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Introduction

There are plenty of models of

extended scalar sectors.

2 

Plenty of models. Which searches are common?  

LHC 

RxSM 
CxSM NMSSM 

2HDM 
C2HDM 

N2HDM 

New scalar? 

Precision 
measurements? 

! So far no new particles ! Discovered Higgs very SM-like 

GM 

No need to search for each one separately – just need to capture
the full range of phenomenology so that nothing is missed.

→ Identify prototypical signatures and codify as benchmarks

→ Prioritize based on how common / universal a signature is
across models

→ Understand interplay between direct searches and h125 cou-
pling measurements to constrain parameter space
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Meetings over the past year: (agendas in the backup slides)

- 2018 Mar 13: meeting on signatures for low-mass fermiophobic

scalars in Georgi-Machacek model

- Focus on Drell-Yan production of pairs of H5 states

- H0
5 → γγ: diphoton resonance fiducial xsec limits → recast

- H±5 →W±γ: study in progress

- H±±5 →W±W±: Run-1 theorist-recast: m
H±±5

& 75 GeV

- 2018 Sep 20: theory report on H± →W±γ to WG3 meeting

- UFO file available with H±W∓γ effective vertex (GM model)

- 2018 Oct 24: open meeting for benchmark proposals & dis-

cussion

- 8 talks, many benchmarks; some details in following slides
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The simplest extension: SM + real singlet (RxSM)

Two physical Higgs bosons φ0,r (doublet) and s (singlet)

Mass eigenstates: mh < mH

h = cosαφ0,r − sinα s H = sinαφ0,r + cosα s

All couplings are SM times cosα for h, SM times sinα for H.

Only possible new decay channel is H → hh.

→ Interpretation for SM-like Higgs coupling measurements as a

single overall signal-strength modifier µ ≡ cosα

→ Interpretation for searches for heavy SM-like Higgs boson with

overall suppression of all couplings µH ≡ sinα
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Combined limits on | sin↵|
(A. Ilnicka, TR, T. Stefaniak, Mod.Phys.Lett. A33 (2018) no.10n11, 1830007)
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LHC Higgs searches

Higgs signal rates

mW still strongest constraint for mH & 300 GeV;
) strong improvement: direct searches (ZZ @ 13 TeV) (
Tania Robens Updates WG3 subgroup, 24.10.18

Newest update using Run II results in HiggsSignals:

Signal strengths strongest constraint up to 800 GeV: sinα ≤ 0.22
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Benchmark for scalar resonance H → hh (h = h125) in RxSM

Production cross section of H = sin2α× σSM(MH)

H ! h h branching ratios

mH [GeV] | sin ↵|max BRH!hh
min BRH!hh

max mH [GeV] | sin ↵|max BRH!hh
min BRH!hh

max
260 0.22 0.17 0.32 470 0.22 0.23 0.29
270 0.22 0.22 0.37 520 0.22 0.20 0.27
280 0.22 0.23 0.39 590 0.22 0.20 0.26
290 0.22 0.24 0.40 670 0.22 0.20 0.26
310 0.22 0.25 0.40 770 0.22 0.22 0.24
330 0.22 0.25 0.39 880 0.19 0.22 0.25
350 0.22 0.25 0.38 920 0.18 0.22 0.25
370 0.22 0.24 0.36 980 0.17 0.23 0.25
400 0.22 0.22 0.32 1000 0.16 0.23 0.25

Minimal and maximal branching ratios for H ! h h

Tania Robens Updates WG3 subgroup, 24.10.18

Tania Robens, WG3 Extended Scalars subgroup meeting, 2018/10/24
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Model-specific electroweak radiative corrections calculated!

Real Singlet model 

H→ hh NLO Corrections shown  
to be only a few percent 

1.b) Radiative corrections  

Bojarski, Chalons, Lopez-Val, Robens, JHEP1602 (2016) 142 
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Two Higgs Doublet Model (2HDM)

Physical spectrum: h, H, A, H± (assuming CP conservation)

Same as in MSSM, but with two key differences:

1) MSSM has “Type II” Yukawa coupling structure; 2HDM can

have any of Type I, II, X (Lepton Specific), or Y (Flipped).

2) MSSM quartic scalar couplings are fixed by g, g′; not true in

2HDM: can have much larger mass splittings among H,A,H±

Less constrained spectra allow for Higgs-to-Higgs decays:

A→ ZH / H → ZA (also A→ Zh125) → ATLAS + CMS

H+ →W+S (S = H,A, h125) → CMS, S = A(→ µµ)

H → AA → ATLAS, AA→ 4γ

H → H+H− → τν → not being done

H/A→W±H∓ → not being done
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“Standard” high-mass charged Higgs search pp→ tH− → tW−b̄b:

In 2HDM can decay via H− → W−A(→ b̄b); large H− and A

widths give large interference between signal and background.
A. Arhrib et al., 1712.05018

Study in progress to see how big an issue this is in MSSM:
D. Azevedo, R. Santos, S. Moretti, P. Sharma, R. Benbrik, A. Arhrib & R. Patrick

H+ width can be large enough to lead to significant interference
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Interference
e↵ects in H±
production at

the LHC

D. Azevedo,
R. Santos, S.
Moretti, P.
Sharma,
Rachid

Benbrik, A.
Abdesslam, R.

Patrick

Benchmarks in
MSSM

Kinematical
Distributions

Conclusions

3/7

Benchmark cross-sections
! Benchmarks points are chosen where there is a large charged Higgs width and
smallest m0

A:

Parameters hMSSM mmod+
h m125

h (⌧̃)

µ (GeV) 200 200 1000

tan� 1.01 3.42 3.19

mH+ (GeV) 633.91 303.08 628.08

�H+ (GeV) 27.777 0.925 2.677

Production cross-sections:

Benchmark Signal (pb) Background (pb)

hMSSM (3.2402 ± 0.0014) ⇥ 10�2 13.092 ± 0.004

mmod+
h (8.8502 ± 0.0033) ⇥ 10�2 13.103 ± 0.004

m125
h (⌧̃) (1.6802 ± 0.0058) ⇥ 10�2 13.177 ± 0.004

Benchmark Signal+Background (pb) Interference (pb)

hMSSM 13.143 ± 0.004 0.019 ± 0.008

mmod+
h 13.200 ± 0.004 0.009 ± 0.008

m125
h (⌧̃) 13.197 ± 0.004 0.003 ± 0.008

Where
(S + B)2 = S2 + B2 + Interference (1)

! Still large errors but interferences seem to be present.

Work in progress.
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2HDM with explicit CP violation (C2HDM)

Physical spectrum: H1, H2, H3, H±

3 neutral scalars H1, H2, H3 are CP admixtures in general

- Motivated by need for new sources of CP violation to explain

baryon asymmetry of the universe

- Constrained by null searches for electric dipole moments

New processes not present in Real 2HDM:

- H → SS → 4W (S 6= h125): → ATLAS

- H3 → H1H2: one of these must be h125; motivates H → h125S

selection (mS 6= 125 GeV) → not being done

Both of these can also happen in CP-conserving 2HDM + real

singlet (“N2HDM”), which has 3 CP-even neutral Higgs bosons.

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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What do we know about possible CP-violating couplings of h125?

CP properties have been tested so far in hZZ, hWW couplings
- h→ 4` distributions, production distributions in VBF

CP-even SM hVµV µ is tree level / dim-4 operator
CP-odd hVµνṼ µν is one-loop / dim-6 operator
→ CP-odd coupling in hV V is generically small

Next place to look is the Yukawa couplings. For Type-II Yukawas:

t: Y
TypeII

C2HDM = cosα2Y
TypeII

2HDM − iγ5 sinα2 cotβ

b, τ : Y
TypeII

C2HDM = cosα2Y
TypeII

2HDM − iγ5 sinα2 tanβ

α2 is mixing angle between pseudoscalar and scalars;
κV = cosα2 sin(β − α) so | cosα2| must be near 1 already.

But, tanβ can be large: look for CP-violating effects in the
Yukawas with tanβ enhancement!

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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Rate measurements constrain CP-even and CP-odd parts of Yukawa
couplings to lie in a ring: Y = a+ ibγ5, rate ∝ |a|2 + |b|2

Electric dipole moment measurements (of n, atoms, molecules)
constrain the amount of CP violation.

Bounds on the Yukawa couplings

With the most relevant experimental and theoretical constraints

g h VV
C2HDM = cos α2 cos(β − α1)g h VV
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J
H
E
P
0
2
(
2
0
1
8
)
0
7
3

−75 −50 −25 0 25 50 75
α1 [◦]

−40

−20

0

20

40

α
2
[◦
]

−1 0 1
cet = ceb = ceτ

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

co t
=

co b
=

co τ

no EDM

Type I

Figure 1. C2HDM Type I: for sample 1 (dark) and sample 2 (light) left: mixing angles α1 and α2 of
the C2HDM mixing matrix R only including scenarios where H1 = h125; right: Yukawa couplings.
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Figure 2. Type II, H1 = h125: mixing angles α1 and α2 of the C2HDM Type II mixing matrix R
for sample 1 (dark) and sample 2 (light).

The maximum value of this angle can be understood from the bound 0.79 < µV V <

1.48. In fact, as previously shown in [17] the fact alone that µV V > 0.79 forces the angle |α2|
to be below ≈ 27o. Coming from the bound on µV V , this constraint will be approximately

the same for all types (before imposing EDM constraints), as will become clear in the

next plots.

We are also interested in the wrong-sign regime, defined by a relative sign of the Yukawa

coupling compared to the Higgs-gauge coupling, realized for ceb < 0. As shown previously

in [82, 83], the right plot again demonstrates that the wrong-sign regime is in conflict with

the Type I constraints because the Yukawa couplings cannot be varied independently.

In figure 2 we present the distributions of the angle α1 and α2 for samples 1 and 2 and

for a Type II model. The EDM constraints, applied in our sample 1, strongly reduce |α2| to
small values. Only for scenarios around the maximal doublet mixing case with α1 ≈ π/4,

α2 can reach values of up to ∼ ±20◦.

The phenomenological implications of the reduced CP-violating mixing angle in Type

II when h125 = H1 are demonstrated in figure 3. It shows the distribution of the CP-odd

component cof versus the CP-even component cef of the h125 Yukawa coupling as defined

in eq. (2.24) to bottom quarks and tau leptons (left) and top quarks (right). As can be
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Figure 3. C2HDM Type II, h125 = H1: Yukawa couplings to bottom quarks and tau leptons (left)
and top quarks (right) for sample 1 (dark) and sample 2 (light).

Figure 4. C2HDM Type II, h125 = H2: Yukawa couplings to bottom quarks (left) and top quarks
(right) for sample 1 (dark) and sample 2 (light).

inferred from figure 3 (left) the Higgs data alone still allow for vanishing scalar couplings

to down-type quarks (ceb = 0), as discussed in [17]. The inclusion of the EDM constraints,

however, clearly rules out this possibility when h125 = H1. Nevertheless, the wrong-sign

regime (ceb < 0) is still possible in the C2HDM for down-type Yukawa couplings. The

electron EDM has no discernable effect on the allowed coupling to up-type quarks, as can

be read off from the right plot.

The situation changes when we take Type II with h125 = H2, as shown in figure 4.

One can still find scenarios where the top coupling is mostly CP-even (cet ≃ 1), while the

bottom coupling is mostly CP-odd (cob ≃ 1). It is noteworthy that the electron EDM kills

all such points in Type II when h125 = H1, but that they are still allowed in Type II

when h125 = H2.

In table 3 we present three benchmark scenarios in Type II with large CP-violation

in the Yukawa sector. The first scenario, BP2m, has maximal cob with nearly vanishing
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g h bb
C2HDM = (cos α2

cos α1
cos β

− i sin α2 tan β γ5 ) g h f f
SM

cos 20o = 0.94 sin 20o = 0.34
tan β > 1

EDMs

1H2+i`B+ .BTQH2 JQK2Mib

(a) (b) (c) (d)

Figure 1: Barr-Zee diagrams, which contribute to fermionic EDMs at two-loop level.

measurements in discrimination of 2HDMs, and also prospects of future experiments. Sec. 6 is
devoted to conclusions and discussion. Notations and details of the calculation are given in the
Appendices.

2 Models

We briefly review the models discussed in this paper. We have two Higgs doublets, H1 and H2,
and they have the vacuum expectation values (VEVs). The Higgs doublets are parametrized as
follows,

Hi =

(
π+

i
1√
2

(
vi + σi − iπ3

i

)
)

, (i = 1, 2). (2.1)

In order to avoid the dangerous FCNC problems, we introduce the Z2 symmetry. The Z2 symmetry
is assumed to be softly broken so that the domain-wall formation in the early universe is suppressed.
Under this symmetry, the Higgs doublets are translated into H1 → +H1 and H2 → −H2, and the
Higgs potential is given as

V =m2
1H

†
1H1 + m2

2H
†
2H2 −

((
Rem2

3 + iImm2
3

)
H†

1H2 + (h.c.)
)

+
1

2
λ1(H

†
1H1)

2 +
1

2
λ2(H

†
2H2)

2 + λ3(H
†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+
(
λ5e

i2φ(H†
1H2)

2 + (h.c.)
)

. (2.2)

The third and last terms in this potential contain complex parameters. While one of them can
be eliminated by redefinition of Higgs fields, another phase is physical so that CP symmetry is
broken. In this paper we take the Higgs VEVs, v1 and v2, real using the gauge symmetry and also
redefinition of a Higgs field. In this basis, two phases in the potential are related to each others by
the stationary condition of the potential, V ′ = 0. In this paper we choose φ as an input parameter
for CP violation.

We also use the following variables for convenience in this paper,

cos β =
v1

v
, sin β =

v2

v
, (2.3)

M2 ≡ v2
1 + v2

2

v1v2
Rem2

3. (2.4)

2

= 1H2+i`B+ .BTQH2 JQK2Mib U1.JbV Q7 72`KBQMb �`2 *S@pBQH�iBM;
[m�MiBiB2bX

= :QQ/ HBKBib QM i?2 2H2+i`QM 1.J (RjRyXd8j9- �*J1)

/2 = 8.7 ⇥ 10�29 2 +K

�M/ `2HB�#H2 i?2Q`2iB+�H T`2/B+iBQM(RjRRX9dy9- �#2 2iX�H)X

CX qBii#`Q/i % .1au h?2Q`v qQ`Fb?QT kyRd % kdXyNXkyRd % S�;2 9

μVV > 0.79 ⇒ cos α2 > 0.89 ⇒ α2 < 27o

Fontes, Muhlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.

Depends on Yukawa structure!

Large CPV Yukawas excluded in Type I and

in Type II when h125 = lightest neutral scalar.

Most interesting scenarios: Fontes et al, 1711.09419
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Figure 5: C2HDM Lepton-Specific: Yukawa couplings to charged leptons (left) and bottom
and top quarks (right) for sample 1 (dark) and sample 2 (light).

�1 0 1
ce

b

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

co b

�1 0 1
ce

t
= ce

�

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

co t
=

co �

no EDM

Flipped

Figure 6: C2HDM Flipped: Yukawa couplings to bottom quarks (left) and charged leptons
and top quarks (right) for sample 1 (dark) and sample 2 (light).

The down-type quark couplings are tied to the up-type couplings and, thus, heavily con-
strained to lie close to the SM (fully CP-even) solution. However, figure 5 (left) shows that
the charged lepton couplings can still be mostly (or even fully) CP-odd, despite the current
EDM constraints. Similarly, in the Flipped model the bottom quark can couple to h125 in
a fully CP-odd fashion, as shown in the left plot of figure 6. In it, we display the Yukawa
couplings for the Flipped model with and without the EDM constraints.

As will be discussed below, such large CP-odd components are still viable in both
Lepton-Specific and Flipped models due to cancellations between the various diagrams
entering the EDM calculation. This is also true for Type II when H2 = h125. But it is
important to stress that they are not due to large ↵2 values, as illustrated in figure 7. The
values for ↵2 are small, but co(h125bb̄) grows very fast as ↵2 departs from ↵2 = 0 for large
tan�. It grows roughly as co(h125bb̄) ⇠ s2 tan�.

– 13 –
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Flipped
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Can have CP-odd

hbb and CP-even

htt, hττ

�1 0 1
ce

�

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

co �

�1 0 1
ce

t
= ce

b

�1.5

�1.0

�0.5

0.0

0.5

1.0

1.5

co t
=

co b

no EDM

Lepton-Specific

Figure 5: C2HDM Lepton-Specific: Yukawa couplings to charged leptons (left) and bottom
and top quarks (right) for sample 1 (dark) and sample 2 (light).
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Figure 6: C2HDM Flipped: Yukawa couplings to bottom quarks (left) and charged leptons
and top quarks (right) for sample 1 (dark) and sample 2 (light).

The down-type quark couplings are tied to the up-type couplings and, thus, heavily con-
strained to lie close to the SM (fully CP-even) solution. However, figure 5 (left) shows that
the charged lepton couplings can still be mostly (or even fully) CP-odd, despite the current
EDM constraints. Similarly, in the Flipped model the bottom quark can couple to h125 in
a fully CP-odd fashion, as shown in the left plot of figure 6. In it, we display the Yukawa
couplings for the Flipped model with and without the EDM constraints.

As will be discussed below, such large CP-odd components are still viable in both
Lepton-Specific and Flipped models due to cancellations between the various diagrams
entering the EDM calculation. This is also true for Type II when H2 = h125. But it is
important to stress that they are not due to large ↵2 values, as illustrated in figure 7. The
values for ↵2 are small, but co(h125bb̄) grows very fast as ↵2 departs from ↵2 = 0 for large
tan�. It grows roughly as co(h125bb̄) ⇠ s2 tan�.
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Type II
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Figure 4: C2HDM Type II, h125 = H2: Yukawa couplings to bottom quarks (left) and top
quarks (right) for sample 1 (dark) and sample 2 (light).

Type II BP2m BP2c BP2w

mH1 94.187 83.37 84.883
mH2 125.09 125.09 125.09
mH± 586.27 591.56 612.87
Re(m2

12) 24017 7658 46784
↵1 -0.1468 -0.14658 -0.089676
↵2 -0.75242 -0.35712 -1.0694
↵3 -0.2022 -0.10965 -0.21042
tan� 7.1503 6.5517 6.88

mH3 592.81 604.05 649.7
ce
b = ce

⌧ 0.0543 0.7113 -0.6594
co
b = co

⌧ 1.0483 0.6717 0.6907

µV /µF 0.899 0.959 0.837
µV V 0.976 1.056 1.122
µ�� 0.852 0.935 0.959
µ⌧⌧ 1.108 1.013 1.084
µbb 1.101 1.012 1.069

Table 3: Benchmark points with large pseudoscalar Yukawa couplings in Type II, h125 =

H2. Lines 1-8 contain the input parameters; lines 9-11 the derived third Higgs boson mass
and the relevant Yukawa couplings (multiplied by sgn(c(h125V V ))) and the last five lines
the signal strengths of h125.

The situation is even more interesting in the other two Yukawa types. Figure 5 displays
the Yukawa couplings for the Lepton-Specific model with and without the EDM constraints.

– 12 –

Probe using τ decay distributions! Benchmark points available.
Fontes et al, 1711.09419
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Higgs Triplet Model (HTM)

SM Higgs doublet plus 1 complex triplet X = (χ++, χ+, χ0)

Motivation: yijν LiXLj coupling gives neutrino masses mν ∼ yν〈χ0〉

〈χ0〉 is very strongly constrained by the ρ parameter:

ρ ≡ weak neutral current

weak charged current
=

(g2 + g′2)/M2
Z

g2/M2
W

=
v2
φ + a〈X0〉2

v2
φ + b〈X0〉2

a = 4
[
T (T + 1)− Y 2

]
c

b = 8Y 2
Q = T 3 + Y ; SM doublet: Y = 1/2

Expt: ρ = 1.00039± 0.00019 (2018 PDG)

⇒ 〈χ0〉 . GeV; negligible mixing of χ0 with SM-like Higgs

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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χ±± decays to `±`± or W±W± depending on size of triplet vev
5
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FIG. 2: Decay branching ratio of H++ as a function of v∆. In the upper left (right) figure, mH++ is fixed to be 120 GeV (300
GeV), and ∆m is taken to be zero. In the middle left (right) figure, mH++ is fixed to be 140 GeV (320 GeV), and ∆m is taken
to be 10 GeV. In the bottom left (right) figure, mH++ is fixed to be 190 GeV (360 GeV), and ∆m is taken to be 30 GeV.

GeV (310 GeV). In the case of ∆m =30 GeV, H+ decays into φ0W+∗ in the region of 10−7 GeV ! v∆ ! 10 GeV
(10−7 GeV ! v∆ ! 10−1 GeV) for mH+ = 160 GeV (330 GeV).

The decay branching ratios of H and A are shown in FIG. 4. Both H and A decay into neutrinos in the region of
v∆ < 10−4 − 10−3 GeV. When v∆ > 10−4 − 10−3 GeV, both H and A decay into bb̄ with mφ0 = 119 GeV while H
(A) decay into hh and ZZ (hZ) with mφ0 = 300 GeV.

Finaly, we comment on the case of ξ < 0. In this case, H and A can decay into H±W∓(∗) depending on the
magnitude of ξ and v∆. At the same time, H+ can decay into H++W−(∗). The decay of H++ is the same as in the
case without the mass difference.

(assumes no χ±± → χ±W±) Aoki, Kanemura & Yagyu, 1110.4625

Rely on Drell-Yan production of χ++χ−− or χ±±χ∓.

Like-sign dilepton resonace search is very sensitive – exclude χ±±

up to ∼ 800 GeV depending on assumptions about e/µ/τ frac-

tions → ATLAS + CMS
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χ±± →W±W± search done for first time in Run 2 (W s on shell)
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Figure 5: Observed and expected upper limits for pp ! H±±H⌥⌥
! W±W±W⌥W⌥ cross-section times branching

fraction at 95% CL obtained from the combination of 2`ss, 3` and 4` channels. The region above the observed limit
is excluded by the measurement. The bands represent the expected exclusion curves within one and two standard
deviations. The theoretical prediction [3] including the NLO QCD corrections [29] is also shown and is excluded
for mH±± < 220 GeV.

8 Conclusion

A search for the pair production of doubly charged Higgs scalar bosons with subsequent decays into W
bosons is performed in proton–proton collisions at a centre-of-mass energy of 13 TeV. The data sample
was collected by the ATLAS experiment at the LHC and corresponds to an integrated luminosity of
36.1 fb�1. The search for the H±±

! W±W± decay mode, not considered in previous analyses at colliders,
is motivated by a model with an extended scalar sector that includes a triplet in addition to the Standard
Model scalar doublet. The analysis proceeds through the selection of multi-lepton events in three channels
(a pair of same-sign leptons, three leptons and four leptons) with missing transverse momentum and jets.
The signal region is optimised as a function of the H±± mass. The data are found to be in good agreement
with the Standard Model predictions for all channels investigated. Combining those channels, the model
considered is excluded at 95% confidence level for H±± boson masses between 200 and 220 GeV.
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ATLAS, arXiv:1808.01899

Theorist recast of ATLAS Run-1 like-sign dimuon data sets lower
bound mχ++ & 84 GeV Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Gap at intermediate masses < 200 GeV: need offshell W s!
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Models with triplets (or larger) contributing to EWSB:

Have to model-build to avoid ρ 6= 1. Only two known approaches:

1) Use the septet (T, Y ) = (3,2): ρ = 1 by accident!
Doublet

(
1
2,

1
2

)
+ septet (3,2): Scalar septet model

Hisano & Tsumura, 1301.6455; Kanemura, Kikuchi & Yagyu, 1301.7303

2) Use global SU(2)L×SU(2)R imposed on the scalar potential
Global SU(2)L×SU(2)R → custodial SU(2) ensures tree-level ρ = 1

Doublet + triplets (1,0) + (1,1): Georgi-Machacek model
Georgi & Machacek 1985; Chanowitz & Golden 1985

Doublet + quartets
(

3
2,

1
2

)
+
(

3
2,

3
2

)
: Generalized Georgi-

Doublet + quintets (2,0) + (2,1) + (2,2): Machacek models
Doublet + sextets

(
5
2,

1
2

)
+
(

5
2,

3
2

)
+
(

5
2,

5
2

)
:

Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Larger than sextets → too many large multiplets, violates perturbativity

All contain doubly-charged Higgs with H±±W∓W∓ coup. ∝ 〈X0〉!
Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + triplets (1,0) + (1,1) in a bi-triplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Global SU(2)L×SU(2)R → custodial symmetry 〈χ0〉 = 〈ξ0〉 ≡ vχ

Physical spectrum:
Bi-doublet: 2⊗ 2→ 1⊕ 3 Bi-triplet: 3⊗ 3→ 1⊕ 3⊕ 5

- Two custodial singlets mix → h, H mh, mH, angle α
Usually identify h = h(125)

- Two custodial triplets mix → (H+
3 , H

0
3 , H

−
3 ) m3 + Goldstones

Phenomenology very similar to H±, A0 in 2HDM Type I, tanβ → cot θH

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5

Fermiophobic; H5V V couplings ∝ sH ≡
√

8vχ/vSM
s2
H ≡ exotic fraction of M2

W , M2
Z
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Explicit LHC searches up to now:

VBF → H±±5 →W±W± → CMS VBF + like-sign dileptons + MET

VBF → H±5 →W±Z → ATLAS + CMS VBF qq``; VBF 3`+MET

Andrea Carlo Marini 6 Aug 2016

Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
! type I / type II / type Y…"
! Light: mH± < mt - mb "
! t→H±b"
! ttbar and single top productions"
! for tan# > 5 preferentially decays 

into !"

! Heavy: mH± > mt - mb "
! for very high masses H±→tb"
! !(H±→ !") ~1—10 %
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! Introduce H±WZ couplings at tree level"
! Di$erent phenomenology wrt nHDM"
!
!
! Georgi-Machacek: 
! real and complex triplet"
! free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)
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Cross section ∝ s2
H ≡ fraction of M2

W ,M
2
Z due to exotic scalars
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Most stringent constraint: VBF→ H±±5 →W±W± CMS, arXiv:1709.05822

10 A Supplemental material

A Supplemental material

Table 3: Estimated signal and background yields after the selection. The statistical uncertainties
are reported for all six channels, while the sums are reported with the statistical and systematic
uncertainties added in quadrature. The processes contributing to less than 1% of the total
background are not listed, but included in the total background yield.

e+e+ e+µ+ µ+µ+ e�e� e�µ� µ�µ� Total
Data 14 63 40 10 48 26 201
Signal + total bkg. 19.0 ± 1.9 67.6 ± 3.8 44.1 ± 3.4 11.8 ± 1.8 38.9 ± 3.3 23.9 ± 2.8 205 ± 13
Signal 6.2 ± 0.2 24.7 ± 0.4 18.3 ± 0.4 2.5 ± 0.1 8.7 ± 0.2 6.5 ± 0.2 66.9 ± 2.4
Total bkg. 12.8 ± 1.9 42.9 ± 3.8 25.7 ± 3.4 9.4 ± 1.8 30.2 ± 3.3 17.4 ± 2.8 138 ± 13
Nonprompt 5.6 ± 1.7 24.9 ± 3.6 18.4 ± 3.3 5.0 ± 1.6 19.9 ± 3.2 14.2 ± 2.8 88 ± 13
WZ 3.0 ± 0.2 8.5 ± 0.3 4.4 ± 0.2 1.9 ± 0.2 5.2 ± 0.3 2.2 ± 0.1 25.1 ± 1.1
QCD WW 0.6 ± 0.1 1.7 ± 0.1 1.3 ± 0.1 0.2 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 4.8 ± 0.4
Wg 1.4 ± 0.5 3.6 ± 0.9 0.2 ± 0.2 0.8 ± 0.4 2.3 ± 0.7 — 8.3 ± 1.6
Triboson 0.8 ± 0.2 2.2 ± 0.4 1.2 ± 0.3 0.3 ± 0.1 0.9 ± 0.3 0.5 ± 0.2 5.8 ± 0.8
Wrong sign 1.5 ± 0.6 1.4 ± 0.4 — 1.1 ± 0.5 1.2 ± 0.4 — 5.2 ± 1.1
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Figure 4: Expected and observed 95% CL upper limits on sH in the Georgi–Machacek model as
a function of doubly charged Higgs boson mass. The blue area in the upper-right corner covers
the region where the model is not applicable [36].

mH++ ≥ 200 GeV

Also searches for VBF → H±5 →W±Z → ATLAS + CMS
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For H±±5 , H±5 , H0
5 masses below 200 GeV, constraints are mainly

theory-recast: new “low-m5” benchmark in GM model,

Ben Keeshan, WG3 Extended Scalars meeting, 2018-10-24

Recast ATLAS Run1 VBF →W±W±, 1407.5053
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Allowed

Recast ATLAS Run1 γγ resonance, GMCALC 1.5.0 beta

Extending Drell-Yan H±± →W±W± search to masses below 200
GeV (w/ offshell W s) could exclude entire low-m5 region!
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For m5 below threshold for H5 → V V (V = W,Z) decays, BRs
for loop-induced decays H0

5 → γγ, H±5 →W±γ become important
(remember H5 is fermiophobic)

Logan & Wu, 1809.09127

Sensitivity study for H±5 →W±γ (production by Drell-Yan):

Expected 95%CL exclusion with 300 fb−1 at 14 TeV LHC
Recast ATLAS Run1 γγ resonance search current exclusion

H±5 →W±γ simulation tool now public: UFO model for MG5

If low-m5 region in GM model is excluded by H±± → W±W±, a
new theory benchmark to motivate H+ →W+γ will be needed.

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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Several recent “low-mass” results rely on Drell-Yan production

of pairs of new scalars.

Request to provide Drell-Yan xsec tables (in progress, NLO QCD)

- GM model pp→ H++
5 H−−5 , H±±5 H∓5 , H+

5 H
−
5 , H±5 H

0
5

- HTM pp→ χ++χ−−, χ±±χ∓ etc.

- 2HDM

Simple relations between cross sections in different models due

to gauge quantum numbers of scalars.

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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GM model benchmark for H → hh: full parameter scan (Prelim)
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Summary: “wish list” of missing search channels

H3 → H1H2, where all three Higgs bosons have different masses.

h125 could be any of these three. (our #1 priority for a new search)

H±± → W±W±: extend search to masses below 200 GeV (off-

shell W s). Production via Drell-Yan in pairs or with H∓.

H → H+H− → τντν (H 6= h125)

H →W+H− (H 6= h125)

H+ →W+γ: search for fermiophobic charged Higgs including at

low mass (below 200 GeV); production via Drell-Yan.

H125 → ττ CP measurement from τ polarization kinematic dis-

tributions [this belongs to SM Higgs Characterization]

Heather Logan (Carleton U.) WG3 Extended Scalars 2018 Dec 11
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the end
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BACKUP SLIDES
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H → hh cross section constrained so far: ATLAS, arXiv:1804.06174
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + triplets (1,0) + (1,1) in a bi-triplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Global SU(2)L×SU(2)R → custodial symmetry 〈χ0〉 = 〈ξ0〉 ≡ vχ

Most general scalar potential invariant under SU(2)L×SU(2)R:

V (Φ, X) =
µ2

2

2
Tr(Φ†Φ) +

µ2
3

2
Tr(X†X) + λ1[Tr(Φ†Φ)]2

+λ2Tr(Φ†Φ)Tr(X†X) + λ3Tr(X†XX†X)

+λ4[Tr(X†X)]2 − λ5Tr(Φ†τaΦτ b)Tr(X†taXtb)
−M1Tr(Φ†τaΦτ b)(UXU†)ab −M2Tr(X†taXtb)(UXU†)ab

9 parameters, 2 fixed by GF and mh → 7 free parameters. Aoki & Kanemura, 0712.4053

Chiang & Yagyu, 1211.2658; Chiang, Kuo & Yagyu, 1307.7526

Hartling, Kumar & HEL, 1404.2640
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H++ →W+W+: Below the WW threshold, same-flavour leptons
can come from either of the W s, leading to an interference term.
Need full H++ → 4f branching ratios simulation.
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MH++ [GeV]
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1

Br
[H

++
]

s.f. llvv

d.f. llvv
2/81

1/81

lvjj

jjjj

4/27

4/9

FIG. 2: Branching ratios of H±± into jjjj, ℓ±νjj, same-flavour and different-flavour ℓ±ℓ±νν modes as a

function of mH±± . In this plot, only the H±± → W±(∗)W±(∗) mode is taken into account.

that we neglect the dilepton decay and cascade decay channels here. It is found that the branching

ratio of the s.f. ℓ±ℓ±νν decay mode is enhanced by 80% for mH±± ! 90 GeV, while by 10-20%

for 100 GeV ! mH±± ! 160 GeV. The ratio of all hadronic decay mode is also enhanced for

mH±± < 2mW by 5%, while the ratio of ℓ±νjj and d.f. ℓ±ℓ±νν decay modes is suppressed by

10% and 5%, respectively. Therefore, for mH±± < 2mW , the interference term can have sizable

and constructive contribution to the decay rate, and consequently the s.f. ℓ±ℓ±νν decay becomes

relatively important.

The tree level formula for the dilepton decay rate of H±± is given by

Γ(H±± → ℓ±
i ℓ±

j ) =
Sij

8πv2
∆

|(mν)ij |2mH±± , (21)

where Sij = 1 (1/2) for i ≠ j (i = j).

For the cascade decay, taking into account the off-shellness of the W boson, the tree-level formula

is given by

Γ(H±± → H±W ±(∗)) =
9g4 cos2 β

128π3
mH±±G

(
m2

H±

m2
H±±

,
m2

W

m2
H±±

)
, (22)

where the phase space functions are defined as

G(x, y) =
1

12y

{
2 (x − 1)3 − 9

(
x2 − 1

)
y + 6 (x − 1) y2 − 3

[
1 + (x − y)2 − 2y

]
y log x

+ 6 (1 + x − y) y
√

−λ(x, y)
[
tan−1

( x − y − 1√
−λ(x, y)

)
+ tan−1

( x + y − 1√
−λ(x, y)

)]}
, (23)

λ(x, y) = 1 + x2 + y2 − 2xy − 2x − 2y. (24)

9

Kanemura, Kikuchi, Yagyu & Yokoya, 1407.6547
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HEL & Rentala, “All the generalized Georgi-Machacek models,”

1502.01275
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