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B − L breaking

Natural way to generate neutrino mass.
Local B − L symmetry.
Associated Higgs field leaves a physical neutral scalar component.
Important to find this B − L counterpart to the SM Higgs.
Experimentally realistic only if B − L breaking scale is within multi-TeV.
Mass of the new Higgs field is still largely unrestricted.
Important to scan over the entire allowed range (leave no stone unturned).

Distinct signatures depending on whether the scale is above or below mh.
For masses � mh, production is (typically) kinematically suppressed at the
LHC. (Many studies on heavy Higgs searches)
For masses ∼ mh, potentially large mixing with the SM Higgs (disfavored by
the LHC Higgs data).
Mass range � mh largely unexplored so far.
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Left-Right Symmetric Model

Provides a natural framework for type-I seesaw embedding.
Based on the gauge group SU(2)L × SU(2)R × U(1)B−L. [Pati, Salam (PRD ’74);
Mohapatra, Pati (PRD ’75); Senjanović, Mohapatra (PRD ’75)]

The main ingredients of seesaw (right-handed neutrinos with Majorana mass)
are an essential part of the theory (and not put in ‘by hand’):

QL =

(
uL
dL

)
∈
(

2, 1, 1
3

)
P←→ QR =

(
uR
dR

)
∈
(

1, 2, 1
3

)
ΨL =

(
νL
eL

)
∈ (2, 1,−1)

P←→ ΨR =

(
NR
eR

)
∈ (1, 2,−1)

Can be realized at vR & 5 TeV scale, with many observable effects.
Heavy gauge bosons WR with spectacular signals at the LHC (and beyond).
[Keung, Senjanović (PRL ’83)]

New contributions to 0νββ and lepton flavor violation. [Riazuddin, Marshak,
Mohapatra (PRD ’81); Hirsch, Klapdor-Kleingrothaus, Panella (PLB ’96); Tello, Nemevsek, Nesti,
Senjanović, Vissani (PRL ’10)]
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Minimal scalar sector

SU(2)L × SU(2)R × U(1)B−L

∆R (1, 3, 2)

www�∆R (1, 3, 2)

SU(2)L × U(1)Y

Φ (2, 2, 0)

www�Φ (2, 2, 0)

U(1)EM

(
1√
2 ∆+

R ∆++
R

∆0
R − 1√

2 ∆+
R

)
⇒ H0

3 , H±±2

(
φ0

1 φ+
2

φ−1 φ0
2

)
⇒ h, H0

1 , A0
1, H±1

Eight physical scalars with rich phenomenology. [Gunion, Grifols, Mendez, Kayser,
Olness (PRD ’89); Dutta, Eusebi, Gao, Ghosh, Kamon (PRD ’14); Bambhaniya, Chakrabortty, Gluza,
Jeliński, Kordiaczyńska (PRD ’14, ’15); Maiezza, Nemevsek, Nesti (PRL ’15); BD, Mohapatra, Zhang
(JHEP ’16);...]

Left-handed ∆L can be decoupled from the TeV scale physics. [Chang,
Mohapatra, Parida (PRL ’84), Deshpande, Gunion, Kayser, Olness (PRD ’91)]

Allows gauge coupling gR 6= gL at the TeV scale.
Lower limit on gR/gL ≥ tan θw ' 0.55. [Brehmer, Hewett, Kopp, Rizzo, Tattersall (JHEP
’15); BD, Mohapatra, Zhang (JHEP ’16)]
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Scalar Potential

V (Φ,∆R) = −µ2
1 Tr(Φ†Φ)− µ2

2

[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
− µ2

3 Tr(∆R∆†R)

+λ1
[
Tr(Φ†Φ)

]2
+ λ2

{[
Tr(Φ̃Φ†)

]2
+
[
Tr(Φ̃†Φ)

]2
}

+λ3 Tr(Φ̃Φ†)Tr(Φ̃†Φ) + λ4 Tr(Φ†Φ)
[
Tr(Φ̃Φ†) + Tr(Φ̃†Φ)

]
+ρ1

[
Tr(∆R∆†R)

]2
+ ρ2 Tr(∆R∆R)Tr(∆†R∆†R)

+α1 Tr(Φ†Φ)Tr(∆R∆†R) +
[
α2e iδ2Tr(Φ̃†Φ)Tr(∆R∆†R) + H.c.

]
+α3 Tr(Φ†Φ∆R∆†R) .

[More discussion in A. Patra’s talk]
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Physical scalar masses

Assume CP conservation and

ξ ≡ 〈φ0
2〉/〈φ0

1〉 = κ′/κ ' mb/mt � 1 ,

ε ≡ vEW/vR =
√
κ2 + κ′2/vR � 1

scalars components mass squared

h ∼ φ0 Re
1

(
4λ1 −

α2
1

ρ1−λ1

)
κ2

H0
1 ∼ φ0 Re

2 α3(1 + 2ξ2)v2
R +4
(

2λ2 + λ3 +
4α2

2
α3−4ρ1

)
κ2

A0
1 ∼ φ0 Im

2 α3(1 + 2ξ2)v2
R +4 (λ3 − 2λ2)κ2

H±
1 ∼ φ±

2 α3(1 + 2ξ2)v2
R + 1

2α3κ
2

H0
3 ∼ ∆0 Re

R 4ρ1v2
R +

(
α2

1
ρ1
−

16α2
2

α3−4ρ1

)
κ2

H±±
2 ∼ ∆±±

R 4ρ2v2
R +α3κ

2

Bidoublet scalars
Almost degenerate masses

Triplet scalars
Couple to quarks only through mixings:

Hadrophobic states
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Constraints on the Bidoublet Scalars

Contribute to tree-level FCNCs.
b

s

H0
1/A0

1

s

b

b

s

H0
1/A0

1

s

b

Severe limits on bidoublet mass: MH0
1 ,A

0
1,H

±
1
& 10 TeV [Zhang, An, Ji, Mohapatra

(NPB ’07); Bertolini, Maiezza, Nesti (PRD ’14)]

No hope of finding them at the LHC.
A good motivation for FCC-hh.

 38 

 
Figure 3.3: Illustration of the CEPC-SPPC ring sited in Qinghuangdao. The small circle is 50 

km, and the big one 100 km. Which one will be chosen depends on the funding scenario. 

Figure 3.4 shows the CEPC ring on the map of Qinghuangdao. The Yellow River 
Engineering Consulting Co., Ltd., has done an extensive survey and geological study in 
this area [1]. 

 

 
Figure 3.4: A hypothetical location of the CEPC ring on the Qinghuangdao area map. 
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Production of H0
1 ,A0

1

H0
1/A0

1

b

b̄

(a)

H0
1/A0

1

gb

b̄

b

H0
1/A0

1

bg

b

b

b̄

b H0
1/A0

1

bg

g

(b) (c) (d)

Figure 1. Representative Feynman diagrams for the dominant production processes of H0
1 and

A0
1 from bottom-quark annihilation. Formally, (b) and (c) are part of the NLO corrections to

(a), and (d) is part of the NNLO correction to (a) in the inclusive production cross section for

pp ! H0
1/A0

1 + X, ignoring the final state jets in X.

LO

NLO

NNLO

10 15 20 25 30 35
10-4

0.001

0.010

0.100

1

10

MH1
0 A1

0 [TeV]

[f
b
]

s = 100 TeV

Figure 2. Dominant production cross sections for the heavy neutral bi-doublet Higgs bosons H0
1

and A0
1 in the minimal LR model at

p
s = 100 TeV pp collider.

The parton-level cross sections for pp ! H0
1/A0

1 at
p

s = 100 TeV are calculated at

LO using CalcHEP3.6.25 [152]. For such heavy scalars at 100 TeV center-of-mass energy,

the average momentum fraction x carried by the partons in the colliding protons can be

as large as ⇠ 0.3, although it su↵ers from large experimental uncertainties, possibly of

order 50% or even larger [157]. Another subtle point is that for a more accurate estimate

of the production cross sections, the large QCD logarithmic terms ↵s log(MH0
1
/mb) which

are of order one, have to be resummed properly. These issues should be addressed, if one

wants to make a more precise calculation of the cross section. As an initial step in this

– 17 –

Bhupal Dev (Washington U.) LR Higgs at Collider 03/31/2017 8 / 45



Cross Section for H0
1 ,A0
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[f
b
]

s = 100 TeV

Bhupal Dev (Washington U.) LR Higgs at Collider 03/31/2017 9 / 45



Production of H±1

H+
1

t̄g

b̄

t̄

t̄

H+
1

bg

g

t̄

b

(a) (b)

H+
1

j

j
W

b

b̄

t

WR

Z(R)
H±

1

j

j

q

q

(c) (d)

Figure 3. Representative Feynman diagrams for the dominant production processes of H±
1 : (a)

the associated production with a top quark, gb̄ ! H±
1 t; (b) the associated production with top and

bottom quark jets, gg ! H±
1 tb, which is formally an NLO correction to (a); (c) the production

with two light quark jets, bb̄ ! H±
1 jj with j = u, d, c, s; and (d) VBF process, qq ! H±

1 jj, where

j can be any of the six quarks.

direction, we estimate the parton-level production cross sections at NLO and NNLO, using

an appropriately modified version of the public code SusHi [158], which takes into account

the virtual corrections with gluon exchange in the bb̄ vertex and bottom-quark self-energy

corrections, as well as the emission of additional gluons from any of the bottom-quark

or gluon legs, in addition to the higher-order tree-level processes shown in Figure 1. In

our parton-level simulations, we have applied the basic jet transverse momentum cut of

pT (j) > 50 GeV and jet separation �R(jj) > 0.4 for the final states with one or more

jets (including b-jets) for 100 TeV center-of-mass energy collisions. Our final results are

shown in Figure 2. It is worth noting that the NLO and NNLO K-factors turn out to be

quite large for the inclusive H0
1/A0

1 production pp ! H0
1/A0

1X, mainly due to the sizable

contributions of the tree-level processes listed in Figures 1 (b)-(d).

4.1.2 H±
1

Turning now to the singly-charged Higgs field H±
1 , the dominant production process is via

associated production with a highly boosted top quark jet, e.g. b̄g ! H+
1 t̄, as shown in

Figure 3 (a). This is mainly due to the large (sizable) gluon (bottom-quark) content of

the colliding protons and the large Yukawa coupling of H±
1 to third-generation fermions

[cf. Table 3]. The large Yukawa coupling H±
1 tb, as well as the strong coupling, renders the

NLO correction shown in Figure 3 (b) also important. We find that the NLO K-factor for

the process pp ! H±
1 t at 100 TeV collider is 1.6, as shown in Figure 4.

Another important channel for H±
1 production at

p
s = 100 TeV is in association

with two light-quark jets (up, down, charm, strange and their anti-particles). There are

two contributing processes: one via the associated production with the SM W boson from

bottom-quark annihilation with the W boson decaying into two light quark jets, i.e. b̄b !

– 18 –
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Cross Section for H±1

H1
±t (LO)

H1
±t (NLO)

H1
±jj (W )

H1
±jj (VBF)

10 15 20 25 30
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0.001

0.010

0.100

1
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± [TeV]

σ
[f
b
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Discovery Channel for H0
1/A0

1

scalar discovery channel SM background σSM [fb]

H0
1/A0

1

H0
1/A0

1 → bb̄ bb̄ 1500

H0
1 → hH0

3 → hhh hhh→ 6b 0.038
ZZZ → 6b 0.19

H±1 H±t → ttb ttb → bbbjj`ν 984

H1
0/A1

0 → bb

H1
0 → 6b

H1
±t → bbbjjlν

2 4 6 8 10

6

8

10

12

14

16

18

S/ S +B

B
i-

d
o

u
b

le
t

M
a

s
s
[T

e
V
]

For H±1 , another alternative: pp → H±±2 H∓1 →tri-lepton+MET.
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Constraints on Doubly-charged Scalars

LHC multilepton search limits on doubly-charged scalar: MH2±± & 500− 700 GeV

q

q̄

Z/γ

H++
2

H−−
2

`+
i

`+
i

`−j

`−j

q

q̄

W ±

H++
2

H−
1

`+
i

`+
i

`−j

ν̄j

References 17

 Mass (GeV)±±Φ 
0 100 200 300 400 500 600 700 800 900 1000

 

Benchmark 4

Benchmark 3

Benchmark 2

Benchmark 1

±τ±τ → ±±Φ100% 

±τ±µ → ±±Φ100% 

±τ± e→ ±±Φ100% 

±µ±µ → ±±Φ100% 

±µ± e→ ±±Φ100% 

±e± e→ ±±Φ100% 

Observed exclusion 95% CL

Expected exclusion 95% CL

Associated Production

Pair Production

Combined

 (13 TeV)-112.9 fbCMSPreliminary

Figure 9: Summary of expected and observed limits for each production mode and the com-
bined limit. The shaded region represents the excluded mass points and the thick solid line
represents the expected exclusion with the hashed region indicating the direction.
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Production of H±±2

H++
2

H��
2

�/Z/ZR

q

q H++
2

H��
2

h

g

g

(a) (b)

WR

WR

H±±
2

j

j

q

q H±±
2

W⌥
R

W ±
R

q

q

(c) (d)

Figure 7. Representative Feynman diagrams for the dominant production of H±±
2 : (a) Drell-Yan

pair production; (b) Higgs-portal pair production; (c) heavy VBF; and (d) Higgsstrahlung. In (b),

the LO e↵ective hgg vertex is predominantly from the top-quark loop induced SM coupling.

H2
++H2

-- (DY)

H2
++H2

-- (h)

H2
±±jj (0.6)

H2
±±jj (1.0)

H2
±±jj (1.5)

H2
±±WR (0.6)

H2
±±WR (1.0)

H2
±±WR (1.5)

0.1 0.5 1 5 10

10-4

0.01

1

100

104

MH2
±± [TeV]

[f
b
]

s = 100 TeV

Figure 8. Dominant production cross sections for the doubly-charged Higgs bosons H±±
2 in the

minimal LR model at
p

s = 100 TeV pp collider. Here we have chosen ↵1 = 0.01 ,↵2 = 0 , vR =

10 TeV and MH0
3

= 5 TeV. The VBF (H±±
2 jj) and Higgsstrahlung (H±±

2 W⌥
R ) cross sections are

shown for three di↵erent values of the gauge coupling ratio gR/gL (in parenthesis).

production channels are the same as at the 100 TeV collider and are shown in Figures 5 and

7. The corresponding production cross sections at the LHC with 14 TeV center-of-mass

energy are presented in Figure 9, for which we adopt the same set of couplings as in the

100 TeV case, i.e. ↵1 = 0.01 ,↵2 = 0 and gR/gL = 0.6, 1 , 1.5. We use milder trigger cuts

minimal LR model is always embedded into some GUTs at super-high energy scale and we neglect such

constraints on the H0
3 mass throughout this paper.

– 23 –
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Cross Section for H±±2 at LHC
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3σ Sensitivity for H±±2 at 14 TeV

LHC8 excl.

H2
++H2

--

H2
±±jj (0.6)

H2
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M
H

2±
±
[T

e
V
]

s = 14 TeV, ℒ = 3 ab-1
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Cross Section for H±±2 at 100 TeV
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3σ Sensitivity for H±±2 at 100 TeV
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Distinction from MSSM Higgs Sector

Field MSSM LR model
H0

1 ,A0
1 bb̄, τ+τ− (high tanβ) bb̄

tt (low tanβ) W +
R W− → `+`+4j

H+ tb̄tb̄, tb̄τ̄ ν t̄LbR

H0
1/A0

1 → τ−τ− mode is suppressed by either the Dirac Yukawa coupling or
the left-right mixing.
New decay modes (absent/suppressed in MSSM): H0

1 →W +
R W−,

H+
1 →W +

R Z , H0
3 → hh.

Doubly-charged scalar.

[BD, Mohapatra, Zhang (JHEP ’16)]
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Light neutral scalar H3

At the leading order [mixing constrained to be very small]

m2
H3
' 4ρ1v2

R

Mixing with the SM Higgs [note the inverse dependence on the VEV ratio](
4λ1ε

2 2α1ε
2α1ε 4ρ1

)
v2

R =⇒ sin θ1 '
α1
2λ1

vR
vEW

Mixing with the heavy doublet scalar H1 [inducing FCNC couplings]

sin θ2 '
4α2
α3

vEW

vR

H3 talks to the SM particles through:
the mixing angles sin θ1,2: hadrons, `+`−, γγ;
RH gauge coupling: γγ, through the WR (and H±

1 , H±±
2 ) loop.
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Mass dependence

Mass dependence on the quartic couplings at the tree level

m2
H3
' 4ρ1v2

R − sin2 θ1 m2
h ,

10-14 10-12 10-10 10-8 10-6 10-4
10-8

10-7

10-6

10-5

10-4

10-3

10-2

quartic coupling ρ1

qu
ar
tic
co
up
lin
g
α
1

the
ore
tic
al
lim
itm

H3
2 >

0

1
M
eV

10
M
eV

10
0
M
eV

1
G
eV

10
G
eV

10
0
G
eV

To have a ∼ GeV H3, the parameter ρ1 ' GeV2/4v2
R ' 10−8 for vR = 5 TeV.
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Radiative Effects

Mass dependence on the parameters at the 1-loop level(
m2

H3

)loop ' 3
2π2

[
1
3α

2
3 +

8
3ρ

2
2 − 8f 4 +

1
2g4

R + (g2
R + g2

BL)2
]

v2
R

H3

〈vR〉
⊗

H3

⊗
〈vR〉

Φ

H3

〈vR〉
⊗

H3

⊗
〈vR〉

Φ

H3

〈vR〉
⊗

H3

⊗
〈vR〉

VR

H3

〈vR〉
⊗

H3

⊗
〈vR〉

VR

H3

〈vR〉
⊗

H3

⊗
〈vR〉

Ni

For mH3 ∼ GeV and vR ' few TeV, the parameters above are tuned at the level of ∼ GeV/ vR
4π ' 10−2.
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Decay
All the couplings to SM quarks and leptons are proportional to the linear
combinations of sin θ1,2.
Heavy particle loops for H3 → γγ suppressed by vEW/vR .

Γ(H3 → qq̄) =
3mH3
16π

[∑
i,j

|Yu, ij |2 β3
2 (mH3 ,mui ,muj )Θ(mH3 − mui − muj )

+
∑

i,j

|Yd, ij |2 β3
2 (mH3 ,mdi ,mdj )Θ(mH3 − mdi − mdj )

]
,

Γ(H3 → `
+
`

−) =
mH3
16π

∑
i,j

|Ye, ij |2 β3
2 (mH3 ,mei ,mej )Θ(mH3 − mei − mej ) ,

Γ(H3 → γγ) =
α2m3

H3
1024π3

∣∣∣√2
vR

A0(τ
H±

1
)+

4
√

2
vR

A0(τ
H±±

2
)

+

√
2

vEW

∑
f =q,`

ff N f
C Qf A1/2(τf ) +

√
2

vR
A1(τWR )

∣∣∣∣∣
2

,

[
A0(0) = 1/3
A1(0) = −7

]
Γ(H3 → gg) =

GFα
2
s (mH3 )m3

H3

36
√

2π3

∣∣∣∣∣ 3
4

∑
f =q

ff A1/2(τf )

∣∣∣∣∣
2

,
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Decay Length
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Branching ratios
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Branching ratios
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K (and B) meson mixing

“Effective” FCNC coupling for K 0 − K̄ 0 mixing
from mixing with heavy doublet scalar H1 and SM Higgs h

LH3 =
GF

4
√

2
sin2 θ̃2

m2
K − m2

H3
+ imH3 ΓH3

×

[(∑
i

miλ
RL
i

)2
O2 +

(∑
i

miλ
LR
i

)2
Õ2 + 2

(∑
i

miλ
LR
i

)(∑
i

miλ
RL
i

)
O4

]
sin θ̃2 ≡ sin θ2 + ξ sin θ1 ,

[
ξ = 〈φ0

2〉/〈φ
0
1〉, h − H1 mixing

]
O2 = [s̄(1− γ5)d][s̄(1− γ5)d] ,

Õ2 = [s̄(1 + γ5)d][s̄(1 + γ5)d] ,

O4 = [s̄(1− γ5)d][s̄(1 + γ5)d] .

mi = {mu,mc ,mt} , λ
LR
i = V ∗

L,i2VR,i1 , λ
RL
i = V ∗

R,i2VL,i1

“Resonance” effect when mH3 is close to the Kaon mass:
1

q2 − m2
H3

+ imH3 ΓH3
→

1
q2 '

1
m2

K
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Flavor-changing meson decay

b

s

H3

`+(hadron, γ)

`−(hadron, γ)

Stringent limits from the down-type quark sector

K → πχχ , B → Kχχ , [χ = hadron, `, γ]

“Visible decays”: H3 decaying inside detector spatial resolution

dj → diH3 , H3 → χχ

“Invisible decays”: H3 decaying outside detector size

dj → diH3 , H3 → any (LH3 > Rdetector)
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List of meson decay limits

Expt. meson decay H3 decay EH3 LH3 BR/Nevent

NA48/2 [’09] K + → π+H3 H3 → e+e− ∼ 30 GeV < 0.1 mm 2.63× 10−7

NA48/2 [’11] K + → π+H3 H3 → µ+µ− ∼ 30 GeV < 0.1 mm 8.88× 10−8

NA62 [’14] K + → π+H3 H3 → γγ ∼ 37 GeV < 0.1 mm 4.70× 10−7

E949 [’09] K + → π+H3 any (inv.) ∼ 355 MeV > 4 m 4× 10−10

∗ NA62 [’05] K + → π+H3 any (inv.) ∼ 37.5 GeV > 2 m 2.4× 10−11

KTeV [’03] KL → π0H3 H3 → e+e− ∼ 30 GeV < 0.1 mm 2.8× 10−10

KTeV [’00] KL → π0H3 H3 → µ+µ− ∼ 30 GeV < 0.1 mm 4× 10−10

KTeV [’08] KL → π0H3 H3 → γγ ∼ 40 GeV < 0.1 mm 3.71× 10−7

BaBar [’03] B → KH3 H3 → `+`− ∼ mB/2 < 0.1 mm 7.91× 10−7

Belle [’09] B → KH3 H3 → `+`− ∼ mB/2 < 0.1 mm 4.87× 10−7

LHCb [’12] B+ → K+H3 H3 → µ+µ− ∼ 150 GeV < 0.1 mm 4.61× 10−7

BaBar [’13] B → KH3 any (inv.) ∼ mB/2 > 3.5 m 3.2× 10−5

∗ Belle II [’10] B → KH3 any (inv.) ∼ mB/2 > 3 m 4.1× 10−6

LHCb [’17] Bs → µµ − − − 2.51× 10−9

BaBar [’10] Bd → γγ − − − 3.3× 10−7

Belle [’14] Bs → γγ − − − 3.1× 10−6

† BaBar [’11] Υ→ γH3 H3 → qq, gg ∼ mΥ/2 < 3.5 m [1, 80]× 10−6

CHARM [’85] K → πH3 H3 → γγ ∼ 10 GeV [480, 515] m < 2.3
CHARM [’85] B → Xs H3 H3 → γγ ∼ 10 GeV [480, 515] m < 2.3

∗ SHiP [’15] K → πH3 H3 → γγ ∼ 25 GeV [70, 125] m < 3
∗ SHiP [’15] B → Xs H3 H3 → γγ ∼ 25 GeV [70, 125] m < 3
∗ DUNE [’13] K → πH3 H3 → γγ ∼ 12 GeV [500, 507] m < 3
∗ DUNE [’13] B → Xs H3 H3 → γγ ∼ 12 GeV [500, 507] m < 3

∗ future prospects, † flavor-conserving couplings only
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K± meson limits
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K± width limits from 20% of Γtotal(K±)

K± → π±e+e− : NA48/2 [’09] K± → π±νν̄ : E949 [’09]
K± → π±µ+µ− : NA48/2 [’11] K± → π±νν̄ : NA62 (prosepcts)
K± → π±γγ : NA62 [’14]

(dashed gray lines indicate the proper lifetime of H3)

Bhupal Dev (Washington U.) LR Higgs at Collider 03/31/2017 30 / 45



K 0 meson limits
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K 0 − K̄ 0 mixing limits from 50% of experimental central value [1.74× 10−12 MeV]
(large theoretical uncertainties)

KL width limits from 20% of Γtotal(KL)

KL → π0e+e− : KTeV [’03]
KL → π0µ+µ− : KTeV [’00]
KL → π0γγ : KTeV [’08]

(dashed gray lines indicate the proper lifetime of H3)
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B meson limits
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Bd(s) − B̄d(s) mixing limits from CKM fitter [9.3 (2.7)× 10−11(9) MeV]
[Charles et al ’15]

B width limits from 20% of Γtotal(B)

B → K`+`− : BaBar [’03],Belle [’09], LHCb [’12]
B → Kνν̄ : BaBar [’13],Belle II (prospects)
Bs → µ+µ− : LHCb [’17]
Bd(s) → γγ : BaBar (Belle) [’10 (’14)]
Υ→ γH3 : BaBar [’11]

(dashed gray lines indicate the proper lifetime of H3)
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Beam dump experiments
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CHARM : NPoT = 2.4× 1018 =⇒ 1.2× 1017 K , 2.6× 1010 B
SHiP : NPoT = 2× 1020 =⇒ 8× 1018 K , 7× 1013 B

DUNE : NPoT = 5× 1021 =⇒ 7.8× 1021 K , 5.5× 1012 B
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Higgs measurements and rare Z decay
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The h − H3 mixing changes all the SM Higgs couplings by a factor of cos θ1.
[Falkowski, Gross, Lebedev (JHEP ’15); Profumo, Ramsey-Musolf, Wainwright, Winslow (PRD ’15)]

Invisible decay h→ H3H3 (H3 decaying outside detector) opens when mH3 < mh/2.
LHC limits and ILC prospects [Peskin ’12; Baer et al. ’13]

Rare decay Z → γH3 (H3 → γγ), induced by the SM fermion loops.
[Jaeckel, Spannowsky (PLB ’15)]
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Production of H0
3

Production at the LHC

H0
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j

q
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q

q
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Figure 5. Representative Feynman diagrams for the dominant production processes of H0
3 : (a)

the associated production with the SM Higgs, pp ! h�/H
0 (�)
1 ! H0

3h; (b) pair production, pp !
h�/H

0 (�)
1 ! H0

3H0
3 ; (c) heavy VBF, qq ! H0

3 jj mediated by a pair of VR (= WR, ZR) in the

t-channel; and (d) Higgsstrahlung process, qq ! V �
R ! H0

3VR. In (a) and (b), the LO e�ective hgg

vertex is predominantly from the top-quark loop induced SM coupling.

Figure 6. Dominant production cross sections for the neutral hadrophobic Higgs boson H0
3 in the

minimal LR model at
p

s = 100 TeV pp collider. Here we have chosen vR = 10 TeV, ↵1 = 0.01 and

↵2 = 0. The VBF (H0
3 jj) and Higgsstrahlung (H0

3VR) cross sections are shown for three di�erent

values of the gauge coupling ratio gR/gL (in parenthesis).

coupling [cf. Table 4] and the heavy charged gauge boson mass [cf. Eq. (2.10)]. The e�ect

of the RH gauge coupling gR on this production process is also illustrated in Figure 6.

It is clear that in our benchmark scenario for a light H0
3 with MH0

3
� 500 GeV, the

production at 100 TeV collider is dominated by the SM Higgs portal. When H0
3 is heavier,

either the heavy VBF or the Higgsstrahlung process takes over as the dominant channel.

– 21 –
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Production at LHC (and FCC-hh)

SM Higgs portal is highly suppressed by sin θ1

pp → h(∗) → hH3/H3H3 (∝ sin θ1)

Heavy VBF production & associated production:
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Displaced photon signal
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0.6
1.0
1.5

MATHUSLA
0.6
1.0

0.1 0.5 1 10
1

10

100

1000

104

mH3
[GeV]

N
um
be
r
of
E
ve
nt
s

s = 14 TeV

3000 fb-1

MATHUSLA

MAssive Timing Hodoscope for Ultra-Stable NeutraL PArticles

John-Paul Chou
David Curtin
Henry Lubatti
1606.06298 

Mixing angles sin θ1,2 are constrained to be
very small (. 10−4) by the meson data.
H3 → γγ, highly collimated diphoton
signal, dominated by the WR loop, only
suppressed by vR .
H3 tends to be long-lived if it is light:

GeV mass =⇒ L0 ' cm

100 cm .
(

EH3

mH3

)
L0 . 100 m

Displaced vertex signal at the LHC.
Lifetime frontier: MATHUSLA (MAssive
Timing Hodoscope for Ultra-Stable NeutraL
PArticles) [Chou, Curtin, Lubati (PLB ’16)]
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Expected LLP sensitivities

LHC [0.6]

LHC [1.0]

LHC [1.5]

MATHUSLA [0.6]

MATHUSLA [1.0]

0.1 0.5 1 5 10
10-6

10-5

10-4

10-3

10-2

0.1

1

mH3
[GeV]

si
n
θ
1

s = 14 TeV

3000 fb-1
1
m

1
cm

0.
01
cm

LHC [0.6]

LHC [1.0]

LHC [1.5]

MATHUSLA [0.6]

MATHUSLA [1.0]

0.1 0.5 1 5 10

10-6

10-4

10-2

1

mH3
[GeV]

si
n
θ
2

s = 14 TeV

3000 fb-1

1
m

1
cm

0.
01
cm

LHC: Assuming 10 LLP signal events.
MATHUSLA: Assuming 4 signal events (since virtually background-free).

Effective solid angle very small, . 10%.
“Thin”-disk-like compared to the decay length of ∼ 100 m.

Larger regions probable at FCC-hh and forward LLP detector therein.
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Energy-Intensity frontier complementarity
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The LLP searches at LHC and MATHUSLA (and future 100 TeV collider FCC-hh) are
largely complementary to the meson limits from beam-dump (including SHiP)

H3 mass ranges complementary.
Mixing angles sin θ1,2 complementary.
(H3 → γγ does not depend on sin θ1,2)
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L-R seesaw sensitivity
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Larger regions probable at FCC-hh and forward LLP detectors therein.
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L-R seesaw sensitivity
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Larger regions probable at FCC-hh and forward LLP detectors therein.
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U(1) Case
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γγ is no longer the dominant decay mode.
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U(1) Sensitivity
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Production can be through Z ′ portal or Higgs portal.
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Constraints from Leptogenesis

N

N

N

H/A

H/A

Figure 1. Feynman diagram for the scattering NN ! HH, AA induced by the Yukawa couplings

fH,A in Eq. (2.1).

involved in the dilution of RHNs through the processes NN ! Si ! SjSk (i, j, k being

scalar indices, see e.g. the diagrams in Fig. 7) and play an important role in leptogenesis,

particularly when the Yukawa coupling f is comparatively smaller. To capture the most

important consequence of the presence of a (light) scalar/pseudoscalar in the type-I see-

saw leptogenesis, we neglect the model-dependent scalar interactions in this section, and

consider only the t-channel process NN ! HH/AA, mediated by the Yukawa coupling f

in Eq. (2.1),3 as shown in Fig. 1.

It should be noted that even if the new scalar develops a non-vanishing vacuum ex-

pectation value (VEV), which is expected to be higher than the electroweak (EW) VEV

at vEW ' 174 GeV, before the EW phase transition the heavy scalar does not mix with

the SM Higgs in the early universe. Therefore, in addition to the RHN mass mN (and

the leptogenesis-relevant quantities such as the e↵ective neutrino mass em), there are only

two free parameters in the e↵ective theory, i.e. the scalar mass mH (mA) and the e↵ective

Yukawa coupling fH(A) in Eq. (2.1).

2.2 Dilution of the lepton asymmetry

The reduced cross section �̂(NN ! HH/AA) can be found in Appendix A [cf. Eqs. (A.1)

and (A.2)], which are dictated by the scalar masses mH, A and the Yukawa coupling f . The

relevant Boltzmann equations, which govern the evolution of the RHN number density and

the lepton asymmetry, are then given by
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where z ⌘ mN/T is a dimensionless parameter, HN ⌘ H(z = 1) ' 17m2
N/MPl is the

Hubble expansion rate at temperature T = mN (with MPl = 1.2 ⇥ 1019 GeV being the

Planck mass), n� = 2T 3⇣(3)/⇡2 is the number density of photons, and ⌘N ⌘ nN/n� is

the normalized number density of RHN (similarly ⌘�L = (nL � nL̄)/n� for the lepton

asymmetry). The �’s are the various thermalized interaction rates: �D for the RHN decay

3We consider the coupling of either H or A in Eq. (2.1) and not both of them simultaneously. So in

what follows, we sometimes denote the coupling simply as f (without the subscript), whose meaning should

be clear from the context.
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Figure 12. Contours of the CP-asymmetry log10 "CP, as functions of the RHN mass mN and the

scalar mass mH in gauged U(1)B�L model, with em = 50 meV and vR = 4 TeV (left) and 10 TeV

(right). The colored regions could generate the observed lepton asymmetry and not falsified by the

processes NN ! H3H3, H3ZR, ZRZR and NN ! ff̄ . The gray bands on the right and at the top

are excluded, respectively, by the perturbativity constraints f <
p

4⇡ and ⇢ < 4⇡.

leptogenesis predictions in two benchmark scenarios are shown in Fig. 12, where for the

sake of comparison, two di↵erent values of the vR scale are adopted, i.e. vR = 4 TeV

and 10 TeV, which are both above the current dilepton limits on ZR mass. As in Fig. 9,

only within the colorful regions, the observed lepton asymmetry could be generated for the

indicated "CP, with em = 50 meV. It is transparent in both panels that when mN . mZR
,

there is almost no limit on the scalar mass mH3 , as in this case the dilution is dominated

by the ZR mediated process NN ! ff̄ , benefiting from the (almost) massless fermions in

the final states and the large number of degrees of freedom. When the RHN is relatively

light, the Yukawa coupling is to some extent suppressed via f = mN/2vR; when H3 is

light, the triple scalar coupling could also be suppressed by m2
H3

, as shown in Eq. (3.3),

thus the process NN ! H3H3 could not compete against NN ! ff̄ .

When the RHNs are su�ciently heavy, e.g. heavier than the current dilepton limits

on ZR boson mass of around 3.7 TeV for gR = gL, such that they could annihilate into two

ZR bosons, the scalar H3 returns to play an important role, in particular when it is close

to the resonance mH3 ' 2mN & 2mZR
. One can see the clear resonance structure around

4 TeV in the left panel of Fig. 12.8 When the vR scale is higher, as exemplified in the right

panel of Fig. 12, the ZR gets heavier, and the leptogenesis limits on the scalar mass become

less stringent, and making it more challenging for the LHC and future collider tests (see

Sec. 5 below).

Analogous to Figs. 6 and 10, we present in Fig. 13 the leptogenesis limits on mH3 ,

as functions of the scale vR, with fixed mN = 5 TeV, em = 50 meV and the indicated

values of "CP. All the shaded regions below (or on the left of) these curves are excluded,

which correspond to the lighter scalar mass. The peak structure at around mH3 ' 10 TeV

corresponds to the resonance mH3 ' 2mN , which helps to exclude large regions in the

8There exists another resonance e↵ect that occurs at mN ' mZR/2 ' 2 TeV where the process NN !
ZR ! ff̄ is largely enhanced, and thus we have the gap at around 2 TeV in the left panel of Fig. 12.
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Conclusion

light scalar in minimal left-right model
neutral component from SU(2)R -triplet

mixings to SM Higgs and flavor-changing heavy doublet
are constrained to be small

mostly decays into diphoton (through WR loop)

long-lived particle (∼ 0.1 to 10 GeV)

high intensity frontier
SHiP: B → KH3, H3 → γγ

high energy frontier
LHC+MATHUSLA: LLP searches

W ∗
R → H3WR , H3 → γγ

Testing the seesaw mechanism via the LLP searches
(can be generalized to other U(1)B−L models)

A new probe of the origin of neutrino mass mechanism
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