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Outline Many interesting topics...
n meson production strangeness production multipion production
* In pp = ppn * in pp - pp¢o * In pp - ppn
e in pn - dn e in pd - *Hed e inpn-dnm
 in pd - *Hen * in pd - *Henm
* in dd —» 4Henn
single-pion production n-mesic nuclei charge symmetry breaking
« in pN - pNn  in pd - *Hen e in dd - 4Hern®
* inpN->dm * in dd — 4Hen
* in pd - *H(e)w and many more...

/
* w,m,ay,fy...
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« in pd - 3Hen e in pd - *Henn
Fov_e':ed * In dd —» 4Henmn
/ individually! \_ Y,
single-pion production n-mesic nuclei charge symmetry breaking
« in pN - pNn  in pd - *Hen e in dd - 4Hen"
* inpN->dm * in dd — 4Hen
* in pd - *H(e)m and many more...
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Activities in Munster

pd — Hen: pd — “Hen':
near threshold: « SPES experiments observed structures in do/dQ,
- study FSI at ANKE |A|?, |B|? and t,, at cos¥ = —1 around n threshold
* Mmeasurement covers excess energies « use WASA measurement to study differential
up to Q < 11 MeV cross section in backward hemisphere
« detailed study of total cross section
and asymmetry pn — dn:

* T,, in polarization experiment
« new measurement at ANKE from threshold
away from threshold: to Q =~ 90 MeV
« study production mechanism at WASA « study A-dependence of FSI
« measurement for 13 MeV < Q < 81 MeV

Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 4
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General considerations in pd - °HeX

- 7n and =° production described by 6 independent helicity
amplitudes

- at threshold (py = 0) and for collinear production, only A and
B contribute

« generally, the full polarization experiment is too complicated

[ = €T = Ae-p,+iBlexa]| -p,+ Ce-py+iD[e x o]-py
+ 1E(e-n)(o-py) +1F(e-n)(o-py)
] = (|A|2 +2|BI2+ (|C|2 + 2|D|2) p2 + 2Re (AC* + 2BD*) p, cos ¥,

- (|F|2pf] - |E|‘2) pﬁ sin? U, +2Re (DE’k — BF* + EF"p, cos -ﬁn) pﬁ sin? -ﬁn)
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Yu. N. Uzikov, Nucl.Phys. A801 (2008) 114-128
Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt



—_— " — WWU

MUNSTER

pd — *Hent’
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SPES Data from dp — 3Hen®:
> indicates rapid variation close to n production threshold

P. Berthet et al., Nucl.Phys. A443 (1985) 589-600
C. Kerboul et al., Phys.Lett. B181 (1986) 28-32
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figures from: C. Wilkin, publication in preparation
Nils Hiisken WASA-at-GSI/FAIR, Nov'17, Darmstadt data from. 7
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SPES Data from dp — 3Hen®:

> indicates rapid variation close to n production threshold

P. Berthet et al., Nucl.Phys. A443 (1985) 589-600
C. Kerboul et al., Phys.Lett. B181 (1986) 28-32
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Nils Hiisken WASA-at-GSI/FAIR, Nov'17, Darmstadt data from: 8
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) B
s 120 = WASA-at-COSY
O -
pd - *Hert’ / pd - *Hn* < - preliminary
Cl 100 - pp =1.60 GeV/c i
« new WASA measurement at 15 :g _
different beam momenta © 80
1.60 GeV/c < p, < 1.74 GeV/c X
With Apgiep = 0.01 GeV/c 60 [
 originally meant to study pd — *Hen , 40 -
parasitically measuring pd - *Hen® -
« identification of the reaction by 20
missing mass technique 0 B | | | | | | | |
-1 -0.95 -0.9 -0.85 -0.8 -0.75 -0.7 -0.65

« cover large part of backward

hemisphere COSﬂno

N.H. PhD Thesis

Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 9
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pd - *Hen® / pd - *Hn*

new WASA measurement at 15
different beam momenta

1.60 GeV/c < p,, < 1.74 GeV/c
With Apgtep, = 0.10 GeV/c

 originally meant to study pd - *Hen ,
parasitically measuring pd — *Hen?®

« identification of the reaction by
missing mass technique

N
o
_I | I_I_._I'I | | L | L | || I|

WASA-at-COSY
preliminary

P, = 1.67 GeV/c

0 L | L | | PR S I T T T S N

. cover large part of backward - 0.9 08  -07 0.6 0.5
hemisphere N.H. PhD Thesis COSﬂ‘EO
Nils HUsken WASA-at-GSI/FAIR, Nov'17, Darmstadt 10
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« 90 ¢
w =
0 n
3 3 O 80 :_ WASA-at-COSY
pd — Her’ / pd — Hn™" . = preliminary
a 0F p, =1.71 GeV/c
« new WASA measurement at 15 :g 60 §-
different beam momenta O 50 -
1.60 GeV/c < p, < 1.74 GeV/c :
With Apsep = 0.10 GeV/c 40
 originally meant to study pd - *Hen , 30 E
parasitically measuring pd — *Hen?® 20 1 -
- identification of the reaction by 10 B
missing mass technique 0 F | | | | |
. cover large part of backward - 09 08 -0/ -06 -05
hemisphere N.H. PhD Thesis COSﬂﬂO
Nils Hisken WASA-at-GSI/FAIR, Nov'17, Darmstadt 11
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« 90 ¢
w =
v -
3 3 O 80 WASA-at-COSY
pd - Her” / pd - Hre™ . = preliminary
S 70 E p, =1.71 GeV/c
; © 60 **
1k © -
- 50
oF - observe movement of a 40 =3
[ minimum in do/dQ 30 F
2 3 « from unphysical cos9 o, < —1 to 5—{ .
- cos¥ o = —1 20
25 a * loss of intensity at cos9 0 = —1 10 &
" due to n° 3He - n *He transition? ) E | | | | |
_3 — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
T 41 09 -08 -07 -06 -05
16 1.62 1.64 1.66 1.68 1.7 1.72 1.74 5
preliminary pp/GeV/C N.H. PhD Thesis COS o

Nils Hisken WASA-at-GSI/FAIR, Nov'1l7, Darmstadt 12
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pd — “Hen

Nils Hisken

WASA-at-GSI/FAIR, Nov'l7, Darmstadt
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pd — 3Hen pp/GeV/c
1.65 1.7 1.75 1.8
D : 1 I I 1 I I | 1 I I I I I I | 1
+ near threshold: £ 60E - | N
o fast rise of o © = T
o effect of strong FSI S 900
o existence of n°He - S 400 E i
(quasi-)bound state? 2 - \ /
v 300 F \_ ! } ) SATURNE: SPES-IV (1988)
8 — — 4 SATURNE: SPES-II (1996)
. = 200 E —+— COSY: GEM (2000)
e above threshold: 2 ~ TSL: WASA/PROMIGE (2002)
o production mechanism? S 100 E 208V, COSV-11 2007
o Sharp Variation at Q = ..9 — —3%— COSY: ANKE (2007/2009)
= —4—— COSY: WASA-at-COSY (2014)
50 MeV? 0 __r 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

40 60 80 100
excess energy Q/ MeV

Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 14
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pd - °*Hen - Close to Threshold

Assumption 1: E=F =0 500
I= AP +2B]* + (ICI* +2ID|) p} + 2Re (AC* + 2BD") p, cosv "
N n no 400
Assumption 2: A=B = f; and € = D = f,, with = =l
. 300F-
f.= fprod § 250
® (1 — p_ﬂ) : (1 — ?ﬂ) 8 2001
p1 p2 5 150
So that 19"
50:—
Py e e e e
g — I d"fjd COS 19 — ) |.f5| + p ' ‘f | excess energy Q [MeV]
P - P

T. Mersmann et al. , Phys. Rev. Lett. 98 (2007) 242301

Nils HUsken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 15
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T. Mersmann et al. , Phys. Rev. Lett. 98 (2007) 242301

pd - °*Hen - Close to Threshold

C. Wilkin et al., Phys. Rev. B 649 (2007) 92

And for the asymmetry parameter:
B d | (da)
“ T deoso, a0

) Re (AC* +2BD*) ) Re (f fp)
p ¢ ¢ ¥ ‘ é — p ¢
TA]2 +2[BJ* + (IC* + 2|DJ*) pj SR+ 2p, [, 12

cos ;=0

asymmetry factor o
(=)

Resulting in a pole below threshold: -0.1
forod = (50 & 8) (nb/sr)l/2 ? 0.2
fol foroa = (=047 £0.084£0.20) +i-(0.33£0.02+£0.12)) (GeV/c)™" 3
py = (—4£71)—i- (19+£2+£1)MeV/e | L
py = ((1034+4)—i- (T4+£12F))MeV/e . PP momentump, Meviel

Nils Hiisken WASA-at-GSI/FAIR, Nov'17, Darmstadt 16
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pd - °*Hen - Close to Threshold

And for the asymmetry parameter:

o =

d

d cos -ﬁn

| (da)
1 -
T

Re (AC* + 2BD*)

cos ;=0

2p ‘ : : 5 = 2p ‘ i
M[A]2 +2|BJ2 + (|C[* + 2|D|?) p; S P+ 2p, |17

Resulting in a pole below threshold:

Re (f2,)

asymmetry factor o
o
- (=}

T. Mersmann et al. , Phys. Rev. Lett. 98 (2007) 242301

C. Wilkin et al., Phys. Rev. B 649 (2007) 92

— (r 1/2 -0.2
fprod (30 = 8) (Ilb/SI') ’ . N . 0.3 < 3 new data in
fp/fpmd = ((—0.47£0.084+0.20) +i-(0.33 4+ 0.02 £0.12)) (GeV/c) \ preparation!
_ ‘{“2 - / a4
Py = (4x717) —i- (19£2+1)) MeV/c signs ofimaginary [ 4 o 12101 1 .4101 ! lslo‘ ! 18101 1 .1(1)01
py = ((103+4)—i-(74+12F1))MeV/c . |parts are ambiguous!  momentum p, [MeVic]
Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 17
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pd - °*Hen - Close to Threshold

Polarization measurement dp — 3Hen

Assumption:
Very close to threshold, only A and B contribute

_ B AP

do p 2 2
= — (JA[* +2|BJ?) and ty BRI T AP

dQ  3p,

Observation:

« (near) constant t,,

- and thus, near constant |4|?/|B|? (variation on the
scale of 50 MeV)

- strong s-wave FSI influences |4|? and |B|? similarly

t20

0.6

0.4

0.2

-0.0

-04

-0.6

-0.8

Tyo = (—0.14 + 0.04) + (—0.02 + 0.01)Q

|AP/BI?

05

|B|?

W = (0.75 £+ 0.06) — (0.014 + 0.014)Q

o
OrTTTT

Nils Hisken

WASA-at-GSI/FAIR, Nov'l7, Darmstadt
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pd - *Hen - Above Threshold

« Variation around Q = 50 MeV

0
-
— 600
©
c 500
O
8 400
(7))
»w 300
o
o 200
e
§ 100
0

P, / GeV/c
1.65 1.7 1.75 1.8
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] T SATURNE: SPES-IV (1988)

K | 4 SATURNE: SPES-II (1996)
L COSY: GEM (2000)

TSL: WASA/PROMIGE (2002)

— 4 COSY: COSY-11 (2007)
COSY: COSY-11 (2007)

— % COSY: ANKE (2007/2009)

——4— COSY: WASA-at-COSY (2014)

O "ttt Btk

20

40 60 80 100
excess energy Q / MeV

Nils HUsken WASA-at-GSI/FAIR, Nov'17, Darmstadt 19
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pd - *Hen - Above Threshold

« Variation around Q = 50 MeV

i ®)
> new data does not confirm it! S 600
b
Difference? S 500
» normalization method S 400
;10_ %
g e m*—-—-—-—-—-;——-*;-"‘"—“*m n 300
o g 3
g © S 200
2 6 2
s S
i 5 100
8 | 0
2" 2
X B y-S—
c0S(V¢ps)

HTTTTTTITTTTITTTI T T T T IT T I ITI T
RN RRRRN RRLLN L RN R

WASA-at-COSY

preliminary

I

SATURNE: SPES-IV (1988)
—8—— SATURNE: SPES-Il (1996)
4 COSY: GEM (2000)

TSL: WASA/PROMICE (2002)
& COSY: COSY-11 (2007)

COSY: COSY-11 (2007)
—%— COSY: ANKE (2007/2009)
—&—— COSY: WASA-at-COSY (2014)

—+4—— COSY: WASA-at-COSY (this work)

O H*%ed« B e o )

20

N.H. PhD Thesis

40

60

80 100

excess energy Q / MeV

Nils Hisken

WASA-at-GSI/FAIR, Nov'l7, Darmstadt
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pd - *Hen - Above Threshold

« Variation around Q = 50 MeV

HTTTTTTITTTTITTTI T T T T IT T I ITI T
RN RRRRN RRLLN L RN R

WASA-at-COSY

preliminary

I

SATURNE: SPES-IV (1988)
—8—— SATURNE: SPES-Il (1996)
4 COSY: GEM (2000)

TSL: WASA/PROMICE (2002)
& COSY: COSY-11 (2007)

COSY: COSY-11 (2007)
—%— COSY: ANKE (2007/2009)
—&—— COSY: WASA-at-COSY (2014)

—+4—— COSY: WASA-at-COSY (this work)

O H*%ed« B e o )

20

N.H. PhD Thesis

40
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80 100

excess energy Q / MeV

O
. = C
» new data does not confirm it! = 800
o
Difference? S 500
» normalization method S 400
)
. wn
> 05 7 300
O] S ET O
o 0.45 © S 200
:('_;_ 0.4 | E o)
g 0.35 ; g :§ 100
Q
S 03¢ x2/ndf = 8.82/13 = 0.68 9—) 0
SE-' 0.25 E_ pp: 1.67 GeV/c a
4 f
~ 02 PR ST SRS (NN ST ST ST TN T SN T T NN S O ) N R S ST WA (Y
g:” -1 -0.9 -0.8 -0.7 -0.6 -0.5
cost
Nils HUsken

WASA-at-GSI/FAIR, Nov'l7, Darmstadt
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pd - *Hen - Above Threshold

« Variation around Q = 50 MeV

> new data does not confirm it!

Difference?

> normalization method

< f
‘-‘-O.-h -
> 105 & Sumoverp =1.70 GeV/c
(] E Ty P
S Tw,
= "
=} i Ly
= 10E g
o r e, A
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-8 . ﬁﬂlﬂiﬁ‘ﬁ%@m % Loow
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o Irom (1983)
—+4— Velichko (1988)
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Glagolev (2012)
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2
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WASA-at-GSI/FAIR, Nov'l7, Darmstadt
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pd - *Hen - Above Threshold

« differential cross sections are strongly anisotropic
 not in accordance with any conventional production model
(resonance or two-step models)

' Q, = 13.6 MeV

@
+

++++-

Q, = 18.4 MeV

wf“#”“‘f

Q, = 23.2 MeV

70} Q, = 28.0 MeV

preliminary
=x=

=32.8 MeV

aof :
30/

20}

1o} -

Q, = 37.7 MeV

70F Q, = 42.5 MeV

do/dQ2 / nb/sr

Q, =47.2Me

Q, = 52.1 MeV

pp/ GeV/c
158 16 162 164 166 168 1.7 1.72 1.74 1.76
_8 : 1 1 1 I 1 I--.r.. I 1 1 I 1 1 I T I I Ll 1 I Ll 1 I Ll Ll I T T I T N N N e . o o o o o
< 600 & - Two-Step Model - plane wave 70} Q -56.9 Mev - 61.7 MeV — 66.5 MeV
o - i Two-Step Model - a__ = (0.75.0.27) fm 60F CL, O“ +{"+.g.. O"
5 500 ;_ 1 S N N I Two-Step Model - a“N =(0.88,0.41) fm ig :
i ¥ 30
S 400 N 20
o 3 A 10f
300 —~ i . . . . .
3 5_? gg Q,=71.3MeV [ Q,=76.1MeV [ Q =80.9MeV
S 200 | 20 |
o = 1 40 /‘)
© 100 5/ \WACA_aF_(OCV  Aralimsiesms 30
= i WASA-at-COSY prellmlnary 20 »,./
0 - 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 10 u . . » » » n n '
0 10 20 30 40 50 60 70 80 90 -05 0 05 05 0 05 05 0 0.5
excess energy Q / MeV \LH. PhD Thesis Cosﬁn
Nils Hisken WASA-at-GSI/FAIR, Nov'17, Darmstadt 23



do/dQ / nb/sr

70F Q, =13.6 MeV Q, =18.4 MeV Q, =23.2 MeV
L >. 60f -+
e s— - 50F
E— L SR S s g
= 20‘-7.!’*
E B 7* vl
‘O 70F Q -28.0 MeV ~32.8 MeV
(&5_ o "
3 50}
pd - "Hen - Above Threshold aof
. . . . - | _— 20 /
- differential cross sections are strongly anisotropic B of T o
* not in accordance with any conventional production model 2 79 q-425MV | Q-4a72MeV [ Q =521MeV
(resonance or two-step models) —
G
O
45 - & - Data: Q, = 47.2 MeV . Tj‘ o o5 L
40 E_ ‘‘‘‘‘ . . a § 20 = Theory: Q = 48.8 MeV {{m{fﬁ{ A g O 7} Q, = 56.9 MeV Q, =617 Me.i‘.."r{.:'l‘- Q, = 66.5 MeV
3 T ahay | O G oF sof -
I ] gﬁéﬂ (- O 40 L
30 E gl = & o
o & © r .
S A E 30 20}
20 |- ! I D C 10
- wt . L M 2 2 2 2 2
15 | *W*f S s 20 - 70p Q,=713MeV [ Q =76.1MeV | Q,=80.9MeV
10 F #};**H Data: Q, = 23.2 MeV h - - 50 //%"*"‘-
= Q = L 40
5 F Theory: On_ 21.1 MeV - 20 /
=R I I I PP S PP B B B PP P T I P B P BN B I 20 :
1-08-06-04-02 0 02 04 06 08 1 0 1 08060402 0 02040608 1 10p o "f _ ST
cosd, cost, 05 0 05 -05 0 05 05 0 05
N.H. PhD Thesis COSﬁn

Nils Hisken WASA-at-GSI/FAIR, Nov'l7, Darmstadt 24



- gg Q, =13.6 MeV o11 18.4MeV [ Q,=23.2MeV
—"— wwu G aob bt gt
— MUNSTER E 30 '
g $87£-"‘4‘ _._1- - | I./f/t-/--‘
S o[ @,-280MeV | Q -328MeV | Q,-37.7 Mev
o I T
pd - *Hen - Above Threshold sof - e
- differential cross sections are strongly anisotropic & fg// *
- not in accordance with any conventional production model 2 79 q-425MV | Q-4a72Mev [ Q=52 MoV
(resonance or two-step models) — 5o}
L : : © . e
2 | » clearly, theoretical effort is needed to O 7fq, sesmev 0,617 Mgy | =665 v
S understand the production mechanism [/‘ /‘u
» good understanding of the production Q,—76.1 MoV | O~ 80.9 eV
mechanism important for a better Pl
understanding of the FSI! J/ |
cosv, cos®, 05 0 05 05 0 05 050 05
N.H. PhD Thesis COSTF}.”
Nils HUsken WASA-at-GSI/FAIR, Nov'17, Darmstadt 25
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Nils Hisken
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pn - dn

« study the A dependence of the FSI
« CELSIUS/WASA data show l .
Clear indicat|on Of FSI From R. Bilger er al., Phys. Rev. C69 (2004) 014003.
140 T (pn—dn) [MeV] )
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Summary

« Meson production off light nuclei remains an interesting topic
« Close to production thresholds, FSI effects are crucial

« More theoretical effort is needed to understand production
mechanisms

a (much) more comprehensive review is given in arXiv:1611.07250
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Thank you for your attention!
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