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Brout-Englert-Higgs Mechanism in a Nutshell
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Higgs in the MSSM

I At tree-level
mH ≤ mZ cos 2β

I In tension with
discovered Higgs
mex

H ∼ 125 GeV

I Need of large
quantum
correction
∆mH ∼ 30 GeV

I Large splitting
∆t̃12
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Extending the MSSM: TNMSSM

T̂ =

√ 1
2
T̂ 0 T̂+

2

T̂−1 −
√

1
2
T̂ 0


Ĥu =

(
Ĥ+

u

Ĥ0
u

)
, Ĥd =

(
Ĥ0

d

Ĥ−d

)
, Ŝ

ŴYuk = ytÛĤu ·Q̂ − ybD̂Ĥd ·Q̂

− yτ Ê Ĥd ·L̂

ŴScal = λT Ĥd · T̂ Ĥu + λS ŜĤd · Ĥu

+
κ

3
Ŝ3 + λTS Ŝ Tr[T̂ 2]

ΛT =0.8 ΛS =0.1

ΛT =0.1 ΛS =0.8

ΛT =ΛS =0.8
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Extending the MSSM: TNMSSM

m2
W =

1

4
g2
L (v2 + 4v2

T )

m2
Z =

1

4
(g2

L + g2
Y )v2

ρ ≡
m2

W

m2
Z cos2 θW

= 1.0004+0.0003
−0.0004

Global U(1) symmetry

(Ĥu, Ĥd , T̂ , Ŝ)→ e iφ(Ĥu, Ĥd , T̂ , Ŝ)

Breaking softly this U(1) implies
a light pseudoscalar,
ma1 ∼ 10GeV
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A Tipical Mass Spectrum
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Pseudoscalar Pair
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Gluon Fusion Production

mixed
u-type
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t�s-type

SM
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Benchmark Points

Benchmark BP1 BP2 BP3

Points

mh1 ∼ 125 ∼ 125 117.73

mh2 183.58 162.59 ∼ 125

ma1 20.50 57.02 36.79

Br(a1 → b̄b) ∼ 94% Br(a1 → τ̄ τ) ∼ 6%

Br(h125 → a1a1 ) ∼ 10− 17%

PDG 2017: Br(h125 → invisible) < 28%
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Selected Final States

sig1 : nj ≤ 5 [2bjet + 2τjet] & 6pT ≤ 30GeV
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sig1 @ 14 TeV-100 fb−1

Final states Benchmark Backgrounds

BP1 BP2 BP3 tt̄ ZZ Zh bb̄h bb̄Z

nj ≤ 5 [2bjet + 2τjet]
220.10 591.46 310.19 1824.08 199.50 39.56 11.87 4903.05

& 6pT ≤ 30 GeV

& p
bj1,2
T

≤ 50GeV
211.30 568.14 289.02 410.83 73.04 7.87 3.96 2941.83

& |mbb − mZ | > 10 GeV

& |mbb − mh125
| > 10 GeV 211.30 565.32 289.02 386.18 73.04 7.52 3.96 2614.96

& |mττ − mZ | > 10 GeV 211.30 560.37 289.02 312.23 62.13 6.29 3.46 2397.04

& |mττ − mh125
| > 10 GeV 211.30 560.37 289.02 287.58 62.13 6.18 2.97 2397.04

& mττ < 125GeV 211.30 560.37 289.02 254.71 62.13 6.18 2.97 2397.04

& mbb < 125GeV 211.30 559.66 289.02 230.06 62.13 6.07 2.97 2288.09

Significance 4.00 9.98 5.39

& p1 : |mbb − ma1
| ≤ 10GeV 198.82 281.95 216.04

24.65 0.00 0.22 0.49 326.87
65.73 26.16 1.46 0.49 1307.48
65.73 8.72 1.34 1.00 435.83

Significance 8.47 6.87 8.01

& p2 : |mττ − ma1
| ≤ 10GeV 205.29 229.66 203.63

65.73 3.27 0.33 0.00 0.00
73.95 28.34 1.46 0.49 762.70
41.08 13.08 1.57 1.48 0.00

Significance 12.40 6.94 12.65



Selected Final States

sig2 : nj ≤ 5 [≥ 3τjet]
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sig2 @ 14 TeV-100 fb−1

Final states Benchmark Backgrounds

BP1 BP2 BP3 ZZ ZW± hZ

nj ≤ 5 [≥ 3τjet] 96.34 224.45 146.73 200.62 499.20 18.28

& |mττ −mZ | > 10 GeV 94.78 222.85 142.62 178.73 408.70 15.11

&mττ ≤ 125 GeV 94.78 222.06 141.80 165.36 382.43 13.65

& p
τj1
T ≤ 100 & p

τj2,3
T ≤ 50 GeV 82.80 205.34 133.58 121.59 265.66 7.56

Significance 3.79 8.38 5.81

& p1 : |mττ −ma1 | ≤ 10 GeV 46.35 62.08 79.74

12.16 20.44 1.71

54.71 122.61 2.44

25.53 67.14 2.56

Significance 5.16 4.00 6.03



sig1: L5σ = 25− 156 fb−1

sig2: L5σ = 36− 194 fb−1
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Charged Higgs: Vertices

h±i = RC
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h± → W±Z

A tree-level vertex h±i −W∓ − Z breaks the custodial symmetry

g
h±i W∓Z

= − i

2

(
gL gY

(
vu sinβRC

i1 − vd cosβRC
i3

)
+
√

2 g 2
LvT

(
RC

i2 +RC
i4

))
The on-shell decay width is

Γ
h±i →W±Z

=
GF cos2 θW

8
√

2π
m3

h±i
|g

h±i W∓Z
|2
√
λ(1, xW , xZ )

(
8 xW xZ + (1− xW − xZ )2

)

arXiv:1512.08651 [hep-ph]



gh±i W∓Z

arXiv:1512.08651 [hep-ph]



Charged Higgs Pair Production

The production processes for the charged Higgs pair are

arXiv:1512.08651 [hep-ph]



Charged Higgs Pair Production

The production processes for the charged Higgs pair are

arXiv:1512.08651 [hep-ph]



Z , γ contibution to σ(h±1 h
∓
1 )

gL cos θw

h±1 |D = (RC
11)2 + (RC

13)2

gL
2

cos 2θw
cos θw



a1W
± vs ZW±
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Benchmark points

Benchmark BP1 BP2 BP3 BP4

Points

mh1 ∼ 125 ∼ 125 ∼ 125 ∼ 125

mh2 316.14 340.44 272.87 174.21

ma1 41.221 36.145 30.655 61.537

ma2 181.34 428.68 278.22 1052.7

mh±1
179.69 339.97 289.51 174.11

BP1: Br(h±1 → a1W
±) ∼ 97% Br(h±1 → ZW±) ∼ 2%

BP2: Br(h±1 → ZW±) ∼ 24% Br(h±1 → t b) ∼ 52%

BP3: Br(h±1 → a1W
±) ∼ 6% Br(h±1 → t b) ∼ 93%

BP4: Br(h±1 → ZW±) ∼ 99%
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Charged Higgs Production Cross Sections

Cross Section in fb

BP1 BP2 BP3 BP4

h±1 h
∓
1 148.00 13.00 12.48 166.50

h2h
±
1 0.28 26.42 13.89 334.62

a2h
±
1 292.45 2.38× 10−3 12.54 7.07× 10−8

th±1 8.13× 10−2 3.50 4.48× 103 7.60

tbh±1 3.28× 10−2 0.21 386.32 3.81



Selected Final States
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Selected Final States
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sig1 @ 14 TeV-100 fb−1

Final states
Benchmark Points Backgrounds

BP1 BP2 BP3 BP4 tt̄ tt̄ V t Z W± VV/VVV

3` + 1τ

h±1 h∓1 95.71 19.59 0.25 83.25

196.24 263.58 75.60 5009.14

h2h
±
1 0.24 38.05 7.08 439.47

a2h
±
1 468.48 0.00 14.35 0.00

th±1 0.00 0.00 66.67 7.83

tbh±1 0.00 0.00 23.14 0.00

Significance 7.22σ 0.77σ 1.48σ 6.81σ

L5σ (fb−1) 48 4216 1138 54



sig2 @ 14 TeV-100 fb−1

Final states
Benchmark Points Backgrounds

BP1 BP2 BP3 BP4 tt̄ tt̄ V t Z W± VV/VVV

≥ 3τ

h±1 h∓1 26.69 1.62 0.20 4.22

0.00 23.42 4.94 964,12

h2h
±
1 0.11 5.38 1.78 19.85

a2h
±
1 204.96 0.00 8.52 0.00

th±1 0.00 0.00 10.00 0.47

tbh±1 0.00 0.00 1.93 0.00

+ ≥ 1`

h±1 h∓1 7.20 0.48 0.04 1.00

0.00 5.19 0.77 68.67

h2h
±
1 0.03 1.55 0.30 6.36

a2h
±
1 64.42 0.00 1.94 0.00

th±1 0.00 0.00 5.00 0.00

tbh±1 0.00 0.00 0.77 0.00

Significance 5.92σ 0.19σ 0.88σ 0.81σ

L5σ (fb−1) 71 � 3000 3190 3784



sig3 @ 14 TeV-100 fb−1

Final states
Benchmark Points Backgrounds

BP1 BP2 BP3 BP4 tt̄ tt̄ V t Z W± VV/VVV

≥ 4`

+p
`1
T
≥ 50 GeV

+p
`2
T
≥ 40 GeV

h±1 h∓1 14.80 11.27 0.12 44.96

0.00 215.85 59.13 2423.16

h2h
±
1 0.02 27.12 2.59 255.43

a2h
±
1 29.28 0.00 3.24 0.00

th±1 0.00 0.00 16.67 3.50

tbh±1 0.00 0.00 3.86 0.00

Significance 0.84σ 0.73σ 0.51σ 5.55σ

L5σ (fb−1) 3543 4691 � 3000 81



Light Charged Higgs
3`+ 1τ

Light Charged Higgs AND Singlet Pseudoscalar
(3`+ 1τ) + (≥ 3τ+ ≥ 1`)

Triplet Light Charged Higgs
(3`+ 1τ) + (≥ 4`)
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Classical Scale Invariant Extension of the SM

Lint = − 1
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Classical Scale Invariant Extension of the SM

g
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Decay BP1 BP2 BP3

Modes mρ = 200 GeV mρ = 260 GeV mρ = 400 GeV

HH - 0.245 0.290

W±W∓ 0.639 0.478 0.408

ZZ 0.227 0.205 0.191

ττ 2.54× 10−4 7.8× 10−5 2.05× 10−5

γγ 9.28× 10−5 2.88× 10−5 4.33× 10−6

gg 0.131 0.0691 0.0390



Constrainign the Breaking Scale Λ...

σgg→ρ = σgg→H
Γρ→gg

ΓH→gg

Γρ→gg

ΓH→gg
=

v2

Λ2

m3
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|βQCD + xt [1 + (1− xt) f (xt)]|2

|xt [1 + (1− xt) f (xt)]|2

100 1000500200 300150 700
0.01

0.1

1

10

100

1000

mΡ HGeVL

Σ
g
g

®
Ρ

Hpb
L

L = 5 TeVL = 10 TeV

L = 1 TeV

100 1000500200 300150 700
0.1

0.5
1.0

5.0
10.0

50.0
100.0

mΡ HGeVL

Σ
V

B
F

Ρ
Hfb

L

L = 5 TeVL = 10 TeV

L = 1 TeV

arXiv:1607.01933 [hep-ph]



...from Heavy Higgs Searches @ LHC
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Λ >∼ 5TeV



Results @ 14 TeV-100 fb−1

Final states Benchmark Backgrounds

BP1 tt̄ tt̄Z tZW VV VVV

≥ 3`+ 6pT ≤ 30 GeV 494.97 275.52 65.17 22.29 6879.42 765.11

+ |mll − mZ | < 5 GeV 384.47 68.88 62.68 20.93 2514.92 16.16

+ nbjet
= 0 377.56 9.84 17.64 10.08 2479.66 15.13

Significance 7.00

L5 51 fb−1

≥ 4`+ 6pT ≤ 30 GeV 273.96 0.00 3.32 1.36 1655.99 34.18

+ |mll − mZ | < 5 GeV 218.71 0.00 3.11 1.16 627.38 4.44

Significance 7.48

L5 45 fb−1



Results @ 14 TeV-1000 fb−1

Final states Benchmark Backgrounds

BP2 BP3 tt̄ tt̄Z tZW VV VVV

≥ 3` 3882.08 1642.28 10725.9 4790.19 1364.73 177140 53660.2

+ nbjet
= 0 3812.82 1627.53 5510.54 1550.38 664.92 176167 53604.8

+ njet ≥ 2 2677.82 1255.06 2952.08 1469.43 579.62 29165.5 324.28

Significance 13.89 6.64

L5 130 fb−1 568 fb−1

≥ 4` 1400.47 678.55 0.00 502.26 149.27 17338.1 2379.06

+ njet ≥ 2 + nbjet
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Mass Peak Analysis: 4`
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Number of events in

|m4` −mρ| ≤ 10 GeV
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Significance 17.64 11.78 4.33



Mass Peak Analysis: 2`2j

Number of events in
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SU(3)× SU(3)× U(1): an exotic possibility
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SU(3)× SU(3)× U(1): an exotic possibility
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Y ±± @ the LHC

p

p j

j

Y −−

Y ++



Y ±± @ the LHC
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Benchmark point

Benchmark Point

mh1 = 125.1 GeV mh2 = 3172 GeV mh3 = 3610 GeV

ma1 = 3595 GeV

mh±1
= 1857 GeV mh±2

= 3590 GeV

mh±±1
= 3734 GeV

mY±± = 873.3 GeV mY± = 875.7 GeV

mZ ′ = 3229 GeV

mD = 1650 GeV mS = 1660 GeV mT = 1700 GeV

∣∣∣∣gh1ZZ

gSM
hZZ

∣∣∣∣ = 1.0± 0.1∣∣∣∣gh1WW

gSM
hWW

∣∣∣∣ = 1.0± 0.1

mY±± consistent with bound from
muonium-antimuonium conversion

mZ ′ < 2mQ ⇒ Z ′ → QQ blocked
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Signal and Background Cross Section

SIGNAL

pp → Y ++Y−−jj → (`+`+)(`−`−)jj ` = e, µ

√
s = 13 TeV and NNPDFLO1 parton distributions (MadGraph

default)

σ(pp → YYjj → 4`jj) ' 3.7 fb

BACKGROUNDS

pp → ZZ jj → (`+`−)(`+`−)jj

pp → tt̄Z → (j`+ν`)(j`−ν̄`)(`+`−)

σ(pp → ZZ jj → 4`jj) ' 6.4 fb , σ(pp → tt̄Z jj → 4` 2ν jj) ' 8.6 fb
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Bileptons Distributions
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New Physics can be anywhere around us,
just look for unusual point of view



Thanks



Pseudoscalar and Charged Higgs: Simulation Details

We have selected a jet size R = 0.5 for the jet formation, with the
following criteria:

I the calorimeter coverage is |η| < 4.5

I the minimum transverse momentum of the jet pjetT ,min = 10
GeV and jets are ordered in pT

I leptons (` = e, µ) are selected with pT ≥ 10 GeV and
|η| ≤ 2.5

I no jet should be accompanied by a hard lepton in the event

I ∆Rlj ≥ 0.4 and ∆Rll ≥ 0.2

I hadronic activity within a cone of ∆R = 0.3 between two
isolated leptons to be ≤ 0.15 p`T GeV



Pseudoscalar and Charged Higgs: Simulation Details

I cuts in pT of the leptons and the jets relatively low, pT ≥ 10
GeV, as they will be generated from the lighter pseudoscalar
decays

I h125 → a1a1, a1 → bb̄ or τ τ̄ , possibility of initial- and
final-state radiation emission in the presence of b quarks and
of τ leptons

I for the bjet’s from tt̄ the single-jet tagging efficiency chosen
equal to 0.5

I hadronic decay of the τ to be characterized by at least one
charged track with ∆R ≤ 0.1 of the candidate τjet



Dilaton’s Decay Width
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Bileptones: Simulation Details

I kT algorithm with R = 1 for jets cluster

I pT ,j > 30 GeV, pT ,` > 20 GeV

I |ηj | < 4.5, |η`| < 2.5

I ∆Rjj > 0.4,∆R`` > 0.1,∆Rj` > 0.4
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