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Introduction




Pion production Motivation

() Hadron spectroscopy:

Mesons: p—>nn , W—IAT ...
Baryons: A/N*> N, A/N*~> N nrn

@ Reaction mechanism.

pp — npn*and pp — ppn® @ E=3.5 GeV

Cocktall of baryonic resonances obtained from the 1 = production
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PhD Motivation
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Study of the channel pp-»ppm+m- @ E=3.5 GeV

@ One resonance excitation (1R) @ Double resonance excitation (2R) @ Direct p production
TC-; _y = L AL T
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Data Analysis Method




DEIEWAREWAIR

(%))
et
c
=
]
o

w
a1
(=3
o

—+ Data
— pp— ppr’T
— pp— pprirnl

@ Channel selection: 1mm* 11~ and 1 proton at least

3000

2500

() Background subtraction. ~— Background

2000

——- simulation

1500 3 pion production

1000

500

-
_’.—-,
-

TI [T ‘\ [T I‘ T I‘ FT T ‘ [T 1T ‘I [T ‘I [ \‘ DY
cﬁﬂ

Y T Y 1 .2 I1T@III1.6
(M7 (GeV?)

miss

Squared missing mass pp — prtn X

oo
[ (]

& Efficiency correction: using efficiency matrices Eff(p,0, @) = N"Ievconstmcted
accepted

Ef ftotar = Effp * Effn+ * Ef fr-

ppo re

: : do dN O, Og
) Normalisation: — & o — N et
Q dMinv dM Nglp ) Data Data N;p



Ao h 3 | HADES Resonance Model

PLUTO++ Simulations
*PLUTO is a monte carlo simulation framework developed by the

HADES collaboration for heavy ion and hadronic-physics reactions.

PDecayChannel (PLUTO Class)
BR x |
N1520 — pmr*tm  (0.04) (6% x 2/3)
N1520 — A*™ 1 (0.12) (23% x 1/2)
N1520 — Aotr* (0.04) (23% x 1/6)
N1520 — pp° (0.003) (1% x 1/3)

* |. Frolich et al. PoS ACAT2007 (2006)



Simulation (using PLUTO++)

(@) pp = pR — pp ©*(1R)
(Using known cross sections from 17* and
pKA** analysis)

N* (1440)

N* (1520) P. i o
N* (1535) i
A* (1620) T“”
N* (1650) |
N* (1675) ,ff*”"\“‘*-?
N* (1680)

N* (1710)

N* (1720)

N* (1875)

A* (1880)

A* (1910)

@ Direct p production simulation

o = 60 pb (from existing data)

(¥) pp = RR’ = pp n*n (2R)

(cross sections adjusted to the data)

A**(1232) A°(1232) - »
A*+(1232) N°(1440) \\, /
A**(1232) N°(1520) | A
A**(1232) N°(1535) - i

A**(1232) A °(1620) I

A**(1232) N°(1650) /'/AI=R-O=*\P{
A**(1232) N°(1680) P, P\
A**(1232) N°(1720)

A**(1232) A °(1700)

*G. Agakishiev et al. Eur.Phys.J. A50 (2014) 8
** R. Munzer et al. arXiv:1703.01978
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Angular Distribution Model

Angular distributions need to be implemented (PLUTO = phase space)

a a- parameter* &
N =
= 1.6 -
3 F N j S
£ 1.4 N @ 2.5
& F S
31‘2'_ H‘M © 1\
' B }\--.‘. "6 2
CEE H*‘--»,,_ .JL © -
- i S 151
0.8~ 3\5
:_u "R (N TR T TR NN T SR T N SR S S 1 \"
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M., [MeV/c?]
B T T O R RO
-1 -0.8 -06 -04 -02 0 02 0. ]
C0S,,(8)(pm)
1 Before applying Acc. cuts
ty = 7« (4-momentum transfer)
 Model validated in 1 © analysis.
 Extended to 2R production
11
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Analysis results

All spectra include systematic errors

Background subtraction: 1-2%
Efficiency: 2%
Normalization err: 6.5% (not included).

Stat.err are negligible



Invariant Masses Spectra

A R2 \‘\ +dgt§+
p/\ p, . . _ A

— P

T N(1440)
AN(1440)

— - N(1520)
! — AN(1520)

L, — - N(1535)
) { —— AN(1535)

’{ t — - A(1620)
- ¢ ) ++ A0 — AA(1620)

Ty At A o

i ~Irtis N(1650)

— - N(1680
A**N°(1520) __ An(1680)

' — - A(1700)
— AA(1700)

—-N(1675)

—-N(1720)
—— AN(1720)

! — A(1905)

- — - One Resonance simulation
% —— Double Resonance simulation

—  simulation

06 T — 1 T 1 1 T T ] T T
0.7

“+y,. 2R simulation
k!

-$ i;\,

0.5
0.6

/4 'y
/4 N .
4* 1R'.\.S|mulat|on

04 05

do/dM (mb/GeV)

0.3 0.4

do/dM (mb/GeV)

0.3
0.2

0.2

0.1
0.1

||||‘II|||||||‘|||||||||‘||||‘||||‘||
——

' 4 0 | | | | >
(pim) (GeV/c?) M., (p7) (GeV)

I\-.)-'IIII‘IIII||II||I

m||I|‘II|I||II||I|II‘|I|||||I|‘

1

M

inv

One peak in 1R (Dashed green) due to N*(1520) 3 peaks in 2R (blue) one due to A**(1232),

and a large peak due to N*(1675), N*(1680)... another to N°(1520), and another to N°(1680)
Y L



do/dM (mb/GeV)

Invariant Masses Spectra
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Strong dominance of A**(1232), no significant
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Angular Distributions
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Cross Sections

N*+(1440) 30% 1.5+0.2 1.5+ 0.4 A*+ (1232)A°(1232) 100% 3.2+ 0.2
N*(1520) 30% 1.7+0.2 1.8+0.3 A** (1232)N°(1440) 70% 1.5+0.2
N*(1535) 10% 0.15+ 0.05 0.15+0.015 A+ (1232)N°(1520) S50, 17402
+ 0

A*(1620) 70% <0.10 £ 0.05 <0.10 £ 0.03 A (1232)N°(1535) e A
N*(1650) 11% 0.09 + 0.03 <0.81+0.13

A+ (1232) A°(1620) 25% <0.05+0.02
N*(1675) 45% 0.7+ 0.1 <1.65+0.27

A+ (1232)N°(1650) 70% <0.05+0.04
N*(1680) 35% 1.1+0.2 <0.9+0.15

++ o 0
N*(1720) 80% 0.06 + 0.03 <44+0.7 AT (1232)N*(1680) 95 0.9%0.1
A*(1700) 55% 0.45+0.1 0.45+0.16 A (1232)N°(1720) 15% <0.02£0.02
A*(1910) 90% <0.01+0.01 <0.85+0.53 A** (1232) A°(1700) 15% <0.04 +0.02
N*(1650) 38% 0.09 + 0.03 0.12 +0.06
N*(1710) 23% 0.05 + 0.02 0.078 £ 0.05
N*(1720) 80% 0.06 + 0.01 0.06% 0.015
N*(1875) 70% 0.038 +0.02 0.038+0.018
- *G. Agakishiev et al. Eur.Phys.J. A50 (2014) 8

N*(1880) 63% 0.4£0.1 0.74+0.37 **R. Munzer et al. arXiv:1703.01978
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Evaluating the

Interferences effect

HADES resonance model is an incoherent sum of resonances.



Theoretical test model

Our PLUTO resonance model is an incoherent sum of different prosesses.
To test the effect of interferences we created a Lagrangian model with Jacques Van de Wiele.

@ LR production: N(1520) (Dy3) (¥) 2R production: A** (1232) A°(1232)
12 diagrams (6 direct, 6 exchange) 4 diagrams (2 direct, 2 exchange)
Pa § pﬂy;

A+t

P, P\

19



Theoretical test model

Our PLUTO resonance model is an incoherent sum of different prosesses.
To test the effect of interferences we created a Lagrangian model with Jacques Van de Wiele.

@ Model lagrangians (same as Xu Cao et al. *):

Eiﬁ;% = gﬂNRW”’yg,’yﬁ'F- oMo"7R, + h.c.
L2 = g,NRNT -
oNR = 9pNRNT - "R, + h.c.

L2 = guarA" T O 7R, + h.c.

_ Jran

Laan = A sy, 7 RN, + h.c.

™

£p7r1r = Yprm (7? X 8;1,7?) | ﬁH

* X. Cao, B.-S. Zou and H.-S. Xu, Phys. Rev. C81 (2010) 12. 20



Theoretical test model

@ Amplitudes calculation:

pﬂ_+( pl
P, D, ./ A
- il
/

M(mlam%mﬂ:mb) =u, (p1:m1) V(AG 4 _>p1 +pﬂ'_) ?:-PFHI_}JBI (AU:p&G =D +pﬂ_—) V(DTSJB — AG o +p*rr+)

é Pf—”ﬁ(DE,pDTJV(pa — DL+ 7| u, (pa,ma) i P, (wo,pwq @, (p,,m,)|V(p, + 7° = p,) u, (s, ms)

21



Theoretical test model

& 2 2
d o B 1 P1P2 P3|M|
~ Eyps + E3(p3s — Pa — P1 — P2)

dEldﬂldEgdﬂngS 64(27;-)8 allly .

(v) Generate events with PLUTO: |M|?=1 (phase space )

@ Calculate the squared amplitude |M|? event by event and apply it as a weight:

(v) Interference Model (¥) No Interference Model

M= ) My + M, + ot My M= Y MG+ ) IR+t ) M2
S S S

S

22



Theoretical test model results
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-~ \‘—--__,_-—-:/’
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0.5 1
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PLUTO resonance model shows a
narrower angular distribution than
the theoretical model
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Comparing to

Theoretical Models




Comparing to Theoretical Models

OPER*: One Pion Exchange Reggiezed

T m
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 Cross section adjusted to measured yield.

e Minv(pr*r) distribution shows a too large
production of A(1600) and resonances with
mass > 1.7 GeV

*A.P Jerusalimov et al. ArXiv:1203.3330v1 [nucl-th]
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Comparing to Theoretical Models

OPER*: One Pion Exchange Reggiezed

.
b .
=

 Cross section adjusted to measured yield.

* Too steep angular distribution in the model.

*A.P Jerusalimov et al. ArXiv:1203.3330v1 [nucl-th]
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Comparing to Theoretical Models

Cao effective Lagrangian model* :

/ < F A T > o8~ E
> - N : © L U -
N N / 8 0.6 ,‘I \,\ — Q) 0 7?_ i’ \'\}\{. by B
M -, ;’,,"’ 3 - el 1 8 't \ ]
ol R - E o5 o, N*2710) | Eoee b N R E
e — B ', ,\i,‘ 7 E Iy \ : \ E
| NJ % 0.4 | = % 0.5 E
S f N*(1720) 8 o4 -
(1) ) 0.3~ ] - :
= n 0.3 -
0.2 = - -
- —_— — — - ] 02:— _:
{ R;{ﬂ" 0-1:_ _: 0 -|i 5
R1 R2 . S F .
- - - ok S S, ] e SR T S XY
A A 1.2 1.8 2 2.2 2.4 02 03 04 05 06 0.7 08 09 1.1 1.2
M. (pm*m) (GeV/c?) ) (GeV)
3) ()
> | | ] o~ 14F =
SRER 41 2 | :
7 E - 1 O 12 -
]R_F _[ I* - _I:,R = 1 £ L -
| L | © 08/ 4 = :
° o 1 L os- -
) ®) 0.6/ 1 8 °F :
B ] 0.6 —
 Only one 2R excitation 0.4 - - i
TR i 1 4 ~
contribution; A+ (1232)A°(1232) - : 4 :
0.2 — u i
B ] 0.2_— —
e Too large yield from N'(1710) ok i o )
* - 1
and N'(1720) decaying to Np. (o) (GeV)
(pr*) (GeV)

* X. Cao, B.-S. Zou and H.-S. Xu, Phys. Rev. C81 (2010) 12.
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A(
A(
A(

- A(1620 )
A(1600)->N pole & (n exc)
A(1232)->N pole & (n exc)

(T exc)

- N pole->A(1232) & (o exc)

N pole->N pole &t (& exc)

- N pole->N pole © (¢ exc)

Comparing to Theoretical Models

Cao effective Lagrangian model:

data
A(1232)A(1232)
N*(1710)->N o (o exc)
N*(1440)->N o (7 exc)
N*(1440)->A &t (1 exc)
1600)->An
1620)->Ar (7 exc)
1700)->Ax (7 exc)
)->AT (p exc
)-

N pole->A(1232) n

double N pole (n exc)

- double N pole (o exc)

N*(1710)->A &t (p exc)
*(1520)->A 7t (T exc)
*(1700)->A 7t (T exc)
*(1710)->A © (7 exc)
(1710)->A 7t (p exc)
( )- (

( )-

( )-

(

¥

*

1440)->A 1t (o exc)
*(1720)->N p (n exc)
*(1720)->N p ( )
*(1440)->N o (o exc)
u Cao Model sum

do/dcos(6) (mb/sr)

do/dcos(8) (mb/sr)
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" oy
.

0.25
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do/dcos(8) (mb/sr)

C0S 5y, (0) (')

9
| | III\II‘
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Tracking down the

O meson




Search for the direct “p”

Apply kinematical cuts to reduce the baryonic resonance excitation background.

0.8

0.7
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do/dM (mb/GeV)

M(p) = 775 MeV
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8.
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|nv(
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Search for the direct “

Data p Simulation

; 22 %-. 2.2_
é ) 250
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Search for th

e direct “p”
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“0” Angular Distribution

—+— Data
phase space
. . _ — Direct p
Evaluate 0, in bins of cos¢cy(8)(m*n™) —o0
—= One Resonance
— Double Resonance
- Total
— - One Resonance p

Aoy=12 pb Ao,=11pb  A0,=0.09pb  Ag,=0.08ub  Ac,=0.07 pub

9.0045;| T T [T T ERARREEEERE] T ||||_: ; EIIII TTT T T T T TT T[T T IT TT] |||||||||||I|||I|E ; B e, ] ;0_02_' TTypTTTTTTTTTTTTTT - ;0_013__ ”‘I___H —
g F AN - Dooosl-  * - Gooe- < T - o Bty 1 & F 3 ]
O o.004f- A S = o 1t + 7 = B VRN, ] Ooots| - e S - = oo1e W7 ~ ]
= * \, 1 Soorf 1 " AT 1 'g 0.014]- R SN ] € oorsh ~ Ty . _g - pad iac ]
5.0035:— ++ \ — é B SR LN T W E =" i St E oot~ R N - ool R . B
= - ++'f v . =008~ ! It S v, . = 0.012 i N ey . = 0014 - T o > B = E _‘" ¥ E
S o.003f s f—" \ . K= R S ', ] o™ I ~. =R S l\ 1 % 0012~ - A.\ -
3 = i \ . - b, = ) - e ] ootz 1 - ] S - ! -\ E
0.0025F- A ¢ = 00051~ | v 1 0.011 j \: . E . ] oo+ X E
s 1 Eo e ] ot > . 001 i - = 5 1
0.002}— _: 0.004- | . U.UUS_— | b ] - “\ ] 0.008| -
: E - ] - : . 0.008|- - . - B
0.0015— — 0.003[— - 0.006 - 0008l ] o008~ T/ __——__ .
- ] Y m I . : r - - i
0.001— = 0.002— | — 0.0041— — o.004F- E 0.004— -
o ; : . Eo 4 - . R 3 r 3
00005}~ 4 T 0.0011— 1 = 0.002/ | = 0.002[ ! = 0.002— .
C - P . I IN . — - 1 -~ . B f e ] I . S ]

L. S == s e T T T == e === e == e e =

8.2 03 04 05 06 07 08 09 1 1.1 1.2 8_2 03 04 05 06 07 08 09 1 11 12 8.2 03 04 05 06 07 08 09 1 1.1 12 82 03 04 05 06 07 08 09 1 11 12 82 03 04 05 06 07 08 09 +1 ) 1.1 1.2

M, (t*7) (GeV) M, (') (GeV) M, (t'm) (GeV) M, (1) (GeV) M, (1) (GeV)

—1 < cos(0) < —-0.8 —0.8< cos(A) <—-0.6 —0.6 <cos(0) <—-0.4 —-0.4<cos(0) <—-0.2 —0.2<cos(0) <0

Aop=? Ao,=10pb ~  A0y=0.09pb  A0,=0.08ub - 40,=0.07pb

— _I '| | —l | [I[I | ] ——— T T T T T |||| IITIIII|IIIII T || T I| T | TTT — | | | III|IIII|IIII|IIII| IIIII — — | | | | |||||| I | |
- B i = 0.008 . > - . > | s
%0,006_ +*+; 7 @ 44.¢7++ [0) - A 1 @ oo01— R | © 00141 :'I-_._” i
G008 e 1 oo , --t+¢ -1 5 FalN O] R A 0] I L B, -
8 | A o - I+ B 1 8% H o~ 1 98 B e Y N T Q00121 F > —
S B { \ 1 E - # 1 1 E B ! e 1 E - L A 8 E B as \ i
J.UUS_’_ f + ] ~ 0.005— \-+ — ""0 006_— l+ \. . ~0.008— I + + \ | - _ r o, '\ 7
\ - ' A i . ] : e . - : : R
= B A ] = = 1 2 - £y N 1 = - ! N = 0.01— [ Y ]
o - Iz + 1 B B r s 1 © - N, . AT 4 A 1 O = n A . B B i, \ .
650.004— \ — 0.004 1 \ _‘ 0.005— ST TN v - B L A i - . 5
'8 ! + '8 i 8 +F : N
R 1 . B r v ] cog 1 ©o.008 i A 0008~ | -\ a
o { A E B ] 0.004— ¢ - o \ ] - ]
0.003: i | ] 0.003 B . i 1 ] 0.006{— —
3 H "* . - 0.003— — 0.004— — - ]
0.002 - r T n.o02— E E : : 0.004 I |
C ; - B 0.002}— = i . - ]
0.001 e 0.001)— - ] 0.002 0.002f |
- (o - : 0.001— — -
B = i ;,__‘.7 ﬂﬂﬂﬂﬂ B )/ - N
L “ A — —— ———— ¥ ; - L ——
Ll et . = - — . -
62 03 04 05 06 07 08 09 1 1.1 1.2 62 03 04 05 06 07 08 09 1 1.1 1.2 62 03 04 05 06 07 08 09 1 1.1 1.2 62 03 04 05 06 07 08 09 1 1.1 1.2 62703 04 05 06 07 08 hﬂ'g(n,,:t-) (1('318\;)'2
M (') (GeV) M, (') (GeV) M (1) (GeV) M (m'7) (GeV) n

0.8<cos(f) <1 0.6 < cos(0) <0.8 0.4 <cos(f) <0.6 0.2 <cos(f) <0.4 0 < cos(8) < 0.2

33



“0” Angular Distribution

do . . :
0 expected to be Isotropic for mesonic current (MC)

and forward/backward peaked for nucleonic current (NC)

p NC p MC
4__ x2fr|df 1.047/5 __ Py % — - - ? - % p’l ) ) P, +— p.fl
[ pO 7.433 + 0.153 - : iz’” : -+ 1! : 2!] i I‘m\p
- p1 3.212 + 0.421 ] P & e o o 2 b
p2 0.04541 + 0.48130
2/~ — a) b)
B p3 —0.7651 + 0.5645 i
] l do . . . .
o T P consistent with dominant nucluonic current (NC)
- 05 0 05 1 d
+ -
COS,,(0) (')
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00T MC > NC i
___.E. L i
g 40 t :
L mesonic current (MC)
------ nucleonic current (NC)
total
g
8
K. Nakayama et al., Phys. Rev. C57 (1998) 1580. 24
ﬂ'ﬂﬂ.ﬁ | | 6[;.0 | | 126.0 | | 180.0



7.433 £0.153
3.212 + 0.421
0.04541 + 0.48130
—0.7651 + 0.5645

1.047 /5

HADES: pp—pX
HADES: pp—ppp
O p+p -> p+X
® p+p -> p+p+p
--0OBE

6 8 10
s!2[GeV]

“0” Angular Distribution

ds?

)
= (74+0.2)P) + (3.2+0.6)P, — (0.7 £ 0.7) P,

) O, =92X5pb

= New measurement of pp—ppp by HADES.

= Consistent with previous data and much
more precise.

= Consistent with OBE model

Based on tp — pp




Dibaryon investigation
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Next channel: pp —» ppn* n* m~ n~ investigation for d*(2380) (Dso dibaryon)

pp > Dy 2> ATFAT T T > pprt T T
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SRR factors
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I;) D ppon n d*t > n  ATTAT s pprtntaTo 1
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pp — atntd® = 7T tACAS S ppn+n+n_n_ (i)
15
g 0'5; pn — d7°T
° 04 Dos
0.3
Complementary study to WASA experiment 0.2
. - dnn threshold
.

2.2 2.4 26
\s [GeV]

37



A

This analysis confirms the
presence of three
channels:

One and double baryonic
resonance production,

direct p production.

D

Theoretical test model
used to test the effect of

interferences.

Conclusion

B

The results show
consistency between one
and two pion production
within the “HADES

resonance model”.

Q

p signal was extracted by
applying the necessary

kinematical cuts.

all

C

The results present
valuable inputs for

theoretical models.



@,

Thanks For
Your
Attention!

Any questions?
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