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意料之外的 charm 背景

1.pp 对撞中，Λ+
c 的产生并没有被碎裂函数显著压

低

2.π−p → DDpX 实验中，观察到 D 的产生集中在
大 x 区域

3. 在 pp 对撞中，看见了超过预期的 D+(cd) 产生
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隐粲夸克 Intrinsic Charm (IC) 背景

• 夸克模型 |p⟩ = |uud⟩
• 次领头阶 |uudg⟩、|uudQQ̄⟩ ...

|uud⟩ boost→ |uudg⟩、|uudqq̄⟩ ...
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Extrinsic vs Intrinsic 背景

NNLO PDFs at scale µ2 = 10GeV2
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实验上的 intrinsic charm 探测 背景

LHCb 上的质子质子对撞，测量 R = σ(Zc)
σ(Zj)
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global fit 背景

the total charm PDF c
+(x, Q) ⌘ c(x, Q) + c̄(x, Q), the sum of the charm and anticharm PDFs,

in the 4FNS. This can be viewed as a probability density in x, the fraction of the proton’s
momentum carried by charm, in the sense that the integral over all values of 0  x  1 of
xc

+(x) is equal to the fraction of the proton momentum carried by charm quarks. Our result
for xc

+(x, Q) in the 4FNS at the charm mass scale, Q = mc with mc = 1.51 GeV, is displayed
in Fig. 1 (left). The ensuing intrinsic charm is determined from it by transforming to the 3FNS
using NNLO matching. This result is also shown in Fig. 1 (left). The bands indicate the 68%
confidence level (CL) interval associated to the PDF uncertainties in each case.
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Figure 1. The intrinsic charm PDF. Left: the result (blue) with PDF uncertainties only, compared to
the 4FNS PDF at Q = mc = 1.51 GeV (orange) and to the result obtained using N3LO matching (green).
Right: the final result with total uncertainty (PDF+MHOU), with the PDF uncertainty indicated as a
dark shaded band; the predictions from the original BHPS model [1] and from the more recent me-
son/baryon cloud model [5] are also shown for comparison (dotted and dot-dashed curves respectively).

The intrinsic (3FNS) charm PDF displays a characteristic valence-like structure at large-x
peaking at x ' 0.4. While intrinsic charm is found to be small in absolute terms (it contributes
less than 1% to the proton’s total momentum), it is significantly di↵erent from zero. Note that
the transformation to the 3FNS has little e↵ect on the peak region, because there is almost no
charm radiatively generated at such large values of x: in fact, a very similar valence-like peak
is already found in the 4FNS calculation.

Because at the charm mass scale the strong coupling ↵s(Q) is rather large, the perturbative
expansion converges slowly. In order to estimate the e↵ect of missing higher order uncertain-
ties (MHOU), we have also performed the transformation from the 4FNS NNLO charm PDF
determined from the data to the 3FNS (intrinsic) charm PDF at one order higher, namely at
N3LO. The result is also shown Fig. 1 (left). Reassuringly, the intrinsic valence-like structure is
unchanged. On the other hand, it is clear that for x

⇠
< 0.2 perturbative uncertainties become

very large. We can estimate the total uncertainty on our determination of intrinsic charm by
adding in quadrature the PDF uncertainty and a MHOU estimated from the shift between the
result found using NNLO and N3LO matching.

This procedure leads to our final result for intrinsic charm and its total uncertainty, shown
in Fig. 1 (right). The intrinsic charm PDF is found to be compatible with zero for x

⇠
< 0.2, with

large theoretical uncertainties, while it di↵ers from zero by about 2.5 standard deviations (2.5�)
in the peak region. This result is stable upon variations of dataset, methodology (in particular
the PDF parametrization basis) and Standard Model parameters (specifically the charm mass),
as demonstrated in the Supplementary Information (SI) Sects. C and D.

Our determination of intrinsic charm can be compared to theoretical expectations. Subse-
quently to the original intrinsic charm model of [1] (BHPS model), a variety of models have
been proposed [5, 30–33], see [2] for a review. Irrespective of their specific details, most models
predict a valence-like structure at large x with a maximum located between x ' 0.2 and x ' 0.5,
and a vanishing intrinsic component for x

⇠
< 0.1. In Fig. 1 (right) we compare our result to the

original BHPS model and to the more recent meson/baryon cloud model of [5].
As these models predict only the shape of the intrinsic charm distribution, but not its

3

NNPDF: 3σ 的意义下确定存在 IC，携带动量约 0.62%
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BHPS Intrinsic Charm 模型

质子中发现 |uudcc̄⟩ 的概率

P(p → uudcc̄) ∼ ⟨...|V|...⟩2(
m2p −

5∑
i=1

m2
⊥,i
xi

)2 δ

(
1−

5∑
i=1

xi

)

∝ x2cx2c̄
(xc + xc̄)2

δ

(
1−

∑
i

xi

)
,mcc̄ → ∞

积分得到

fc(x) = fc̄(x) = Nx2
[
1

3
(1− x)

(
1 + 10x + x2

)
+ 2x (1 + x) ln x

]
fu = fd = 6(1− x)5
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BHPS result Intrinsic Charm 模型

u or d

c or cbar
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BHPS result Intrinsic Charm 模型
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能够描述在大 x 处的行为，是实验拟合的重要模型（BHPS 1/2/3）
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介子云模型 Meson Cloud Model (MCM) Intrinsic Charm 模型

fc in p(x) =
∑
B,M

∫ 1

x

dy
y Fp→B+M(y)fc in M(

x
y ) +

∫
...fc in B
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介子云模型 hadronic effective lagrangian Intrinsic Charm 模型

spliting F(y)

LpDΛc = igpDΛc ψ̄pγ5ψBϕD + h.c.

PDF fc in Λc

LΛcc[qq] = gλcc[qq]ψ̄λcψcϕ[qq] + h.c.
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Lattice

粲夸克电磁形状因子

提供了 IC 存在的格点证据
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1+1 QCD on light-cone ’t Hooft Model

QCD 拉氏量为（光锥规范 A+ = 0，手征 Wely 表象 ψT = 2−1/4 (ψR, ψL)）

L =− 1

4
Fµν,aFa

µν + ψ
(
i /D − m

)
ψ

=
1

2

(
∂−A−,a)2 + gsψ

†
RA−,aTaψR + ψ†

Ri∂+ψR + ψ†
Li∂−ψL − mf√

2

(
ψ†

LψR + ψ†
RψL

)
运动方程

∂2
−A−,a − gsψ

†
RTaψR = 0,

i∂−ψL − m√
2
ψR = 0.

• 运动学自由度只有 ψR，胶子只提供库伦势

• 没有三胶子四胶子顶角，F−−F−− = 0
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色禁闭到’t Hooft 模型 ’t Hooft Model

V ∼ |x − y| 规范场自然地出现色禁闭。引入玻色化

M
(
k+, p+) ≡ 1√

Nc

∑
i

di(k+)bi(p+)

M† (k+, p+) ≡ 1√
Nc

∑
i

bi†(p+)di†(k+)[
M
(
k+1 , p+

1

)
,M† (k+2 , p+

2

)]
= (2π)2 δ(k+1 −k+2 )δ(p+

1 −p+
2 ) + O

(
1√
Nc

)
自然地引入大 Nc 极限

Nc → ∞, λ ≡ g2s Nc

4π
fixed, gs ∼

1√
Nc
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大 Nc 极限 ’t Hooft Model

1+1QCD 的相互作用

g2s A−i,aψ†
RTaψR ∼ g2s

(
ψi,†

R ψj
)

x

(
ψk,†

R ψl
)

y

∑
a

Ta
i,jTa

k,l

∑
a

Ta
i,jTa

k,l =
1

2

(
δilδjk −

1

Nδijδkl

)
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夸克对的相互作用 ’t Hooft Model

N−1
c Nc N−1

c g2s Nc2

N−1
c g4s Nc3 N−1

c g4s Nc
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介子态 ’t Hooft Model

构造介子态算符

M†((1− x)P+, xP+) =

√
2π

P+

∞∑
n=0

φn(x)m†
n(P+),

m†
n(P+) =

√
P+

2π

∫ 1

0

dxφn(x)M†((1− x)P+, xP+),

我们期待对易关系 [
mn(P+

1 ),m†
r(P+

2 )
]
= 2πδnrδ(P+

1 − P+
2 )

要求 ∫ 1

0

dxφn(x)φm(x) = δnm∑
n
φn(x)φn(y) = δ(x − y)
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一个介子的理论 ’t Hooft Model

夸克对“表象”下的 Hamitonian

HLF;0 = N
∫

dx−
2π

[
λ

2
+
λ− m2

2

∫ ∞

ρ

dk+
k+

]
: HLF;2 : =

1

(2π)2

∫ ∞

ρ

dP+

∫ 1

0

dxM†((1− x)P+, xP+)M((1− x)P+, xP+)

×
{[(

m2

2
−λ
)

1

x +
P+λ

ρ

]
Θ
(

x− ρ

P+

)
+

[(
m2

2
−λ
)

1

1− x+
P+λ

ρ

]
Θ
(
1− ρ

P+
−x
)}

: HLF;4 : = − λ

(2π)2

∫ ∞

ρ

dP+

∫ 1

0

∫ 1

0

dxdyΘ
(
|x−y|− ρ

P+

) 1

(x−y)2 × M†((1−x)P+, xP+)M((1−y)P+, yP+)

介子“表象”

HLF = HLF;0 +

∫
dP+

2π
P−

n m†
n(P+)mn(P+)

对角化给出‘t Hooft 方程(
m2

x +
m2

1− x

)
φn(x)− 2λ

∫
−dyφn(y)− φn(x)

(x − y)2 = M2
nφn(x)
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PDF ’t Hooft Model

Collins-Soper definition:

f(x) =
∫

dz−
4π

e−ixP+z−⟨P+|ψ(z−)γ+P

[
exp

(
−igs

∫ z−

0

dη−A+(η−)

)]
ψ(0) |P+⟩connected
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π 中的粲夸克 IC in ’t Hooft Model

u

ū

u

c̄

c

ū

π

D

D̄

u

ū

u

c̄

c

ū

π

D

D̄

Nc 意义上的微扰

|π′⟩ ≈ |π⟩+ 1

P− − HLF,0 + iϵV |π⟩

P− = P−
D + P−

D̄ , HLF,0 =
M2

π

2P+
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’t Hooft Model vs MCM IC in ’t Hooft Model

’t Hooft model
fc/π(x) =

∑∫
DD̄

⟨π(P+)|Dn3Dn4 ⟩ ⟨Dn1Dn2 |π(P+)⟩
∫ dz−

4π
e−ixP+z− ⟨Dn3Dn4 | c̄(z−)γ+c(0) |Dn1Dn2 ⟩

MCM
fc/π(x) =

∑∫
DD̄

∣∣⟨π(P+)|Dn1Dn2 ⟩
∣∣2∫ dz−

4π
e−ixP+z− ⟨Dn1Dn2 | c̄(z−)γ+c(0) |Dn1Dn2 ⟩
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’t Hooft Model vs MCM IC in ’t Hooft Model

’t Hooft model
fc/π(x) =

∑∫
DD̄

⟨π(P+)|Dn3Dn4 ⟩ ⟨Dn1Dn2 |π(P+)⟩
∫ dz−

4π
e−ixP+z− ⟨Dn3Dn4 | c̄(z−)γ+c(0) |Dn1Dn2 ⟩

MCM
fc/π(x) =

∑∫
DD̄

∣∣⟨π(P+)|Dn1Dn2 ⟩
∣∣2∫ dz−

4π
e−ixP+z− ⟨Dn1Dn2 | c̄(z−)γ+c(0) |Dn1Dn2 ⟩
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数值结果 IC in ’t Hooft Model

• 在二维下求和是必要的
• 干涉项没有影响 IC 的含量，但是影响了分布
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数值结果 IC in ’t Hooft Model

φuū
n (x) = (−1)nφuū

n (1− x)

给出

Cmuū
n (P+)C−1 = (−1)n+1muū

n (P+)

πn 有固定宇称，宇称守恒压低
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数值结果 IC in ’t Hooft Model

3+1 维 OPE：
QED⟨p|F4

µν

m4
l
|p⟩ ∼ α4

M4
l

QCD⟨p|G3
µν

m2
Q
|p⟩ ∼ Λ2

QCD
M2

Q

T HANK YOU
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数值结果 IC in ’t Hooft Model

3+1 维 OPE：
QED⟨p|F4

µν

m4
l
|p⟩ ∼ α4

M4
l

QCD⟨p|G3
µν

m2
Q
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QCD
M2

Q
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