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We study those dimension 6 effective operators which generate flavor-changing quark-gluon transitions
of the third generation quarks, with r — g + u(c) and b — g + d(s), and which could be of interest for

LHC experiments. We analyze the contribution of these operators to B)-Bj(,) mixing and derive limits
on the corresponding effective couplings from the existing experimental data. The standard model gauge
invariance relates these couplings to the couplings controlling t — g + u(c). On this basis we derive upper
limits for the branching ratios of these processes. We further show that forthcoming LHC experiments

might be able to probe the studied operators and the physics beyond the standard model related to them.
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The top quark is the least studied of the known quarks.
Being the heaviest it may offer new ways of probing
physics beyond the standard model (SM). The flavor-
changing quark-gluon interactions leading to the decays
t— g+ u(c) and b — g + d(s) are examples for pro-
cesses which are extremely suppressed in the SM, and
therefore experimental observation of these decays would
be a smoking gun for new physics. In the following we
study these interactions within an effective Lagrangian
approach. The most general effective operators of the low-
est dimension 6 representing these interactions are [1,2]

Oic = iGu A" y*D"q;, G},
= i(i A y* D uy + dig A yPD d; )G, (1)

Oiqjad, = g Ao,,drdGh, — U&iL/\AO'deRGﬁw )
Ol = ifip A y* DV ujp G, (3)

0,7(;4, = Gu A 0 ur PG, — Vi A0, u Gl (4)

Here wa and ¢ are the gluon and Higgs fields, respec-
tively; ¢/ = ¢, €, where €'/ is the antisymmetric tensor;
q;;, and d;p are the notations for the left-handed doublet
and the right-handed down quark of the ith generation. The
form of the operators to the right of the arrows is taken after
spontaneous symmetry breaking. For the vacuum expecta-
tion of the Higgs field ¢ we use v = (¢) = 174 GeV [1].
The operator (1) is the only one contributing both in the up
and down quark sectors. It generates interactions in both
sectors with the same coupling, as required by gauge
invariance. Thus bounds on the flavor violating coupling
of the b quark from low-energy B-meson phenomenology
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would lead to the same constraints on the corresponding
couplings of the top quark. The latter contributes to the
t— g + u(c) transition, which could be of interest for
LHC experiments. The operators (3) and (4) also contrib-
ute to these decays. However, the low-energy constraints
on their couplings could be deduced only at the loop level
[3]. The second operator (2), despite that it is not related to
the top decays, could also be interesting from the viewpoint
of B — X, g transitions at B factories [4].

In the present paper we derive constraints on the
operators (1) and (2) from the experimental data on the
B(a)-By(q) mass differences [5-7]:

Amg, = 0.507 £ 0.005 ps
17 ps™! < Amp <21 ps™!, (5)
Amp = 17.777510 = 0.07 ps~".

These data had a strong impact on the phenomenology for
physics beyond the SM (for a review see, e.g., Refs. [§-10]
and references therein).

The B (y)-By (4 meson mass difference is related to the
matrix element of an effective Hamiltonian involving the
b — b transition [11,12]:

Amg, = 2(By|H |B,)I. (6)

The operators (1) and (2) are constrained by these data
since they contribute to H .. This contribution appears in
second order of perturbation theory of the interaction
Lagrangian

1 ) ) ‘ 4
= — 3i i3 3 i3
L= A2 '—El 2[a3i0qc + a,-30qG + '83i0dG¢ + 'Bi3OdG¢]

+Hec (7)

with dimensionless couplings «;;, B;; and the new physics
scale A. The corresponding diagrams are shown in Fig. 1.
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FIG. 1. Gluon-exchange diagrams contributing to the mixing

of neutral B mesons.

Similar contributions to K-K, D-D, and B-B mixing were
analyzed in the literature in relation to the SM dipenguin
operators [13,14]. However, to the best of our knowledge
this analysis has not yet been extended beyond the SM. Our
approach is similar to Ref. [14]. It is also based on the
direct analysis of the diagrams similar to Fig. 1 implying
the perturbative QCD regime. This is justified by the fact
that the scale of the momentum transfer through the gluon
is set by the heavy quark mass Q%> ~ —m3, which is large
in comparison with Agcp ~ 200 MeV.

With the Lagrangian (7) we obtain (see Appendix) the
following Hamiltonian terms:

Hep = HY + HG,

Higp = HON + cF Ol + ot + c}30hs + He,

5{32 = Cn 21 + C3 Q% + C%?Qli%d + C32 gf + C%% 1275
+ 305 + He. ®)

The effective couplings in Eq. (8) are expressed in terms of
parameters of the underlying Lagrangian (7):

m
1 12 _" 21
C3i = €3 = A4 @3, 3 = AF 5%1’
&)
4v 8v?
22 _ 23 _ ek
3 = A4 513’ 3 = A4 1831Bi3‘

q

b .
The operators Q;;' can be expressed in terms of operators

of the so-called supersymmetric basis [15-19]:

01" = (biy*q3)(B}y,.qh).
50 = (byqd)(Dhat),
bq = (b4q})(Bhas),
bq = (b QL)(bLQR

”"—(b a2)(B} q%), (10)

07" = (b4 y* a8 (B3y qb).
hq = (b qR)(bqu),
bq = (quR)(b CIR)

as
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bg 4

b
1= 501q’
b 20k 4 20
12 3 2 3
4 oy 2 -
= goi’q - gog’q +20%7, (11)
4 2
b b b b
23 = golq - gqu + 20311,
R, L, L X
23 2 373 34 5

where ¢ = d or s; a and b are color indices. The operators
0" in Eq. (10) are obtained from O?? by exchanging
L < R.

For the calculation of the matrix elements of the
effective Hamiltonian FH.; we use the relations
[15-18]

(B,10}"(1)1B,) = (B OV (w)IB) = 3ms, 3 BI(w)
(B,10%(w)|B,) = (B,105"(w)IB,)
5
== 2% qu(M)mqu%z,,
(B,1054(1)|B,) = (B,10%(w)\B,)

1
= 2% qu (M)mqu%;qu(M), (12)

Bi(w),

(B0 WIB,) = § s, (ima, 13, BY(w),

(B0 (WIB,) = = &5, (sm 13, BY(w)

qu(M) = [

mBq 2
my(p) + mq(,u)] '

where m B, and f B, are the mass and decay constant of the
B, meson. The B;(u) are the so-called ““bag” parameters,
which take into account the mismatch between the
vacuum saturation approximation and the actual value for
each of the matrix elements (see detailed discussion in

Refs. [15-18]). All Oﬁ’q and 0~fq operators are renormal-
ized at the same scale u = m;,. Because of parity conser-
vation in strong interactions, the matrix elements of the

operators 0?4 and 0% coincide with each other [17].

In the numerical calculations we use the following set
of input parameters: a renormalization scale parameter
u=m, =4.6 GeV, quark masses m,(u) = 5.4 MeV,
my(u) = 150 MeV, m;(u) = 4.6 GeV, B-meson masses
and decay constants mp, = 5279 GeV, mp =
5.3675 GeV, de = 189 MeV, fBX = 230 MeV. For the
bag-parameters B;(u) we use the values computed in
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lattice QCD, with Wilson fermions and with the nonper-
turbative regularization independent momentum subtrac-
tion (RI/MOM) renormalization scheme [18]:

Bd(pn) = 0.87, B3 (u) = 0.86,
Bd(u) =082,  B(u) = 0.83
Bi(n) = 1.02, B5(un) = 1.03, (13)
Bi(r) = 1.16, B(p) = 1.17,
Bd(u) = 1.91, Bi(w) = 1.94.

Now we calculate the contribution of the effective
Hamiltonian H . of Eq. (8) to the mass difference. The
result is

A _ 2|0[13|2 2 pd
meg, = 9A? demb(M)deBlz3(M)
1602
+ Wdef%;dmﬂwP + 183117 B ()
+ 2181311 B3 1BLs ()], (14)
2| aps)?
AmBS = 9/ii mBsmb(M)f%SBim(M)
1602
+ Wmef%dezﬂz + 1B31?)B,5(w)
+ 2| B3l B32Bis ()], (15)

where we introduced the following notations for the com-
binations of bag-parameters:

Blt) = | 281(0) + &, (35300 + 3510 |

21 5
Biolu) = &5 () | = 5 Bl + {8 |- ao)

From Egs. (14) and (15) we derive the following upper
limits for the parameters of the Lagrangian (7):

la5? 9Amy,
AT 2mp(w)f,mp, By (i)
laps|? 9Ampg,
A 2mp(p)f5mp Bl (n) an
|B1317v? _ | B3 70 9Amp,
A? A* 16f3, mp, By (1)’
| Bos|?v? _ | B3, v 9Amp,
A4 A4 16f§»\mBXB§23(,u)‘

Using data (5) we finally deduce the following bounds on
the coupling constants «;; and S;;:
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lanl 565107 Gev—2,
A2

|0le <1.7X 1076 GeV 2,
(18)
|Bislv _ |Bsilv _ _
= <56 % 1077 Gev 2,
|Baslv _ |Bplv _ _
S =P <28 X 1070 Gev .

The operator of Eq. (1) contains both b and ¢ quark terms
with the same couplings to the gluon field, as dictated by
the SM gauge invariance. Therefore, we can apply the
above limits to the derivation of the decay rate involving
the top quark flavor-changing neutral current. The corre-
sponding formula for the decay rate is

m; lag; + ajl
127 A* '
Using the limits of Eq. (18) we get for the branching ratios

L(t— u;g) =

19)

I'(t— ug) = 16 X 10-? I'(t— cg)

=36X1072
T, T,

(20)

where T, is the top quark total decay width which can be
approximated by the dominant mode [20]:

T, =~ T(t— bW) = 1.42|V,,| Q1)

These limits are to be compared to the existing CDF [21]
limit derived in [22]:

I'(1— cg)

t

= 0.45. (22)

For the LHC experiments preliminary estimations give
[23,24]

It —ug) _

t

0.1, (23)

which corresponds to a 10% precision measurement of I’;.
As can be seen, this is not too far away from the limits of
Egs. (20), and with an improved precision on I', these
flavor-changing neutral current transitions could be probed
by the LHC experiments.

Note that the above bounds (20) are obtained with an
ad hoc assumption about the vanishing contribution of
the operators (3) and (4) to the decay rate (19). As we
mentioned in the introduction they are not constrained by
low-energy processes at tree level. Therefore, taking them
into account may significantly relax the constraints (20)
essentially improving the prospects for searches involving
the ¢ — ug transition.

In conclusion, we analyzed a subset of effective dim= 6
operators describing flavor-changing interactions of the
3rd generation quarks with gluons, representing one of
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the manifestations of physics beyond the SM. We derived
their contribution to the Bs(d)—l?s(d) mass difference and
extracted upper limits on the parameters of these operators
from the experimental data. With these limits we evaluated
constraints on the branching ratios of the top quark decays
t — g + u(c), and found that the LHC experiments have
good prospects to probe the studied operators and the new
physics related to them.
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APPENDIX: DERIVATION OF THE SECOND-
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elements describing the s- and u-channel quark transition
gb — bg (see diagrams in Fig. 1):

MO =MV +mP, MO =MP +MP, (A1)

where the first and the second matrix elements correspond
to the O, and O,;4 operators, respectively. Here the
subscripts s and u denote the s- and u-channel contribu-
tions. Below we show the results for the s-channel contri-
butions Mgl) and M§2) [the crossing u-channel results are
obtained via the replacement ¢q; < —q; u,(q;) <

v,(gp)l:

rd) _
MY = =i m ()N Y PLv (4 (p)N v Pruy(q),
Tk = 4asiqy — afpasig? — apf)g,ppupa

+ g,uapvpﬁ - gvap,u,pﬁ - g,uﬁpvpa)

ORDER EFFECTIVE HAMILTIONIAN H .4 (A2)
With the effective operators (1) and (2) we can
generate at second order of perturbation theory matrix  and
|
2 2 2 2 2
§ )= ME,%L + Mi,l)eR + ME,ZR + M§,1)eL’
o _VBire A v VA B
MS,LL = A4s F,u,y;a‘Bub(pf)/\ ot PLUq(Qf)vb(pi)A g PLuq(qi)’
) vzﬂgi 2 - A v _ A, ap
Ms,RR = A—4s Fw;ag”b(l?f))‘ ot PRUq((If)Ub(Pi)/\ g PRuq(Qi)’
MY = "B, =

Adg ;Lv;aﬁﬁb(pf))tAO-MVPLvq(‘]f)ﬁb(pi)/\AO-aﬁPRuq(Qi)y

U2ﬁ3iﬁ?3

1‘*(2)
Ats

2 _
Ms,RL -

1‘*(2)

Here P, = (1 —1s5)/2, Pr=(1+1vs5)/2; pi(ps) and
q:(qy) are the momenta of the bottom and the light quark
in the initial (final) state, respectively; p is the intermediate
gluon momentum.

For the derivation of the effective operators contributing
to the Bs(d)—Bs(d) mass difference, we consider static limit
for the b quarks (their 3-momenta are equal to zero p; =
Py = 0), which is well justified in the heavy quark limit
m,, — 0. The momenta of quarks read as p; = (m,, 0),
pr = (mpy,0), q; = (E;, q;), and q; = (E;, G;), where the
energies and 3-momenta of the light quarks are of order
of the constituent quark mass and are counted as @O(1) in

,“,;aﬁﬁb(Pf))lAU'WPRUq(CIf)l_/b(Pi))lAO'aBPLMq(CIi),

wviaB 4(g1/,8p,upoz + ualPvPpB — 8vaPuPp — g,U,,Bpra)'

the heavy quark mass expansion. Then for the Mandelstam
variables we get

s=(pit+q)?=(ps+qp)?=mj+m}+2mE,,
t=(Pi_Pf)2=(Cli_(]f)2=0y (A4)
u=(p;— Qf)2 =(ps— q:)* = m,% + m?] —2myE,,
s+t+u=2(m%+m%1).

Note that the u variable on general kinematical grounds

can vanish at E, = (mj, + m2)/2m,,, leading to the pole in
the u-channel diagram and introducing an uncontrollable
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long-distance contribution. However, it is well known that
the heavy quark carries nearly the whole part of the heavy-
light meson momentum, so that the meson distribution
amplitude, depending on the heavy quark momentum
fraction x, is strongly peaked at x ~ 1 [14]. The light
quark momentum depends on the confinement potential
and its typical average values lie around 0.5-0.6 GeV or are
even smaller [25]. Therefore, the relative contribution of
the kinematical configuration leading to the u pole is
strongly suppressed and in a reasonable approximation
we may neglect in Eqgs. (A4) both the light quark mass
m, and its energy E,. A more accurate approach, based
on pQCD, using model distribution amplitudes, was
applied in Ref. [14] for the evaluation of the standard
model dipenguin diagrams similar to those analyzed in
the present paper. For our rough estimations we simply
take s =~ u =~ m?.

Next, we simplify the matrix elements (A2) and (A3)
using the equations of motion for quark u# and antiquark v
spinors, applying the heavy quark limit m,/m;, <1 and
using the Fierz identities for the spinor and color matrices:

F)as s = BasPps — 1o ¥ — 53 )as
X (Yuop — %(YMYS)aa('}’MYS)pB,
(Y*PriL)apYuPriL) po = —(Y*Pr/L) ac (Y uPr/L) pppo
(Y*PriL)apYuPL/R) po = 2(PLiR)ac(Pr/L) o
(AS)
and
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1 1
aab 6cd = g aadach + E )‘gd)‘?b’

16 1 (A)
AapAeg = 9 8aa0cp — 3 = Naa Aoy

With these identities we derive relations between the dif-
ferent four-quark operators under investigation and express
them in terms of the supersymmetric basis:

4 _ _ 4
bZYM’\ab‘lLbLVM’\cd‘IL gb ZbZ')’#qﬁ = golfq’
a n ¢ 4 an 4 Abq
by y* X, arbiy  Aoydk = gva qrbRy .k = 300
b?e?’”/\abCIRbEYM/\Ld‘IL = —2b% AaqubC )‘quR
_ 4 bq _ bg
BERGEEGE (A7)

2
DAL, gt bt g = — g0’;‘1 +20%,

2 ~
B oy akbi Mgah = =5 05" + 205

2
by, qh b MY gl = — g0{4’" +20%.

Note that the contributions of the s- and u-channel dia-
grams are equal to each other within the approximations
used in our analysis. Finally, we derive the expressions for
the effective Hamiltonians FH. sz and H fffz corresponding
to the matrix elements M) and M®. The result is shown in

Egs. (8)—(11).
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