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Plan of the talk

o Type Il Seesaw model.
o Higgs sector of the model.
o Constraints on the model parameters.

o Examine the model prediction at the current and future run of the
LHC.

o Summary.
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Type-1l seesaw model contains an SU(2); triplet scalar field A with
hypercharge Y = 2 in addition to the SM fields.

B o B 5+/\@ 5+t
A = ﬁAi—< 60 _5+/\/§>a (1)

where Ay = (67 +6°)/v2, Ay = i(67F —38°) /2, Az = 5.
The complete Lagrangian of this scenario is given by:

L= EYukawa + ACKinetic - V(¢7 A)7 (2)

where the kinetic and Yukawa interactions are respectively.

Linic = (D) (Dr0) + T [(D, ) (D12)],  (3)
Lyukawa = Lawa — (Ya); L] CiooALj+hec. (4)

Here T = (¢* ¢°) is the SM scalar doublet.
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The most general scalar potential® is given as :
A
V(®,A) = —mi(dfd)+ Z(<1>Tq>)2 + MATr(ATA) + (udTioo AT + hc.) -

A (STO)Tr(ATA) + Ay [Tr(ATA)]? + MTr(ATA) + A0t AAT

After the EWSB, the minimization of the potential calculates the two
mass parameters as,

2 A1+ A
m3 = )\—‘Zj—\@,uvt—i—i( 12 4)v,:z, (7)
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The triplet vev (v;) contributes to the electroweak gauge boson masses
20 2 2 20 2 2

M2, and M2 at tree level, M2, = % and M2 = gél(cvgsi;“gvvv‘)

respectively. The SM p-parameter is given by:
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1A, Arhrib et al,PhysRevD.84.095005



model

One gets an upper bound on “j—; < 0.02 or vy <5 GeV.

After EWSB, the scalar fields expanded around respective vevs, can be
parameterized as

_ 1 ﬂxj 1 5+ V26t
¢ = ﬁ(vd+hd+ind A= wabrin —or JO

As a consequence, the scalar spectrum contains seven physical Higgs
bosons: two doubly charged H**, two singly charged H*, two CP-even
neural (h, H) and a CP-odd (A) Higgs particles.

The corresponding mixing angles are given as
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model

o The scalar potential : 8 independent parameters.

e Minimization condition — can be traded off for the two
vevs (vg, vt).

The remaining 5 scalar quartic couplings and p-parameter can be
expressed in terms of the 5-scalar masses and the neutral scalar
mixing angle a.

vg and my, = 125 GeV are known.

Free parameters : (my, ma, mﬁ, Myt 4, Q).
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Theoretical And Experimental Constraints
Vacuum stability

To have the scalar potential to be bounded from below in all direction in
field space, the following necessary and sufficient conditions on the scalar
quartic couplings has to be satisfied.?

A > 0, (13a)

A+A3 > 0, (13b)

/\2+% > 0, (13¢)

A+ VA2 +A3) > 0, (13d)
A\ + A()\2+)\23) > 0, (13e)

M4+ VA2 + X)) > 0, (13f)

A
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2A. Arhrib etal, PRD 84, 095005 (2011).
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Theoretical And Experimental Constraints
Perturbative unitarity

Tree-level unitarity of the scattering amplitude for all 2 — 2 processes
demands the S-matrix eigen-values to be bounded from above as below 3:

A+ A < (D)

A < (B4b)

2A1 4+ 3\| < BP4c)

Al < @)

A2 < Bide)

A2+ As| < 8HAf)

At ah +8Aa /(A —4do —8M:)2 +16X2] < (ihe)

13X+ 16X0 + 1203 + /(3N — 16Xy — 12X3)2 + 24(2\; + \g)?| < (Wh)
201 — Aa| < 16#i)

202 = Xs| < 164))

3A. Arhrib etal, PRD 84, 095005 (2011)



o Constraints from electroweak precision test: The strongest bound
comes from the T-parameter which imposes strict limit on the mass
splitting between the doubly and singly charged scalars,

AM =| my++ — my= | which should be < 50 GeV*.

o The direct search on the singly charged scalar at the LEP Il puts a

limit on my+ > 78 GeV.

o The doubly charged scalars can either decay into (*¢'* or WEW=*
(assuming degenerate heavy scalars).

my+ 2
° F(H** — 6;"'(]"") = W@ [Y,J] ;

F(HH — WHW+) = &% 1AMy lo o (M ?

° ( — )_gﬂ—mHH ( _miﬂ») +<2M5‘/_) .

o For v; < 107* GeV (corresponds to large Yukawa couplings) and
assuming degenerate scalars, the doubly charged Higgs boson decays
to like sign dilepton (LSD) £*¢* with almost 100% probability. From
the direct search of the doubly charged Higgs boson at /s = 13 TeV
with 36.1 fb~! data at the LHC, the current lower bound at 95% CL
on its mass is my== > 700 — 850 GeV® depending upon the final
state lepton flavor.

4E. J. Chun et al., JHEP11(2012)106
5ATLAS collaboration, arXiv:1710.09748



For our choice of benchmark points, my+ ~ 173 — 180 GeV and for
this mass range, the t — bH™ decay mode is kinematically
suppressed.

At the LHC gg — &, (® = H/A) is the dominant production mode.
For Type Il Seesaw model, interactions between quarks and SU(2),
triplet scalars happen via the SU(2), doublet (SM like Higgs boson)
and triplet mixing, which is proportional to (v:/vy).

For our choice of the triplet vev (v; = 3 GeV), the

a(pp(gg) — H) x (vi/v4)? ~ O(10~%) = a(pp — H) =~ 13(fb) for
the best possible scenario and this is well below the 95% CL bound
on o(gg — H) x BR(H — ZZ) (pb) — my plane by the ATLAS

collaboration®.

For v; = 3 GeV, H** — WEW=* W*H* H*H* if kinematically
accessible.

Due to the cascade nature of the final state, the collider bound on
the HE® in this case is rather weak.

Our choice of benchmark points remain within the 2o limit of the
current experimental bound (0.857922) of the Higgs to diphoton
signal strength.

S ATLAS-CONF-2016-016, 2016



Collider Analysis

o We look for the collider signature of the associated production of
singly and doubly charged scalars.

e Depending upon the mass hierarchy, we can have two scenarios :

o Positive scenario (A > 0) = my++ < my+ < ma/my

o Negative scenario (A4 < 0) :: my++ > myt > ma/my

o We choose v; = 3 GeV = H** — (% (* extremely suppressed and
only decay to gauge bosons are allowed.

o At such value, Br(H** — W*W%) ~ 100% while the singly
charged scalar can have mainly three types of decays :
W=*2Z, tb, W*h depending upon the phase space available.
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Collider Analysis
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Figure: Left (Right) panel shows the variation of oo (pp — HEEHT) (fb) (solid red curve),
oLo(pp — HTTH™7) (fb) (blue dashed curve) and or,0(pp — H*H™) (fb) (black dotted

curve) with respect to charged Higgs masses at the LHC at \/s = 13 TeV for positive (negative)
scenario.



Benchmark Points

Mass Scenario | sina Mmy++ my=+ My = Ma | [y
(GeV) | (GeV) (GeV)
Positive
BP1 0.0220 | 165.48 | 173.25 180.70 0.79
BP2 0.0280 | 175.99 | 177.47 178.93 0.82
Negative
BP1 0.0277 | 179.60 | 176.30 173.01 0.79
BP2 0.0300 | 184.17 | 180.11 175.95 0.81

Table: Benchmark points valid by the high-scale stability constraints up to the Planck scale and
their corresponding Higgs to diphoton signal strength (11~ ) for both the positive and the negative
scenario.

We consider the following two signal topologies:
(i) 3¢% + Fr;
(i) (CH07) + 4 + Er,
SM background processes : tt+jets (up to 3), single top with three hard

jets, V + jets (up to 3 jets), V= W*, Z, W+ 3 jets, tt + (W*/Z/h),
and VVV.



Basic cuts

In our signal and background events, we select jets and leptons using the
following basic kinematical acceptance cuts :

AR; > 06, AR, >04, AR;>07, (15a)
ARy >0.7, ARy >0.2, (15b)
pr>20GeV, | <5, (15¢)

PTo > 10 GeV, | < 2.5, (15d)

b-jet abiding by the efficiency as proposed by the ATLAS collaboration:

0 p’7’— < 30 GeV

0.6 30 GeV < pb <50 GeV (16)
0.75 50 GeV < pb < 400 GeV

05 p% > 400 GeV .

€Ep —



pp— HTTH™ = (WTW)+ (W~ 2Z) = () + 0~ + Er.
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Figure: Normalized distribution of the (left panel) Missing transverse energy (Et) and (right

panel) the transverse momentum of the hardest lepton (pr(¢1)) after the basic kinematical
acceptance cuts for the benchmark BP1 of positive scenario.
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Figure: Transverse momentum (pt) distribution (normalized) of the two sub-leading leptons for
the benchmark BP1 of positive scenario.
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Figure: The AR(éliZZi) distribution (normalized) between the two same-sign leptons for the
positive scenario benchmark BP1.

o (C1-1): Our signal event is hadronically quiet, hence, we put a veto
on any jet with pr > 30 GeV.

o (C1-2): Next, to confirm the trilepton signature, we select at least
three leptons with pr > 10 GeV.

o (C1-3): For further affirmation of trilepton signature, we reject any
additional charged lepton with p7 > 10 GeV.

o (C1-4): | My+,- — Mz |> 10 GeV, to ensure that those are not
directly produced from Z boson.



o (C1-5): Finally, our signal events are required to have Fr> 30 GeV.

o (C1-6): The principal selection cut for the same-sign dilepton has
been imposed. For this, we demand AR(/F¢5) < 1.5.

Effective cross section (fb) for background after the cut
SM-background Production Cross CI-1 Ci-2 C1-3 Ci-4 Ci5 Ci-6
section (fb)
ttjets 2.22 X 10 157.50 0 0 0 0 [
titjets 7.07 x 10° 420.37 0 0 0 0 0
WELets 1.54 x 10° 4.96 x 10 0 0 0 0 0
Zjets 4.54 % 10 1.37 x 10 0 0 0 0 0
WT W™ fjets 8.22 x 107 4.76 x 10° 0 0 0 0 0
ZZ fjets 1.10 x 107 6.17 x 10 10.05 5.77 0.08 0.04 ~0
WEZ ets 3.81 x 10° 1.71 x 10° 42.40 42.40 0.72 036 0.04
wiw-z 83.10 117 0.09 0.07 0.01 ~0 0
wEzz 26.80 0.39 0.03 0.03 ~0 0 0
tt+ wE 360 0.13 0.02 ~0 0 0 0
T+ Z 585 0.15 0.02 0.0 ~0 0 0
tt+h 200 0.02 ~0 0 0 0 0
Total SM Background | 2.005 x 10 6.33 x 10 52.60 4830 0.81 0.40 0.04
Positive scenario Production Cross Effective cross section (fb) for signal after the cut Luminosity (in
section (fb) 1) for 5o
BP1 185.10 075 | 020 | 014 | 008 | 006 [ 0.040 | 1250.0
BP2 158.70 065 | 016 | 011 | 006 | 005 | 0034 | 16004
Negative scenario Production Cross Effective cross section (1b) for signal after the cut Cuminosity (i
section (fb) fb~1) for 5o
significance
BPL 15380 063 | 016 | 01l | 006 ] 005 ] 0.033 | 16758
BP2 134.70 055 | 015 | 010 | 005 | 004 | 0030 | 19444

Table: Effective cross section obtained after each cut for both signal (36i + £t ) and background
and the respective required integrated luminosity for 5o significance at 13 TeV LHC.
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Figure: Left (Right) panel shows the required integrated luminosity for 30E + Fr final state with
respect to charged Higgs masses at the LHC at \/s = 13 TeV for positive (negative) scenario.
The solid red coloured and blue coloured dashed curve correspond to constant signal significance
at 50 and 3o respectively.



20 + 4j + Fr

pp— HTTH™™ — (WTWH)+ (W W) = () +4j+ Er
pp— HTTH™ — (WYW™)+(W~2Z) = (¢1¢h) + 4+ Er (17)
=
= 1

Figure: Transverse momentum (pt) distribution (normalized) of the four leading jets for the final
state 20F + 4j + Et for the benchmark BP1 of positive scenario.



20 + 4j + Fr

o (C2-1): As explained, our signal is exempted from any b-jets, hence
we can safely reject events with b-tagged jets of pr(b) > 40 GeV.

o (C2-2): To guarantee that only 4 jets are present in the events, we
reject any additional jets with pr(j5) > 20 GeV.

o (C2-3): Our signal also contains two isolated charged lepton and
thus a veto on any additional leptons with pr > 10 GeV is applied.

o (C2-4): Now, from the jet distribution, we choose the pr of the
leading jet to be at least greater than pr(ji1) > 60 GeV.

o (C2-5): Moreover, for the next sub-leading jet we demand
p1(j2) > 40 GeV to further subdue the background events.



20 +4j+ F

o (C2-6): A decent selection cut on the missing transverse energy is
then applied as F7> 30 GeV.

o (C2-7): Finally, the principal selection cut for the same-sign dilepton
has been imposed. For this, we demand AR(¢;/45) < 1.5.

Effective cross section (fb) after the cut
SMi-background Production Cross sec- 1 2 [ 25 26 7
tion (fb)
thjets 222 X 10° 8.46 x 10' | 8.01 x 10" | 8.01 x 10" | 4.89 x 10° | 3.44 x 10° | 154 x 10" [
tEtjets 7.07 x 10 1.58 x 10 1.23 x 10 1.23 x 10 0.02 x 10° | 8.15 x 10° | 5.58 x 100 0
WE fets 1.54 x 10 1.52 x 10° 1.52 x 10° 1.52 x 10° 1.24 x 10' 8.17 x 10° | 1.75 x 10° 0
Ztjets 454 % 10 427 X 107 | 4.27 x 107 | 427 x 107 | 3.76 x 10° | 2.48 x 10° | 4.65 x 10' 0
W W~ fjets 8.22 x 107 7.84 X 10" | 7.55 x 10" | 7.55 x 10" | 3.48 x 10" | 2.39 x 10° | 1.04 x 107 0
2Z jets 1.10 x 107 8.96 x 10° | 8.67 x 10° | 8.65 x 10° | 4.27 x 10° | 2.89 x 10° | 1.16 x 10° | 005
WEZ fjets 3.81 x 10 333 x 10" | 3.13x 10° | 3.12 x 10° | 1.67 x 10° | 1.18 x 10° | 5.76 x 10 1.68
tt+ WE 360 78.00 55.15 55.00 47.00 39.80 33.00 013
R4 585 110.00 68.20 67.00 50.60 52,04 4330 004
T h 400 76,00 27.40 27.20 24,50 2165 1630 004
Total SM Background | 2.005 x 10° 195 10° | 1.04x10° | 1.04x10° | 1.64x 10’ | 1.08 x 10’ | 231 x 10° | 194
Positive scenario Production Cross sec- Effective cross section () for signal after the cut Tuminosity (i
tion (fb) fb1) for 50
significance
BP1 311.40 253.00 21070 [ 20670 | 18172 | 15890 | 12624 | 190 | 266
BP2 259.30 21123 17502 | 17264 | 15175 | 13266 | 10542 | 155 | 363
Negative scenario Production Cross sec- Effective cross section () for signal after the cut Tuminosity (i
tion (fb) fb~1) for 5o
significance
BPI 22623 200.00 T6650 | 16332 | 14361 | 12554 | 9976 | 150 2
BP2 219.30 17774 14803 | 14520 | 12770 | 11163 | @871 | 130 | 479

Table: Effective cross section obtained after each cut for both signal (20* + 4j + Er) and
background and the respective required integrated luminosity for 50 significance at 13 TeV

LHC.



= +4j+ Fr
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Figure: Left (Right) panel shows the required integrated luminosity for 20 4 4j + Et final state
with respect to charged Higgs masses at the LHC at /s = 13 TeV for positive (negative) scenario.



o Type Il Seesaw model is one of the very popular scenario to give
mass to neutrinos.

o Model contains one complex SU(2); triplet scalar field.
o We have considered the triplet vev v; = 3 GeV.
o We have non-degenerate mass scenario.

o Depending on the mass hierarchy, two possible scenarios (positive
and negative) exist which however, at the end, yielded similar signal
significance. In the allowed parameter space, with appreciable
production cross section, the masses of the charged scalar can
presumably be chosen around 200 GeV.

o Two specific final states at the collider, (3¢* + E7) and
(20* + 4j + E7) at the 13 TeV LHC run. A proper cut-based analysis
with detector simulation reveals that the first channel can only be
probed at the 13 TeV LHC with high integrated luminosity around
1200 fb~! and should be promoted for a HL-LHC. On the other
hand, for the second channel we have found that even a 50 discovery
reach is possible with the present LHC data with only around 40 fb~!
luminosity.
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Here, we will present the one loop RGEs of all the relevant couplings
(sauge, Yukawa and scalar quartic couplings) of the Type-ll seesaw
model[M. A. Schmidt et at, PhysRevD.76.073010]. For convenience, we

introduce the shorthand notation D = 16772%.
Gauge and top Yukawa couplings: The RGE for the gauge couplings,

47

Dgi = —g° 1

81 1Og1 ) (18a)
5

DgZ = _§g237 (18b)

Dgs = —7g;. (18¢)

The RGE for the top Yukawa coupling,

9 9 17
Dy, = y (zyf - (8g32 + Zgzz + 20g12>) : (18d)

where, g1 = \/gg’ with GUT renormalization.

Scalar quartic couplings: We express the RGEs of the scalar quartic
coupling with a redefinition of the coupling to match with the potential
notation of Ref. [?] which can be translated from our notation in the



following way.

A
N = 2
0 2
A1 = 22X +2)3,
/\2 = _2A37
A
/\4 - A1 + 74 )
Aq
N = 24
° 2

The RGEs for the five quartic couplings that appear are then given by,
D/\,‘ - ﬂ/\,- + Gia(i:071a2a455)7

where, B, and G; are as follows:

B
B,
B,
B,
Bhs

12A3 + 6A2 + 4A2,

14T + AN1 A + 203 + 4A5 + 4A2
3A3 + 121N, — 8AZ,

A4 (8A1 + 2/ + 6/ + 4N + 8AZ) |
As (201 — 275 + 2Ng + 8A4) |

(20)



and,

Go

Gy

Gy

Gy

Gs

(122~ (a2 +963) ) o+ § (e + a3 + ot ) - 1)
- (356g12 + 24g22) M+ %gf +18¢5 + %gfgé" 7 (22b)
- (356g12 + 24g§) N> + 12g5 — #gfg? (22c)
(002 (a2 + 5a8) )+ oot + 068, (224)

9 33 18
(6Yt2 - (26’12 + 2g22>> As — €g12g22' (22e)
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High Scale Stability
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Figure: (Upper panel) The valid parameter space in the sin o — my plane for vi = 1 GeV (left)
and v = 3 GeV (right) for different values of cut-off scale.(Lower panel) The explicit distinction
between the allowed parameter space by the two different v, valid only at the EW scale(left) and
all the way up to the Planck scale(right).
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High Scale stability

20 g 35 /,'
£30
13 §25 e
Vo
<10 g 20
/1 515
1 3 0
05 1
-] 8§93
00 - - ‘ 2
5 i0 15 00
Log[u] (GeV) Log;o[u] (GeV)

Figure: (Left panel) The running of the five scalar quartic couplings up to the Planck scale for the
benchmark point BP1 of positive scenario. (Right panel) The running of some of the stability and
unitarity constraints indicated by the corresponding equation numbers for the same benchmark
point.



High Scale stability
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Figure: (Left panel) The allowed parameter space in the m,+ — m,++ plane for triplet vev
v: = 3 GeV. The different colors follow the same convention as in Fig. ??. (Right panel) The
corresponding allowed parameter space to show the relation between the mass splittings of the
singly charged Higgs to the neutral Higgs (m,+ — my) and singly charged Higgs to the doubly
charged Higgs (my+ — my++). The upper left square corresponds to the valid region for our
positive scenario while the lower right corner denotes the same but for our negative scenario.




