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Institut fur Theoretische Physik, JLU Giessen

GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

B GiBUU: semiclassical transport model in coupled channels
B Heavy ion collisions
B pA, 7A reactions
m A, eA scattering
m A reactions
M inclusive and exclusive

B N0 new parameters

B Information & code: http://gibuu.physik.uni-giessen.de/
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Ingredients

1. Primary interaction: v, N — [ (1)) X
2. Medium modifications
3. Propagation of the final state (FSI)
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Elementary N interactions

1. Primary interaction: v, N — [- (1) X
B on a single nucleon (Impulse Approximation)
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Elementary N interactions

B (k) + N(p) = U'(K") + X()
B Cross section:

dox |k A(p”)
o 2
dw dS)y 327 (k- p)? — mZZM]%,]l/Q

Mx|?

B X=R: A(p"?) = VP I'(p)
T (p'? — Mg)? + p?T2(p)

. X=N: A(p?) = 6(p — MF)

B Matrix element: ]/\;lij — C2La5 HYP

4o G g cosfOc Gr

CEM:q—Qa Coc =
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Elementary N interactions

m (k) + N(p) = U'(K)+ X()

m Hadronic tensor: H*# = j¢ " depends .Ondthe Spedﬁcfpfroces:
B X = nucleon = parametrized In terms of form factors

B X = resonance with M, < 2 GeV
m Spin 1/2: P,,(1440), S,,(1535), S,,(1620), S,,(1650), P,(1910)

2~ L - M 1
g [(Q — )FI i o+ o Fy +’}H’Y5F4qq5Fp}{ }

/2 = 202 U Sy My

F Y

/9

m Spin 3/2: P,,(1232), D,5(1520), D.,(1700), P,5(1720)

Cefd (_'T'T_ a7 &t C i Y o, K C 1[
J3jp = thw(g g —igyh ) Mg (9**q-p' — ") + — Mg (Oapg -p—q"p")
£ é_[ ( _L C ~1 Y5
Quft-f e fL QL = L C-rrl = R . 8 7
+ (MN (™7 — ¢y} + Az (9**q-p'— ¢°p™) 29 Mg q%q .

W Spin > 3/2: D,(1675), F,:(1680), F5:(1905), F5,(1950)
B Treated as spin 3/2
B negligible contributions to c.s.
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Elementary N interactions

B (k) 4+ N(p) = U'(K)+ X ()
B N-R vector form factors:
B MAID Drechsel, Kamalov, Tiator, EPJA 34 (2007) 69

Ayjp = JZ2(R,J. =1/2|ef Jhy| N, J. = =1/2)¢
Az g = V2 (R, J. = 3/2|ef Jhy| N, J. = 1/2) ¢
S /9 = 2o lal (R 7, =1/2] T8 | N, T, = 1/2) ¢

_ o o

B Helicity amplitudes = Vector form factors
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Elementary N interactions

B N-R vector form factors:
B MAID Drechsel, Kamalov, Tiator, EPJA 34 (2007) 69

B Example: N-A(1232)

2 3 4 o &
Q¥ GeV/c)?

m (k) + N(p) = U'(K)+ X()

J '_"d__')__'___é'_-—-'—@

i —400 IR T TP U LT ST L ST S N A T AL 'R T
L 2 &

2 b
Q%4 GeV/c)?

o

B Helicity amplitudes = Vector form factors
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Elementary N interactions

m (k) + N(p) = U'(K)+ X()

B N-R axial form factors:
B PCAC

B -pole dominance of the pseudoscalar form factor

W Spin 1/2:

Fp(Q?) = (Mgr £ My)My

Q% +m3

Fx(Q%)

Cr = V2,I1=1/2
F4(0) = —Cf ﬁfwmi Cr = —+/1/3, I=3/2

f/my < RN7 coupling

1+ Q2) MAR:].GGV
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Elementary N interactions

m (k) + N(p) = U'(K)+ X()

B N-R axial form factors:
B PCAC
B r-pole dominance of the pseudoscalar form factor

B Spin 3/2:
M? A
@) = Gag oz (@)
Cr = V2,I=1/2
C2(0) = —Cy ﬁfﬂmi Cr = —+1/3,1=3/2
" f/my < RNz coupling
CA 2\ C?(O)
5 (Q7) = |+ 02 Mair =1 GeV E_xcept for the A(1232)
M2 Fit to ANL
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Elementary N interactions

m (k) + N 'Y+ x T 1]
(k) + N(p) — U'(K) - ++%;

B N-R axial form factors: 06 |

B PCAC S
B r-pole dominance of the 0.2 | all resonances — |
[ only A ---
0 ——t—

W Spin 3/2:

04} v"n—}u'n:ﬂp + |
03 | H e A(1232)
= +$

4 0 0.5 1 05 2
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Elementary N interactions

m (k) 4+ N(p) = U'(K)+ X ()
B Non-resonant 7 background:
dogag = (1+ 0™ )do

B Vector part: obtained from e N — e’ N" = amplitudes (MAID) subtracting
resonance contribution

W Axial part: ® same structure as in the vector part assumed
B constant b fitted to ANL data

04 7 - 04 ——
_ 0 I _
[ VN>R TP :
03¢ , o3l
L] [ 5 :
5 02y 8 02
© | © :
01 v 0.1}
I only resonances --- :
0 L— A _oplyA -~ oL
U 0.5 1 15 2 0

E, [GeV]
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- N-in the nuclear medigm

B [ocal Relativistic Fermi Gas
pr(r) = [Gm2p(r)]H/3

B Fermi Motion of initial nucleons:

f(7,5) = ©(pr(r) - [51)
EI: /

B Pauli blocking of final nucleons: S i
PPauli =1- @(pp(r) — |}7|)

-0.03 |

Vy [GeV]

-0.06 | pg=0.16 fm™> — -

B Mean field potential o2 ooaim? -
' 3 =0.01fm™> —~ |
B Density and momentum dependent-oos b PEZZS T
0 025 035 075 1 1.25 1.5
B Parameters fixed in p-Nucleus scattering Pl [GeV]

B Nucleons acquire effective masses
Mg =M + U(’F,ﬁ)
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- N-in the nuclear medigm

B Spectral functions

1 Im>(p)
" Sp)=—— [p? — M? — ReX(p)]? + [Im%(p)]?

Y <«— selfenergy

B Hole spectral function:
B The correlated part of S, is neglected

Im» ~ 0 Si(p) — 0(p® — MZ)

B Particle spectral function:

" Im¥ = —/(p*)Leon(p;7) 5 Toont = (OXNUrel) <— E(r)cl)lfcilzz?#g

B Re) is obtained from Im>) with a dispersion relation fixing the pole

position: (pole)
pop — \/132 + Mgff
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Inclusive (e,e)

e+ %0 e +X 0=32°

Cross-Ssection

e+ 20 5o +X 9=375°

100 T T ¥ T T T T T T 12 T T T T T T T T
80 b no potential - - I no potential — -
”‘11 with mom.-dep. potential --- 10 ~ with mom.-dep. potential ---
60 /] ) + full in-med. SF — 1 8 Ia + full in-med. SF — -
40 /e ! E.=0.7 GeV ST #% - E,=0961GeV |
20 | R0y et edfety 5 4 | I 1‘ ,- 1
D \ \\I_,.-o-" : . I : 2 i r.,r \ -.,_u.’t \\_\ ]
40F - 7] 7 L¥'2 .
i E.=0.88 GeV 0 ; . ; |
30 - fii - E LY
I - r J'J"‘ —
20 | iff 3 ] - - j \ E.=1.108 GeV
;Il III ] - :_ ! iy "r\ =]
= 0 A\\GF e : =%t N8 ;
w0 } A ! 5 | | w L \ l' N izt
E ‘[g - i : : I _ I E % = .fJ 1\ I’ \:\ A ]
E .15 [ _.".F‘" EE_ 1.08 GEV E 1 :_ .-r = o .
= ) = E !
S 12F 4% ; e :
= N =
: 9 - JI'I ] ‘,..!-“ - :
% 6 F \ ':__Q’ '; *teeie’ E =
g 2 ; M =
= 0 = + : : : =
b 14 U
©T 10 il E.=1.2 GeV ] =
8t ]
6
4
2
0
4
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2
1
0
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Inclusive (4, 1) cross-sectien

n'o potentiél ——
20 -’\ with mom.-dep. potential --- -
15 _u + fullin-med. SF — |
10y VH+1GO—>'J_+X 1
5 4

E,=0.5 GeV, 8 = 30°

E,=0.75 GeV |

0|
20
15
10 |

E,~1.0 GeV -

do/(dw dQy) [10°%8 cm?/(GeV sr)]

20 | A E,=1.25 GeV -
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FSI: transport model

B The time evolution of phase space density f; (7, p, ) (i=N, A, 1, p, ...)
is determined by the Boltzmann-Uehling-Uhlenbeck (BUU) equation.

df; L
d_tz — (at (VﬁH)vF_ (VFH)Vﬁ) fi(’rapa t) — Icoll [f’u fN) fﬂ'a fA) .. ]
B Hamiltonian: H = \/(mi +U)? + p?
B Equations coupled mainly through the collision integral
B Accounts for changes in fi(f” D, t)
B Elastic & inelastic processes

B Decay of unstable particles
m Pauli blocking

B Most important processes:
NN < NN NA < NA

NNm << NN TN < A
NN < NA TN < mIN

NN <& AA 7N < N
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FSI: transport model

B The time evolution of phase space density f; (7, p, ) (i=N, A, 1, p, ...)
is determined by the Boltzmann-Uehling-Uhlenbeck (BUU) equation.

df; L
d_tz — (at (VﬁH)vF_ (VFH)Vﬁ) fi(’rapa t) — Icoll [f’u fN) fﬂ'a fA) .. ]
B Hamiltonian: H = \/(mi +U)? + p?
B Equations coupled mainly through the collision integral
B Accounts for changes in fi(f” D, t)
B Elastic & inelastic processes

B Decay of unstable particles
m Pauli blocking

= absorption

FSI — = charge exchange

= redistribution of energy
= production of new particles
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17 production

B Effects of FSI on pion kinetic energy spectra

B strong absorption in A region

B side-feeding from dominant =+ into =° channel

B secondary pions through FSI of initial QE protons

40 — 12 —

w/o FSI — w/o FSI —
> 37 wFsl — 1 = 10} wFSl — .
O 30} WFSI(QE) — { O w FSI (QE) —
= ~ 8 .
5 27 o
8 20} S 6
o o
F ol = 4 N
E 10 ] n+ E | no
o] o] |

I

03 04 05 06 07 08 107 03 04 05 06 07 08
T, [GeV] T, [GeV]

v, + CFe sy 77X E,=1GeV
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17 production

1/A doy0/dp, [10°° cm?/GeV]

B NC 7 production at MiniBooNE

L WL L T T T TP

0 02 04 06
PO [GeV]

B Good description of shape
B Integrated o : factor 2 smaller

L. Alvarez-Ruso, Universidade de Coimbra

2 [ no FSI ---

[ full —

Z full, butonly A -~

1.9 | ‘ coherent -

| +*~% MiniBooNE —e—
18 LTy

_“‘L‘_ NC v on CH,

MiniBooNE flux ]

NuFactl0




17 production

1/A doy0/dp, [10°° cm?/GeV]

B NC 7 production at MiniBooNE

o | no FSI ----

[ full —

: full, butonly A -~

1o ) coherent -

+‘%: MiniBooNE —e-

R 4 NC v on CH,

05 | MiniBooNE flux

o EF e i,
0 0.2 0.4 0.6 0.8
PO [GeV]

B Good description of shape
B Integrated o : factor 2 smaller

do/dp, /Alub/MeV ]

B Better agreement in 7 photoproduction
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QE& 1+rentanglement

B Clean separation between QE and 17 in nuclei is hard to achieve

B For example:

Cherenkov type

B Depends on the detection technique

o [10°%8 cm?

BREE
lllllllll
.............
.....
et
aan®

0.5 1 1.5

E, [GeV]

o [10° cm?

Tracking type
QE-like =1p+1p+ 07+ X

true CCQE —

CCQE-like ---- |
CCQE-Aike from initial QE —~
CCQE-like from A (fakes) - |

E, [GeV]
B ~ 20% of CCQE events are misidentified: has to be corrected with MC
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E_ reconstruction

B Influenced by QE & 17 entanglement

total CCQE-like —

CCQE-like (QE induced) ---
//~\% CCQE-like (non-QE ind.) -~
N\
total reconstructed -
QE reconstructed -- --

RN
o

12
vy on C

MiniBooNE flux

do/dQ? [107°8 cm?/GeV?]
(@)

" —,
-TH
l‘.h
""'-l-—.__
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Conclusions

B GiBUU provides a framework to study different processes:
M Heavy ion collisions, pA, 7A A, eA
B A (inclusive and exclusive) without new parameters
B FSI modifies considerably the distributions through rescattering,
charge-exchange and absorption

B A realistic description of FSI is important to oscillation experiments
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