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Strangeness exchange reaction

3D nuclear landscape
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Advantage
* Precise spectroscopy

» Structure in detail
- Clean experiment

Difficulties

- Limited isospin

» Small momentum transfer to
ez ;" separa‘re hypernuclei
» Difficulties on decay studies
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HypHI project,
started in 2015




Production of Hypernuclei with HypHI
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1 Coalescence of A in projectile fragments
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1 Coalescence of A in projectile fragments
1 (w*,K*) reactions in projectile fragments

1 NN -> AKN : Energy threshold ~ 1.6 GeV
« Heavy ion beams with E > 1.6 A GeV needed
- Stable heavy ion beam at GSI Accessible to neutron- and

- Stable heavy ion beam at FAIR proton rich hypernuclei
- RI-beam from FRS and super-FRS

Heavy hypernuclei: A > 4




Relativistic hypernuclei
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1 Large Lorentz factor y (>3)
« Effective lifetime : Longer by the Lorentz factor
200 ps -> 600 ps at 6SI (ct ~ 20 cm)
200 ps ->4 ns at FAIR (ct ~ 120 cm)

1 Hypernuclear separation and spin precession
« Can be feasible with 20 Tm at 20 A GeV
« Large spin precession in magnetic fields

- 225 degrees with free-A magnetic moment
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Detection principle
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Present hypernuclear landscape
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pernuclear landscape with HypHI

Phase 1 at GST and FAIR
Proton rich hypernnuclei
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Phase 1 at GSI and FAIR

pernuclear Iandscape with HypHI
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pernuclear landscape with HypHI

Phase 1 at 6ST and FAIR zsi ist Rsi [2s I2s s RS RS ws nsy Asy
Proton rich hypernnuclei Al PAL |2 AL 'ﬁ::Au A Al E’,‘\A\ = A ‘15\'5;‘5\'
2mg f2mg fimg [2Mg Mg Zvg SMg SMg T Rivg g
“Na [iNa [ “*Na |’.Na “Na “INa “Na *,Na “Na “\Na
*Ne J¢Ne ['INe ?Ne |2 Ne ‘.’lNe “ZNe “Ne *“Ne
Fl CGH R U BT ETRE TR
20 |20 Jio |50 |20 |40 %0 o0 =0 %0 =o

|

Phase O experiment in 2009: N SNCSN

Demonstrate the feasibility of c e Phase 2 at FAIR
precise hypernuclear spectroscopy - Neutron rich hypernuclei

A
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Presentations in the HYP series

2006, Mainz/Germany

« Ideas of the HypHI project and its Phase O (°Li + !2C)
2009, Tokai/Japan

« During the Phase O experiment

« Progress on the Phase O experiment

2012, Barcelona/Spai
o SR STy C. Rappold et al., NPA 913 (2013) 170

« Preliminary results of Phase O C. Rappold et al., PRC 88 (2013) 041001(R)

C. Rappold et al., PLB 728 (2014) 543
2015, Sendai/Japan C. Rappold et al., PLB 747 (2015) 129

« Published results on Phase O in 2013-2015
« More results on Phase O

« Preliminary results on Phase 0.5 (°°*Ne + 2C)
« New ideas with HypHI + FRS/super-FRS at GSI/FAIR

Topical session for the hypertriton lifetime, on Tuesday
* talk by Christophe Rappold for the HypHTI results




HypHI Phase O in October 2009

1 The goal of the Phase O experiments

To demonstrate the feasibility of precise hypernuclear
spectroscopy with °Li primary beams at 2 A GeV : Mesonic
decay A -> = + p

S,H ->m +3He

4AH > + YHe \ ALADIN TOF wall
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dipole magnet
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Invariant mass distribution

C. Rappold et al. / Nuclear Physics A 913 (2013) 170-184
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« Statistical analysis of A invariant mass

(-100 mm < Vertex Z < 300 mm) with RooStats and RooFit package
* Fitting model = n, (Gaus: sig_m, sig_s) + n, (Chebychev: a0, al, a2)
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Lifetime: Unbinned maximum likelihood fitting

C. Rappold et al. / Nuclear Physics A 913 (2013) 170-184
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Comparison to the world data

C. Rappold et al. / Nuclear Physics A 913 (2013) 170-184
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Comparison to the world data

C. Rappold et al. / Nuclear Physics A 913 (2013) 170-184
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FIRST evidence of the short hypertriton lifetime
with the counter experiment technique (~20)

=) talk by C. Rappold on Tuesday




Lifetime: Analysis on the existing data

Physics Letters B 728 (2014) 543-548
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Article history: A statistical combination of the experimental lifetime estimations available in the literatures is performed
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Bayesian approsc == talk by C. Rappold on Tuesday




Lifetime: Analysis on the existing data
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Fig. 2. (Color online.) World data comparison of jH and XH lifetimes. The combined average is represented by the arrow at the top, while the width of the hatched band
corresponds to the one standard deviation of the average. The vertical line at 263.2 ps with width of 2 ps shows the known lifetime of A hyperon. References to counter
experiments is marked by an asterisk.

Bayesian analyses:
* Upper limit with 95 % confidence level

3.H: 250 ps (B = 2.7)

*\H : 227 ps (Byo = 3.8) mm) talk by C. Rappold on Tuesday




Phase 0.5 experiment in March 2010

1 Hypernuclear spectroscopy with heavier projectiles: 2°Ne
H and He hypernuclei
Li, Be, B and C hypernuclei
Analyses in progress

Drift Chamber
(DC1, DC2)

Dipole magnet

Scintillating fiber
Detectors (TR0/1/2)

V. Bozkurt and K. Yoshida, PhD thesis



20Ne+12C: A->p+n- and 3 ,He->3He+x-
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20Ne+12C: A->p+n- and 3 ,He->3He+x-
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2°ONe+12C: Lifetime of 3,H

Unbinned maximum likelihood fitting
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c.f.: Phase 0, 183 ~ 32 ps
V. Bozkurt, Ph.D. thesis, to be published
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Recent status of lifetime values of 3,H

1 HypHI mm) talk by C. Rappold on Tuesday

* 6Li+12C and 2°Ne+12C at 2 A GeV at GSI
« Phase O (6Li+!2C), 183*2 5, ps (A: 263 ps)
« Phase O (?°Ne+!2C), 170*4_5, ps (A: 263 ps)

AV LIV P lell ™ talks by N. Shah and Y. Xu on Tuesday

© 197 Au+l97 Ay
« Observation of short lifetime of 3,H
« Two/three-body decays combined: 155+2° ,, ps

* 208Ph+208Ph
’ 181+54_39 pS

|No theories to explain the short lifetime of H ‘




C. Rappold
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» PDG says need to rescale errors if x2 > 1
> initial x?=1.18, 197.5712% ps

» scaled x?=0.98, 195.9738 ps

» Upper Limit at 95% :

» Bayesian :

223.9 ps & at 99% :

» 195.971%7 ps & Upper Limit 95% : 229 ps

e Bae(es Facto B,

Status oq hydr

= 3.0

ogen hypernuclear Lifetime

234.0 ps

08/09/2015

Lifetime of 4 H in 2015

Combination with the most recent available lifetime results:
=) talk by C. Rappold on Tuesday
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More results on HypHI Phase O

6Li + 12C at 2 A GeV




Physics Letters B 747 (2015) 129-134
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Fig. 3. (Color online.) Multiplicity distribution as a function of the rapidity ob-
servable y0 and of the transversal momentum Pt in the center-of-mass system
for _f;‘ll in panel (a), ‘fH in panel (b), respectively. In panels (c) and (d) the pro-
jected rapidity distributions of the data set yH and ;H respectively are shown
in black full circle together with extracted signal contribution Smodel (open box),
the background-only distribution from the mixed event analysis Bmodel (open cir-
cle) and the signal-plus-background model BSmodel (dash box representing the 1-o
standard deviation interval). Panels (e), (f) and (g), (h) show the rapidity and Pt
distribution of extracted _}t}l and :H signal, respectively.




Deducing spectator temperature

1 Inverse slope, T, m, spectrum:

o
dN/dnh
<

—h
°
=]

1/m, dN/dm
1/m

—h
°
]

-9 -10
10°5""0.01 0.02 0.03 0.04 0.05 0.06 0.07 10 "0""0.01 0.02 0.03 0.04 0.05 0.06
m, - m, (GeV) m, - m, (GeV)

For S\ H: T, ~7 + 2 MeV, T, ~ 18 + 7 MeV

For 4 H: T; ~6 £+ 2 MeV, T, ~ 13 + 6 MeV

Very similar to multi-fragmentation results by ALADIN
T. Odeh et al., Phys. Rev. Lett. 84 (2000) 4557

Also similar to the Goldhaber model

A.S. Goldhaber, Phys. Lett. B 53 (1974) 306

C. Rappold et al. (HypHI coll.), to be published
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= === Dubna Cascade Model @ STAR Preliminary
= === UrQM-+hydro Model ES864/AGS

N
n

He)/(A/p)

[ | AMPT default

H)/( *He+ 3

3
A

3
( AH+
SE

X
= >

A
] AMPT melting [] STAR(Science 328 (2010) 58)
Jc  STAR(Science 328 (2010) 58)

==

[ Data Model
- VE864 Au-Pt0-10% 11.5A GeV/c — Default AMPT + Coal.
—HSTAR Au-Au 0-80% |5, = 0.20 TeV String Melting AMPT + Coal|.

- ! DCM model
~ @ALICE Pb-Pb0-10% |5, = 2.76 Tev "~ ooaescence (DGMmodel)
-- Thermal model

(GSI - Heidelberg)
—Hybrid UrQMD

III|IIIIII|I)I|III|III|III|III|

®H - (*He + m) assuming B.R.=25%

102

T.A. Armstrong et al., Phys. Rev. C70, 024902 (2004)
C. Rappold et al., Phys.Lett. B747, 129 (2015)

STAR collaboration, EPJ Conf. 66, 04020 (2014)
STAR Collaboration, Science 328, 58 (2010)

ALICE collaboration, arXiv:1506.08453 (2015)

IIIIIII| 1 IIIIIIIl 1 IIIIIHl I -

10 10 10°
[Sun(GeV) VS (GEV)
Y.G6. Ma, STAR collaboration, EPJ Conf. 66, 04020 (2014) ALICE collaboration, arXiv:1506.08453 (2015)

AMPT + Coal. : S. Zhang et al., Phys.Lett.B684 (2010) 224

DCM model : J. Steinheimer et al., Phys.Lett.B714 (2012) 85
Thermal model : A. Andronic et al., Phys.Lett.B697 (2011) 203
Hybrid UrQMD : J. Steinheimer et al., Phys.Lett.B714 (2012) 85




Invariant mass reconstructions
Phase O: SLi + 12C

1 All final states with charged particles
. p + U
" SHe + &
" He + -

" OLi+

" SHe+p+m
" ‘He+p+m
‘ d+p+g-|;'

‘ d+p+gr

e d+

« T+ o




RAPID COMMUNICATIONS

PHYSICAL REVIEW C 88, 041001(R) (2013)

Search for evidence of }n by observing d + =~ and ¢ + =~ final states in the reaction
of °Li+12C at 24 GeV

. Rappold,’>" E. Kim,'* T. R. Saito,"*>T O. Bertini,'* S. Bianchin,! V. Bozkurt,"® M. Kavatsyuk,” Y. Ma,* F. Maas,""*>
_%Fammjima,l’g B. Ozel-Tashenov,! K. Yoshida,'>° P. Achenbach,* S. Ajimura,'” T. Aumann,’!!

C. Ayerbe Gayoso,* H. C. Bhang,* C. Caesar,"!! S. Erturk,® T. Fukuda,'> B. Gokiiziim,'® E. Guliev,’ J. Hoffmann,' G. Ickert,’'
Z. S. Ketenci,® D. Khaneft,* M. Kim,* S. Kim,? K. Koch,! N. Kurz,! A. Le Fevre,""!* Y. Mizoi,'? L. Nungesser,* W. Ott,'
J. Pochodzalla,* A. Sakaguchi,’ C. J. Schmidt,! M. Sekimoto,'* H. Simon,! T. Takahashi,'* G. J. Tambave,” H. Tamura,'?

W. Trautmann,' S. Voltz,! and C. J. Yoon?
(HypHI Collaboration)




d+n- and t+n- : Invariant mass

C. RAPPOLD et al.
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RAPID COMMUNICATIONS

PHYSICAL REVIEW C 88, 041001(R) (2013)
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d+n- and t+m- : Lifetime

RAPID COMMUNICATIONS

SEARCH FOR EVIDENCE OF }n BY ... PHYSICAL REVIEW C 88, 041001(R) (2013)

5.396 cm (al) GoF : x?/ndf = 0.68 (32)
p-value : Prob = 0.76
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d+n- and t+xn- :Signals from others

RAPID COMMUNICATIONS

SEARCH FOR EVIDENCE OF }n BY ... PHYSICAL REVIEW C 88, 041001(R) (2013)

Decay channel Counts

3H = prd+m 8 to dtm—

“H — d+d+7 1 to d+m
f\H—> t+p+7m— 6 to t+7m~
/6\He—>4He—|—d—|—7r_ 15 tod+7m~
‘He— p+p+d+7~ 8tod+m
,5\He—> d+3He+7~ 14 to d+7—

Observed d+n: 202
Observed t+x : 181

Neutral nucleus with A, nnA 2?

3Sn->t+
3SnN->1 +m >n+d+a




Theoretical calculations for nnA

1 E. Hiyama et al., Phys. Rev. C89 (2014) 061302(R)
1 A. Gal et al., Phys. Lett. B736 (2014) 93
1 H. Garcilazo et al., Phys. Rev. €89 (2014) 057001

nnA can hot be bound

based on the current understanding of 3,H

No theories to explain the short lifetime of 3,H




Lifetime of 4 H in 2015

Combination with the most recent available lifetime results:

IAIZEIEI%’ Phase 0.5

STAR new
HypHTI Phase O

- % T
TR (2015
TR [11] (2015)°
TR {2015y
TR [9] (2013)"
A I | (4] (2070}
T @
i B T 970)
T 2 ] (1970)
- \0' 13] (1968)
1R s,

100

200 300 400

® H Lifetime (ps)

100 150 200 250 300 350 400

™ = 196'7 ps

t(ps)

» PDG says need to rescale errors if x2 > 1
> initial x?=1.18, 197.5712% ps

» scaled x?=0.98, 195.9738 ps

» Upper Limit at 95% :

» Bayesian :
» 195.971%7 ps & Upper Limit 95% : 229 ps

C. Rappold

e Bae(es Facto B,

Status oq hydr

223.9 ps & at 99% :

= 3.0

ogen hypernuclear Lifetime

234.0 ps

08/09/2015

=) talk by C. Rappold on Tuesday
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Do we understand the simplest hypernucleus?
Na
AN

i .| (CHe+x")/(All =~ decay channels)

B, = 130 keV 0

R(3,H) > R(*9°Pb)

t(3,H) should be equal to t(A, 263 ps)

Q3 04 05 06 07

H Fig. 4. The ratio R3 = (:,’\H - 7=+ He)/(all = mesonic decays of ?\H) as a function of
owever‘ . p2/(p2+sz). The curves illustrate the results of the calculations made by Dalitz and Liu [4] for

3 H) = ~ 180 ps JG\H) =4 and 3.
— P T. Bertrand et al., NPB 16(1970)77
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Do we understand the simplest hypernucleus?

3 AH Three body decay observed by STAR
mmm) talk by Y. Xu on Tuesday

Branching ratio: 3-body/2-body = 2.41+0-39 , .,

(3He+rn")/(All «- decay channels)

06}

B, = 130 keV 0

04

A sTAR
® (Hewr)/(CHern ) (prder))

021

R(AH) > R(Z0%Pb)

01

t(3,H) should be equal to t(A, 263 ps)

0 01 02 Q3 04 05 06 07

H Fig. 4. The ratio R3 = (%H - n'+3He)/(all 7~ mesonic decays of ?\H) as a function of
owever‘ ’ p2/(p2+s2). The curves illustrate the results of the calculations made by Dalitz and Liu [4] for

3 H) = ~ 180 ps JG\H) =4 and 3.
— P T. Bertrand et al., NPB 16(1970)77




Do we understand the simplest hypernucleus?

3 AH Three body decay observed by STAR
mmm) talk by Y. Xu on Tuesday

Branching ratio: 3-body/2-body = 2.41+0-39 , .,

i .| (CHe+x")/(All =~ decay channels)

B, = 130 keV 0

R(AH) > R(Z0%Pb)

! STAR
@ (sHen)/(CHer )+ (prden))

Jr= 3/2*
(BHe+n")/(((He+n )+(p+d+m-)+(2p+n+m))

t(3,H) should be equal to t(A, 263 ps)

H Fig. 4. The ratio R3 = (%H - n'+3He)/(all 7~ mesonic decays of ?\H) as a function of
owever‘ ’ p2/(p2+s2). The curves illustrate the results of the calculations made by Dalitz and Liu [4] for

3 H) = ~ 180 ps JG\H) =4 and 3.
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Results from HypHI

1 Short lifetime of 3, H
“ 6Li+12C and ®°Ne + 12C at 2 A GeV
1 Signalsond + 7 and t + -
“6Li+12Cat2 AGeV
« nnA (3,n) 2?2?
2 Production cross section
* 3 H,4Hand A
" 6Li+12Cat 2 AGeV

These can be subjects for experiments planed at
FAIR Phase O and 1

One of Day-1 experiments in NuSTAR/FAIR




Hypernuclear spectroscopy
with
excellent exotic beam

spectrometers
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Possibility with FRS

FRS used as the O degree forward spectrometer
with an excellent momentum resolution

PRODUCTION TARGET
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Possibility with FRS

FRS used as the O degree forward spectrometer
with an excellent momentum resolution
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HypHI+FRS at FAIR Phase O (6SI)

Negatively charged particle (77)

7~ detectors b4
(DC + TOFPlus) *

S2 Exit Magnet

Fragments

Tracker stations
(Fibers + DC)

Entrance Magnet * D-magnet
(KEK - Japan)




HypHI+FRS at FAIR Phase O (6SI)




Proposed pilot experiment
1 6Lj + 12C at 2 A GeV, beam intensity ~ 5 X 106 /s

« RUN 1: Bp =12.5 Tm, 4 days
- For 3,H. Invariant mass and lifetime
- Demonstration of the feasibility
« RUN2: Bp = 16.5 Tm, 4 days
- For 4\H and d+=~. Invariant mass and lifetime
« RUNS3: Bp = 11.0 Tm, 1-2 days
- Cross-checking for 3,H
« RUN4: Bp = 14.0 Tm, 1-2 days
- Cross-checking for 3,H, 4,H and d+x

1 Expected results

« Showing the power of hypernuclear spectroscopy with FRS/
super-FRS

« Lifetime of 3,H and 4 ,H

« Existence of nnA




Expected invariant mass by M.C.

—— Mixed Event —— Mixed Event

S/B =0.24

3 3.02 " 39 392 394 396
(*He+n-) Invariant Mass (GeV) (*He+n-) Invariant Mass (GeV)

204 206 2.08 .
(d+n-) Invariant Mass (GeV)










With super-FRS at FAIR

Target building

Direct beam
line to NESR




With super-FRS at FAIR

Target building Super-FRS tunnel

Direct beam
line to NESR




With super-FRS at FAIR

%Hﬁ iHe %He iHe
1.2ub 12ub 34 ub 26 ub

iLi ?\Be gBe Z\Be
1.2ub 04 ub 1.6 ub 0.6 ub

; iB 3B
Bl 12c+12C¢  |] . 0.2 ub 0.6 ub
BR 12C+9Be |1

B 13C+12C
BB 13c+9Be
B 14N+12C
B 14N+9Be
Bm 15N+9Be
BR 160+9Be
B= 170+9Be
..... I P PR PR PR P
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Target Thickness (g/cnf)

>
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=
£
©
(]
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Mean 7.664 |

RMS 0.0008507 | -

RMS: _
0.85 MeV

Counts /0.2 MeV
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Summary

1 HypHI Phase O experiment, SLi+!2C at 2 A GeV
« Nuclear Physics A913 (2013) 170
- Invariant mass spectroscopy for 3,H and “AH
- Shorter lifetime of 3,H and “AH than A
« Physical Review €88 (2013) 041001(R)
- Signals on the d+rn and t+x~ invariant mass
« Physics Letters B747 (2015) 129

- Production cross section of 3,H and “AH and kinematics
1 Physics Letters B728 (2014) 543

« Combined analyses and Bayesian statistic analyses for the existing
3,H and “AH lifetime data

« Shorter lifetime of 3,H and “AH than A

« Even shorter with new data from ALICE, STAR and HypHI Phase
0.5

2 Phase 0.5 , ONe+12C at 2 A GeV

« Invariant mass spectroscopy
« Preliminary results on the shorter lifetime of 3,H than A




Summary

2 New plans for the precise hypernuclear spectroscopy with
FRS at FAIR Phase O

« Confirmation of nnA, and lifetime measurements for 3,H and “AH

1 New plans for precise hypernuclear spectroscopy with super-
FRS at FAIR Phase 1

« Neutron/proton rich hypernuclei with RI-beams




HypHI Phase O and 0.5 collaboration
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Do we understand the simplest hypernucleus?

3 AH Three body decay observed by STAR
mmm) talk by Y. Xu on Tuesday

Branching ratio information by STAR will be

° very IMPORTANT
.| (CHe+x")/(All =~ decay channels)

B, = 130 keV 0

R(AH) > R(Z0%Pb)

t(3,H) should be equal to t(A, 263 ps)

Q3 04 05 06 07

H Fig. 4. The ratio R3 = (%H - n'+3He)/(all 7~ mesonic decays of ?\H) as a function of
owever‘ ’ p2/(p2+s2). The curves illustrate the results of the calculations made by Dalitz and Liu [4] for

3 H) = ~ 180 ps JG\H) =4 and 3.
— P T. Bertrand et al., NPB 16(1970)77




Particle identification

C. Rappold et al. / Nuclear Physics A 913 (2013) 170-184

Counts / (80 MeV/c)

P (GeV/c)
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Phase O setup

Beam: ¢Li at 2 A GeV, 3X10¢ /s _
Active Target: 12C, 8.8 g/cm? \.\ALAD'N TOF wall

ALADIN
Z .

dipole magnet

TR1 |
TRO TR2

oL Beam/-}’ - / o /

TOF-start
12C Target

TOF+ wall

Om




Phase O setup

Beam: ¢Li at 2 A GeV, 3X10° /s _
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Phase O setup

Beam: 6Li at 2 A GeV, 3X10¢ /s _
Active Target: 12C, 8.8 g/cm? \ ALADIN TOF wall

ALADIN
~ dipole magnet
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TOF-start
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Phase O setup

Beam: 6Li at 2 A GeV, 3X10¢ /s _
Active Target: 12C, 8.8 g/cm? \ ALADIN TOF wall

RO | TR2| ||

TOF-start




Phase O setup

Beam: 6Li at 2 A GeV, 3X10¢ /s _
Active Target: 12C, 8.8 g/cm? \ ALADIN TOF wall

TRO | TR2 ¥

|/

°Li Beam — .«

TOF+ wall




Phase O setup

Beam: 6Li at 2 A GeV, 3X10¢ /s _
Active Target: 12C, 8.8 g/cm? \ ALADIN TOF wall
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Phase O setup

Beam: 6Li at 2 A GeV, 3X10¢ /s
Active Target: 12C, 8.8 g/cm?
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Phase O setup

AN =/
W :

Al

(4184 A8 RYVE R &

.

e\

W\ : ; /)
Ny

: i ®

; * ‘}‘ li
s
1




Detection principle

Magnet

target n
[I A-Hypernucleus B
p———— >
> T

) ) il Residues
\
p, 7
\

Trigger

X
1 Tables of kinematical relations (from simulations)

1 Programmed in fast online hardware (FPGA)

mmmm) Displaced vertex trigger

C. Rappold, PhD thesis







