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Q Introduction: the beta—beam
@ New Physics and neutron beta decay
© New Physics and beta—beam
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The beta—beam

Originally proposed in:  P. Zucchelli, Phys. Lett. B 532 (2002) 166.
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Picture from: C. Hansen, arXiv:1109.1956
Decay Ring length ~ SPS length (= 7km), straight sections: 2 x 36% of total length.
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SHe — SLi+ e + 7, T1p~0.8ls, Qz~ 3.51MeV

"The PS collects 20 RCS bunches one by one. It will be 1.9 seconds between the first
and last injection. There will therefore be intensity differences in the bunches when all
20 bunches are injected to the PS due to radioactive decay”

from: C. Hansen, arXiv:1109.1956

(ESMy = 1.94MeV , (ELABY ~ 24(EM) = 388 MeV , (v = 100),

The distance CERN — Fréjus Underground Laboratory (130km) is close to the first

ve — vy, oscillation maximum.

8Ne: ve emitter with Ty, &~ 1.67s, Qs ~ 3.41MeV (main decay fraction)
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General Hamiltonian

P. Herczeg, Prog. Part. Nucl. Phys. 46 (2001) 413.
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@ UL and UR are 3 x 3 unitary mixing matrices;

@ we assume that ay/, A, ak are real parameters.
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Standard Model: a;; = and all other 0.
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The free neutron beta decay

In order to calculate amplitudes for
n—p+e +u,
we need to know

(P(Pp; Ap)|t(x) Oid(x)|n(pn, An)) =
W, (%, Pps Ap) Hi(Pp, Pn)Vn(X, Pny An)

where i =S, P, V, A, T, while O; are given by

Os=1,0p=7, Ov =7, Oa=v5, Or =0pu.

The wave functions are (j = p, n)

Vi(x, pj, Aj) = uj(pj, Aj)ePx.
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S. Weinberg, Phys. Rev. 112 (1958) 1375

HS — gS(q2) 5
Hp = gp(q2)75
_ 2 iF2(q°) L, F3(d?)
Hy = F1(q%) v, + 2y O + a8
Gp(q? G q2
Ha = Ga(q%) vus + pla’) qus + :(7) Pus
my N
- (1) 2
igr'(q°)
Hr = gr(qz) O + == (qur — BVu)
mpy
(3)
ig « a
+ g ) (qM'DV - ql/'DM) + L ( ) ('Yuq Yo Vv — Y q 'Yof)/u) )
N
my = (mp+mp)/2, P=py+ppand g = p, — pp.
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S. Weinberg, Phys. Rev. 112 (1958) 1375

@ All form factors are real functions as strong interactions are
time reversal invariant.

o If my = my then the QCD Lagrangian is invariant under the
isospin symmetry

(1) 3)

where 6 = (01,62,603) and o = (01,02,03). If we further set
mp = mp then

0, gP(¢®)=0.
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Scattering of antineutrinos on free protons

The matrix elements needed for (¢ = e, u, 7)
vi+p—{T+n
can be obtained from

(n(pn, An)ld(x) Oju(x)|p(pp, Ap)) =
3i(p(Pp, Ap)[T(x) Oid(x)|n(pn; An))”

where s v o7 =1and 0p = —1.
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Form factors in the SM (Q? = —¢?)

[GE(Q?) — GR(Q*)] — 3 [G(@?) — GRy(@)]

F(Q%) = :
e g
N
2y _ [Gp(@2) — GR(@)] — [GR(@?) — GA(Q%)]
Fz(Q ) - Q2 .
1+ W
GE(Q%) = 6p(Q%), GE(Q*) =0,
GHQY) = 26p(@%),  G(@%) = £26p(Q?),
N KN
where pp ~ 2.793 py and pn = —1.913 1y are magnetic moments, py is the nuclear
magneton,
Go(Q) =
D = o 2>
(1+&)
v

where My = 0.84 GeV (fitted from electron scattering data).
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Form factors in the SM

The axial form factor:

GA(Qz) — A

For ga = 1.2673 we have My = 1.026 + 0.021 GeV.

The pseudoscalar form factor:

2
2my,

GP(Qz) = GA(Qz)m
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Correlation coefficients

J. D. Jackson, S. B. Treiman, H. W. Wyld, Jr., Phys. Rev. 106 (1957a) 517
J. Holeczek, M. Ochman, E. Stephan, M. Zralek, Acta Phys. Polon. B 42 (2011) 2493

J. Holeczek, M. Ochman, E. Stephan, M. Zralek, arXiv:1303.5295v1

dr ’pe’E E Pe " Py Me
1 =
dEd.d, ~ (rF TP EE PR
Pe | oPu , pPe XD,
Y [AEG+BEV + DRl P ]}
Mme
B = By+b, T
0 + E.

in Standard Model: b=0 and b, =0.

b=0and b, =0: s; =0 and T;; = 0 as well as no mixing
between vactors and scalars/tensors.

PDG 2012: D = (—1.242.0) x 10~*
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S| and oL

T. Bhattacharya et al., Phys. Rev. D 85 (2012) 054512

From superallowed Fermi nuclear transitions:

~1.0x 1073 <5 <3.2x 1073,
From radiative pion decay 7+ — €™ + ve + 7:

—22x1073 < SE <272 1073,
a
LL
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HI'HHIQZgI'OI”
where
Os=1,0v =%, Oa=v5, Ot =0,

gv =Fi(q®=0) =1, ga = Ga(¢° =~ 0), g5, 7 = g5,7(q°> = 0).

QCD lattice calculations:
1.1 < ga<1.34, gs=0.8+£0.4 and g = 1.05 £ 0.35.
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Parameters

T ik

arL — aLr
A,
arr +arr

a1 adrL — dLRARR

)

> >
9L — AR

a1 dRR — ALRARL

Y

> >
L — R
Akl

8s ;
arr +arr

Qk
T )
arr +arr

st =S11+Sir, SR =Srr+ SkriL.
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Least Squares Analysis

a,-—32 A — Al? Bk—B2
X2:Z[ da ] +ZJ:[ JéAj ] +zk:[ 5By ] ’

x*(\, Ve, VrRs SR, TRR) =
x*(\, —Vre, —VRR, —Sr, — TRR)-
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Data Selection

PAR. VALUE ERROR PAPER ID

a —0.1054  0.0055  BYRNE 02
—0.1017  0.0051  STRATOWA 78

A —0.11954 0.00112 MENDENHALL 12
—0.11996 0.00058 MUND 12
—0.11942 0.00166 LIU 10, MENDENHALL 12
—0.1189  0.0007  ABELE 02

B 0.980 0.005 SCHUMANN 07
0.967 0.012 KREUZ 05
0.9801 0.0046  SEREBROV 98
0.9894 0.0083  KUZNETSOV 95

All PAPER ID names are from PDG 2012, except the new ones:
MENDENHALL 12: M. P. Mendenhall et al., arXiv:1210.7048
MUND 12: D. Mund et al., arXiv:1204.0013
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One-parameter Fit

RS
o324+ 1
22(A-1)
T3\ 41
C2M(A+1)
C3X241

We obtained x2,. = 9.542 (the value of x? at minimum) with

0.0011 (68.27% C.L.),
A=12755+¢ 0.0018 (90% C.L.),
0.0022 (95.45% C.L.).
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Two-parameter Fits
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Two-parameter Fits

2 2 - 2 -
XA, ‘ xmm =840 (2, Tie )‘ X/nm =4.058
0350 r
E 0.08—
0.3 r
025 _ 006
C & [
02 { [ )
s 004 W
0.15F | T
) ,
F J 0.021
0.05 ‘ L
N R \\ ol
124 126 128 13 132 134 124 126 128 13 132 134
A

I s827%C.L. [ JowwcL B o545 % C.L

Michat Ochman Beta-beam and New Physics



Two-parameter Fits (Asy = A

2 2 = 2 1 2 -
x( VRL‘ VRR ) Xoin = 4432 ‘ ‘X ( TRR > Sg )\ X = 4473
0.15F 03
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Statistical operator (CM frame)

See e.g. : R. Szafron, M. Zralek, Prog. Part. Nucl. Phys. 64 (2010) 210
M. Ochman, R. Szafron, M. Zralek, Nucl. Phys. Proc. Suppl. 217 (2011) 347
R. Szafron, M. Zralek, Phys. Lett. B 718 (2012) 113

o
= Y X [T [ S 0 ) o),

i,k=1,2,3 X\,6==%1

1 doy &% o
dpxink = & ) )
PNk N Z (27r)32Ey (27r)32Ee (27T)32E1/

AX5Ay s Ae

x (2m)*6W (px — py — pe — Pu)AiA%k

Q'"BX dp)\l)\l
ZZ/ / dE YdE,dQ,

i=1 A=%1
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Allowed 3~ transitions

Allowed transitions = no orbital angular momentum change: Mgt — Gamow-Teller
(Sy — Sx = 0, %1 except Sy = Sx = 0), Mg — Fermi (Sy = Sx)

dpiitk 0 (L \* dp—i—k R {;R\
m = Ugi (Uek) P+,+(Eu): m = U <Uek> P—,—(Eu)

|Mer[?uL + [Mp|?v,
IMgT|?(0L 4+ TR) + |Me|?(v + VR) '
’MGT‘ZUR—F ‘MF‘zVR
(U + UR) + [MF[?(Ve + VR)

p+,+(E1/) = E3Ee|pe|

_ _(E,)) = E?E,
o) = Ebeleel e

Reduced nuclear matrix elements (Wigner-Eckart theorem):
— for pure Fermi transitions: |Mg|? # 0, |Mgr|?> =0,

— for pure Gamow-Teller transitions: |Mg|> = 0, |MgT|? # 0.
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Allowed 3~ transitions

u = 4TP — AT + N,

e

me
ugp = )\2 (VRR — VRL)2 - 4>\TRR (VRR - VRL) F + 4TI%R7

VL—SL—|-2$LE +1
e

Mme
= (Vrr + VrL)® + 25r (Vrr + kL) £ T Sk -

Emax

QITISX
w:/ / dE,E2E.|p |w
0
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Statistical operator (LAB frame)

Q/max

, (BTN dpy sk e /
=3 ¥ dsy, dEl,dE,dQ,| zi(A, ) k(0P

i,k=1,2,3 X\,6=%1

p, ~p,,=(0,0,E),

ElmaX

dpxink -
-y ¥ / dE!, dé, 17i(A, P, ) (P(As 1y )]
i k=123 A\=+1
dpr ik /1 ;o dpxink
ZFPALAK o dcosf, —————
dEL " cos fmax cos dco Qly dEl// ,
dprink _ dprink

deosfl dE. ~ dcos b, dE, 1!
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Statistical operator (LAB frame)

dﬁ"r,i;'hk * X
TEL = UeLI (Uék> 27T(1 — COSH,Ta )

X (v =V =1)ps s ((7 -V - 1)EL) 7
dﬁ,7,-;,7

JE k= Uk (Ug()*Zw(l — cos 6,%)

X (v = V2 —=1)p- - ((7 — V72— 1)EL) ,

cos M = N 72— 1= ycost,™ .
Y V2 — lcos@imax —

3 Elmax

v dpyini
Y Z/ dE, pj;_:;’ ~1.

i=1 A=+1"0
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The density of the flux:

Np 1 — cos M 23: dpxin,i

N
ME) =T dE,

i=1

The total density of the flux:

J(ED) =" ix(E]).

A==%1
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Evolution of the state

P(LT) =U(L, T UL, T).

UL, T) = exp(—iP*X,)
with X = (T, L)

Pu|17,'()\, py» = pr|Ijl()‘a pI/)) )

where p; = (E;,p,), Ei = /p2 + m?.
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Evolution of the state

Let us now consider L = (0,0,L) and p, = p,,, = (0,0,E,). We
take T ~ L and E; ~ E, + m?/(2E,) so

Emax

=Y 3 [P b0, )60,

ik=1,2,3 \=%1

where

dpxiak(L)  dpxik Am?
311\ — s T A, _ I L
dE, dg, P\ 7'2E,

- 2 2 2
with Ams, = m; — my.
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EICTIQX
Ng:/EW Ny(E, )dE
Np 1 — cos M
Ng(Ey):nDtDﬂ_DPz 5 Oet(Ev L)

1
IR I S ot
A Aps AnAe=%11,k=1,2,3 vEp
X/ d3p2 / d3pn
(2m)32E, | (27)32E,

dpyixk(L N
X (27T)45(4)(pp +py — pn— pe)Ai,lf dE() <Ai’k> 7
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D¢ - L\* /D, D,¢ . R\* 2 D,
A,\=+1,i* (U£i> MZiqs A)\:fl,i* (U£i> MyZ_q,

NZ(EV) = N—M(El/) + N—;E(Eu) )

where

Ny(E) = nptpji (E)ore(E)Pe_y(Ev, L),
N_4(E,) = nptpj—(E,)o—4(E,)PE.o(Ev L)

PLE.L)= > ULU, (Uik>* (U@* exp<_iA2§(L>

i,k=1,23
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Cross—sections

Qr2nax(E’/) dO— . (E )
L. El/ :/ szii'e Y 5
:I:,K( ) Q. (E) dQ2

The target protons in the detector are at rest.

2E my — mng -z

2E my — mNmK +z
QmaX( ) 2EV _"_ mN
with
z=Em; - E\/s—mg 2(s + m2)m3, + my,

and s = m,2v + 2E, mpy
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Cross—sections

C. H. Llewellyn Smith, Phys. Rept. 3 (1972) 261

SM GSM . _ 2
doy _ ( ) N A S UB n s—u cl.
dQ? 47TE3 m3, m3,

where GgM =V, GE/V2, s — u=4myE, — Q> — m% and

2
A= C 04 NG - (1 DR+ (1 N + 4P
my
m2
= (P4 F2)* £ (Ga +2Gp)” — 4(r + 1) GF] 3

B = 4G (F1+ F),

C= (Gj + F{ + rF3)

with r = Q?/(4m3), F12 = F12(Q?), Gap = Gap(Q?).



Cross—sections

dO'_Hg o dO’ZSM
dQ?  dQ2
do_.y dJZSM

dQ?2  dQ@?

(G3Y — Gp, Gap — vaGap),

(GgM — Gg, F12 — v4F12,Gap — vav_Gap).

arL — aLr vy = arr * arL
A A A
arL + arr ajL *arr

2 =
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Numerical results

ANey(E) =1—

NNP(E,) [ NM(E,)
NYP(E,) [ NZM(Ey)

ANe,u(EI/) = ANe,u,(El/; eLv @R) )

where ©K = (05,, 055, 055, 06p).
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Numerical results

eialzl( 0 0 1 0 0
Uk = 0 et 0 U(612, 013,033, 0¢p) | O et 0 )
0 0 el 0 0 el

where U = U(9127913792375CP) as in the PDG 2012:

c12€13 512€13 sp3e~iocp
. s
U= | —s12c3 — c1o53513€9%  caco3 — s1053513€0¢7 $23€13
' i5
S12523 — C12C23513€/9P  —c1253 — S12003513€0P p3c13

cjj = cost)j, sjj =sind;;
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Numerical results

We calculate AN, (E,) varying the (9,’-1- =0;; €[0,7/2] in the
limits recommended by the PDG 2012:

sin?(2012) = 0.857 + 0.024,
sin®(2023) > 0.95,
sin(2613) = 0.098 + 0.013

and with 655 = 0, while 9,’-} € [0,7/2] and 68, € [0, 27]. The mass
differences we set to (PDG 2012):

Am3; = (7.50 +0.20) x 107°eV?,

|Am3,| = 0.0023275-05552 e V2 |

we choose Am3, > 0.
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Numerical results:

agrr/arL = 0.06, ®He accelerated to v = 100, L = 130km

0.05 T T T T T

0_
-0.05 |
-0.1
-0.15 - -
02 + _
-0.25 - -
03 F _
-0.35 - -
-04 -
-0.45 - -

05 1 1 1 1 1
100 200 300 400 500 600 700

E, [MeV]
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Numerical results:

arr/ar. = 0.03, ®He accelerated to v = 100, L = 130km

0.01 T T T T T
0_

-0.01

-0.02

-0.03 _

AN, (E,) x 100

-0.04 _

-0.05 -

-0.06 -

-0.07 1 1 1 1 1
100 200 300 400 500 600 700

E, [MeV]
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Conclusions

@ Effects of New Physiscs are to small to observe (systematic
errors of the signal and the backgrounds were estimated to be
not smaller than 2% — see e.g. M. Mezzetto, J. Phys. G 29 (2003)
1771, M. Mezzetto, Nucl. Phys. Proc. Suppl. 155 (2006) 214 VS.
calculated effects of NP — below 0.5%).

@ Standard Model formulas can be safely used.
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