aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Light axigluon contributions to bb[over "] and cc[over ]
asymmetry and constraints on flavor changing axigluon

currents
Seyda Ipek
Phys. Rev. D 87, 116010 — Published 24 June 2013
DOI: 10.1103/PhysRevD.87.116010


http://dx.doi.org/10.1103/PhysRevD.87.116010

Light Axigluon Contributions to bb and c¢ Asymmetry and Constraints on Flavor
Changing Axigluon Currents

Seyda Ipek
Department of Physics, University of Washington, Seattle, Wa 98195, USA

The light axigluon model is a viable candidate to explain the Tevatron ¢t forward-backward
asymmetry. In this paper we present the forward-backward asymmetries for bb and cé systems
predicted by a broad light axigluon with mass 100-400 GeV. Furthermore, we modify this flavor
universal axigluon model to include flavor changing couplings of axigluons with the SM quarks. We
constrain these couplings from the available neutral meson mixing data, and investigate their effects
on the rare decay BY — utp~, CP violating D — h*h™ and isospin violating B — K(*),uﬂf
decays.7L We show that a light axigluon is a possible explanation of the observed CP violation in
D—h"h™.

PACS numbers: 12.90.+b, 14.65.Ha, 14.40.-n, 11.30.Hv

I. INTRODUCTION

In the Standard Model (SM), the process qg — ¢t is symmetric under the exchange of ¢ and ¢ at leading order (LO).
When next-to-leading order (NLO) processes are included, there is a small forward-backward asymmetry (FBA), of
AIS;AB{ =0.06£0.01 @ This non-zero and positive asymmetry means that (anti-)top quarks are emitted preferably
in the incoming (anti-)quark direction. In 2011, CDF [5, 6] and DO collaborations [7] measured a high FBA in
tt production from proton-antiproton collisions. The D@ asymmetry is 0.196 & 0.065 and the CDF asymmetry is
0.164 +0.047. Furthermore, CDF reported a mass dependent asymmetry ﬂa]

Al (my; > 450GeV) = 0.296 + 0.067 (1)
Al (my; < 450GeV) = 0.078 & 0.054 (2)

On the other hand, the charge asymmetry measured at ATLAS (Ac = —0.019 4 0.028 + 0.024 [§]) and CMS
(Ac = 0.004 4 0.010 £ 0.011 [d]) agrees well with the SM predictions.

There are various new physics (NP) models to explain the FB asymmetry, many of which are in tension with the
LHC charge asymmetry, like sign top production, and the ¢f cross section. In this paper we will consider and modify
one of the light axigluon models su ested by Tavares and Schmaltz ], which is still a viable candidate ﬂE, ]
Axigluons have a long history % | and there has been a significant amount of work to explain the ¢ FBA via
massive color octets ,

For details of the model, see B To summarize, the model has an extra SU(3) symmetry group, hence the
gauge symmetry is SU(3 )1 x SU(3)2 x SU(2)w x U(1)y. Introduced with this extra symmetry group is an extra
set of up- and down- type quarks, and a scalar field ®, which acquires a vacuum expectation value (vev) to break
SU(3)1 x SU(3)s into the diagonal SU(3). of the SM. Through this symmetry breaking, one combination of the two
SU(3) gauge fields acquires a mass. This massive color octet is called the axigluon, and its massless counterpart is the
SM gluon. Similarly, there are combinations of fermions that become exotic heavy quarks and the SM light quarks,
allowing the axigluon coupling to the light quarks to be a free parameter. Also, there are no gauge anomalies due to
cancellations from the additional quarks. Gluons couple to both the SM and heavy quarks with the same strength as
expected. The lepton sector is exactly the same as the SM, and will not be mentioned throughout this paper. The
axigluon in this model can have mass below 450 GeV. However, to be viable, it needs to be broad. In ﬂl_lL ﬂ], the
authors introduce new heavy quarks and color adjoint scalars that the axigluon can decay into. These exotic quarks
and scalars then decay into multi-jets which is not ruled out by LHC searches yet. Note also that axigluons with mass
m > 2m; and enhanced couplings to top quarks can be seen via LHC four-top searches HQ] However this axigluon
is fairly light, and it does not have enhanced top couplings.

In ﬂﬂ], the authors consider only flavor universal couplings of axigluons to the SM quarks. This relies on the strong
assumption of an underlying global symmetry. This global symmetry is only approximate. Mixing of heavy and light
quarks could induce flavor changing neutral currents (FCNCs). Furthermore, since the mixing occurs between quarks
that have the same SU(2) x U(1) charge, it does not give rise to flavor changing Z couplings. Therefore we will not
assume the existence of an exact global symmetry of the axigluon couplings, which allows flavor changing couplings of
the axigluons. The new scalars in this model do not induce FCNCs, so the axigluon couplings are the most significant
possible source of new FCNC. Other models that have flavor changing color-octet couplings have been proposed in



the literature ﬂﬁ, @] A general Lagrangian with flavor violating axigluon interactions contains the following terms:
LD @y A*(ghr8ij + (€1)ij) Pruj + din A" (94 0ij + (¢1)ij) Prd;
+ w0 A (gurdis + (€h)ig) Pruj + din A" (94r0i; + (€k)is) Prd; (3)

Here A* is the axigluon, u; and d; are SM up- and down-type quarks respectively (1 = 1,2, 3 is the generation index),
and ¢g* are flavor independent couplings. Color and spinor indices are suppressed for simplicity. The complex matrices

L,R L,R L,R L,R
J LOR* gds g%bR 0 . Gué gvit
_ , ; u L.R ,
€EL.R= | 94¢ 0 g ) €ELr= | 9u 0 gq (4)
L.R*  L.R* L.R* L.R*
db Ibs ut Jet

contain off diagonal axigluon couplings of up- and down-quarks respectively. This mixing follows from flavor symmetry
breaking of heavy and light quarks. These FCNCs, which can occur at tree level, can have interesting effects on FCNC
observables.

The rest of the paper is organized as follows: In Section 1, we investigate the contribution of light axigluons to bb
and c¢ FBAs. In Section 2, we constrain the flavor changing axigluon couplings from neutral meson mixing data. In
Section 3, we investigate the contribution of the constrained flavor changing axigluon model to the following decays:
BY = utp=, D° - hth~, and B — KM putpu—.

II. FORWARD-BACKWARD ASYMMETRIES

In the Tevatron experiments CDF and D@ , ¢t production happens mostly via gg — tt |égigﬂ:l). The square amplitude
of the process qq — tt including the axigluon contribution is calculated as follows ﬂﬂ, |:

M2 = Ng2(1 + ¢ + 4m?)
23(—5+ M3)
(=84 M3%)?2+T% M3
§2(—5+ M3%)?
((=8+M3)2+T3 M3

~ Ng!

[gtvg‘é(l + ¢ +4m?) + 2¢% g% C]

+ Ngi 2 [[gqu + g2 (g2 (1 + 2+ 4m?) + g'2 (1 + ¢ — 4m®)] + 891,999 C} (5)

where N = g is the color sum, § = —(p; + p2)? is the partonic total momentum, 8 = /1 — @ =1 —4m? is the
velocity of the top quark, ¢ = B cosf where 6 is the angle between the incoming ¢- and the outgoing t-quark, M, is
the axigluon mass, and I'4 is the width. Vector and axial couplings of the axigluon are defined as:

4 4 a _ 4
gl = HTIE, g = TSI

In EqB the first term comes from the SM gluon exchange, the second term is the interference between the gluon
and the axigluon channels, and the third term is the axigluon s-channel (See Figlll). The FBA comes from the terms
that are proportional to the odd powers of cosf, since cos is odd under § — 7m — 6. In order to accommodate the
measured ¢t FBA, the axigluon should give a large FBA without affecting the ¢f cross-section, which is close to its
SM value. A light axigluon (M4 = 100 — 400 GeV) with a large width 'y ~ 0.1M 4, is shown to agree with both the

P1 ks

FIG. 1: Diagrams contributing to g7 — tt amplitude. Left diagram is from the SM gluon exchange, right diagram is
the axigluon exchange.
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tt FBA and the tt cross section ﬂﬂ, @] Assuming approximate parity symmetry, g%} needs to be small. We will, as
in [11], take g, = 0.
We will define the FBA, App, through the forward and backward scattering cross-sections:
oy =0(0<6<7/2)
o_=o(n/2<0 <)

where o = 32€r§ [ dcosf|M]? is the total cross-section. Then the FBA is

oy —0—
App = ———— 6
ro g4 + g_ ( )
2 —3+M3
B B9x sy e
- (et 2)° > (7)

L1+ 2 +am?) + 294 (1+ & — am?)

2[(~a+M3)2 4172 M3 ]

where g% = ¢, = ga. This FBA is plotted in Fig[3las a function of the ¢ invariant mass m,z. The values for coupling
constants for each axigluon mass (100, 200, 300, 400 GeV) are taken from [12], where the authors performed fits to
both the Tevatron FBA and the LHC charge asymmetry, and chose the coupling constants that would best fit both
of them.

An obvious prediction of the light axigluon model is FBAs for bottom and charm quarks. Although these may
be challenging to measure, their observation would be an important clue. The graphs for these asymmetries can be
seen in Figlal and Figldhl Since both m, = 4.2 GeV and m,. = 1.27 GeV are very small compared to the predicted
axigluon mass (100s GeVs), the FBA structure is almost the same for both quarks. As can be seen from FigHl the
predicted FBAs are quite large even for low energies, m;; ~ 200 GeV, so the search needs not $e go to high invariant
masses. Furthermore, the crossing at mgyg; = Ma (¢ = b, ¢) is expected to be clearer compared to ¢t production, since
My >> 2m,. Consequently, measuring the bb FBA would be a good way to find out the axigluon mass. Measuring
the bb FBA is also suggested in HE]

III. CONSTRAINTS ON FLAVOR CHANGING AXIGLUON CURRENTS FROM NEUTRAL MESON
MIXINGS

In this section we will use the data available from neutral meson mixings (BY — BY, K® — K° D° — D° mixing)
to constrain the FC axigluon coupling matrices, €} p and edL7 r» in EqAl Neutral mesons “mix” because the flavor

eigenstates (M9, MO) of the SM Hamiltonian are not the actual mass eigenstates (M g, L and H for light and
heavy respectively). The mass difference between Mj, and My will be one of the constraints we will use for each
mixing. Since these processes are FCNC processes they happen via loop diagrams in the SM, like electroweak (EW)
box diagrams in Figl6l These diagrams are suppressed by Cabibbo-Kobayashi-Maskawa (CKM) matrix elements due
to flavor changing EW interactions. However, with flavor changing axigluon couplings we have neutral meson mixing
at tree level. Therefore the FC couplings are constrained by the mixing data for B — BY and K° — K% and D° — D°
mixing.
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FIG. 2: tt forward backward asymmetry, App vs tf invariant mass my;. Arp only changes sign when M4 > 2m;.
The values for the coupling constant g4 are taken from ﬂﬂ]
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FIG. 3: Comparison of the light axigluon prediction and the recent CDF measurement of ¢t Arpg. Due to the large
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For the following calculations we take M4 = 400 GeV, which gives us the least stringent constraints. We explain
the methods we use to constrain each coupling constant in the respective sections. In each section we try to give
the most general forms that can be used to constrain these couplings, but at the end we assume axial couplings for
simplicity. We prefer to give constraints on real and imaginary parts of gfj (i, 7 = quark flavors) rather than g;; itself,
since the meson mixing amplitudes that we use for the constraints involve the square of the coupling constants. One
can find the constraints on the real and imaginary parts of the coupling constants themselves, assuming neither of
them are zero. A summary of the results can be seen in Table. [I.

Coupling | Constraint Im(g7;) |gij]
Gbd B°—B% | <210x 1077 |<4.58 x 107*
Gbs B —BY | <255x107%|< 1.83 x 1073
Gds K° - KO0 |<6.13x107*|< 311 x107°
Gue D — D" | <489 x107% |< 147 x 107*

TABLE I: Origin of constraints and upper bounds on the imaginary part and the magnitude of FC axigluon

couplings
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FIG. 6: Electroweak box diagrams that contribute to B — B% mixing

A. B - B} Mixing

The SM and the axigluon contribution to Bg — Bg mixing amplitude, where ¢ = s,d for B? and B° respectively,
can be seen in Figlll The gray box in the first diagram is the sum of all EW box diagrams that have u, ¢, t-quarks in
the loop. However, for B) — B{ mixing, the ¢-loop is the most important one. The SM contribution, including NLO
corrections, to this amplitude is given in [26] as:

G My
1672

(Vi3 Via)? (0.551) So 1) (cvs (1)) /2 [1 n M%] (ba)v—a(ba)v—a (®)

Mgy = —1 p

where G is the Fermi constant, My = 80.4 GeV is the W-boson mass, V;; are the CKM matrix elements that mix
i— and j—type quarks, a,(up) is the strong structure constant evaluated at u, ~ O(my), and Jy (~ 1.627 for f =5,
f being the number of active flavors at the mixing scale) is a constant that comes from the running of the coupling
coefficients. Also (bq)y_a = by*(1 — 75)q, and

4oy — 1122 + a3 33
S = - | 9
o) A(1 — )2 21— 2) Ny (9)
with z; = ]:4”2? . This function Sy(z) is one of many similar functions called Inami-Lin functions. They are loop
w

functions that arise in box and penguin diagrams in the SM and were calculated by Inami and Lin in m] For
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FIG. 7: The SM and the axigluon contribution to B, — B, mixing



my = 172.1 GeV and My = 80.4 GeV, Sp(z¢) =~ 2.51. Thus the SM mixing amplitude is:

G2 M? - -
Msn = —i F6 5 (2.14) (Vi Vig)? (ba)v—a (ba)v—a (10)

™

The second diagram in Fig[fis the axigluon contribution to the mixing amplitude. This part can be written as:
—1 Co ,, 1\2 nioy [ Ne+1
Maw = M—f‘{_7 ((gbq) + (gbq) ) T

) (v Prq) (07" Prq)
bl [—%(h#m)(zwzam) e @PLq)(BPRq)} } (11)

where N, is the number of colors, and Cp, C; and Cy are the renormalization group (RG) evolved coefficients for the
corresponding 4-quark operators. These coefficients can be calculated by following [30].
Let us define the following quantity:

<B2|HSM + Ham|B2>

A = —
! (Bq|Hsn|Bg)

(12)

in order to compare the new physics (NP) and the SM contributions to the mixing process. We need the following
matrix elements [23]:

o _ 4 .

(Bglby" (14 15)aby (1 £ 75)a| By) = gm, f5, By (13a)
_ _ 5 .

(Bylby" (1 +75)ab7" (1 = 75)a|Bg) = —3m 5, By (13b)
_ _ e .

(Bglbay" (14 75)asbs7" (1 = 75)4al Bg) = —3m 0 3, Bay” (13¢)

where m _, is the Bg meson mass, fp, is the decay constant, and B the bag parameter (Bq ~ B{‘;L ~ Eﬁf ~ 1 for

q
B-meson decays). Recent lattice-calculated values for these constants can be found in @, ] and references therein.
Using EqI3in EqI0 and [1] we can write the SM and axigluon matrix elements for the mixing as follows:

0 soy _ GEMyy R
(BOIHsmIBY) =LV (2.14) (ViVig P, 13, (14)
_ 1 2C 5C 7C
0 0y _ 0 (( L\2 R\2 1 2\ L R 2
<Bq|Ha:E|Bq> _]\4—"24 |:_T ((gbq) + (gbq) ) + (% - ﬂ) gbngq:| mBngq
2
My qu
2 (—0.18((g5q)* + (g0)?) — 0-73 g 90 (15)
Thus EqlI2 reads:
o 1272 (—0.18((%{1)2 +(gf)2) - 0.73 glﬁzgé‘;) o)
=1+
‘ G M3, M5 (2.14) (V;, Vi )2
As in the flavor conserving part of the light axigluon model, we assume axial couplings: gqu = —glﬁ = Guq:
1272(0.37 2
A =14 127030 (0) -

(R14)GF M7, M3 (Vi Vig )2

In [31] one can find Re(A,) and Im(A,) for B? and B° mixing. In the next two subsections we are going to look at
both cases separately.

1. BY — BY mizing
In this paper we use the CKM basis given in @] In this basis, the relevant CKM matrix elements, V}; and Vi, are

real, which makes the SM contribution real. Hence, the real and imaginary parts of g7, can be constrained separately
from the real and imaginary parts of Ag. From M], we take the following boundaries:

0.85 < Re(A,) < 1.27, IIm(A,)| < 0.32 (18)
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To be conservative, all parameters are taken at the 30 boundaries of the fits from ﬂﬂ], since there is some tension
with the SM at 20. Using these values and EqlI7 with ¢ = s, we get the following constraints:

|Re(g?,)| < 2.15 x 1079, [Tm(gZ,)| < 2.55 x 1076 (19a)
= |gps| < 1.83 x 107° (19b)

2. B° — B° mizing

For B — B° mixing, one of the relevant CKM matrix elements, V;4, is complex, therefore the real and imaginar
g giary
parts of ggd can not be constrained separately. Let us work this through in more detail. We can write EqIT as follows:

Ay =1+ Cg, (20)
where

1272(0.37)

C =
(2.14) G My, ME (Vi Via)?

=1.86+1.721

Notice that the real and imaginary parts of C are very similar, so we will take Re(C) ~ Im(C) = a. Then the
constraint equations are

[Re(Aa) — 1] = al(Re(gpg) — Im(gpy))] (21a)
[Im(Aq)| = al(Re(gpq) + Im(giy))| (21b)

Again from [31]], we take the following bounds (at 3¢):
0.62 < Re(Ag) < 1.36, ~0.39 < Im(Ag) < —0.02 (22)

Note that, for the Im(Ay), the SM value of 0 is slightly outside the 30 allowed region, but we choose to disregard this
discrepancy in setting the limits, since it is very small. Now, notice that |[Re(Aq) — 1| < 0.38, and [Im(Ag)| < 0.39.
Putting these all together with Eq2Il we get similar constraints for Re(g?;) and Im(g?;) such that g7, lies in an
approximate circle of radius ~0.39/a. So we get

|Re(g2;)| < 2.10x 1077, [Tm(gZ,;)| < 2.10 x 1077 (23a)

= |gpa| < 4.58 x 1074 (23b)

B. K°—- K° Mixing

Sy

5 < d 5 < <

A

FIG. 8: The SM and the axigluon contribution to K — K mixing

The last constraint on €? comes from K° — K° mixing. The SM and the axigluon contributions to K° — K° mixing

are shown in FiglRl The LO SM contribution again comes from EW box diagrams, but in this case c- and t-quark
loops both need to be considered. The NLO mixing amplitude from the SM is @]

GEMiy

Msu = —i—5 3

(A2(1.86)So(zc) + A7 (0.574)S0(1) + 2A A (0.47)So(we, 1)) (evs (1)) ~/° [1 + O‘Z—ST“)J?,} (5d)v_a(5d)v_a
(24)



where

Ty 3y 396%

So(Ze, 1) = e (lmx—C — 02 — TERTE lnxt> (25)

is another Inami-Lin function, A\; = V;%Vi4, J3 ~ 1.895, and p ~ O(1 GeV). The relevant matrix elements for kaon
mixing can be found in [33]:

_ 4 N

(K°157" (1 4 55)dsy" (1 4 35)d|K°) = 2m, o fiBic (26a)
_ 8 R

(K°[57" (1 + 5)dsy" (1 — 5)d| K°) = (7-8)§mko f#Bxk (26Db)
o N 8 N

(K°[5a7"(1 +75)dp357" (1 = 75)da| K°) = (30-4)§mkof%BK (26c)

Using Eq20] in Eq24] we get
_ G2 M2 .
(K°|Hon |K°) = SFQW m_, [ Br [A2(0.001) + A7(1.776) + 2X.A¢(0.001)] (27)

The axigluon contribution to kaon mixing can be written using EqII] with the substitution of appropriate quark
operators. Then using Eq[26 the axigluon matrix element becomes:

_ m f2 BK 20
(KO [Haa | K%) = —5— {—TO((QM +(948)%) + (-1.73C1 +10.13.C) gﬁsgé‘;}
A
m, [ BK
~ % {-0.16((gq.)* + (92%)%) + 48.68 g9k } (28)
Assuming again axial couplings: g%, = —g% = gas, the axigluon matrix element is:
= m, fa BK
(KO [Har | K) = — 55— (48.36)g3, (29)
A

Now, following a common notation @], we define
Myy = (K°|Hepp|K°) (30)

This matrix element Mo is the off-diagonal element of the “mass matrix” in the full Hamiltonian H = M + %F, and
Heyy is the effective Hamiltonian, that includes both the SM and the NP interactions, for the mixing process. The
off-diagonal elements of M are related to the mass difference between heavy and light mesons, and the off-diagonal
elements of I' are related to the decay of these mesons. The interested reader should refer to M] and references
therein for more information on meson mixings and decays. The CP violation in meson mixings comes from a possible
phase difference between Mjs and I'12, which depends only on the short distance part of the matrix element M.
The long distance interactions, which come from on-shell states in the loops (Figlfl), are CP conserving. The axigluon
does not contribute to the long distance part of this amplitude at L.LO. The mass difference, Am, between heavy and
light mesons is

Am = 2|M12| (31)

Notice that Am gets affected by both the short distance and the long distance parts of the effective Hamiltonian.
Unfortunately, calculation of the long distance contributions is difficult @] In this paper we assume that long
distance contributions are at most 50% of the total mass difference, hence MM = 2MP.

In order to constrain the coupling constant g4s, we use the mass difference Eﬁ] and the imaginary part of M ﬂﬁ]

Im(MPEF) = (1.7 4 1.6) x 107¥ GeV (32)
Am = (3.483 4 0.006) x 10~ GeV (33)
Consequently, we get the following constraints:

|Re(g3,)| < 9.64 x 1071, ITm(g3,)| < 6.13 x 10713 (34a)
= |gas| < 3.11 x 107° (34b)



Finally, we can write € constraints as follows:

0 9.88x1079 2.08x10~* 0 0311 4.58
Tm(e?)| < | 9.88x10° 0 7.69x107% |, led)< | 0311 0 183 | x107* (35)
2.08x10~% 7.69x10~% 0 458 183 0

where Im(e?) is calculated assuming Im(g;;) < Re(g;;) and Im(g;;), Re(gi;) # 0.

C. D°— D’ Mixing

D — DY mixing, like the other meson mixings, happens via EW box diagrams in the SM, shown in Fig[dl Calculation
of the LO SM contribution to the mixing amplitude is similar to K° — K° mixing where c— and t—loops are changed
with s- and b-loops. D? — D° mixing suffers more from long distance contributions as compared to K° and BY mixing.
Consequently, NLO corrections to the mixing amplitude are not calculated in the literature. In this section, we only
consider the LO short distance amplitude, and assume that long distance effects are at most the same order as short
distance ones. The LO short distance SM contribution to the mixing amplitude (at u = 2 GeV) is:

GQ M2
Mg = —i fGWQW (0.80) {AZS0(s) 4+ ApSo(wp) + 2As A6 S0 (s, ) } (Uc) v — a(tic)y—a (36)
GEME (o —6 2 -3 —6\\ (5 =
T {AZ(1.24 X 107°%) + A§ (2.18 X 1077) 42X, A (9.23 x 107°) } (@e)y—a(tic)v—a (37)

For the matrix elements, we assume similar relations to EqlI3 since m_, >~ me+ m, ~ 1.86 GeV. The axigluon
contribution can be written using EqII] with the substitution of the appropriate quark operators:

_GiMiy

(D°|Hgp| DY) == = {A2(1.24 x 107%) + A7 (2.18 x 1072) + 2XA, Ay (923 x 107%) } mpo fF0 (38)
(D" Has D) =37 {-018(0f2)* + (05 )") ~ 104 gk} mo fo (39)

Once again, we assume axial couplings g%, = —gl. = g,.:
(D°[Has | D) = m%?(o.ﬁsmic (10)

Constraints on g,. come from the D — D° mass difference, Amp = 1.57 x 1074 GeV @], and the ratio %, where
g and p are the coefficients that describe the flavor eigenstates D°, D° in terms of mass eigenstates DY, DY
|Dr) = p|D°) + q|D°)
|Drr) = p|D) — ¢|D°)
One can show that
q My, - %Ffz

4_, [~ on (41)
P Mz — 5012

Y
Y
Y
\

Ol

< < < <
< < < <

FIG. 9: The SM and the axigluon contribution to D° — D° mixing
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In DY — DO system, I'1o >~ Mo @], and so we have

2M7:
4_ 2% (42)
p  Amp
We use Eqld2] to constrain the imaginary part of g,.. The real part is already more constrained from the mass
difference. From HE], we take the following values for the magnitude and the argument of %:

‘3 =0.60 Arg <9> = -221° (43)
p p
The constraints on g,. from these values are as follows:
|Re(g2,.)| < 2.09 x 1078, [Tm(g2,.)| < 4.89 x 107 (44a)
= |gue| < 1.47x 1074 (44b)

Unfortunately, there are no other mesons with which we can investigate the up-sector further. However, the neutral
D-meson system has other interesting features, like the CP asymmetry in D° — hTh~ decays that was measured in
2011 M] We look more into the contribution of FC axigluons to this process in the next section.

IV. SOME EXAMPLES OF FLAVOR CHANGING AXIGLUON CONTRIBUTIONS TO MESON
DECAYS

In this section, we will check the effects of the FC couplings on several SM processes, namely the rare decay
BY — utp~, the CP asymmetry in D° — hth~ decays, and the isospin violation in B°H) — Kyt~ decays. We
do not expect a significant contribution to B? — T~ decay from the axigluons, since it is affected through axigluon-
penguin loops at LO. However, when FC axigluon currents exist, processes like DY — hth~ and B+ — K+~
can happen at tree level. Therefore one would expect to get an appreciable contribution from axigluon induced
channels. These decays are chosen because they are of current experimental interest M]

A. Rare decay B. — p"pu~

In the SM, this decay is predicted to happen very rarely, with a branching ratio of (3.5 £ 0.30) x 10~ Hﬁ] This
is very close the recently measured branching ratio of 3.22:2 x 1079 by LHCDb m, @] These new results constrain
the NP one can have that would affect this branching ratio. As we will see in this section, axigluon contribution to
this decay amplitude is at least 3 orders of magnitude smaller than the SM contribution. Consequently, the measured
branching ratio data does not impose further constraints on the coupling constant gps.

This branching ratio is so small in the SM as it occurs through EW penguin and box diagrams. The SM effective
Hamiltonian, including NLO corrections, is calculated in m] as:

Gr o

Hsm (B — pp™) =i—=———5—(VisVis)Y (24) (8b)v—a (i) v—a (45)
2 27 sin” Oy
where
Os
Y (2:) = Yo(we) + Eyl(fct) (46)
x (4—z 3z
YO(w)_§<1—x+(1—x)21”) (47)
4o + 1622 + 423 4o — 1022 — 23 — 2% 2r — 142? + 23 —2* 5
Y] = — 1 1
i) 31— )2 EE R T g wr
2z + 23 0Yo(x)
—=Ls(1 — 8 1 48
+(1_$)2 2(1 —2) +8z B munxu (48)

and Oy is the Weinberg angle. In EqE8 z,, = A‘;—z where 1 is the renormalization scale (1 ~ O(my,_)). Form; = 172.1
w
GeV and My = 80.4 GeV, Y (z;) ~ O(1), and Eq4E can be written as:

_ Gr «a
H BY — ut ~j——— (Vi Vi) (3b)v_a (i _ 49
sm(Bg = p ) Z\/§27Tsin26‘w( 15 Vis)(30)v—a(fp)v—a (49)
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FIG. 10: The axigluon contribution to B — pu*pu~

The axigluon contribution to this decay is shown in Fig[IQl which is a penguin loop with an axigluon. This is the
LO contribution, since the axigluon does not couple to leptons. In this diagram, b— and s—loops are more important
than the d—loop, since the d—loop is doubly suppressed by the small coupling constant. One might worry about the
divergence of the corresponding loop integral. This divergence arises because the part of the theory we are considering
is not complete, for example there are additional (heavy) quarks in the full theory, and their inclusion should lead to
cancellations of these divergences. The full theory is renormalizable ], so we do not worry about the terms that
can be canceled through the short distance contributions of the heavy quarks. Hence the amplitude (for the b— quark
loop) is:

Mag = — ifgs (nit)v—a5 [v" (95 Pr + g5sPr)[(—veys + as) B (ys) + yb(vsys + ap) Ba(ys)]] b (50)
where
1 1 y(y —2)
Bl(y):Z+2(y—1)+2(y—1)2 In (51)
Bafy) = —— — ¥ (52)

y—1 (y—1)

2
and y, = E—% Adding the s— loop, and realizing that yBa(y) << Bi(y) for y << 1, we neglect the part ~Bs(y), and

write as an O(1) estimate

Grg _ _
Maz = =ZE82(Bi(ys) + Bi () (wit)v—a [59" (V = Axs)t] (53)
where
V = gheas — gisvy
A= ghoup — ghyas
R L R L
together with g}, = %at%s and gf = %=%s In this paper, we take g, = 0. Thus the axigluon contribution to the

BY — uTpu~ decay hamiltonian becomes

.Gng Jus

Hao = i— 5 (Bi) + B1(ys))(8b)v—a (ua)v-a (54)
Now we can compare Eqb4l and Eq49] for M4 = 400 GeV (at My scale):
(Haa)
~ (0.001 55
(Hsm) (55)

The ratio gets smaller for smaller axigluon masses. Since the axigluon loop contributions are very small compared to
the SM, the uncertainties in the calculations should not be a worry. Hence flavor changing axigluon couplings under
already considered constraints do not affect the BY — T~ branching ratio in a noticeable way, and so this decay
does not give further constraints on the coupling constant gps.
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FIG. 11: CP violation in D°® — hth~

B. CP Violation in D° — h*h™ decays

The CP asymmetry in D° — hth~ decays is defined as follows:

T(D° = hth=) —T(D° — hth)
(D% — hth=) + (D% — hth™)

Acp = (56)
where T'(i — f) is the partial width of the i — f decay. In 2011, the LHCb measured this asymmetry to be ~1%.
In Moriond 2013, the LHCDb presented a new, smaller measurement ] There still appears to be much confusion
about the origin of this asymmetry in the SM @ The long distance effects in D-decays make the calculation of
relevant hadronic matrix elements very difficult. Furthermore, the charm quark might not be heavy enough to trust
perturbation theory at this scale. Naively, one would expect the CP violation at LO to come from decay channels like
the first diagram in Fig[I which is estimated in [40, ] to give ~0.1%. The discrepancy between 1% (experiment)
and 0.1% (SM) might be due to new physics. However it also might be contained in the SM if some matrix elements of
penguin operators are much larger than the estimates given by dimensional analysis @] In this section, we compare
the contributions of the two diagrams in Fig[TTl to the CP asymmetry.
The effective Hamiltonian that comes from the SM diagram in Fig[Il can be written as follows @]

G _ _
Hsm = 7};)\17 {03/5(ﬂC)V_A(d’7“d) + 04/6(ﬂac,8)V—A(dB'7Mda)} (57)
where
1 g (M _
Caps (M) = —3Ciya(Mw) = ~20) (59)
and
N (18 — 11z — 2?)  2%(15 — 162 + 422) 2
Eo(x)——gln(:v)—i- 20 = 2) + 61 — ) n(x)—g (59)

is another Inami-Lin function. The subscripts of the coefficients and the choice of writing the quark operators in this
way is a slight variation of what Buras does in his paper m] He gathers operators and their coefficients in a way
that is easier to keep track of in the RG flow equations. Here we do not RG flow the coefficients, and compare the
SM and the axigluon parts at My ~ Ma ~ O(100 GeV). The effective axigluon Hamiltonian that can be written
from the diagram on the right in Fig[TTl is:

gucgs
Haz - Mi

{= 5@ @) + G 7" 505 o) | (60)

where g, ~ £ [11). Comparing EqB0 with EqB7 for M, = 400 GeV, we see that the upper bound for axigluon
contribution is an order of magnitude larger than the SM contribution. This upper bound grows with decreasing
axigluon mass, to ~40 times the SM contribution for M4 = 100 GeV. Thus this could produce larger than the SM
CP violation in D-meson decays.

C. Isospin violation in B — K™yt~ decays

In the SM, B — Ku™p~ decay follows, at LO, from EW penguin and box diagrams that do not involve the d(u)-
quark, which is then called the spectator quark (Fig[I2]). For this decay, an observable, the isospin asymmetry Ay,
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can be defined as follows:
I'B° - Kutu=)—T(BT = KTp*tu™)

A =
T T(BY S Koutp ) +T(Bt = Ktputp)

(61)

A similar asymmetry is defined also for B — K*up~. We can see that in the spectator quark approximation, this
asymmetry is zero, since there is no difference between the decay of the neutral and charged B—meson. If we consider
diagrams in which the final 4™ p~ pair is emitted from the spectator quark (Fig[I3]), there would be a non-zero isospin
asymmetry due to the different charges of the spectator quarks involved in neutral and charged B—meson decays.
In the SM, the asymmetry for B — K*u*pu~ is expected to be around —1% ﬂﬁ, @] Although there is no clear
prediction for the isospin asymmetry in B — Kptu~ from the SM, one might expect it to be similarly small, almost
Zero M] The isospin asymmetry that is measured at the LHCb is consistent with the SM for the B — K*utu~,
however it deviates from zero with 4.4¢ significance for B — Ku™p~ M] The SM prediction might be enhanced by
more precise hadronic matrix element calculations, however there might as well be NP involved in these decays, like
flavor changing axigluons (Fig[T3H).

pooopt
v
_ w w
b 5
u,c, t
d,u dyiu  d,u d,u

>

FIG. 12: Isospin conserving diagrams in the SM for BO(t) — K+~ decays

In order to compare the axigluon contribution to this isospin violating process with the SM contribution, we assume
that the EW penguin diagram in FiglT3alis as important as any other isospin violating diagram in the SM, if not the
most important one. Therefore, instead of performing comprehensive calculations of the SM contributions, we only
compare the two diagrams that are shown in Fig[I3l Furthermore, we only consider the parts of these diagrams that
are responsible for B — K decay, since the emission of the final muons are the same in both cases.

w

< <
< < <
d,u o 3 >

> >

A
o]

A
A

> d,u d,u > > > d,u
v, z° n ~, 2"
ut
(a) One of the isospin violating SM diagrams (b) Axigluon contribution to isospin violation
FIG. 13: Isospin violation in B*H) — K9+~ decay
The SM contribution to the hadronic part of the effective amplitude from Figll3al can be written as follows:
GF Qg = -
~ \i—=——Fo(x;)(bs)y—a(dd 62
Msu /5 24n o(w:i)(bs)v—a(dd) (62)
where 1 = u, ¢, t.
The axigluon part of the same amplitude from Fig[I30 is:
Mz = 2292 (bs)y _4(dd) (63)

ar — 6Mi
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Comparing Eql62 and Eql63] for M4 = 400 GeV (at My, scale), we get

} (Hoa) ~0.3 (64)

(Hsnr)

The axigluon contribution is at most the same order as the SM one when M4 = 100 GeV.

V. CONCLUSION

The light axigluon model is an experimentally allowed modification of the SM and a viable explanation of the CDF
tt forward-backward asymmetry. In this paper we used the axigluon model suggested in ﬂl_1|] to predict bb and cé
forward-backward asymmetries. They are expected to be large and depend on the invariant mass of the quark pair.
This mass dependence is a useful tool to investigate the mass of the axigluon.

We also modified this flavor conserving axigluon model to include flavor violating couplings between the axigluon
and the SM quarks. These couplings are constrained by neutral meson mixings, and the upper bounds on their
magnitudes are in the range 1072 — 107>, After taking the upper bounds for the couplings, we checked their effects
on the rare decay BY — utu~, the CP violation in D° — hth~, and the isospin violation in B — K™ utu~. We
found that the FC axigluon has virtually no effect on the decay B? — ut ™, since this process still occurs via loop
diagrams. This result agrees with the last measurements of the branching ratio of this decay m, @] In the case of
the isospin violation in B — K™yt~ FC axigluon effects seem to be at most the same order as the SM ones even
though the axigluon contribution is at tree level. The most interesting effect of the FC axigluon is on CP violation
in D — hth™ decays. For this CP violating asymmetry, the upper bound on the axigluon contribution is at least
10 times larger than the ~0.1% SM prediction. We conclude that adding small flavor violating effects to the light
axigluon model might contribute to the CP violation in D® — hTh~ and to neutral meson mixings.
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