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The Type-X 2HDM + color octet framework

@ The scalar sector of the framework = Two color-singlet SU(2),
scalar doublets ®; > + one color-octet SU(2), scalar S.
= The multiplets are parametrised as:

o7 5t
&, = (\}i(v,—l—h,—l-iz,)) (r=12), 5= (\}E(SR—FLSI)) '

with v2 = vZ + v3 = (246 GeV)?
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The scalar potential

@ The most generic scalar potential consistent with the gauge
symmetry consists of a part containing the interactions among ®1 »
only (V,(®1,®,)), a part containing only S (V,(S)) and a part
containing the interactions among all ®1,,S (V¢(P1, P2, S)). The
scalar potential therefore looks like:

V(®1,95,5) = Vo(®1,P2) + Vi(S) + Ve(P1, 92, S5),
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Vo(dy,®) = m2dld; + m2,dbd, — m2, (d> by + Oh )
4N <¢Tq>1) + % (cbgcbz) + s (©]01) (0f0,)
Y (cb{cbg) (¢;¢1) + [% (cb}cbz)z
Iy (cb{cbl) (qﬁ%) + (@2%) (cb{%) 4+ Hel,
Ve(S) = 2miTeSVS; + eSS, SUS; 4 11, TSV S;SUS;

+u3TrSYS;TrSYS; + g TrSV S TrSYS; + s TrS; S Tr ST S
+16TrS;S;SUST
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Ve(®1,®5,8) = 1101dTrSYS; + 10 o, TrSYS;
(30T OV TES;S; + 1, @] TrSYS;S; + vsd! TrSYS; S
+h.c)+ w1¢;i¢2;T1'5Tj5j + wzd);id)ijrSTjS;
(w3 OUTYS;S; + wy®S TrSYS;S; 4+ wsd) TrSY S, S;
+h.c)+ H,ld)iid)g,TrSUSj + h:szJ{"d)ijrSUS;
+/<;3¢Ii¢£jT1“SjS;, +h.c.
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@ Here, i, denote the fundamental SU(2) indices.
@ The traces are taken over the color indices.

@ We do not impose some ad-hoc discrete symmetry to restrict the
scalar potential.

@ An important 2HDM parameter is tan 8 = “j—f
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Particle spectrum

@ The color-singlet scalar mass spectrum comprising the CP-even h, H,
a CP-odd A and a charged Higgs H™.

@ Of these, h is identified with the discovered scalar with mass 125
GeV.

@ On the other hand, the colored sector consists of the neutral
(Sr,Si) and charged mass eigenstate (S™T).

o We take S; to be the lightest colored scalar and will focus on
Sk — S/A decay.
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Yukawa Lagrangian

@ For the interactions involving ¢; and ¢,, we adopt the Type-X
2HDM Lagrangian. Here, the quarks get their masses from ¢, and
the leptons, from ¢;. That is,

—L¥M = [YU@L<Z~52UR + yaQudodr + }/EQLQSIER} +h.c.
@ The Yukawa interactions of the colored scalars can be expressed as

_£<§9I. oct. _ Z [y’fq Q_LpguRq + y;q Q_LdeRq + h.C.]
p,g=1,23

In compliance with MFV, we take Y9 = nu@él’q and
qu = V2my 5P
v
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Constraints

@ A perturbative theory demands that the magnitudes of the scalar
quartic couplings must be < 4.

@ Next, tree-level unitarity demands that the 2 — 2 matrices
constructed out of the tree-level scattering amplitudes involving the
various scalar states of the model must have eigenvalues whose
magnitudes are < 8.

@ The conditions ensuring a bounded-from-below scalar potential in
this model along different directions in the field space.
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Constraints

@ The model also faces restrictions from signal strength measurements
in different decay modes of the 125 GeV Higgs.

e The alignment limit i.e. o = 3 — 7 is strictly imposed throughout

the analysis.

@ Therefore, the signal strength in these channels deviates from the
corresponding SM predictions on account of only the additional
contribution to the gg — h amplitude coming from the colored
scalars.

@ Signal strength constraints are satisfied at 20 in our analysis.
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CDF Il data

@ The mass of the W-boson by the CDF collaboration :

MSPF = 80.4335 GeV =+ 6.4 MeV/(stat) + 6.9 MeV(sys).

@ The W-mass predicted by a new physics framework can be
expressed in terms of its contributions to the oblique parameters
AS, AT and AU as:

Yem AS
M2, = MWSM[1+2%2< + AT+ S SWAUﬂ
Ciy — Sy 2 4sW

where My su is the mass in absence of quantum corrections, and,
cw and aenm respectively denote the cosine of the Weinberg angle
and the fine-structure constant.

°© AT(S)=AT(S)rpm +AT(S)s
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Bounds

o In foresight, we shall also adhere to Ms > M, /2 to evade the limit
on BR(h — AA) derived from BR(hi25 — AA — 47,2724)

e We fix My = 150 GeV and Ms, = 800 GeV (direct search) and
make the variations 0 < My+ — My < 300 GeV, % < Mjy < 200
GeV, 0 < Mg+ — Ms, < 100 GeV and 0 < Mg, — Ms, < 100 GeV.

@ Limits compatible with CDF Il data:

AS =0.15+0.08, AT =0.27+0.06, AU=0, pst=0.93.
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@ There will be type-X 2HDM contributions.

@ Since the color-octet does not couple to the leptons at the tree-level,
it does not contribute to muon g — 2 at one-loop.

@ The color-octet sector contributes to the muon anomalous magnetic
moment through the two-loop BZ amplitudes

h S+ ’ N N
K s+ / Y st
/C '\ /!
7 7 Y 7
- - +
hHo % v ne S SR.S\% W
. Zé , Z%
, ,
2
m Tr i3 m o i

Figure: Two loop BZ contributions to Aa,, involving the color octet.
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@ The observed combined data by FNAL and BNL (old):

Aa, = (2.51+£0.59) x 10~°.

@ We impose the requirement of muon g — 2 at the 3o limit (old
data). That is,

7.4 x 107" < Aa, < 4.28 x 107°.

@ Muon (g-2) is recently close to the prediction of the SM adopting
current lattice results : Aa, = (3.9 +6.4) x 1071°

@ According to the new data, all the benchmarks satisfy the constraint
at lo.
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Figure: Parameter region in the Ma-tanf plane (left panel) and Ma-Ms, plane
(right panel) compatible with the CDF-1l and muon g — 2 excesses. The
regions left to the vertical line (Ma = % limit) Ma-tan plane are excluded by
the latest data. Similarly, the regions left to the vertical line (Ma = % limit)
and below the horizontal line (Ms, = 800 GeV bound) in Ma-Ms, plane are
excluded by the latest data.
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Collider Analysis

@ Possible promisimg channels :

pp — Sk — S|A, S — bb, A— 717 .

@ Depending on the visible decay products of the 7&, there could be
the following three possibilities:

© Both 7 leptons in the final state decay leptonically leading to the
final state 27, + 2b 4+ MET with 7, = 7, 7,. However, the efficiency
of such a channel is poor and thus we refrain from presenting its
analysis in this work.

@ One of the two 7s in the final state decays leptonically while the
second decays hadronically. This semi-leptonic decay topology gives
rise to 17 + 17, + 2b + MET final state. For convenience, this case
will be denoted by “SL".

© Both 7 leptons decay hadronically and lead to a 274 + 2b + MET
final state. This case is dubbed as “NoL” since there are no leptons
in the final state.
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Backgrounds

@ The dominant contributors to the backgrounds are
pp — Z — 7H1 7 +jets, pp — tt — 1+ jets, pp — tt — 20+ jets.

@ All the background samples having jets in the final state are
generated by matching the samples up to two jets.
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Benchmarks

@ We ensure that the Sg — S/ A decay remains kinematically open by
enforcing Ms, > Ms, + Ma.

tanB | Ma (GeV) | Ms, (GeV) | Ms+ (GeV) | Aa, x 10° [ (MGPT —80.000) (MeV)
BP1 | 43.264 66.39 876.994 820.0 0.77824 (30) 433.573
BP2 | 56.075 80.093 882.644 820.0 0.74883 (30) 417.401
BP3 | 55.565 100.314 909.707 810.0 0.77966 (30) 418.839
BP4 | 54.48 121.11 938 805 0.77224 (30) 423.641
BP5 | 58.7 147.0 950.3 800 0.75824 (30) 444802
Table: Benchmarks compatible with MG°" and the observed Aa,,. Here

M+ = 250 GeV and Ms, = 800 GeV.
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Collider analysis

Table:

Objects | Selection cuts

e pr > 10 GeV, |n| <25

Iz pr > 10 GeV, |n] <24, ARy > 0.4

Th pr > 20 GeV, |n| < 2.4, AR"‘hE/# > 0.4

b jets pt > 20 GeV, |n] <25, ARyjeq e/p > 04
Summary of acceptance cuts to select analysis level objects
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C5:

C6:

CT7:

We demand pt}l > 200 GeV to eliminate the backgrounds to a large
extent.

Similarly, for the sub leading b-jet, an efficient discrimination of the
signal from the backgrounds entails p?rz > 100 GeV.

The normalized distributions of ARy, 5, corresponding to the SL and
NoL channels prompt us to impose the lower cut ARy, p, > 2.0.
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C8: Another important variable with a reasonable distinguishing power
between the signal and backgrounds is AR, ;, (AR;, -, ) for the SL
(NoL) channel. Thus, we apply an upper cut: AR, -, (AR;, -,.)
< 1.8 to suppress the backgrounds.

C9: Finally, we use the minimum parton level centre-of-mass energy
(v/3min) Which has the highest degree of discerning power between
the signal and backgrounds. Thus, instead of giving a fixed lower
cut on this variable, we try to tune /3, over a suitable range to
maximize the significance.
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Figure: Distributions of some kinematic variable: (a,b) v/$mi» for SL and NoL
channels respectively.
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Results using cut based analysis

Cut on Remaining events Significance
Processes
v/8min > | Signal | Background | 8 = 0% | 6 = 5%
BP1 718 1568 60639 6.37 0.51
682 1835 13639 15.7 2.65
BP2 718 1658 60640 6.73 0.54
694 1867 13316 16.2 2.76
BP3 742 1388 55728 5.88 0.49
742 1463 11910 13.4 2.42
BP4 766 834 51065 3.69 0.32
742 883 11910 8.09 1.46
BPS5 790 250 46768 1.15 0.11
742 259 11910 2.37 0.43

Table: Best cut on /3., and corresponding signal and background yields for
the five signal benchmark points. Each row is divided into two subrows that
contain the information of the SL (upper row) and NoL (lower row) channels,
respectively. Last two columns show the signal significance values at

£ = 3000fb~! with and without a systematic uncertainty () of 0% and 5%,
respectively.
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Results using DNN

Cut on Remaining events Significance

Processes
DNN response | Signal | Background | § = 0% | 0 = 5%

BP1 0.99 878 1640 20.1 4.50

0.99 1246 923 34.8 9.56
BP2 0.99 872 1640 19.9 4.47

0.99 1260 922 35.2 9.65
BP3 0.99 1283 4735 17.9 2.47

0.99 1088 923 30.9 8.58
BP4 0.99 859 4735 12.1 1.70

0.99 757 923 22.3 6.37
BPS 0.99 297 4735 4.27 0.61

0.99 292 922 9.19 2.76

Table: Best cut on DNN response and corresponding signal and background
yields for the five signal benchmark points. Each row is divided into two
subrows that contain the information of the SL (upper row) and NoL (lower
row) channels respectively. Last two columns show the signal significance

values at £ = 3000 fb™" with and without a systematic uncertainty () of 0%

and 5%, respectively.
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Conclusion

@ We have considered the well-known Type-X 2HDM augmented with
the color octet.

@ We have addressed W-mass and muon (g — 2) anomalies using this
framework.

@ Promising channels have been probed at 14 TeV LHC using cut
based method and DNN.

@ The results are improved with respect to the cut based analysis by
using DNN.
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Backup slides

@ The lepton Yukawa interactions in terms of the physical scalars then
becomes

oM = % me <§th£ + ENHIE — ig) Alvyse
v

l=e,pu,T

+{\[2§£‘H+17gPR€+ h.c.D.

h h h H H H A A A
£ € & & & & & & &
sin sin sin cos cos cos
— clos% - czas% — clos% cosg cosg cosg ta nﬂ ta nﬂ ta nﬂ

Table: Various Yukawa scale factors for the lepton-specific case.
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Scanning range

20 GeV < My < 200 GeV, 0 < myp < 100 GeV,
10 < tan 8 < 100, |W1|7 ‘Hl‘, ‘;‘62‘, ‘KZ3‘, ‘Z/1|, |I/2‘7 ‘Z/3| < 2.
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Signal benchmarks

BP1

0.0431
0.0429
0.0342
0.0209

0.0068

SM Backgrounds

tt — 20 + jets
tT — 10 + jets
W

Z -

+ jets
W — lv + jets

aw — qq
1z — t+¢ + jets
ttZ — qq

WZ — 30v + jets
WZ — 202q
ZZ — At

tth — v+ 1

Wwz

wzz
ZZZ

107.65 [NNLO]
137.14 [NNLO]
34.81 [LO]
803 [NLO]
0.25 [NLO]
0.103 ! [LO]
0.24 [NLOJ [110]
0.206 ' [NLOJ [110]
2.27 [NLOJ [111]
1.504 [NLOJ [111]
0.187 [NLOJ [111]
0.006 ' [LO|
0.114 ! [LO|
0.236 [NLO]
0.189 [NLO]
0.064 [NLOJ

0.016 [NLO]
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Normalised Events

Normalised Events
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Variables

Description

No,
s NoL SL (NoL)
1 I pr of leading b-jet
2 I pr of sub-leading bjet
3 o (1] of leading b-jet
1 [ [n] of sub-leading b-jet
5 E Missing transverse energy
6 o P pr of leading T-jet
i In [l of leading 7-jet
s P pr of lepton (subleading 7-jet)
9 I o [ of lepton (sub-leading r-jet)
10 AR, AR between lepton-r, (r-7f) coming from A
1 Ady, g, Doz, |A¢| between lepton- By (72-Ey
12 ARo AR between 7, and reconstricted A
3| AR, . ARy | AR between 7, () and reconstructed ssr i.c.
1| AR xpf | ARy No. 10 x pj
15 ARy, 0, AR between leading and sulleading b-jet
16 N No. 15 x it
17 ARy, AR between lepton (7)) and leading bt
18 AR, AR between lepton (r!) and subleading b-jct
19 AR between 7, (r2) and leading bjet
20 AR between 7, (72) and sub-leading b-jet
21 A¢| between leading b-jet and E
2 20| between sub-leading b-jet and By
23 ARi,a AR between leading bjet and reconstructed A
21 ARty Minimum AR between all jets

Minimum parton-level centre-of-mass energy

Number of jets
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Parameters

Description

Values/Choices

nHidddenLayers

nlodes

Number of hidden layers
Number of nodes in hidden layers

Hidden layers in | | with a skip connection

(256, 128, 64, 32,16, 8, 4|

loss_function

Function to be minimised to get

optimum model weights

binary _crossentropy

optimiser Perform gradient descent and backpropagation Adam [119]
eta Learning rate 0.001
batch_len Number of events in each mini batch 5000
batch_norm Normalisation of activation output True
dropout Fraction of random drop in number of nodes 20%
L2-Regularizer Regularize loss to prevent overfitting 1074

TABLE VIII: Details of DNN parameters.
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C. Direct search

Searches for an H* in the e*e™ — HH~ channel at LEP [91] has led to a M+ > 100
GeV bound for all 2HDM Types. As for the Type-X, various exclusion limits are rather
weak (compared to Type-[l, for instance) owing to the suppressed Yukawa couplings of
H A H" with the quarks 192]. We take My = 150 GeV and Mp+ > My to comply with
the exclusion constraints. In foresight, we shall also adhere to My > M;/2 to evade the
limit on BR(h — AA) derived from BR(hips — AA — 47, 2r2p) [51].

We now discuss exclusion constraints on the color octet mass scale. Color-octet resonances
have been searched for at the LHC in the pp — S — jj [93-96] and pp —+ S — {£[97-99]
channels. Reference [70] recasted the search of colored scalars at the LHC for the Manohar-
Wise scenario. The lightest colored scalar was taken to be S therein. Since the colored
scalars have Yukawa interactions with the quarks, exclusion limits on the color octet mass
scale can depend on the strength of such couplings. Reference [70] reported that no clear
constraints were derived from the pp — Sy — #f channel. As for pp — Sitf — t#Hf, a
bound My, 2 1 TeV can be derived for 7 ~ O(1). This bound is thercfore expected to relax

upon lowering 7. Another channel is pp — S*th — thtb that leads to a bound of 800 GeV
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1
_-"UE-” = mi + Ivz ( cos? 3(vy + vy + 213) +sin28(k, + Ky + Kg)
+ sin? B(wy, + ws + 2&);;)) s
1
:11_3! e 71?% -+ ILIQ ( cos? B(n 4+ 2 — 213) + sin258(k1 + K2 — K3)
+ sin? Blun + we — 2w;;)) .

1
.f’lj'_E-Jr = n?i— -+ 711,'2 (1/1 cos? 3 + ry sin 28 + w) sin? ,;'.‘1’) .
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