalization of the ISR
data.
We summarize the main results and observations in

Sec. VIII.

II. PION POLE

The Born approximation pion exchange contribution to
the amplitude of neutron production pp ! nX, depicted in
Fig. 2(a), in the leading order in small parameter mN=

ffiffiffi
s

p
has the form

AB
p!nð ~q; zÞ ¼

1ffiffiffi
z

p !#n½$3~qL þ ~$&~qT'#p%
BðqT; zÞ; (2)

where ~$ are Pauli matrices; #p;n are the proton or neutron
spinors; ~qT is the transverse component of the momentum
transfer;

~q L ¼ ð1( zÞmN: (3)

In the region of small 1( z ) 1 the pseudoscalar am-
plitude %BðqT; zÞ has the triple-Regge form

FIG. 2. (a) Born graph with single pion exchange;
(b) illustration of absorptive corrections.
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B!p
el ðsÞ, as is listed at the end of Sec. IVA (except ~B!p

el ðM2
XÞ

which should be kept as is).
The last variable to be specified is ", which is related to

z ¼ 1$M2
X=s via the relation for the invariant massMX of

the 5q system,

M2
X ¼

m2
3q þ k2T
1$ "

þm2
!qq þ k2T
"

; (30)

where kT is the relative transverse momentum of ð !qqÞ8 and
ð3qÞ8. For the large values of M2

X & m2
p that we are

interested in,

" ¼ m2
T

M2
X

¼ m2
T

sð1$ zÞ ; (31)

where we fix m2
T ¼ hm2

!qq þ k2Ti¼ 1 GeV2, assuming that

hm2
!qqi'hk2Ti'm2

#.

The results for the 5q dipole survival probability
Eq. (16) calculated at

ffiffiffi
s

p ¼ 44:7 GeV and z ¼ 0:8, are
shown in Figs. 9 and 10.

V. SURVIVAL AMPLITUDE IN HADRONIC
REPRESENTATION

A. Expansion over multihadronic states

One can expand the 5-quark Fock state over the hadronic
basis,

jf3qg8f!qqg8i¼ d0jpiþ d1jN!iþ d2jN2!iþ . . . : (32)

These components are associated with different suppres-
sion factors, which can be calculated via known hadron-
proton elastic amplitudes. Correspondingly, the absorption
corrected partial amplitude gets the form

fp!nðb; zÞ ¼ fBp!nðb; zÞSðhadrÞðbÞ; (33)

where SðhadrÞðbÞ is the survival amplitude averaged over
different hadronic components in (32).
Since the admixture of sea quarks in the proton is small,

the projection of the 5-quark state to the proton, the am-
plitude d0, must be small. The states that contribute consist
mainly of a nucleon accompanied by one or more pions
and other mesons, and therefore here we make the natural
assumption that the amplitude d1 is the dominant one,
since both states jf3qg8f!qqg8iand jN!ihave the same
valence quark content. Then the survival amplitude of a
large rapidity gap mediated by pion exchange is related to
the amplitude of no-interaction of a p$ ! pair propagat-
ing through the target proton. Neglecting the difference in
impact parameters of the pion and proton, we get

SðhadrÞðbÞ ¼ S!pðbÞSppðbÞ
¼ ½1$ Im"ppðbÞ)½1$ Im"!pðbÞ): (34)

Here we expressed the hadron-nucleon survival amplitude
via the elastic partial amplitude "ðbÞ,

ShNðbÞ ¼ 1$ Im"hNðbÞ: (35)

An implicit energy dependence is assumed in here and
further on, unless specified.
Nevertheless, the calculation of the partial amplitudes

"hNðbÞ is still a challenge, and different models and ap-
proximations are known. For instance, if the total cross
section $hN

tot and the elastic slope BhN
el are known, and one

assumes a Gaussian shape for the differential hadron-
proton cross section, one gets

Im "hN
ðGaussÞðbÞ ¼

$hN
tot

4!BhN
el

exp
"
$ b2

2BhN
el

#
: (36)

At high energies, however, this is a poor approximation,
since the unitarity bound stops the rise of the partial
amplitude at small b, and the periphery becomes the
main source of the observed rise of the total cross sections
[22,23]. As a result, the shape of the b-dependence changes
with energy and cannot be Gaussian.
One has to incorporate unitarity corrections, and a popu-

lar way to do it is the eikonal approximation [24],

FIG. 10. Partial survival amplitude Sðb; zÞ at ffiffiffi
s

p ¼ 60 GeV
and z ¼ 0:8. The survival amplitude evaluated in hadronic
representation. Dot-dashed, dashed, and solid curves show the
pion and proton survival amplitudes and their product, respec-
tively.
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p↑p→π+/-X計算: Ed3σ/dp3
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Paper in preparation
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•そこそこ合っている？ 

• |t|が大きくなってもスペク
トラム全体が下がらないの
はFFに要因か？

E350 at √s = 13 GeV



p↑p→π0X計算: AN

•昨夜遅くIm部の扱いにバグを見つけました。
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その他の前方メソン: η? K0s?

12

p

p

η or K

Coupling + FF

Trajectories

• Triple-regge diagramで記述されるsoft部は 

- Coupling 
- Form factor 
- Trajectories 

を生成メソン3に応じて変更すれば良い。 

• Hardな成分はpQCD MCで見積もる。

三塚 岳　RHICf-II研究計画ミーティング (7 July 2021)



その他の前方バリオン: 中性子? Λ?
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[PHENIX, Phys. Rev. D 103, 032007]

Λの計算は難しそう。

三塚 岳　RHICf-II研究計画ミーティング (7 July 2021)



p↑A→π0X: 断面積
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Fig. 2 Simulated pT and z spectra for π0s and neutrons in p+Pb colli-
sions at the LHC. The solid curves and dashed curves indicate the UPC
simulation events generated by using starlight + sophia + dpmjet

and starlight + sophia + pythia, respectively. The dotted curves
indicate the simulated p+ Pb inelastic events with dpmjet
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Fig. 3 Simulated pT and z spectra for π0s and neutrons in p+Au col-
lisions at RHIC. The solid curves and dashed curves indicate the UPC
simulation events generated by using starlight + sophia + dpmjet

and starlight + sophia + pythia, respectively. The dotted curves
indicate the simulated p+ Au inelastic events with dpmjet

actions, with a photon energy ranging from Emin
γ to 0.5 GeV,

have a center-of-mass energy of 1.1 < Wγ+p < 1.3 GeV and
thus occur in the baryon resonance region, which has a larger
cross section compared to other energy regions. Conversely,

the γ + pinteractions with higher photon energies are sup-
pressed due to a decrease in the photon flux with increasing
photon energy. Therefore the π0s and neutrons emitted by
the decay of the baryon resonances due to low-energy γ + p
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actions, with a photon energy ranging from Emin
γ to 0.5 GeV,

have a center-of-mass energy of 1.1 < Wγ+p < 1.3 GeV and
thus occur in the baryon resonance region, which has a larger
cross section compared to other energy regions. Conversely,

the γ + pinteractions with higher photon energies are sup-
pressed due to a decrease in the photon flux with increasing
photon energy. Therefore the π0s and neutrons emitted by
the decay of the baryon resonances due to low-energy γ + p
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capable of investigating nuclear effects using hadronic inter-
action events in the very forward region. For the case at RHIC,
we consider the π0 and neutron measurements in p + Au
collisions at

√
sNN = 200 GeV in the year 2015. The STAR

and PHENIX experiments propose a study on partonic pro-
cesses in nuclei using forward prompt photons, where decay
photons from π0s (from both the hadronic interaction and
UPCs) would be the dominant background events [7,8]. Fur-
thermore, measurements of the hadronic-interaction-induced
prompt photons and π0s in transversely polarized p+Au col-
lisions may provide key information on the yet unestablished
contributions of Sivers and Collins effects to the single spin
asymmetry [7,8].

Our quantitative discussions on forward hadron produc-
tion are based on Monte Carlo (MC) simulations. The MC
simulation for UPCs consists of two steps; the virtual photon
flux is simulated by the starlight event generator [9,10]
and then the subsequent particle production in γ + p interac-
tions is simulated by the sophia [11,12],dpmjet [13,14], and
pythia [15,16] event generators. starlight in this study has
been partially customized in order to transfer the information
on the simulated virtual photon to sophia. The MC simula-
tion for hadronic interactions is performed by the dpmjet
alone.

The paper is organized as follows. First, in Sect. 2, the
methodology of the MC simulations is explained. Next, in
Sect. 3, we discuss the simulation results in terms of the
rapidity and momentum distributions, where the hadron pro-
duction in UPCs is compared to that in hadronic interac-
tions. Additionally, we attempt a reduction in UPC events by
requiring associated particles. Conclusions are drawn in the
last section. In this paper natural units h̄ = c = 1 are used
throughout.

2 Monte Carlo simulations methodology

As stated above, the MC simulation for UPCs in this study
consists of two steps. First, we simulate the virtual photon
flux as a function of the photon energy and impact parameter
by using starlight [9]. Next, the simulation of the γ + p
interaction is performed by using sophia [11] at low energy
and either dpmjet [13] or pythia [15] at high energy. The
methodology of the MC simulation for UPCs is explained in
the following subsections from 2.1 to 2.3. In these subsec-
tions, the proton rest frame is referenced to unless otherwise
noted. The MC simulation for hadronic interactions is sim-
ply performed by using dpmjet, and will be described in
Sect. 2.4.

2.1 Virtual photon flux simulation

In this paper, the energy spectrum of the virtual photons
emitted by the relativistic nucleus follows the Weizsäcker–

Williams approximation [17,18] implemented in starlight.
The double differential photon flux due to the fast moving
nucleus with velocity β is written as

d3N
dEγ db2 = Z2α

π2

x2

Eγ b2

(
K 2

1 (x)+
1
γ 2 K

2
0 (x)

)
, (1)

where N is the number of the emitted photons, Eγ is the
photon energy, Z is the electric charge (Z = 82 for Pb and
Z = 79 for Au), α is the fine structure constant, x = Eγ b/γ

(γ =
√

1 −β2−1/2
is the Lorentz factor), and K0 and K1

are the modified Bessel functions. In the case of a relativis-
tic nucleus (γ ≫ 1), the contribution of the term K 2

0 (x)/γ
2

in Eq. (1) can be safely disregarded, and in fact starlight
considers only the term K 2

1 (x). For heavy nuclei with a large
radius, the virtuality of the photon |q 2| < (1/RA)

2 can be
neglected. Thus all photons are treated as real photons in the
simulation for this analysis. Another approximation is due to
the fact that here we assume a point charge for the nucleus
and this assumptions may lead to a certain level of systematic
uncertainty. For example, as discussed in Ref. [19], the pho-
ton flux in reality depends on the choice of the form factor
in the nucleus by !20 %.

The probability PUPC(γ+p→X)(b) for a single photon
interaction with a proton in UPCs as a function of b is given
by

PUPC(γ+p→X)(b) =
∫ Emax

γ

Emin
γ

d3N
dEγ db2 σγ+p→X (Eγ )Phad(b) dEγ

(2)

where σγ+p→X (Eγ ) is the total cross section for a single
real photon interaction with a rest proton and Phad(b) is the
probability of having no hadronic interactions in p+ A colli-
sions. Emin

γ and Emax
γ are the minimum and maximum photon

energies.
In this study, we take σγ+p→X (Eγ ) from the compilation

of present experimental results [20] when a photon–proton
center-of-mass energy Wγ+p is smaller than 7 GeV. A linear
interpolation is performed between each data point. The cross
section at the exact photopion production threshold, Eγ =
0.15 GeV, for which no experimental measurement exists, is
forced to zero. At Wγ+p larger than 7 GeV, σγ+p→X (Eγ ) is
derived from the best COMPETE fit results [20].

A finite probability for having no hadronic interactions
Phad(b) is introduced in order to implement a smooth cut off
for values of the impact parameter approaching: b = Rp +
RA. Phad(b) is calculated from the Woods–Saxon nuclear
density and the Glauber model [9].

The range of the impact parameter b considered in the
simulation extends from bmin = 4 fm to bmax = 105 fm.
bmin is well below the sum of the effective radii of colliding
particles (∼8 fm for both p+Pb and p+Au collisions), and
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•原子核標的の断面積は 
Inelastic (~A2/3) + UPC (~Z2)

[GM, Eur. Phys. J. C 75, 614]

3.1 < y < 3.8

8.5 < y < 11.0

RHIC at η>6は概ねLHC at 

y>8.5と同程度と予想。
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A

P↑

A

P

π0

γ*

• RHICでのp↑+Au→n+X測定は低エネルギーp↑+γ散乱で説明可能。 

• 低エネルギーp↑+γ散乱ではpとπ0に大きな非対称が現れる。 

• p+γ系の非対称をLorentz boostすれば 
p↑+Au系のπ0非対称が得られる。

p↑A→π0X: AN
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中性子の場合→ 
[GM, Phys. Rev. C 95, 044908]

[GM, JPS 2019 Autumn]
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まとめと要望

• p↑p→πXの断面積とANをRegge理論に基づき記述しようと勉強中。 

•断面積とANを両方同時に説明するのが重要。 

• Baryon reggeon交換+吸収効果で断面積もANも説明できるのでは？ 

• Λの計算には少々勉強が必要、p↑A→π0XのUPC計算はすぐに出来る。 

• RHICfのπ0断面積測定はどうなった？Type-Iだけでも早めに欲しい。 

• PHENIX ZDCの中性子測定はpT分解能が粗い→RHICf-IIではλI不足？
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