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The radiative decay of polarized ·muon i~ investigated hi order 
to sear~ for possible-deviations from the Sta.D.d¥d Model-(SM) 
predictions. · . . . . ~-

Assuming-the pvpW vertex as a.linea;r combination of vector 
and axial currents· and a pure V-A interaction for . the el~ctron · 
as a minimal expansion ofSM'.o,,· 

I"JJ . g.· 'w· +,'f; a( . . 5 .· )·,T, . h , . (1) 
,L,c.c.= 

2
J2 -a ':Jt~/Y gv-'Y 9A ':Jtp+ ·~·,· 

one may obtain in the case of polarized muon· 
~ ' ,- ' ~ 

.· . 
up(p, s)ilp(p, s)---: (P + m)(l-: 758), 

' \ 

(ps) . 0 '(2) 

the differential width: 

?rdfJJ-viie ·.. . , . . . 4 . ' 
r d dn = 3y2(1- y) + 2py2(3y- 1) (3) 

0 y . . . ' . 
. ... ... 2 [ (. ) . 2(· . )] . ;_nsy 3 1 - y + 3 p By - 7_ , 

2ce 
y=mp' .. fi = Pe 

!Pel' 
.. G2m5 .. 

fo= ~'(2 2 )· . 1927r3 9LL + 9LR , 

where pis the Michel parameter, 

.. 3 ( 2 )-1 p = _ 1_ + 9LR 
4 g2 ' 

9V + 9A. (4) 
YLR= 2 

LL 

In SM·.we have 9LR = l'and 9LR · · 0. Our. result differs from 
the one presented in the review by Pich [1), and for p = 3/4 
coincides:with the result given in _the book by Okun [2). 
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Traditionally in experiments in order to search for right cuE
rents the kinematical region iis ~ 1 is considered. To. extra~t 
their influence one has to take into account radiative corrections. 
The first part ofthispaper is.devoted to their calculationin the 
case of pol~ized·muon. We present the· contributions from a~ 
emission of virtual and real (soft and hard) photons; Some· dis
tributions are given. We note·adisagreement with theresults 
ofT. Kinoshita and'A. Sirlin [3). ·: · ;: 

The second part is devoted to calculations. of:radiative' cor
rections· of the ·• pion· ,8-decay.' ·• The width of this channel ·in' the 
Born approximation · " · !.,. 

G2~5 . 3 ~ 5m2 
ro = 307r3 1Vudl2(1- 2,m11"- ~t), : (5) 

) 

~ = m1r+ - m11"o ~- 4.5M ev 
' ; '\, f - ~ . l : I : ' •. . '-. 

is planned to extract the 'Kobayashi-Moskava ID:atfix element 
!Vudl· The knowledge of IVudl with the accuracy~:v 0.1% is es
sential for the 'soluti~n of 'the ;question about a _possible fou~th 
generation of quarks. w~ note that in the theory with point
like propagator: of;W-b<?son some .ultraviole(,divergencies ap
pear. The cut-off parameter A .. has.to be replaced by the mass 
of W-boson (A= mw) (because of the·.fact~that BM is a renor
malizable theory), or by the mass of a hadron (A,- mp), which 
looks more :preferable. Some uncertainties due tb. thechoice of 
the scale parameter of ~he strong interaction were estimated fo 
be no m~re than O(aj1r) < 0.2%. Large eledrowe~ corrections 

. arising from the W-boson.self-energy, we no.te, ar~ the ~arne as 
for tlie'miion1deday width .. The ratio of the i.Jr decay width and 
the muon decay one is fr~e from the electroweak corrections: 

·,~··~ .··'· ' ' •: ; .·- 'O :·;'Y'. . .·. ~- '• ~ -,' ' , .. -~~ i...~~-~- ,~ : .. ,-~ .·~ ." ;·~ •. :~·; '·.·; ~' '< 

.,:rc7r+ ~ 1r
0e+zle):. ,., .. 1Vudl2192 ( ~ }5·(1 ~-+·a (11-2,_::: 25))(B) 

f(J.L+ ~ iipe+ve) · 30 mJJ · 27r 4 

n~ ..... ,. - ___ ,-:-; ',l • ....._1"V':' -, ttiY r.t -~ht.-.. ,._u...,,1 Ma_.liDl.J i 

ma~~3~I ncc~~anntu&i 
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x(l + 8lr)(1- 3.6. -' sm; 
- . · 2mlr .6_2 ) · 

1 Radiative Polarized J-L Decay -

So. far. as our results. differ from the ones obtained.in [3] we 
will put here some intermediate 'formulae~ The second reason 
for this: one can use them in a precise experiment. · 

After.standard [2] procedures- a) the.integration.over neu
trino momenta; b) 'the' unification of the -denominators in :the 
Feynman loop amplitude; c) the integration over_the loop mo
mentu~- one obtains for the summed over .polarizations-of 
final particles the doubled product of .the Born and the ·loop 
amplitude: ' . 

16G2a J1 
[

1 1 
I= 2 E:M0M1 = . 

3 
. ]

0
2zdz lo dx{d(A +BiiS) 

' 1 .·· . . . A2 . 3 . 
+2y(3- 2y +ns(l- 2y))(lndm2 - 2)}, (7) 

' ' ' ' ' Jl 
1 2 1_ ' ' ' .. , 

A= --y (3- 2y) +·-zy(y(3- 2y) + 3q;(l- y)) 
2. ', 2 .. 

' 1 ' 
·, ~ +2z2xy(l- y)(....c.2¥ + x(2y..:.. 3)), 

1 . 1 ,· . 
B = - 2y2(1- 2y) +.

2
zy(y(1- 2y) +·x(1- y)) 

' 1 ~ ' ' ' ' 
-.2z .xy(1- y){2- x), 

.· - _ . m2 . . · ).,2 
d = ·z2(x-:- x(1 ~ y)(l-.x)+ -

2
e (1-:- x)) + (1- z)-.2 , 

·· . mJJ · mJI 

where .A is the ;'photon mass", y = 2ce/mJJ is the energy frac
tion of the final electron, A·is the ultraviolet cut-off parameter: 

4 

'}; 
! 

' ; 

The regularization· of the_ expression (7) includes th~. renormal
ization constants of the free muon and electron. It results in the 
replacement ~ . 

·- 'A2 · · .. 9 3 .m2, .· .A2 . 
ln-~.....c.....c......c.....;ln-~-2ln'-> (8) 

m2 2 2 m2 m2 
Jl .e Jl. 

The emission of soft photon~ is described by'tlie -known formula 
(.6.c is the photo11 en~rgy, .6.c ~ mJI): 

arsoft a .. ' . _· 
-- = ro 47r2 (3 7 2y + iis(l- 2~))- (9) 

· 2.6.c 
·· [(n - 2)2lny-+ 2 + 77 

1 7r2 
' . 2 . ' ] .. -2-7] -:- 3 ' ' 

. m2: 
77-: L +2lny, · L=ln · ~~--

me··: 

In the sum of :the c<>rre~tlons due to' the' erhission of virtual 
and soft photons the ."photon mass".cparameter disappears: ' 

arsoft+virt 'a 2{ . '. 
·, ro27r2y (3 -_2y +iis(l- 2y)) (10) 

' 

3 ·. . ' ' 
x [(n- 2)1nu +~-n- 77 lny '-- 1 . -•-- ., : .. A _·. . : ... 

1r2 3 · [Y dx 
-3+ 2~Y_+ lny~n(l.- y)-:- Jo. ~ln(1- x)], 

+(y..,.... 3)1ny+ iis(Ylny- y +1)}· , .. :u :- ?.6.c ~ L 
" . '· . ', •• '_,._ · ... ·~-- •:',::··: .. '. ,.·· ..... ' ' '"!-JJ. : . 

Straightforward but slightly tedious calculation gives the dis
tribution on the'electron· energy #action)n the total sum ((10) 

·' ... -· : .. ~- .... ; " ·-· \,.: .. 
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plus hard photon emission contribution): . :; 

di'soft+virl+hard . a . . < ••• 

dydrl. = ro 21r2 (A+ Ens), ··(11) 

A= y2 (3.7""" 2y)[-2 + ('1/ ~ 2) ln(1- y) _;_··
1 

y ln(1- y) 
. . . ; y 

. 3 . '1 . . . ., l ,f2 
+7J(-.-.lny) ~:-lny..Vlnyln(1-:Y)- -. . 4 . 2 . . ... ; ... '3. 

-2[Y dx ln(1- x)] +3y2(1- y)llly • -~- 1 

Jo x . 1 . . . ' ' 
+12(1·- y)[7J(5 + 17y -34y2) -_44¥,.+ 68y

2
], ·. 

' .•. ·. 3 1r2 
B = y2(1- 2y) [(7J- 2) ln(1 ~ y)+ 77(~ -lny)- -. 

' . 4 3 

1
y~ ~ - 3 

-2 -ln(1- x) +lnyln(17- y) -1 + -lny] 
X ' 2 0 . . . 

1 ; . 
-12(1 ~ y)(l.+ y +.34y:)7J + y?(ylny + 1- y) 

1-y 2 3 ' 
- · · · · , ,-:-. 3y' c~l:- 4Y.+ ?11.-:-:- 6y p~c~ ~~¥1 

«'. '1'' 5' 19· . 10 .,. ;, ". .·· . ,.; ' '2-'. 3 . •;: ....... . 
--+ -y+ -y --. y 2 3 6 3 . 

In the limit y ~:1 we;obtain.' • · : ·· ·-' 

drsof~+:~+hardi• . .• ~ r~2a2Ao{J- ns), 
y y-+1 1r 

(12) 

'· ·· ·1o. \ (L'~ 2) hi(1 ~ y) -f ~.i·-·2 .. 

We compare this result'\vith the:~orn one (3), with tight cur
. rents h:lvolved by th~ Michel parameter, in the same limit 

. · . · £Irp-+viie I'. :; . 2p · .. ~:_. · · . . . . , 
·· ·· · . -~ · ·= -

3 
(1- ns). . . . . ;. __ (13) 

~' . 1r . . . ... . . '· ' 
y-+1 

-'6 

~ 

·'' /l 
I 

' ;>~ 

" 

. \. 
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In this region, .as we s~e, the radiative correctibn~ are very impor
tant if one wants to. extract a deviation of the· Michel parameter· . 
p from 3/4. · . 
.. We show here also the integrated on the eJiergy.fraction con-· 
tribution from the hard ph?ton emission region: . 

2~~ m~ 
w > ~c, . a=--~ 1, · -L = ln-2 ~ 11.33, 

mp ... me 
drhard a 1 1 17 1 .7 . 7r2 60l 

To21r2{2Lln a- 12ln a- 12L -12 +.-288 . 
. 1 .. 1 13 1 •. · 5 . . 5 . . 1213 ,.. . 

+iis(--Lln-+ -In-+ -L+-1r2
- -)} · (14) 

6 . (j 36 (j 36 36 . 864 . ' 

as well as the total angular_distribution: 

drvirt+soft+hard '· a 1r2 25 
_ ... --: ro21r2{ --~ +16 .; (15) . 

. ......... ( 7 2 629) }'•. 
·. +ns 367r -.432 ' · } 

. For completeness we pres~nt here the distribution on.the elec
tron energy. fraction in the tegion ·of the hard photon spectrum: 

drsoft+virt+hard. .· a . . . •· . ' ; . :' :' 
- . = ro 21r2:y~.{a(y,_a) + b(y, a)ns}, (16) 

· · 2~c .·· · 
a = --· <t::'1, w > ~c 

mp 

~' ·. . '.. . •t-:- y .· .1 .. ··.. . . 1 - y' 
a= (3- 2y)[....:1 + -ln-+ (7J- 2)1n-

y 1-y . (j 

- fY ~ ln(1- x)] ;··(~:-_!') (5 -f-17y _:.·34y2)7J 
Jo 

··+ (1 - y)_( -11 + 17y)~- ·, 
3y . ·.: 
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b = (f- 2!J)[{q- 2}Jn l CT y-r~ Jn{l- x)] 

- (1 - y) (1 + y + 34y2)7] + (1 - y) ( ~-! + 5 ,_ 
' 12y2 . . . . 3y . y2 y 

. •. 1 1 5/ 19 . 10 
-6y)ln----+-+-- -y. . 1 - y 2y2 3y 6 3 . 

,;J 

. We put here also the hard photon emission spectra for the 

unpolarized case [4] 
. . - . 2 5 . . . 

df(J.L ~ _evv1) = G m 11a (1 _ z){ _·17 + 23 _ 101 z (17) 
dz · 9 · 51271"4 ·. z 3 6 · 
55 

2 
(6 

2 
) ... m!(1- z}}·. 2w 

+-z + -.- 4(1 - z ) In , z = -. 6 z . m2 · m . e II 

2 . ; ~adiative 1r {3-Decay, 
Consider now the radiative corrections (RC) for the width of 

the ,B-decay of 71"+ · · · · 

. . 71"+(plf~ 71"Q(p2) +e+(pe) + v(pv) + (7(k)). (18) 

The width in. the Born approxi~ation has the· form [5] 

/. 

.. r~ . G2~srvudl2(1- -~--)3I(J.L), (19) 
1('3 2171+ ' . 

II 

15 '+-· J.L4ln 1 + ~_,.. J.L2 2 .· ·. 2·. . J,·: 
f:J = Jl P' . 

. x2' 
me 

J.L = l:l. , 

8 

(20) 

c/:l. ·= m~ -~_1710 ·~ 4.59MeV. 

·\1 
-:r 

. <1 

1'1 ! I 
" \l 
li 

\ 

The differential width of the radia~ive 71"+ ,B-decay has ;the form: 

a d3k . · 
dr =-

4 2--·-dfo(2cvce ~ PvPe)-1 
. (21) 

. . 71" ~ . . . 

{( 
. · )[··1 f!l~ 2ce J 

X 2cvce -PvPe w2 +.(pek)2-:- w(pek) 
. 2 + 

( )[ 
me ce W] 

+ 2'-"c" - kp" (p ,_ , 2 - • ·'- r., 
• e' 

cv 2cvce -PeP~·} +-- , 
W .. • (pek)·:. 

where dro is· the differential width in the Born appr~ximation, 
cv; ce, w are the energies of electron, neutrino. and photon i-e
spectively .. We rearrange th~:phase space volume in (2i) in.th~ . 
following way: ; . . . . . . . . ' ' . . ' . . . 

- . ' ·._"' '> 

. - .. · .--.. ·· --... -.. - ... 6(p1 - P2 - Pe __ -- Pv .- k) (22) f. d
3 k d3pe d3p" d3pe d3p2 . . ·. 

·. w ce · ce · cZ, ·c-2 · · ·· · · · · · ·· . 

= ~ jpedcecvdcvkdw2(2i)3dc11dCy6(l:l.- c~- c11 ~ w) 
. . . 1. . 1....:.~. •. . ' . . 

= 167r3m;1l:l. 5-1·· dx. r . 4z~~,B,Bzdc;dc.y, . . '. . aJ· .... r:--7 .. ·· ... " 
,B = vl ~ ~, . .. . {3z = v 1 -~, . 

W .c
11 

• ~. 

Z =:f:l.' ':X= /:l. . V -·~.-: 

We omit in (~2). the terms of order l:l.jm;..'co!Ilpared.withthe 
terms of order unity. _The following. error has the _I!l,agnitude . 

·•. 
a l:l. "' 10-4 .. - .:-
.1(' m,.. 

•' ~ . 

(23) 

; 
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Performing' the' angular integration over Cv and Cy one obtains . 
'_ •) 

·.Jdr1r+-+1Toe+v; : G2~5~~s28ca·111xf3x2(1 ~;;)2 (24) 
. . . p 

x{(~2 +.!.hi~+ {3).[-2 + lll2 +ln(1- x) + 1
3 

x 
{3 1-{3 I . X 

~] · (1- x)2 
. 1 + ~ {1 

dt ln(1 _ t2)} 
+ln""f + 24Bx ln 1 _:__ {3 + Jo 1- t2{32 • 

In order to calculate the correction due to a "virtual photon 
emission" we have to consider three one-loop Feynman diagrams .. 
Tw~ of them, which contain "~on tact" vertices, have the forms of 
a pion and a positron self-energy.loop. The d~ubled interference 
of their amplitudes with the Born one (suri:rined overfinalspin 
states). has the form: 

. . . /: 0! 

2 L MO'(MJ' + Mr) = 24m~(2G cosec?(- 47r)~~Cv 
A2 · 3 . m 2 · A2 3 

x [ln 2:+ - + ___ e (ln -
2 
+ - )]> · (25) 

m1r 2 cem7r me 2 . 

The contributions fiom the terms in this equati~n ·which· are 
proportional to me/m1r have an order of'(23) and we will omit 
them further. The parameter A here isthe well-known cut-off 
momentum. 

Applying the standard procedure Of denominatorsjoining and 
performing a loop-momentum integration, an analogous to (25) 
expression for the third- diagram may be obtained: . 

.. : ..• . ... · . • -.: .. : .• :. -. > ~ ·•. ·.· . a ;' . ·.· :· 
2 L M0M;' = Him~(2G cos_ 8c)2

(-
4

7r)cecv -(26) 

7 . A 2 ·25 ·. .. m2 1 1 + {3 
x [-~In--- +2(ln--!.- -In-) 

2 mi 6 m~ {3 1 - {3 

10 

.-

'· 

. 2 · 14-'[J· ffi2 .... {32~2x2· -'- ; . . .. ;· +-ln-·-.. · (ln~+ln '• } ...... ; (27) 
. {3 1 ~ {3 .,\2 . . mi . . 
+ . c t lri.1-t :41/J d .. 2 

"!3 . 0 1 ...:.:. t2 . t2 ] . 

To consider the ultraviolet behavior of the ~plitudes.correctly, 
it is necessaryto take into account the renormalization constants 
Ze and .Zr for the pion·~d positron wav:efunctions:. 

'1" .z. , . ~ e.-. 
..... . - - ' p --:' 77J. p -::- rp 

. ··t·· ./':_' z1( "·: -~ 

PI:..... m~ .. -+ p2 _ m2' 1.: · {28) 
'. ---···" 1 ;; +· :, 

where -

a , ; m 2 .. 1 . A 2 . 9 · 
Ze = 1 + 2;(lil ).r:..... 2ln m2- 4); 

e. 
(29) 

. ., . · a A2 -... m 2 . 3 
~1( ·= •.l+ -2 .. -.(ln~+ln: ,; <;-4}·.; .: .. >:· 

1r m1T· "' . · 

.. Tile: total ~urn ofth~ radiative' 7r+ f3:-dec~:Y width which ·in- · 
chided' the loop corrections does not contain the' parameter' of 
the· "photon m~s" >.:, .' , ' . . . 
:,,·:,) . ·:·.~·,·\ __ ·~ ---;·-,-:- ~-·;:: 1.) :l·· ~ 4 

j ' 

ro+ r<1> = ro(l+ 67(), . . . . .·. :, .. :·· : ._ .. : .-.-~. ,, '''3.6. '.6_5 'c:;: 

r 0 = (G.cosBc) (~- 2m,)7r3 I(~t), 
-· • • l• 

(30) 
,·:4 

.• - (11 ) .:.:11' ' 1 . - ' 
C1r .- ~ : · d:z:x2 (1;-:- x?f3. :, .·. ,-cfXX

2n .~ ~)~fJ,, i: ·.)3~) . 
p . . J.l ' • . -

.{
1 .. 1/J. d.t . (.{32

.· ._··-·,t.
2
)t2 ... i ___ ·.c ,- ' , :·: ~-. :; ·X - . · . ln +·- · ·.: · · · ' J, · • : 

. {3 0- 1-:: t2 . - 1 - t 2 ' . [3 . 
(~~~ln2+~(l ~;;)' -- . -· 

2 · . f3vx 

II 



(1- x) (9. _ · )) ln l_+fJ _ 2(1- x) 143. _ 2 ln" 
+ 24x. , x · 1 - {3 · · 3x + 48 ~ 

· · 1 m 2 3 A2
} 

-2ln(l-x)+ln_p2 --ln ;+...;.ln>--2. 
. · 4 .m 4 m . e 1r 

. .The . fact. that. r.{l) ·contains· .the. cut..: off parameter A·. is not 
surprising one,due to nonrenorma;lizability of. the old-fashioned 
weak interaction theory; used. here. A similar phenomenon w<is 
obtained in paper of Kinoshita in cal~ulation of RC for· pion 
decays [6]. As we noted above, the real cui:.off paraineter is the 
scale of stronginferacti~ns·A mp = i10 Mev. The numerical 
estimation 6'/r with such a choice of A gives ..... 

. 6'/r_ ' ~·:p.023. (32) 

3 Backgrou11d· Pr-ocess for·7r :j3-Decay-

. , As a_packground process for 1r. {3-decay we consicierthe double 
' , . ' . ' - . ,•' ' ' ~ ,' ~ . ·~ - " .. . ,, -. 

b~e!llsstrahlung dec~y ?f pio11: . , .. . . . .. 

1r+(p) ___. e(pe) + v(pv) + 1(k1) + 'Y_(k2)'. 
!- :§. 

(33) 

As far as one measures 21e4:~: fiha.:t state in '1r {3-decay 

~+ ~ e+ v ·1r0 
e ' 

(34) 
~2,. 

the process (33) may imitate the 7r {3-decay in the case that the 
invariant mass 2, is nearto m11'o. 

The differential width or' the .process ,(33) ha.S the form· (we 
omit here the structure-dependent contributions co!llpared with 

12 

.the inner bremsstrahlung ones): . 

!(Gam f1r'cosiJc)21 . 0·- d;r.. (35) df1r-+evn =. e 
6 

-Sp PvO).uPe ).u ""'' . 
.2 m1r(21r) 4 ; . 

d~ . d3Pe.d3Pv d3 kl d3 k2 8(4)(p- Pe - Pv - _k,l - k2), 
. €e .€11 WI . W2 · · 

· 0).ue~e~·=·((p -k1- k2?- m!F-1 
. (36) 

-x{ 2(pel)((pe_2)- (k1e2)) _ 2(pe2)((pe1).;.. (k2e1)) ·. 
' ' ., ' (Pk!). ' ' . _(pk2) ' 

_
2

( ·)}- . Pe +k1.+k2- me {.A -:·:f>_e:- k2 +me A 
· e1~2 _ + (Pe + k1 + k2)2- .m~ -el '2(pek2) e

2 
· 

_ A -Pe - k1. + me A } . ' (elp )(fie+ k2 --m~)e2 
+e2 _ e1 - . . 

'2(pek1) , ( k1p) 2(pek2) · 

. · (e2PYCPe + k1- m~)e1 · 
X - . ..:::....:..-~--'--~ 

{k2p) 2(pek1) . 

Rearranging the phase volume element as ·.··--. 

J 411"31-m~+6m2 
. ' iLl ' . j_· 1 i1'+Ll _ 

_ d~ = -· _·, ·· ' dm2 • .-· cedce . · dee·._· · · · .dw1 · (37) 
.. . m1r · m~-6in2 o · · --1 1'-..-Ll 

and estimating the trace in ( 14) as · 

1 - ' ~2 
-4~Sp Pv0Pe0 ~ 2 k 2 k ., 

· Pe ~1 Pe 2 

one obtains for -the ratio R .: · / · 

_ 1 1mo+6m
2

. df11'-+evy-y 

R = (r.a71'+).... .· · d ') dm2 

. . m~-6m2 m 

. _ (mef1r'aln~Ll-) 2 6m2 · _ _46m2 
"' - • "' 10 "' A ~"' -2-. 

. m1rw. . m · m 

13 

(38)' 

(39) 



We see from this estimation that the background from the pro:.. 
cess (39) is negligible; 

We are grateful for discussions toM. Galynsky, V. Gordeev, 
A. Efremov, S. Korenchenko, M.-Levchuk,, D. Mzavia, V. Per

- vushin~ Z. Silagadze and 0. Terjaev. 
~ 
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Ap6y30B A.B. HAP· 
P;mHa~oHHHe H peAKHe p.- H Jt-pacnaAH 

t> 
BHtiHCn:eHH pa3JIHtiHI:Ile pacnpeAeJieHIDI AJ. 

JUipH30BaHHOI'O MJ09Ha. 06cy)K)J;aeTC51 B03MOX 
KOB. BHtiHCJieHa paAHao;HOHHa51 nonpa_BKa K m1 
aHa.n:H3HpoBaH «i>oHOBHii npou;ecc ABOiiHoro pa,ll 

. . 
Pa6ora Bl:lliTOJIHeHa B Jla6opaTOpHH Teoperl 
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Coo6m.eHue'061.et~imeHHOfl? HHCTirryTa Sl)lepubu 

AThu.zov A.B. et al. 1 
Radiative and Rc:~re p. and .7t Decays· 

We calculate the width of the radiative 1 

distribution in the hard part of the final elec 
estimate also the integrated width for some elec 
corrections to the p~on {3-decay are considere 
processes. 

The investigation has been pedormed at 
Physics, JINR. 
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