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Fermi constants and “new physics”
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Various precision determinations of the Fermi constant are compared. Included are mut@ptrdo tau
decays as well as indirect prescriptions employiagm,, my, sirf 8(M)ws, T'(Z—1717), and I'(Z
—vv) as input. Their good agreement tests the standard model at @ level and provides stringent
constraints on new physics. That utility is illustrated for heavy neutrino mixing, two-Higgs-doublet m8dels,
T, and U parameters, and excité®* = bosons(Kaluza-Klein excitations For the last of those examples,
myx=2.9 TeV is found[S0556-282199)02319-X

PACS numbses): 12.15.Lk, 13.35.Bv, 13.35.Dx, 14.70.Fm

The Fermi constanGg is an important, venerable hold- a~ 1=137.0359995810). (5
over from the old local theory of weak interactiofiy. Ex-
pressed in terms of SB), X U(1)y standard model param- The leadingO(«) term in that expression has been known
eters, it is given by for four decades from the pioneering work of Kinoshita and
5 5 Sirlin [4] and Berman[5]. Coefficients of higher order
Gr=g5/4v2my, (D) In(m,/m) terms are determined by the renormalization

whereg, is an SU2), gauge coupling andh,, is the W= group requiremeri]
gauge boson mass. To be more preciSe, must be ex- 9

pressed in terms of physical observables or weII—prescribeéim
renormalized parameters. Also, electroweak radiative correct

J
Ggm. B 55 |RC=0,

tions must be properly accounted for. 242 148
Traditionally, the muon lifetimer,, has been used to de- Bla)==—+ = —+ | (6)
fine the Fermi constant because of its very precise experi- 3m 2w

mental valud 2],
42 The —3.7 two-loop term was very recently computed by van

7,=2.19703540) X 10 %s, 2) Ritbergen and Stuaff7]. Their result also implies the next-
to-leading logarithms in Eq4) via Eq.(6), leavingC as the
and theoretical simplicity. Labeling that definition B, , it only unknown®(«®) contribution to R.C. Comparing Egs.

is related tor, via [3] (3) and(2), one finds
G2m°> [ m? 3m? G,=1.166371)x 10 °>GeV 2 7)
-1_ e e I " ' !
=T (u—al)= f(— (1+R.C) 1+——),
. 1927 '\ m7, 5 my

which is, by far, the best determination of the Fermi con-
f(x)=1—8x+8x3—x*— 12 Inx. 3) stant. !n fact, it is more thgn 1QO times better than the other
prescriptions considered in this paper. Nevertheless, there
In that expression, R.C. stands for radiative corrections anfiave been several proposals to further reduce the uncertainty
thegmi/m\ZN term is a smalW-boson propagator effect. The IN Ty and GM by an additional factor of 10. Given the fU.n-
R.C. expression is somewhat arbitrary. Most quantum looglamental nature o, , such measurements should certainly
corrections to muon decay are absorbed into the renormalte encouraged. However, from the point of view of testing
ized paramete, . For historical reasons and in the spirit of the standard model, some other independent determination of
effective field theories, R.C. is defined to be the QED radiathe Fermi constant would have to catch upGq before a
tive corrections to muon decay in the lodal-A four fer- ~ more preciser, measurement could be fully utilized.
mion description of muon decay. That separation is natural In the renormalization o6, , lots of interesting quantum
and practical, since those QED corrections are finite to alloop effects have been absorbed. Included are top and Higgs
orders in perturbation theor§3]. In fact, they have been l00p corrections to th&V-boson propagator as well as poten-

fully computed throughO(«?) and are given by tial new physics from supersymmetry, technicolor, etc. Even
possible tree level contributions—for example, from massive

a (25 al2 m, excitedW* * bosons or other effects—might be encoded in
R.C= ol a™ T 1+ P §|” m__3'7 G, . To unveil such contributions requires compariso@of
¢ with other independent determinations of the Fermi constant
a\?l4 oMy m, that could have different tree or loop level dependences.
T §In E_Z'OIHEJFC el (4 Because of the renormalizability of the standard model,
universality of bare gauge couplings among lepton genera-
wherea is the fine structure constant: tions[8],
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0S =g4 =97 (8) massesz=95 GeV; so that it would have escaped detection at
o T o existing colliders. Parametrizing the third- and fourth-
and the bare natural relatiof@] generation mixing bys,, one hagassuming no mixing with
, the first or second generatipfil2—14
] €5
S|n2 0W_ gg =1- (I’nW/mZ)2 (9) V,=V3 C05034+ Vy sin 034. (17)
0

there are many ways to determine Fermi constants and com That being the only mixing effect, one would expdat,
y way =G 1. COSbay. Comblnlng Egs.(14) and (15 to get G¥*

pute very precisely their relationships wi, . Comparison 2
of those quantities can then be used to test the standa?d1 1672(25)( 10°GeV 2 and comparing withG,,, one
nds the rather stringent bound

model and probe for new physics.

The leptonic decay widths of the tau can provide, in close
analogy with muon decay, Fermi consta@s, | =€ or u.
Including O(«) QED corrections, one employs the radiative
inclusive ratg10]

SiN03,<0.075 (95% C.L). (18)

What value of sirg;, might be reasonable in such a scenario?
If an analogy with quark mixing is appropriate, one might

G&m? ml 3 m guess[12] sinfz~+m_/m_. If that .i.s the case, Eq(ls)
L'(—=lvev(y)= - f 1+ = translates tom; =316 GeV. An additional factor of 2 im-
1927° 5 mj : j :
m- W provement inG ; would push that probe into the very inter-
a (25 estingm, =850 GeV region, under the above assumptions. A
X |1+ py= (Z_ 772) (10 similar analysis could be applied to singlet neutrinos or more

general mixing scenarios. Note, however, that heayynix-

Those Fermi constants have been normalized, thra(gt) ing with the first two generations of neutrinos must be sup-
such thaiG .=G,,=G,, in the standard model. That is pos- pressEd due to constraints from—ey and u"N—e N
searches.

sible becausg; =g4 =g and theO(a) radiative correc- . . . .
_ 0 Cfo Tt L, 2, 2 As a second illustration of new physics, consider the gen-
tions are the samiup to O(am;/my) or O(ami/mz)]. eral two-Higgs-doublet model with tg8=v, /v, and physical
Employing the experimental averagdsi] scalar massesy,, my , m,, andm,=. Charged Higgs scalar
7.=290.5+ 1.0x 1055, (113 exchange at the tree level would 2redlz,lce the tau leptonic de-
cay rates by a factofl5] [1—(2m{/mj,-)tar? 8] and thus
B(r—evv(y))=0.17816), (11  effectively implyG,,<G . However, the good agreement
between Eqs(15) and(14) can be used to set the boufi®]
B(r— uvv(y))=0.17366), (110
=2tanBGeV (95% C.L). (29
implies
For large tarB=45, that bound is competitive with direct
ete” collider searches as well as constraints frdn
— 7vX [16]. However,b— sy measurements generally give
a more restrictive bound. Constraints on the spectrum of sca-
lars can also be obtained by comparag andG; , but they

I'(r—evr(y))=4.03519)x10 B¥GeV, (12a

I'(r— uvr(y))=3.93319)x10 B¥GeV. (12b

Used in conjunction with will not be discussed held 7].
There are also a number of indirect prescriptions for ob-
m.=1777.Q3) MeV, (13)  taining Fermi constants. For example, using the natural rela-

tions in Eq.(9), defing18,1
those widths lead to ions in Eq.(9), one can defingl8,19

G,.=1.166628)x 10 °GeV 2, (14 ch— e

P vam2(1—-m3/m2)(1—Ar) 20
G,,=1.167928)x 10 ®GeV 2. (15) W Wz
They are in very good accord witB,,, but their errors are G- Ta
nearly 300 times larger. N_everth_eless, collectively those F \fzm\z,\,sinz (M) el 1— At (M) ws] '
Fermi constants tes- u- 7 universality at the=0.2% level: (22)
g20 g20 g2 :1:1.001124):1.0006 24) (16
ngs): dra

[employing Eqs(11b) and (110 directly]. V2Zm2 sir? 2 0y (my)ws(1— AF)

The good agreement betwe€n, and theG,; can be used (22)
to constrain new physics. Consider, for example, the effect
of a heavy fourth-generation lepton doublet,(L) with  whereAr, Ar(m,)ws, and Af represent the radiative cor-
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rections to those relationships. They have been normalizedomplete one-loop corrections in Eq20)—(22) are know
such thaG ,=GH=G® =G in the standard modgR0].  and most leading higher-order effects have also been com-
To determine those quantities requires calculations of theuted[21].

loop corrections t&G,,, @, mz, my, and sif (Mmy)ws as Leptonic partial widths of th& boson also provide useful
well as the reactions used to measure them. Fortunately, tHeermi constant determinations. Defining

GZ|+|—: 1227l (Z—1717(y)) (23)
F m3[1— 4 Sirf Oy(mMy)igs+ 8 sirf Oy (M) wsl[1— Arz(my)ws]’

A2l (Z—3vv)

mi1-Ar,) 29

Zvv_
G F -

with the radiative correctiondrz(mz)ys and Ar; again Ar,=—0.0048% 0.0005 39298 (260

_ 0.0001
normalized such thaGZ ' =GZ""=G, in the standard .
model. Note thal’(Z—1"1(y)) by definition corresponds where the first error corresponds tom;, t_he second to
to Z decay into massless charged lept§2g], m=0. Itis AMy, and the thirdwhen presentto hadronic vacuum po-
obtained from an average bk e, u, 7 data, where only the larization uncertainties. Increasing the last of those by a fac-
7+~ width requires a non-negligible phase space correctiof®” Of 2—4 would make it comparable to other errors in

factor of 1.0023. For some new physics scenafi2d], a Ar(my)ms and AT, but would not seriously impact our sub-
sequent results.

zrt s .
separateGg could prove useful; however, those cases Employing the values ofy, m,, andm, given above,

will not be considered here. ;

The electroweak radiative corrections in E¢a0)—(24) along with[27]
are known. They depend with varying sensitivities on the top m,=91.186721) GeV, (273
quark and Higgs boson masses. For exampldm,) s ex-
hibits very little dependence on those quantities, whiteis my=80.42249) GeV, (27b
most sensitive. Also, the first thre¥r, Ar(m;)ps, andAf
have a common low-energy hadronic vacuum polarization Sir? Gy(M,) = Sir? 03\7— 0.00028=0.2310022),
loop uncertainty{24] due toa. Here, a very smali-0.0002 (279
error from that source is assigngzb]. A more conservative
approach might expani®6] that uncertainty by a factor of I'(Z—1%1"(y))=83.9110) MeV, (27d
2-4, but it would not affect our subsequent analysis signifi-
cantly. I'(Z—Xvr)=500.118) MeV, (279

In the evaluation of electroweak radiative corrections, the
following central values and uncertainty ranges are assumedpads to

_ +0.006
m,=174.325.1GeV, Gl=1.170a7 0-0036( N o.ooza X 1075 GeV 2,
my=125"2°GeV. (25) (289
. : B +0.000 ~
The Higgs boson mass range is bounded from below by G(F2)=1-1661+0-0018 0,000 X 107°GeV 2,
CERNe"e™ collider LEP Il resultsm;;=89.8 GeV. A con- : (28b)
servative upper range ofi;~400 GeV is assumed at ther1
level. Using those input parameters, one fip2ls] 4£0.001
GP= 1.1672{10.0008( _0 ooo; X107 °GeV ?,
Ar=0.0358+0.0020" 33513+ 0.0002, (263 : (280
Ar(my)is= 0.0696+ 0.0001 39395+ 0.0002, L 4£0.001
(26b) Gg'! =1.165Qi0.0014( —o.ooog X107 °GeV 2,
28
Af=0.0597 0.0005 J 9355+ 0.0002, (289
(260 20 +0.001 s )
GF""'=1.1666=0.0042| _ ; 1nod X 10 °GeV 2,
Ar,(my)ps= —0.0071 0.0005 5558, (260 (288
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where the first error comes from the experimental input indimensions(Kaluza-Klein excitations[30] or models with
Egs. (27), while the second is due to uncertainties in Egs.composite gauge bosons. Assuming fermionic couplings to
(26) from radiative corrections. W* = identical to those of th&/~, g5 =g,, direct searches

All derived Fermi constants in Eq$28) are in excellent at the Tevatron lead to the bouf]]
accord withG,=1.16637(1)< 10 ° GeV 2, but their errors
are more than 100 times larger. Nevertheless, they can be My >720GeV (95% C.L). (33
used to place tight constraints on new physics.

Consider the case of heavy new chiral (8)y doublets FOr g5 #9,, that bound is(roughly multiplied by 1
from a fourth generation of fermions or motivated by tech-+0.3In@;/g;) and thus not so sensitive to shifts gJ . If
nicolor models of dynamical electroweak symmetry break-such bosons exist, they would also contribute to low-energy
ing. Such fermions contribute to the above radiative correccharged current amplitudes such as muon or tau decays.
tions via gauge boson self-energies. Their effects ardheir effect would be encoded 8, andG,,, but not the
conveniently described by the Peskin-TakeushiT, andU indirect Fermi constants in Eq&9).
parameter§28], whereSrepresents isospin-conserving and The effect of excited bosons would be to replzgﬁém\z,\,
and U isospin-violating gauge boson loop contributions.in low-energy amplitudes bg§/<m\2N> where[27]
Their presence would modify the relationships betw&gn
and the other Fermi constants such that 1 1 . (9319,)%  (g3*1g,)?

=— 2 7 (34)
G,=G{'(1+0.0175-0.026T-0.020J), (293 (M) my o my My

As long as the relative signs are positiens,) is always

=GPZ[1+0. +
G,=GF[1+0.0088S+U)], (299 smaller tharm\z,v. The situation is analogous to adding resis-
—_~® _ tors in parallel. In such a scenari@,, should be larger than
G, =G¢ (1+0.0115-0.0078), (299 the Gg in Eqgs.(28). There is no indication of such an effect.
21H1- Quantitatively, one expects
G,=Gg ' (1-0.0079), (290
g5 |* miv
—GZ(1— G,=GY|1+C —) ,
G,=Gg""(1-0.0079). (29¢ w= OF 9 m\zN*
No evidence foiS, T, or U#0 is apparent from Eq$28). In e\ 2 2
. . (2) ; My«
fact, comparing Eq(29b with G, and G¢”’ in Eq. (280 C=1+ 92 2w Y (35)
leads to % M

—0.28<S+U<0.33 (90%C.L). (30 In the simplest single extra dimension theof$0], C

=3 _,1/n?=7?/6. Additional compact space dimensions
can further increase€.

Comparing Eqgs(35) with Egs. (28), one finds(at 95%
C.L)

Comparing Eq.(29¢ with Egs. (290 and (29¢ eliminates
the dependence om and gives the somewhat tighter con-
straint

—0.38<S<0.04 (90% C.L). (32)
( ‘ My >2.9VC(g3/g,) TeV  (from G&), (363

In the case of a heavy fourth generation of fermighosir
chiral doublety, one expect$=2/37=0.21, which conflicts My >1.5/C(g3/g,) TeV  (from G?),
with Eqg. (31). Generic technicolor models suggg&8] S (36b)
~O(+1), which conflicts significantly with Eqg31) and
(30) for U=0 (as expected in those model¥he bound ors My = 1.4\/6(g’2*/g2) TeV (from G&),
provides an obstacle for electroweak dynamical symmetry (360
breaking advocates or fourth-generation scenarios. If high-
mass chiral fermion doublets exist, their dynamics must ex- My >1.4VC(g3/g,) TeV  (from G "),
hibit properties that preseng&~0 or other loop effects must (360)
cause a cancellation.

From the comparison of Eq$29d and (29¢ with G, mW*>1.0\/6(g*/g2) Tev (from GZvY)
one also obtains the bound 2 F (360

—0.40<T<0.17 (90% C.L, 32 - s
(S0%C.L) 32 Note thatGZ'""~ would lead to a better bound if its central

on the isospin-violating loop correction. The constraints invalue were not aboutd below G, . Also, the bound from
Egs. (30)—(32) are nearly as good as those obtained fromG¢’ has lessm, and my sensitivity and probably provides
global fits to all electroweak daf&9]. the least model-dependent constraint.

The final example considered here is the possibility of The above bounds can be relaxedyff<g, or increased
excitedW* = bosons that arise in theories with extra compactfor C>1. Takingmyx>2.9 TeV as representative, that cor-
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responds to a bound on the* substructure at- 2.9 TeV
and R<1/myx«~7%10 *8cm for the radii of extra dimen-
sions[31].

PHYSICAL REVIEW D60 093006

as their leptonic branching ratio remains relatively fixed and
is significant. On the other hand, indirect constraints ob-
tained by comparing,, and GE) are more sensitive tg; ,

How might the above constraints improve? Measuremengyt independent of branching ratio assumptions. Hence the

of my and refinements im, will reduce the uncertainty in
radiative corrections. At LEP Il and the fermilab Tevatron, a
reduction inAmy, to =15 MeV is anticipated, while at SLC,
A sir? 6,(my)s could be reduced ter0.00018. In the longer
term, high-statisticZ pole studies at a future'|~ collider
could reduce\ sir? 6,(my)is to about0.00004 and signifi-
cantly improve the leptoni& partial widths. Such improve-
ments will, for example, allow one to probra,s beyond

two approaches are very complementary.

In addition to the above, one can define Fermi constants
using quark beta decays and Cabibbo-Kobayashi-Maskawa
(CKM) unitarity or from low-energy neutral current pro-
cesses such as atomic parity violation. The latter case pro-
vides a powerful constraint on many examples of new phys-
ics. It will be examined in a subsequent paper which updates
the radiative corrections to atomic parity violation.

5\/6(g’z‘/g2) TeV. For comparison, direct searches at the The Fermi constant has played an important role in the

Tevatron with 2 fo* will explore my«=<1.2 TeV, while the
CERN Large Hadron CollidefLHC) is sensitive to~ 6

history of weak interactions and development of the standard
model. As demonstrated here, it continues to provide useful

TeV. An advantage of direct collider searches for excitedguidance for testing the standard model and probing new

bosons is their reduced sensitivity to changegin as long

physics.

[1] E. Fermi, Z. Phys88, 161(1934.

[2] Particle Data Group Tables, C. Caesoal,, Eur. Phys. J. G, 1
(1998.

[3] S. Berman and A. Sirlin, Ann. Phy$N.Y.) 20, 20 (1962.

[4] T. Kinoshita and A. Sirlin, Phys. Rel13 1652(1959.

[5] S. Berman, Phys. Rewl12 267 (1958.

[6] M. Roos and A. Sirlin, Nucl. Phy€829, 296 (1971).

[7] T. van Ritbergen and R. Stuart, Phys. Rev. L&2, 488
(1999.

[8] W. Marciano and A. Sirlin, Phys. Rev. B, 3612(1973.

[9] C. Bollini, J. Giambiagi, and A. Sirlin, Nuovo Cimento 26,
423(1973.

[10] W. Marciano and A. Sirlin, Phys. Rev. Leil, 1815(1988.

[11] J. Kthn, to be published in TAU98, hep-ph/9812399.

[12] W. Marciano, Nucl. Phys. BProc. Supp). 40, 3 (1995.

[13] B. Barish and R. Stroynowski, Phys. Rei®7, 1 (1988; M.
Shin and D. Silverman, Phys. Lett. B3 379(1988; S. Ra-
jpoot and M. Samuel, Mod. Phys. Lett. 3} 1625(1988.

[14] W. Marciano, Phys. Rev. @5, R721(1992.

[15] P. Chankowski, R. Hempfling, and S. Pokorski, Phys. Lett. B
333 403(1994.

[16] W.-S. Hou, Phys. Rev. @8, 2342(1993; Y. Grossman and
Z. Ligeti, Phys. Lett. B332 373(1994).

[17] R. Guth, A. Hoang, and J. Kun, Phys. Lett. B85, 75(1992.

[18] W. Marciano, Nucl. PhysB84, 132(1975.

[19] A. Sirlin, Phys. Rev. D22, 971(1980; W. Marciano and A.
Sirlin, Nucl. Phys.B189 442 (1981).

[20] W. Marciano, in “Spin Structure in High Energy Processes,”

09300

SLAC 1993 Summer Institute Report No. 444, p. 35.

[21] G. Degrassi, P. Gambino, and A. Sirlin, Phys. LetG®}, 188
(1997; G. Degrassi, P. Gambino, M. Passera, and A. Sirlin,
ibid. 418 209 (1998; P. Gambino, in “RADCOR 98,”
hep-ph/9812332.

[22] CERN-PPE 97-154, LEP-SLD Report.

[23] A. Denner, R. Guth, W. Hollik, and J. K, Z. Phys. C51,
695 (1999).

[24] W. Marciano, Phys. Rev. R0, 274 (1979.

[25] M. Davier and A. Haker, Phys. Lett. B439, 427 (1998.

[26] S. Eidelman and F. Jegerlehner, Z. Phy$67585(1995; F.
Jegerlehner, contribution to “Proceedings of the 1Vth Interna-
tional Symposium on Radiative Corrections,” Barcelona,
Spain, 1998.

[27] W. Marciano, in Proceedings of the SLAC Topical Confer-
ence, 1998. See also talks by Y. K. Kim and A. Kotwal, Fer-
milab QCD and Weak Boson Physics Workshop, 1999.

[28] M. Peskin and T. Takeuchi, Phys. Rev. L, 964 (1990;
Phys. Rev. D46, 381 (1992; W. Marciano and J. Rosner,
Phys. Rev. Lett65, 2963(1990.

[29] J. Erler and P. Langacker, hep-ph/9809352.

[30] V. Kostelecky and S. Samuel, Phys. Lett2B0, 21 (1992); I.
Antoniadis, ibid. 246, 377 (1990; I. Antoniadis, K. Benakli,
and M. Quiros,ibid. 331, 313 (1994); G. Chapline and R.
Slansky, Nucl. PhysB209, 461 (1982.

[31] After these studies were completed, a paper by P. Nath and M.
Yamaguchi appeared, hep-ph/9902323, which placed bounds
on W* boson effectively usings{” andG,, .

6-5



