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Introduction

Extended color symmetries are attractive variants of the New Physics.

One of the new physics can be induced by the possible four color symmetry
treating leptons as quarks of the fourth color [Pati,Salam’PRD10(1974)].

The Minimal four color Quark— Lepton Symmetry model (MQLS-model)
is based on the gauge group [Smirnov'PLB346(1995)]

GMQLS = SUv(4) X SUL(Q) X UR(l)

as minimal group containing the four color symmetry of quarks and leptons
In MQLS-model quarks and leptons form the SUy (4)-quartets wpaA
(A=1,2,3,4,a=1,2,p=1,2,3,...)

So each lepton have SUy (4) "color" A = 4 Symmetry breaking
New particles: SUy (4) x iUL(2) x Ur(1)
P n4
Spin-1:  Z'-boson, V£ vector leptoquarks | SU-(3) x Uis(1) x SUL(2) x U(1)
Im
Spin-0: M), 9%, ol  o® SUG(3) x SUL(2) x U(1)
rep. — (4,1,1)  (1,2,1) (15,2,1)  (15,1,0) Gen = SUi(g) X Uem (1)
VEV - 1 n2 n3 N4 n=ngm = /713 + 77%
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Scalars interacting with fermions
As a result of the Higgs mechanism of splitting the masses of quarks and
leptons the MQLS-model predicts in addition to the SM Higgs doublet ®(5M)
the existence of the new scalar SUL(2)-doublets
()
FQC

o\ ()Y, s,
o )\ s ) sy )
with electric charges
em, L. 5/3 . 13 . 1
@ 0 ) 2/3 )’ -2/3 )’ 0 )
<I>(1?g) — ®®@)_mixing gives the SM Higgs doublet ®(5M) and an additional &’
colorless scalar doublet.

SS), Sé?, a =1,2,3 form two scalar leptoquark doublets (doublet of

scalar color triplets)

Fie, Foe, ¢ =1,2...8 form the scalar gluon doublet (doublet of scalar
color octets).
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MQLS-model scalar color octets — scalar gluons ERNETTEIRIE ETAE TN, B 208

The interactions of the neutral scalar gluon F5 with quarks:

LFguiuj = Ujq [(hfFQ)ijPL} (tk)aﬁu]ﬁng + h.c.,
Lpdd; = dia [(thg)ijPR} (tk)apdjpFaor, + h.c.

Scalar gluons F; couplings to fermions:

1 +

(him)ij = _\/577817115 [muﬁij—(Kﬁ)ikmuk(Kf)kj]v
+

(hypy)ij = _\/gnsinﬂ{mdi5ij_(K%)ikmlk([({%)kj}-

Kf’R are some mixing matrices specific for MQLS-model (similar Vox,
Vbains), 7 is SM VEV, 3 is a angle of {2 — ®()-mixing in MQLS-model.

The largest constant with neglect of the neutrinos masses takes the form

m
(hip)ss = —V3——

7 sin 3
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MQLS-model scalar color octets — scalar gluons ERNETTEIRIE ETAE TN, B 208

The interaction of the scalar gluon F, with ¢t-quark can be written as
LFQtt = Ea(h%gtf + h§2t575)(tc)04,3t,3F2c + h-C.a

where scalar and pseudoscalar coupling constants take the form

\/5& ~ —0.61/sin 8

S _ 3P _
hFQttT - hFQtt_ - _7 n Sin/B
h?j; increase with decreasing sin
the perturbation theory parameters (h}s;’;;)z/@r ~ 003 0.06 0.18

for sin 8 = 1 07 04

Below we restrict ourselves by the mixing angle region ‘0.4 <sinf <1 ‘
Width of the scalar gluon F, is small

3 ? 2 R
D(Fy —th) = mp— () (1-2"% 1—a
327\ n 2 m% sin” 8

2

For the masses mp, = 400 — 2000 GeV the width F} is of about (2 — 30)/sin? 8 GeV and

FF2 /mF2 = (05 — 15)%/ sin? B [Popov,Povarov et al.’ MPLA20(2005)]
28.06.2017 6 / 18
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MQLS-model scalar color octets — scalar gluons ERNETTEIRIE ETAE TN, B 208

Possibility of the direct searches scalar gluons at the LHC

[~ ] mpr, > 320 Gev from Tevatron data [Martynov,Smirnov'Quarks-2010 conf.]

@ For Flavorful Top-Coloron model scalar octet mq,, > 440 GeV

[Chivukula,Simmons et al.’PRD88(2013)]

@ Sgluons in SUSY models are EW singlets and have no direct interactions with quarks

[Plehn, Tait'JPG36(2009)] (ma > 1.06 TeV [Aad et al.(ATLAS)'J08(2015)])

@ At mp, < 1130GeV from analysis statistical significance the number of the signal ¢tbb

events will exceed the SM background by 30 (LHC 14 TeV L = 10 fb—1)

[Martynov,Smirnov'PAN73(2010)].

@ The production cross section of scalar gluons F' at the LHC with masses mp < 1300 GeV
is shown to be sufficient for the effective (Nevents = 100) production of these particles at

~

the LHC (14 TeV, L =10 fb_l) [Martynov,Smirnov'MPLA23(2008)].

The most perspective way to search for scalar gluons is analysis of
processes pp — 4 Fy — ttbb and pp — FLFy — titt.

Another way is consideration of the resonance contribution of scalar gluons
to tt production.
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Resonance contribution of scalar color octet to tZ production

Scalar gluons tree processes
S-channel processes leads to enhancement cross section by the factor
WITT but interaction scalar gluons with initial light quarks is small.

-

o~ my/$ a ~ |(Co)isl*

1
(—mZ)%+

These contributions are suppressed by factors m2 /3, m2/35 or | (Vo )is|*
— Ao (pp — tt) ~ 0.0001 pb [Martynov,Smirnov'Quarks-2010 conf.].

Diagrams with account contribution of the (gg®)-effective vertex

T ——— —
+ + + 3——<
S L
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Resonance contribution of scalar color octet to tZ production

Flavour diagonal interactions of scalar octet and of the scalar color singlet
W|th quarks in the mOde| independent form [Frolov,Martynov et al.' MPLA31(2016)]
= S P
Logz = QQ(hcpqq + hq>q575)q)a,8Q,B +h.c,
P, = Pg dap for the colorless scalar particle ®q
P,p = Py (tc)ap for the scalar octet ®g

The effective vertex Fg%)gy(p, k1, ko)

ki, p,a
g

g

kz,V,b

DR (b ky ko) =

L 92/ a1 Tx((h5gq + hhaev®) A + k1 + m)y (L + mg)v” (I — by + my))
ab® e J i(2mn (4812 = m2 +ie) (12 = m2 +ic) (- k2)2 — m2 +ic)

+c@ g2/ L Tr((hgqq + hgqq75)([+ kg +mg)v” (I + mg)y" (I = k1 + mg))
ab® s ) i(2m)n (0 + k)2 = m2 +ie) (12 = m2 +de) (= k1)2 — m2 + i)
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Resonance contribution of scalar color octet to tZ production
=S8 = 2(k1k2))

Effective vertex [z (p, k1, k2) in the case of real gluons (k3 =0, k3 =0, p?

FZZ@ (p, k1, k2) = E Fi%)q‘;w (py k1, k2) =
Mk
AP Gg (8)

q
5 2kVEY kipk kiKY
V8 [(W - > F(8) - 2ietP? =222 FY(8) + = }

= —Lab®

S,Pa S,P f a 2 =8 (4
FSP(3) = X 3D PSP (3,m2)  GS(5) = 5, b8, GS(5,m2)
Cabdy = ab/2 = Cqyp for the colorless scalar particle ®¢

=dape/4 = Cape  for the scalar octet g

Cab'iI)gc
Form factors arising from quark q in the loop:
~ . m . . - =
S(Svmg) = 72 [(8 - 4mg) 00(07 07 87m27m37m§) - 2] = FS(pq)7 Pq = ,,ﬁ
ﬁp(é,mg) = mq\/§ CO(O,O,§,m(21,m§,mg) = FFP(py),
~ . m. . . . 4A0(m2) ~
Gs(s,mg) == TZ (8+ 4m3) Co(0, O,S,mi,mi,mﬁ) +4Bo(s,m3,m§) — Tq =G%(pg)
q

Ao, By, Cy are the Passarino-Veltman integrals [Passarino,Veltman'NPB160(1979)]
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Resonance contribution of scalar color octet to tZ production

FS(Pq) FP(Pq)

0.5 0.5

-1 = -1 =

- ReFS(pq) ] -

15— - 15

e ImFS(pq)] C

2+ — 2
2.5 C 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIII-I 25 C 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIII-I

0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Pq Pq
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Resonance contribution of scalar color octet to tZ production

We have calculated the cross section of the process gg — QQ in QCD LO with account also
of the effective vertex Fab<1>
The diagrams of this process

TTTEY—— ~N

00 ——
The total cross section of the process gg — QQ
0L0(99—QQ, 1) = 076 (99—QQ, 1) + Ac® (99—QQ, 1)
Ac®(g9—QQ, 1) =
é<(1>1) a?(u)mg Re [(.§ - mé - imqﬂ“q)) ( <I>QQ 2FS(5) @QQFP( ))] 1 Lo
=— og —
1

+

64 V3 (8 —m3)?+m3Ty

~ s

C<(I>2) a3 (pn)vs ‘h¢QQ‘ v+ ‘ QQ‘ S a2 P2 4mg
—_® g g — _ Q
1024 73 (3—-m2)2+m3T2 ('Fé(sﬂ +1Fs ()l ) v=\1l- =
Cl(plo) =CupCap =2, é<(1>20) = CapCqapnec = 6,

ééls) = CabcCabc = 5/67 ééfs) = CabcCabc/2 = 5/12
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Resonance contribution of scalar color octet to tZ production

Contributions to cross section of tt-pairs production at LHC
We calculate Fy contributions to cross section of tt-pairs production at
LHC (7,8,13 TeV).

Act2 (pp—tt) varies from 0.3 to 54.9 pb (depending on /s, mp,,sin 3).

1.0 1
From LHC data on tt cross *° A . .
) ] rea consistent with
section we found exclusion area the LHC 7, 8, 13 TeV
. 0.8
at the (mp, — sin §)-plane S 6 D)
Q
= 07
- p—
)
0.6
0.5
Excl. at Excl. at
CL=95%  CL=68%
0.4 " n . 1
400 450 500 550
mer, ,GeV
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Resonance contribution of scalar color octet to t production S ele sl glo Tk itel: 2] process gg — tt

(pp—tt), pb/GeV
[S]
n

TG
-
o
<

do
dm;
n

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

mgj, GeV
The invariant mass spectrum do(pp — tt)/dm,; of the tt-pair production in pp collisions at the
LHC at energies /s = 7,8, 13 TeV with account of the contributions of scalar gluon F» with
masses mp, = 450,500,550 GeV for sin 8 = 1,0.7,0.4.
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Resonance contribution of scalar color octet to tZ production

The invariant mass spectrum of t{-pairs production at LHC

Theoretical predictions

NNLL+aNNLO:[Ahrens,Ferroglia et al.’J1009(2010)]
NNLQO: [Czakon,Heymes et al.'PRL116(2016), Czakon,Heymes et al.’ (2017)],

Experimental data

LHC CMS 8 TeV, L = 19.7fb~! [Khachatryan et al.(CMS)'EPJC75(2015)]
LHC ATLAS 8 TeV, L = 20.3fb™! [Aad et al.(ATLAS)' EPJC76(2016)]

Xr
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Xeoms = 3.6

Xearrag = 0.1

1 N (Upr—afh)Q

NDF &= (Ac{™)?

/o do / dm; [GeVY

0.005

0.004

0.003

0.002

0.001

\

T T
ATLAS+CMS Preliminary LHCtOpWG

V5 =8 TeV, Nov 2016 —]

= ATLAS, L=203fb"
EPJC 76 (2016) 538
e CMSL=197f"
EPJC 75 (2015) 542
—— NNLO (cT14 PDF)
B =M = H/4,m =1733 GeV
arxiv:1606.03350
«=++- NLO+NNLL (MSTW2008 PDF)
w_=mgm=1725GeV

e = He P
JHEP 09 (2013) 032
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Resonance contribution of scalar color octet to ¢t production B et il i b gluon F

Exclusion area from tf invariant mass spectrum (ATLAS 8 TeV, 20.3 fb—!)

1.0f 1

09}
Area consistent with

the ATLAS 8 TeV data

Excl. at
CL=95%
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Resonance contribution of scalar color octet to ¢t production B et il i b gluon F

1.0

Possible area consistent with

the future LHC 13 TeV data
0.9

0.6

0.5

0.4 " " " ) .
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Summary
o The effective vertex of interaction of the scalar color octet with two

gluons is calculated with account of the one loop quark contribution.
With account of this interaction the contribution of the scalar color
octet to the partonic cross section of resonance QQ-pair production in
the gluon fusion is calculated.

@ The total and differential cross sections of the ¢t production in
pp-collisions at the LHC are calculated with account of the resonance
contribution of scalar color octet F5 predicted by the minimal model
with the four color quark-lepton symmetry

@ Analysed in dependence on two parameters of the model, the F5 mass
mp, and mixing angle .

@ From the comparison with the ATLAS data on the differential cross
sections of ¢t production at /s = 8 TeV it is shown that there is
region of (mp, — sin 3)-plane of exclusion by these data. But for
sin 8 =1 and for all the masses mp, the scalar color octet F; gives
the contribution to this process of about a few percents and can not
be visible in these data.
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Backup slides



For numerical calculations we use the analytical expressions for scalar PV
integrals Ay, By, Cy from the Denner's paper [pennerFPai1903) and we also
perform the cross check with using LoopTools [Hahn Perez-Victoria'cPC118(1900)].

We have calculated the cross section at /s = 7,8, 13 TeV with using the
parton d|str|but|0n functions MMHT 2014 [Harland-Lang,Martin et al.’EC75(2015)]
(NNLO, g = pp = my, my = 173.21 GeV).

For calculations we use the values of K-factors K (s) = 1.6687, 1.6752,
1.6833 for energies /s = 7,8,13 TeV respectively, in this case the cross
section o°M (pp—tt) reproduces well the aNNNLO SM predictions for the
cross section of ¢t production [kidonakis PRD90(2014)].

Also we perform cross check our partons integrations with use PDFs CT14,
METAV10 in the ManeParse (package for the Wolfram Mathematica for
parsing various PDF functions) [clarkGodat et al'cPc216(2017)] — we get difference
about 1%.
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Fermion sector of the model
In MQLS-model quarks and leptons form the SUy (4)-quartets ¢pqa, A =
1,2,3,4,a=1,2,p=1,23, ...

ul, cl t,
¢1/71A3 (V/)7(V?)7(V/>7"'
e W T
dy, Sa be,
¢;72A : ( €_I )7 ( ,U/_/ )a (7__/ )a

Each lepton have SUy (4) "color"A = 4
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|
Fermion mixing in MQLS

The basic left and right quark and lepton fields Q’ﬁag, E'L R can be
written, in general, as superpositions

Qraa =2 (451) @il 15" =30 (Ar") "

q q

of mass eigenstates qu, . Here AL R and A R are unitary matrices
diagonalizing the mass matrlces of quarks and Ieptons respectively.
(AL])+AL2 = Cq = Ve is Cabibbo-Kobayashi-Maskawa matrix

(Ag, )t AL = (y is the analogous lepton mixing matrix ((C;)"

= Upmns)
(AL:R) AL " = K" are the four new mixing matrices which are specific
for the models with the four color symmetry.
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N
Scalar sector of the MQLS-model

The scalar sector contains in general four multiplets [Smirnov’'PLB346(1995)],
[Povarov,Smirnov'PAN64(2001)]

sy

(4,1,1) : 1) = <m+x“>+iw“> )7
mtia®)

1,2,1): 00 = 5,2 + 62,

( ) @y NG bq
F)os Seo

(15,2,1): ) = <( Jop Sa >+<5a2n3+¢§?a>t15,
Saa 0 '
4 1 o
F 78@

(15,1,0): 89 = (j@?ﬁ ﬁo >+<n4+x<4>>t15,
(0%

transforming according to the (4,1,1)-,(1,2,1)-,(15,2,1)-,(15,1,0)-
representations of the SUy (4) x SUL(2) x Ur(1)-group respectively. Here
M1, N2, M3, N4 are the vacuum expectation values.
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For the comparison of the experimental and theoretical results we use the
variable x2 (,reduced” x? ) defined as

2= 1 Z (07" — aih)?

where o;"? denote the experimental value of % in the i-th bin,
th

o;" is the corresponding theoretical value,

Ac;™ is the experimental error of this value,
n = N — N, is the number of degrees of freedom,
N is the number of the bins under consideration and
N, is the number of the free parameters of the model.
N, = 0 for the SM
N, = 2 for the MQLS-model.
mit
Ufh _ do(pp — tt); B 1 /“ do(pp — tt) d
dmg;

mit

dmtt - Amg?
My
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