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22ELTE Eötvös Lor́n Unvrsty, Insttut o Pyss n Astronomy, 1117 Bupst, Hunry

23INAF-Ossrvtoro Astronomo ’Aruzzo, 64100, Trmo, Itly
(D: J 17, 2025)

I  ,          -
         . T 
   12C(p, γ)13N ,      CNO      -
  12C/13C    . D   ,   LUNA
,       ,     
 . U  R- ,      B
        . T  -
        ,    
            
        .

I. INTRODUCTION

I     ,   -
       
      
 ,        
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 U. I    ,  LUNA -
       
          -
    . T  
        L-
 N  G S (LNGS),   
    [1]. H,  
          
 . H,     
        
     -  -
         R-
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  [2]. I      
       
 ,     , 
  (ANC),  
  . A    
      
  ,       -
     . T,
      [3]. H-
,    ,  B   
 [4],           -
       
      . N-
,       -
         
R- ,   ,  
 . T R-   
        
 ,     
. A  ,  13C(p, γ)14N 
   [5], ,    
         
 . T      14N(p, γ)15O
 [6]      -
        
     ,    
      . A-
,      
,       -
        
,       
  . H,      
      
      
    R-    -
.

A      12C(p, γ)13N .
T      CNO   -
   ,   13C(p, γ)14N -
,  12C/13C      -
. T,  ,   12C/13C  
  ,     
      . I ,
          
R G B (RGB)  A G B
(AGB) ,       
 [7, 8]. A,  12C(p, γ)13N  -
       
β+     13N,    
         S [9].
T       
 [10–14],     
     [15–19]   -
       -
 . D     ,
      12C(p, γ)13N  
       R-  
[20],           R-

        -
.

II. ANALYSIS

A. Nuclear Data Input

T   R-   
12C(p, γ)13N ,      -
   13N     -
 . I       
(p, γ) , .. 0 – 2MV,  13N  
  ,  2.368MV, 3.503MV 
3.545MV,       -
  . T    
    E1, M1  M2 , -
,    7.4% E1   
3.503MV   2.368MV . T   
 Q-       F. 1. T -
          
,      R-M   -
        , .. 
15MV. F    , , 
     [2]. H, 
     E1  E2  -
     ,  
         
       -
 . I  ,   (p, p)  
(p, γ)   ,     
     . T   
  3.6 ,      1.9435MV
[21]. T       
     R-  [13]. F 
3.545MV ,     
        
        
[13, 16]. H,      
      ,  
   3.503MV  3.545MV  [22].
T         -
    T I. T   
  (ANC)    A
et al. [23].

B. State of the Art

A      (p, γ)  [10–
13, 15–19]    F. 2. B  S [17]
 L  H [18]    , 
      13N . T
    88 V  200 V. L -
       -
  . H,    
   ,     
       
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TABLE I. R-    12C(p, γ)13N       [13],    ANC  
   [23]. T Γγ   3.503MV            K
t l. [13]     .

Ep (MV) Ex (MV) Jπ Γp (V)  ANC (−1/2) Γγ (V)

0 1/2− 1.62± 0.50
0.4603± 0.0005 2.3682± 0.0005 1/2+ 34.0± 0.2 −0.48± 0.30
1.6888± 0.0005 3.5032± 0.0005 3/2− 55.2± 0.3 −0.49± 0.30 / (7.2± 1.1)×10−4 b

1.7355± 0.0005 3.5453± 0.0005 5/2+ 49.0± 0.5
20 a 1/2+ 5× 103 (5.4± 0.5) ×103

20 a 3/2− 5× 103 −120± 20 / 1.1± 0.2×103 b

a Background pole
b M1/E2 transitions

   . V [15]  R
 A [16]     
      . T  -
      2.368MV  
  γ-     . T
       2.368MV 
 3.503MV       
        . N
      . A -
   5 V     2.368MV -
      . T ,
,         
 . M ,  B et al. [19]
          
        
   . I     -
          
   . G̈ et al. [12]  
     ..  
 511 V γ-   13N ,   
        
 . T      V
[15]  R  A [16] . N, 
        3.503MV -
   25 V    R  A
[16],       ,
     . I  S-
 et al. [11]  (  LUNA),   
    -γ    -
 ,      :
 HPG    ,    4π
BGO  [24]. T    -
 . T      
 ,    G W   RGB
 AGB ,       
30%   V [15]  R  A [16] .
T S et al. [10]      
   LUNA [11],   -
  . I   LUNA 
    60 V     
     . P-γ
    HPG    -

 . T      
       V [15], R
 A [16]  B et al. [19]  
    2.368MV . F, K
et al. [13]       3.503MV
       
 [16]. T       -
      . A,
     24 V     
3.503MV       R
 A [16],    G̈ et al. [12].
I          V [15]
 R  A [16]      
        
 -     30% [13]. N-
, G̈ et al. [12]  B et al. [19] 
     [10, 13],   
     . F  
 (p, p) ,  M et al. [22]   
         
3  .

A  ,   LUNA (2023) [11], S
et al. [10]  K et al. [13]    
    ,  -
  EXFOR . A   K
et al. [13],  V [15]  R  A [16] 
    30%.

F       -
 ,   ,    
B . E      
. I  ,  AZURE2   
  R-    
        
  [25, 26].

C. Frequentist Approach

I        
  -     -
     [27]:
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FIG. 1. T     13N .

χ2 =


i,j


njyobs,i − ytheo

njσstat,i

2

+


1− nj

σsist,j

2

, (1)

 yobs,i     , ytheo 
 , σstat,i    ,
σsist,j       
 nj   . T i-  
      j- . I  
    ,   [15–18],
    . H,  -
         
  . T      -

       -
        χ2

. T -     
       
 -, χ2

dof,    1. T   
     σp     p:

|χ2 (pbest + σp)− χ2 (pbest) | < ∆χ2(p). (2)

 ∆χ2        
 1σ    χ2(p)    -
   [28, 29]. I     ,
 28  ,    30.1  .

T,   χ2
dof (pbest)    1,  

     1σ    -,  
         χ2

   ∆χ2(p). T     -
 -    1. U    
          -
,        [30].

T     
    MINUIT2 [31]. H,   -
        
-    χ2 ,  
     . T  ,
       50% 
    T. I    
 1000 . T      F.
3()  F. 3()   χ2

dof    
        
     . T
        -
         E-
 2. S        
,        
   ,     χ2,
         
       
χ2,        
  . T   ,  lmt
 [32]     MINUIT2. M -
,   L-M  [33]
 . T       
  MINUIT2 ,      
-   . T,    
  ,      
. I      -
          χ2

dof 
   25,     1. T 
 ,       
     


χ2
dof,   

[34],     . T 
   5       
. A       -
        -
        χ2,   
      . T   
    . T -
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FIG. 2. L    S-   12C(p, γ)13N . T [16]  [13]      
  ,     . ”LUNA”   [11].

       
      -
   . T    
 F. 4() - 4(),     
 . T      
 ,     
,      
[35]. T        -
    :     
           -
     , 
 ,     -   
 . A,   
         -
        
.

T         -
     ,  
   ,    
. S       -

        -
,       
       [35], 
       -
       . F,
  , nj ,    
- ,      -
    ,    
B . H,      
  B ,       -
,         
 ,     [15–18] , 
     , , 
  . I  ,  -
        
,      ,
   . T   - -
          
        ,
,        -
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(a) Reduced chi-squared values obtained by starting the
minimization from dierent starting points.

(b) The observed distribution of the LUNA [11] dataset best-t
normalization compared with the reported systematic uncertainty.

FIG. 3. T χ2
dof  ( )   LUNA [11]   ( )   MINUIT2 

    . T             
    -   .

(a) Residuals for the integrated (p, γ) cross section.

(b) Residuals for the dierential (p, γ) cross section at 0 deg. (c) The correlation matrix among the parameters

FIG. 4. T        (   ). T   , ,
 68%, 95%  99%  . T        . T 
 ( )        . T      
     . T      F. 2.

    . T 
  1000      
  . T    
         
  ,     
   . T    

  F. 5() - 5(),    .
T        :
         
  ,     ,
       
  . T    -
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(a) Residuals for the integrated (p, γ) cross section.

(b) Residuals for the dierential (p, γ) cross section at 0 deg. (c) The correlation matrix among the parameters

FIG. 5. T               
(   ). T   , ,  68%, 95%  99%  . T  
       . T   ( )   , 
      . T       
    . T      F. 2.

        
     
  . A,   -
        -
. I,       -
   R- . T  
     
     ,    -
        
   H     . A-
,         -
        ,
         
 ,       -
   ,      
 . T      
        -
   .

D. Bayesian Approach

T      B’ , 
        
   . M :

P (A|B) =
P (B|A)P (A)

P (B)
, (3)

 P (A|B)    , P (B|A)
 , P (A)     P (B) 

 . T     -
       A,   
      P (A),    -
 B. I    R-,    
         -
     ,   
       . T, 
   B ,    
  ,      
      . I 
 ,       -
        
    ,     -
   . I   , ,
         -
      .

T   B ,   
       -
       . T
     , 
    ,     -
 ..  ,     -
   . F   
  , -   
        -
. W      
 ,      . T
   ANC        
 G     
 [23]. T,     
, L,    [27, 36]:
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(a) Residuals for the integrated (p, γ) cross section.

(b) Residuals for the dierential (p, γ) cross section at 0 deg. (c) The correlation matrix among the parameters

FIG. 6. T      B    M C M C (   ).
T   , ,  68%, 95%  99%  . T     
             . T   ( ) 
 ,      F. II C. T         
  . T      F. 2.

logL =
1

2



i,j


− log


2πσ2

stat,i


−


njyobs,i − ytheo,i

njσstat,i

2

. (4)

S      
,        
    P (B),    M
C M C (MCMC)  [37]. T   
        
 . T    
     ,  ,
   M C    
    . T,   
      ,   -
 ..        M
C   ,     -
 . T M-H  
    . T  
         -
         
       
. T      
        
  M C. I    R- ,
       emcee -
 [38],          
  MCMC . I    
  MCMC ,    -
 ,  ,    - ,
     . T -
           

   -  [38]. E
        
 . I , 10,000     
. T  -   2,000 ,
     F. 8. T    -
        1000
,      . T
       
 F. 6() - 6(). N    
         -
     ,  
       . A-
,        
   . T   
    MCMC     
       -,
     . T    
         
     . T,   -
       
        -
         -
 ,       
  F. 8.

D         
   ,    
        
MCMC ,     MCMC
 [39]. T      
     .
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(a) Residuals for the integrated (p, γ) cross section.

(b) Residuals for the dierential (p, γ) cross section at 0 deg. (c) The correlation matrix among the parameters

FIG. 7. T      B    T M C M C ( 
 ). T   , ,  68%, 95%  99%  . T   
     . T   ( )        
 . T            . T 
    F. 2.

FIG. 8. T      MCMC .
T  -   ,   
        .

T         -
    , ..   -
      . T  -
       
  . I  ,    
        
 ,       

  . T     
 -      -
 MCMC       
       . T -
       R-, 20 -
      -
  [39]. F  ,  
     . T 
,    ,   
F. 7() - 7(). T     
      . B 
       -
       -
. A,  MCMC    
       
       
  . A      
 F. 9      
K et al. [13] . I     -
,     ,  
       . I  
B ,     , 
   . T       
       
      ,   ,
     ,   -
      . F,  
       
 ,  H M C [40]  I-
 S [41],      
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FIG. 9. T    K t l. [13]  
0      . I   
B (2),        
   B (1)     
.

.
O       

  ,     -
, :

⟨σv⟩ =


8

πµ

1/2 
1

kT

3/2  ∞

0

Eσ(E)e−E/kTE, (5)

 σ  µ       
  - , T   -
,  k  B . T  
        
F. 10,   F. 11     
 B      LUNA
 [11]. T       
   B  
   ,   
      . T -
   LUNA       
     ,    -
        
  10GK,       K
et al. [13] ,       LUNA [11]
.

III. CONCLUSIONS

W   R-    12C(p, γ)13N
     . D 
   ,       

FIG. 10. T        
        NACRE [42]
.

FIG. 11. T       
    LUNA [11]. T   B
        
.

      B -
. T       R-
       
  :  ,    
B. T      -
       . I
,        
H        -
,         -
. A,     
       
. T      
    . A -
 ,       -
    ,  
       -
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     . I  
 B ,   MCMC 
       
           
 . T  MCMC , ,
         
  ,        
-       -
 . B   , 
    B   -
         . N
       
     LUNA  .
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