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SM success: triumph of the gauge principle

QED

Precision electroweak

Perturbative QCD / Lattice QCD

CKM picture for flavor physics
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SM challenge: mystery of the vacuum

Origin of W , Z masses

Origin of quark & lepton masses, mixing, CP violation

Origin of neutrino masses, mixing

Dark energy / Inflation

Hierarchy
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The Standard Model: EWSB from a scalar SU(2)L doublet

A one-line theory:

LHiggs = |DµΦ|2 − [−µ2Φ†Φ + λ(Φ†Φ)2]− [yf f̄RΦ†FL + h.c.]

Most general, renormalizable, gauge-invariant theory involving a single spin-

zero (scalar) field with isospin 1/2, hypercharge 1.

−µ2 term: vacuum condensate! EW symmetry spontaneously
broken; Goldstone bosons gauged away, 1 physical particle h.
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(v + h+ iG0)/
√
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Mass and vacuum expectation value of h are fixed by minimizing
the Higgs potential:

v2 = µ2/λ M2
h = 2λv2 = 2µ2
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The Standard Model: EWSB from a scalar SU(2)L doublet

SM Higgs couplings to SM particles are fixed by the mass-generation

mechanism.

W and Z: gZ ≡ g/ cos θW =
√
g2 + g′2, v = 246 GeV

L = |DµΦ|2 → (g2/4)(h+ v)2W+W−+ (g2
Z/8)(h+ v)2ZZ

M2
W = g2v2/4 hWW : i(g2v/2)gµν

M2
Z = g2

Zv
2/4 hZZ : i(g2

Zv/2)gµν

Fermions:

L = −yf f̄RΦ†FL + · · · → −(yf/
√

2)(h+ v)f̄RfL + h.c.

mf = yfv/
√

2 hf̄f : imf/v

Gluon pairs and photon pairs:

induced at 1-loop by fermions, W -boson.
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Could some of the vacuum condensate

come from a higher-isospin scalar field?
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Part of vacuum condensate from a higher-isospin scalar field?

Fermion masses can arise only from SU(2)L doublet(s)

L = −yf f̄RΦ†FL + · · · → −(yf/
√

2)(φ0,r + vφ)f̄RfL + h.c.

mf = yfvφ/
√

2 φ0,rf̄f : iyf/
√

2 = imf/vφ

FL is doublet, fR is singlet, need Φ doublet for gauge invariance

Top quark Yukawa perturbativity ⇒ lower bound on doublet vev:

define cos θH ≡ vφ/vSM, then tan θH < 10/3 (or cos θH > 0.287)

Scalar couplings to fermions come from their doublet content

Φ =

(
φ+

(vφ + φ0,r + iφ0,i)/
√

2

)

With other scalar fields in play, Goldstone bosons are linear combinations of different fields.
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Part of vacuum condensate from a higher-isospin scalar field?

W and Z masses arise from anything carrying SU(2)L×U(1)Y

M2
W =

g2

4

∑

k

2

[
Tk(Tk + 1)− Y

2
k

4

]
v2
k =

g2

4
v2

SM

M2
Z =

g2

4 cos2 θW

∑

k

Y 2
k v

2
k =

g2

4 cos2 θW
v2

SM

(Q = T 3 + Y/2, vevs defined as 〈φ0
k〉 = vk/

√
2 for complex reps and 〈φ0

k〉 = vk for real reps)

Used Q = 0 for component carrying the vev to simplify expressions

Top Yukawa perturbativity → (vφ/vSM)2 > (0.287)2 = 0.082

⇒ At least 8.2% of M2
W,Z comes from doublet.

Lots of room for higher-isospin scalar contributions!

Can we constrain this exotic possibility?
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Problem with higher-isospin scalar multiplets

ρ ≡ ratio of strengths of charged and neutral weak currents

ρ =
M2
W

M2
Z cos2 θW

=

∑
k 2[Tk(Tk + 1)− Y 2

k /4]v2
k∑

k Y
2
k v

2
k

(Q = T 3 + Y/2, vevs defined as 〈φ0
k〉 = vk/

√
2 for complex reps and 〈φ0

k〉 = vk for real reps)

PDG 2014: ρ = 1.000 40± 0.000 24

We can still have higher-isospin scalars with non-negligible vevs;
only two approaches using symmetry: (could also tune ρ by hand, but icky)

1) Impose global SU(2)L×SU(2)R symmetry on scalar sector
=⇒ breaks to custodial SU(2) upon EWSB; ρ = 1 at tree level

Georgi & Machacek 1985; Chanowitz & Golden 1985

2) ρ = 1 “by accident” for (T, Y ) = (1
2,1) doublet; (3,4) septet

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

Larger solutions forbidden by perturbative unitarity of weak charges.
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Both have theoretical “issues”:

1) Global SU(2)L×SU(2)R is broken by gauging hypercharge.

Gunion, Vega & Wudka 1991

Special relations among param’s of full gauge-invariant scalar

potential can only hold at one energy scale: violated by running

due to hypercharge. Garcia-Pepin, Gori, Quiros, Vega, Vega-Morales, Yu 2014

Need the UV completion to be nearby!

2) Can’t give the septet a vev through spontaneous breaking

without generating a physical massless Goldstone boson.

Have to couple it to the SM doublet through a dimension-7

XΦ∗Φ5 term Hisano & Tsumura 2013

Need the UV completion to be nearby!

Need UV completion to solve the hierarchy problem anyway!
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How large can the isospin be? Hally, HEL, & Pilkington 1202.5073

Consider 2→ 2 scattering amplitudes for φφ→ VTVT :

transverse SU(2)L gauge bosons

- no growth with E2; amplitude depends on weak charges & number of φ’s

II. COUPLINGS AND MATRIX ELEMENTS

To obtain the desired unitarity constraints, we study
scattering of two scalars into two electroweak gauge
bosons in the high-energy limit, for overall electrically
neutral initial and final states. We are interested in the
constraints that arise from large electroweak charges;
therefore, we ignore electroweak symmetry breaking and
work in the unmixed SUð2ÞL # Uð1ÞY basis. This has the
advantage of allowing us to cleanly separate the constraints
due to the SUð2ÞL and Uð1ÞY interactions. We also thus
consider only the transverse polarization states of the
gauge bosons and ignore the gauge boson masses.

The gauge interactions of the scalars arise from the
scalar gauge-kinetic terms,

L $
8
<
:
ðD!XÞyðD!XÞ for X complex;

1
2 ðD!!ÞyðD!!Þ for ! real:

(2)

We will express the complex and real scalar multiplets in
the charge basis as

X ¼

"1

"2

..

.

"n

0
BBBBBB@

1
CCCCCCA
; ! ¼

#Q

..

.

#0

..

.

#&Q

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

: (3)

Note that for the real multiplet, Y must be zero and T must
be an integer. Note also that #0 is a real scalar, while the
neutral member ofX (if one exists) is a complex scalar. The
positively and negatively charged states in! are related by
ð#QÞ' ¼ ð&1ÞQ#&Q. For X we also have T3"1 ¼ T"1,
T3"n ¼ &T"n, etc., where T is the total isospin of the
multiplet X and T3 is the third component of the isospin.

The covariant derivative is given as usual by

D!¼@!& igWa
!T

a& ig0B!
Y

2

¼@!& i
gffiffiffi
2

p ðWþ
!T

þþW&
!T

&Þ& igW3
!T

3& ig0B!
Y

2
;

(4)

where Ta are the SUð2Þ generators and W) and T) are
given by

W)
! ¼ 1ffiffiffi

2
p ðW1

! * iW2
!Þ; T) ¼ T1 ) iT2: (5)

The partial wave amplitudes are related to scattering
matrix elements according to

M ¼ 16$
X

J

ð2J þ 1ÞaJPJðcos%Þ; (6)

where J is the orbital angular momentum of the final state
and PJðcos%Þ is the corresponding Legendre polynomial.
Tree-level partial wave unitarity dictates that

jRea0j + 1=2: (7)

We will use only the zeroth partial wave amplitude, a0, to
set our unitarity limits.
The contributing Feynman diagrams are shown in

Fig. 1. Diagrams (a), (b), and (c) contribute to the processes
"'" ! BB, W3W3, and BW3, while all four diagrams
contribute to the process "'" ! WþW&. The matrix ele-
ments are computed in the Appendix. For each final state,
there are four distinct polarization combinations of the
gauge bosons; two combinations give zero for the matrix
element, while the other two each yield the same zeroth
partial wave matrix element in the high-energy limit.
For the complex scalar X we find,

a0ð"'
i"i ! BB=

ffiffiffi
2

p
Þ ¼ g2

16$

s2W
c2W

Y2

2
ffiffiffi
2

p ;

a0ð"'
i"i ! BW3Þ ¼ g2

16$

sW
cW

T3Y;

a0ð"'
i"i ! W3W3=

ffiffiffi
2

p
Þ ¼ g2

16$

ffiffiffi
2

p
ðT3Þ2;

a0ð"'
i"i ! WþW&Þ ¼ g2

16$
½TðT þ 1Þ & ðT3Þ2-;

(8)

where sW (cW) is the sine (cosine) of the weak mixing
angle defined via g0=g ¼ sW=cW , and we have used the
fact that initial or final states involving two identical par-
ticles receive an extra 1=

ffiffiffi
2

p
normalization.

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

FIG. 1. Feynman diagrams contributing to ""' ! V1V2.

KATY HALLY, HEATHER E. LOGAN, AND TERRY PILKINGTON PHYSICAL REVIEW D 85, 095017 (2012)

095017-2
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How large can the isospin be? Hally, HEL, & Pilkington 1202.5073

Consider 2→ 2 scattering amplitudes for VTVT → φφ:
transverse SU(2)L gauge bosons
- no growth with E2; amplitude depends on weak charges & number of φ’s

General result for complex scalar multiplet with n = 2T + 1:

amax
0 =

g2

16π

(n2 − 1)
√
n

2
√

3

- Real scalar multiplet: divide by
√

2 to account for smaller number of φ’s

- More than one multiplet: add a0’s in quadrature

Unitarity: require largest eigenvalue amax
0 satisfies |Re a0| < 1/2:

- Complex multiplet ⇒ T ≤ 7/2 (8-plet)
- Real multiplet ⇒ T ≤ 4 (9-plet)
- Constraints tighter if more than one large multiplet is present

(generally required in SU(2)L×SU(2)R-symmetric models)

Essentially a requirement that the weak charges not be too large.
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The models

1) Models with global SU(2)L×SU(2)R symmetry:

a) Georgi-Machacek model

b) Generalizations to higher isospin

2) Model with a scalar septet

All these models share a key common feature:

H±± ↔W±W± and H± ↔W±Z
with couplings controlled by vev of higher-isospin scalar(s)

Generic experimental probe is diboson resonance search in VBF.
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Theoretical origin of common feature:
Unitarization of WW →WW , WW → ZZ scattering amplitudes

Why a Higgs?

SU(2) x U(1) @ E
2

including (d+e)E <
√

8πv " 1.2 TeV

Graphic: S. Chivukula

- SM: Higgs exchange cancels E2/v2 term in amplitude.
- 2HDM/SM+singlet: cancellation→ sum rule (κhV )2+(κHV )2 = 1
- Higher-isospin scalars: (κhV )2 + (κHV )2 > 1, need H±± and H±

in new u-channel diagrams: couplings inter-related
Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Physical spectrum: Custodial symmetry fixes almost everything!

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1

- Two custodial singlets mix → h0, H0

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

0
3 , H

−
3 ) + Goldstones

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) unitarizes V V → V V
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Georgi-Machacek model Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs bidoublet + two isospin-triplets in a bitriplet:

Φ =

(
φ0∗ φ+

−φ+∗ φ0

)
X =




χ0∗ ξ+ χ++

−χ+∗ ξ0 χ+

χ++∗ −ξ+∗ χ0




Physical spectrum: Custodial symmetry fixes almost everything!

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1

- Two custodial singlets mix → h0, H0 mh, mH ← (very similar

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

0
3 , H

−
3 ) m3 ← to 2HDM)

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) m5 ← new!
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Generalized Georgi-Machacek models
Galison 1984; Robinett 1985; HEL 1999; Chang et al 2012; HEL & Rentala 2015

Replace the bitriplet with a bi-n-plet =⇒ “GGMn”

Bidoublet: 2× 2→ 3 + 1 Bitriplet: 3× 3→ 5 + 3 + 1
Biquartet: 4× 4→ 7 + 5 + 3 + 1

Bipentet: 5× 5→ 9 + 7 + 5 + 3 + 1
Bisextet: 6× 6→ 11 + 9 + 7 + 5 + 3 + 1

Larger bi-n-plets forbidden by perturbative unitarity of weak charges!

- Two custodial singlets mix → h0, H0

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

0
3 , H

−
3 ) + Goldstones

- Custodial fiveplet (H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5 ) unitarizes V V → V V

- Additional states
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Phenomenology I: custodial singlets h0, H0

Vevs: 〈Φ〉 = (vφ/
√

2)I2×2, 〈Xn〉 = vnIn×n =⇒ define cH = vφ/v

Recall c2
H = fraction of M2

W,Z coming from doublet vev

Two custodial-singlet states are mixtures of φ0,r and custodial

singlet from higher-isospin scalars:

h0 = cαφ
0,r − sαH ′01 , H0 = sαφ

0,r + cαH
′0
1

Couplings to W+W−/ZZ and f̄f :

κhV = cαcH −
√
AsαsH κhf = cα/cH

κHV = sαcH +
√
AcαsH κHf = sα/cH

Note that κhV ≤
[
1 + (A− 1)s2

H

]1/2
, saturated when κHV = 0.√

A factor comes from the generators: A = 4T (T + 1)/3

AGM = 8/3, AGGM4 = 15/3, AGGM5 = 24/3, AGGM6 = 35/3

(Septet model: A7 = 16)
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Large enhancements of κhV possible for large sH (up to about 3.3):
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yt perturbativity → tan θH < 10/3

HEL & Rentala, 1502.01275

Impossible to have κhV , κ
h
f = 1 without sH → 0:

High-precision measurements of Higgs couplings will constrain
higher-isospin vacuum condensate.

κhV = cαcH −
√
AsαsH κhf = cα/cH

κHV = sαcH +
√
AcαsH κHf = sα/cH
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Phenomenology II: custodial triplet H+
3 , H

0
3 , H

−
3

Couplings to fermions are the same as H±, A0 in Type-I 2HDM:

H0
3 ūu :

mu

v
tan θHγ5, H0

3 d̄d : −md

v
tan θHγ5,

H+
3 ūd : −i

√
2

v
Vud tan θH (muPL −mdPR) ,

H+
3 ν̄` : i

√
2

v
tan θHm`PR.

ZH+
3 H

−
3 also the same as in 2HDM:

constraints from b→ sγ, Bs → µµ, Rb, etc translate directly.

Vector-phobic: no H3V V couplings at tree level.
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Constraint from b→ sγ

H+
3 in the loop: measurement constrains m3 and sin θH

- Holds for all generalizations of Georgi-Machacek model
- Also constrains septet model, but not identical

 0
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si
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Hartling, Kumar & HEL, 1410.5538
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Constraint from b→ sγ in original Georgi-Machacek model:

Apply to original Georgi-Machacek model: s2
H < 0.56

Can constrain because high sH at high m3 is theoretically inaccessible.

⇒ at least 44% of M2
W,Z is due to doublet vev (Model-dependent bound)

Hartling, Kumar & HEL, 1410.5538 (Light green points excluded by b→ sγ)
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Phenomenology III: custodial fiveplet H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5

Custodial-fiveplet comes only from higher-isospin scalars:
no couplings to fermions!

H5V V couplings are nonzero: very different from 2HDM!

H0
5W

+
µ W

−
ν : −i2M

2
W

vSM

g5√
6
gµν,

H0
5ZµZν : i

2M2
Z

vSM

√
2

3
g5gµν,

H+
5 W

−
µ Zν : −i2MWMZ

vSM

g5√
2
gµν,

H++
5 W−µ W

−
ν : i

2M2
W

vSM
g5gµν,

Coupling strength depends on the isospins of the scalars involved:

gGM
5 =

√
2sH , gGGM4

5 =

√
24

5
sH , gGGM5

5 =

√
42

5
sH , gGGM6

5 =
8√
5
sH

Direct probe of higher-isospin vacuum condensate!
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Phenomenology III: custodial fiveplet H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5

Custodial-fiveplet comes only from higher-isospin scalars:
no couplings to fermions!

H5V V couplings are nonzero: very different from 2HDM!

H0
5W

+
µ W

−
ν : −i2M

2
W

vSM

g5√
6
gµν,

H0
5ZµZν : i

2M2
Z

vSM

√
2

3
g5gµν,

H+
5 W

−
µ Zν : −i2MWMZ

vSM

g5√
2
gµν,

H++
5 W−µ W

−
ν : i

2M2
W

vSM
g5gµν,

But g5 is also fixed by V V → V V unitarization sum rule:

(κhV )2 + (κHV )2 − 5

6
g2

5 = 1

Falkowski, Rychkov & Urbano, 1202.1532 (see also Higgs Hunter’s Guide)

(relies on custodial symmetry in scalar sector; same in all GGM models)
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Constraint from VBF H±±5 →W±W± → same-sign dileptons

Theorist recasting of ATLAS W±W±jj cross-section measure-
ment ATLAS, 1405.6241

⇒ put limit on VBF → H±±5 cross section, directly constrain g5
3
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FIG. 1: (Left) Excluded regions on the mH5 -v∆ plane by the 8-TeV LHC data at 68% and 95% CL. (Right) Contours of
required luminosity for a 5-sigma discovery at the 14-TeV LHC on the mH5 -v∆ plane.

tion of pp → jjW±W± process depends only on v∆ and
mH5 , the mass of H±±

5 and H0
5 .

In Ref. [1], the signal events are classified as the inclu-
sive region and the VBS region. In both of the cases, the
following basic kinematic cuts are imposed:

p!
T > 20 GeV, pj

T > 30 GeV, ET/ > 40 GeV,

|η!| < 2.5, |ηj | < 4.5,

∆R!! > 0.3, ∆Rjj > 0.4, ∆R!j > 0.3,

Mjj > 500 GeV, M!! > 20 GeV, (5)

where pX
T , and ηX and MXX are the transverse mass and

pseudorapidity for parton X , respectively. The distance
between two partons X and Y is denoted by ∆RXY , and
ET/ is the missing transverse energy. The signal events
for the inclusive region are obtained by only taking the
above cuts. For the VBS region, one further imposes the
following cut:

|∆yjj | > 2.4, (6)

where ∆yjj is the rapidity difference between the dijets.
We note that the cross section of the inclusive region in-
cludes contributions from both electroweak and strong
processes, while that of the VBS region mainly the elec-
troweak processes due to the cut in Eq. (6).

From the measured pp → jj"±"±ET/ events and
Monte Carlo background simulations, the fiducial cross
sections for the inclusive and VBS regions are re-
spectively derived to be 2.1±0.5(stat)±0.3(sys) fb and
1.3±0.4(stat)±0.2(sys) fb [1]. The corresponding SM
cross sections quoted in Ref. [1] are 1.52± 0.11 fb and
0.95±0.06 fb. Therefore, the SM predictions are consis-
tent with the measured fiducial cross sections within 1σ.

In the following numerical analysis, we use
MadGraph5 [11] for simulations and CTEQ6L for the
parton distribution functions. Before comparing the
cross sections in the GM model with the fiducial values,

we first calibrate the SM cross sections. Our SM simu-
lations give the inclusive cross section as 1.66 fb and the
VBS cross section as 1.06 fb. We will thus multiply the
factors 0.92 (=1.52 fb/1.66 fb) and 0.90 (=0.95 fb/1.06
fb) to the cross sections simulated in our analysis in
the inclusive and VBS regions, respectively. We confirm
that the VBS region has a better sensitivity than the
inclusive region. For example, using the analysis based
on the VBS (inclusive) region, we obtain in the case of
mH5 = 200 GeV the upper limit of 27 GeV (32 GeV) at
the 68% CL and 33 GeV (40 GeV) at the 95% CL for
v∆. Therefore, we concentrate on the VBS cross section
in the following analysis.

The left plot in Fig. 1 shows the excluded parameter
region on the mH5 - v∆ plane according to the current
20.3 fb−1 data of 8-TeV LHC. The region above the black
(red) curve is excluded at the 68% (95%) CL. The most
severe upper bound on v∆ is about 30 GeV at the 95%
CL in the case of mH5 = 200 GeV. When a larger value of
mH5 is taken, the bound on v∆ becomes more relaxed due
to smaller production cross sections. When mH5 is taken
to be smaller than about 200 GeV, a milder bound on
v∆ is also obtained, as more events from the 5-plet Higgs
bosons are rejected by the kinematic cuts in Eq. (5).

By applying the same analysis for the VBS region
to the case of 14-TeV collisions, one can calculate ex-
pected cross section deviations from the SM predictions
for different luminosities. In the right plot of Fig. 1,
we show the expected 5-sigma reach for excess in the
pp → jjW±W± process at the 14-TeV LHC on the mH5-
v∆ plane. The integrated luminosity is assumed to be
30, 100 and 300 fb−1 for the three curves. Similar to the
analysis of 8-TeV data, the discovery reach becomes the
largest at around mH5 = 200 GeV, where a 5-sigma dis-
crepancy is expected in the cases of v∆ ! 24, 17 and 12
GeV for the luminosity of 30, 100, 300, and 3000 fb−1,
respectively.

Fig. 2 shows the contours of signal strengths for the

g5 =
√

2sH in GM model

v∆ ≡ vχ = sHvSM/
√

8

Chiang, Kanemura & Yagyu, 1407.5053
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What about higher H5 masses?

Perturbative unitarity of finite part of V V → V V ⇒ upper bound

on H5 mass as function of sH, just like SM Higgs mass bound!

- SM: m2
hSM < 16πv2

SM/5 ' (780 GeV)2 Lee, Quigg & Thacker 1977

- SU(2)L×SU(2)R-symmetric models:

[
(κhV )2m2

h + (κHV )2m2
H +

2

3
g2

5m
2
5

]
<

16πv2
SM

5

Combine with V V → V V unitarization sum rule:

(κhV )2 + (κHV )2 − 5

6
g2

5 = 1

Constraint is loosest (most conservative) when κHV → 0:

g2
5 <

6

5

(16πv2
SM − 5m2

h)

(4m2
5 + 5m2

h)
' 24πv2

SM

5m2
5
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gGM
5 =

√
2sH , gGGM4

5 =

√
24

5
sH , gGGM5

5 =

√
42

5
sH , gGGM6

5 =
8√
5
sH

Note: s2
H ≡ exotic fraction of M2

W,Z is least constrained in original Georgi-Machacek model!
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All the SU(2)L×SU(2)R models are the same when expressed in
terms of g5: use sum rule, (κhV )2 ≤ 1 + 5g2

5/6
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GM

⇒ κhV . 1.57 for m5 > 100 GeV HEL & Rentala, 1502.01275
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Constraint from VBF H±5 →W±Z → qq`+`−

Dedicated ATLAS search for singly-charged resonance in VBF,

using Georgi-Machacek model as benchmark
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H±5 →W±Z exclusion not quite as strong as H±±5 →W±W±, but

more data is coming.
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ATLAS 1503.04233 HEL & Rentala, 1502.01275,

after Chiang, Kanemura & Yagyu, 1407.5053,

after ATLAS, 1405.6241

Straightforward to translate constraint from GM model to its

higher-isospin generalizations.
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What about lower H5 masses?

Constraint on H±±H∓∓+ H±±H∓ in Higgs Triplet Model from
recasting ATLAS like-sign dimuons search ATLAS, 1412.0237

Kanemura, Kikuchi, Yagyu & Yokoya, 1412.7603

Adapt to generalized GM models using

σNLO
tot (pp→ H++

5 H−−5 )GM = σNLO
tot (pp→ H++H−−)HTM,

σNLO
tot (pp→ H±±5 H∓5 )GM =

1

2
σNLO

tot (pp→ H±±H∓)HTM.
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⇒ m5 & 76 GeV,

independent of g5

Takes advantage of mass-

degeneracy of H++
5 and H+

5
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What about lower H5 masses?

Decay-mode-independent OPAL search for Z + S0 production:
constrain H0

5ZZ coupling ∝ g5 OPAL, hep-ex/0206022
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Septet model (work in progress)

Two CP-even neutral scalars:

h0 = cαφ
0,r − sαχ0,r, H0 = sαφ

0,r + cαχ
0,r

One CP-odd neutral scalar: (cH ≡ vφ/vSM as usual)

A0 = −sHφ0,i + cHχ
0,i

Two charged scalars:
(one fermiophilic and one vectorphilic, but they mix in general)

H+
f = −sHφ+ + cH

(√
5

8
χ+1 −

√
3

3
(χ−1)∗

)
,

H+
V =

√
3

8
χ+1 +

√
5

8
(χ−1)∗

A doubly-charged scalar, that couples to W+W+:

H++ = χ+2

Some higher-charged states:

χ+3, χ+4, χ+5

- No H0
5; would-be H+

5 mixes with fermiophilic state
- Rely on H++ to constrain higher-isospin vacuum condensate
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Septet model (work in progress)

H++W−µ W
−
ν : i

2M2
W

vSM
(
√

15sH)gµν

VBF H±± →W±W± is as good as ever!

VBF H± →W±Z loses its clean interpretation:

H+ → f̄f competes with W+Z; mH+ 6= mH++ in general

No custodial symmetry:

- Unitarity bound on sH at high mH++ is modified

- Sum-rule relationship between H++W−W− and hV V couplings is modified

but these still remain useful.

Analysis of LHC constraints on septet-state pair production (trilep-

tons; like-sign dileptons) excludes common masses . 400 GeV

Alvarado, Lehman & Ostdiek, 1404.3208
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Summary & outlook

A higher-isospin component of the vacuum condensate is possi-

ble, but it can be constrained experimentally!

Essential signature is H±±, H± (and sometimes H0
5) coupled to V V :

searches in VBF → V V directly constrain the exotic vev.

Georgi-Machacek model makes a good benchmark:

easy to reinterpret searches in higher-isospin generalizations.

Septet model is best constrained by using H±±, since H± can

mix with fermiophilic state.

V V → V V unitarity constraint means that pushing H±± heavier

forces exotic vev to be smaller.

The least constrained model at high mH++ is the original GM model:

exotic fraction of M2
W,Z ≡ s2

H . (675 GeV/m5)2.
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BACKUP
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Detail:

SM + real triplet ξ: ρ > 1

SM + complex triplet χ (Y = 2): ρ < 1

Combine them both: 〈χ0〉 = vχ, 〈ξ0〉 = vξ; doublet 〈φ0〉 = vφ/
√

2

ρ =
v2
φ + 4v2

ξ + 4v2
χ

v2
φ + 8v2

χ
= 1 when vξ = vχ

To avoid this being fine-tuned, enforce vξ = vχ using a symmetry.

SU(2)L×SU(2)R global symmetry on scalar potential:

- present by accident in SM Higgs sector

- breaks to diagonal subgroup SU(2)custodial upon EWSB
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Implementation of κhV > 1

hV V coupling always suppressed in

models with doublets/singlets:

- SM: 2i
M2
W
v gµν (v ' 246 GeV)

- 2HDM: 2i
M2
W
v gµν sin(β − α)

- SM + singlet: 2i
M2
W
v gµν cosα (h = φ cosα− s sinα)

hWW coup can be enhanced in models with triplets (or larger):

- SM + some multiplet X: 2i
M2
W
v gµν · vXv 2

[
T (T + 1)− Y 2

4

]

(Q = T 3 + Y/2)

- scalar with isospin ≥ 1
- must have a non-negligible vev
- must mix into the observed Higgs h
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Motivation for enhanced hV V couplings

Simultaneous enhancement of all the h couplings can hide a non-
SM contribution to the Higgs width.

LHC measures rates in particular final states:

Rateij =
σiΓj
Γtot

=
κ2
i σ

SM
i · κ2

jΓSM
j∑

k κ
2
kΓSM

k + Γnew

All rates will be identical to SM Higgs if all κi ≡ κ ≥ 1 and

κ2 =
1

1−BRnew
BRnew ≡

Γnew

κ2ΓSM
tot + Γnew

Coupling enhancement hides presence of new decays!
New decays hide presence of coupling enhancement!

Constraint on Γtot (equivalently on κ) from off-shell gg (→ h∗)→ ZZ assumes

no new resonances in s-channel: a light H can cancel effect of modified h

couplings. 1412.7577

Study concrete models in which κ > 1 to gain insight.
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Most general scalar potential: Aoki & Kanemura, 0712.4053

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

Hartling, Kumar & HEL, 1404.2640

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 MW and mh → free parameters are mH, m3, m5, vχ, α plus two

triple-scalar couplings.

Dimension-3 terms usually omitted by imposing Z2 sym. on X.
These dim-3 terms are essential for the model to possess a de-
coupling limit!
(UXU †)ab is just the matrix X in the Cartesian basis of SU(2), found using

U =

( − 1√
2

0 1√
2

− i√
2

0 − i√
2

0 1 0

)
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compare κhV . 3.3 in unconstrained GGM6
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2 deliverables in YR4 draft:

- A fully-specified benchmark scenario for direct H5 searches

- Tables of VBF → H5 cross sections and decay widths
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H5plane benchmark scenario:

- benchmark plane varying m5 ∈ [200,3000] GeV and sH ∈ (0,1)

The 2 most relevant parameters for H5 direct searches are input parameters.

All other input parameters are specified, including mh = 125 GeV.

- compatible with spectrum calculator GMCALC arXiv:1412.7387

INPUTSET = 4: mh, m5, sH, . . . are specified inputs

- satisfies theoretical constraints as much as possible

near-largest possible region of m5–sH plane theoretically accessible (main challenge)

- Choose m3 > m5 so that BR(H5 → V V ) = 1 at tree level

Higgs-to-Higgs H5 → H3V,H3H3 decays are kinematically forbidden: avoid complications
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Specification of H5plane benchmark scenario:

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 input parameters ⇒ trade (µ2
2, µ

2
3, λ1, λ5) for (GF ,m5,mh, sH)

[H]

BP8: Controlled Higgs flavour changing couplings
F. Botella, G.C. Branco, M. Nebot & M.N. Rebelo, arXiv:1508.05101

Main Features Higgs flavour changing decays,
can be probed at the 14 TeV LHC

BP81 BGL model (b, τ)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± >∼ 600 GeV
cos(α− β) ≤ 0.17

tanβ 25− 100
Flavour changing Higgs decay branching fractions

Br(t→ hc) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.46 to 0.64

BP82 BGL model (t, ν2)

Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± >∼ 250 GeV
cos(α− β) ≤ 0.5

tanβ 0.5− 3.5
Flavour changing Higgs decay branching fractions

Br(h→ bs) up to 10−3

Br(h→ µτ ) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.42 to 0.66

BP83 BGL model (b, ν2)
Spectrum: Mh = 125 GeV, MH ≈MA ≈MH± ≈ 600 GeV

cos(α− β) ≤ 0.17
tanβ 1− 25

Flavour changing Higgs decay branching fractions
Br(t→ hc) up to 10−3

Br(h→ µτ ) up to 10−2

Non-SM flavour conserving Higgs decay branching fractions
Br(h→ τ τ̄ ) 0.06 to 0.10
Br(h→ bb̄) 0.42 to 0.66

Fixed parameters Variable parameters Dependent parameters
GF = 1.1663787 × 10−5 GeV−2 m5 ∈ [200, 3000] GeV λ2 = 0.4(m5/1000 GeV)

mh = 125 GeV sH ∈ (0, 1) M1 =
√

2sH(m2
5 + v2)/v

λ3 = −0.1 M2 = M1/6
λ4 = 0.2

Table 6.1: Specification of the H5plane benchmark for the Georgi-Machacek model. These input parameters correspond to
in GMCALC [252].
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VBF → H5 cross sections (NNLO QCD, LO EW, onshell H5)

and H5 decay widths (LO) for H++
5 , H+

5 , H
0
5 , H

−
5 , H

−−
5

Update of numbers in LHCHXSWG-2015-001 (H. Logan & M. Zaro),

already consistent with H5plane benchmark scenario

m5 [GeV] σNNLO
1 (H0

5 ) [fb] σNNLO
1 (H+

5 ) [fb] σNNLO
1 (H−

5 ) [fb]
200. 1375.+0.35%

−0.20% ± 1.8% ± 0.51% 1770.+0.30%
−0.18% ± 1.6% ± 0.46% 1148.+0.36%

−0.21% ± 2.2% ± 0.54%

210. 1288.+0.33%
−0.19% ± 1.8% ± 0.49% 1662.+0.28%

−0.17% ± 1.7% ± 0.45% 1073.+0.34%
−0.21% ± 2.2% ± 0.53%

220. 1209.+0.30%
−0.18% ± 1.8% ± 0.48% 1564.+0.26%

−0.17% ± 1.7% ± 0.44% 1004.+0.32%
−0.20% ± 2.2% ± 0.52%

230. 1136.+0.28%
−0.17% ± 1.8% ± 0.47% 1473.+0.25%

−0.16% ± 1.7% ± 0.43% 940.9+0.31%
−0.19% ± 2.2% ± 0.51%

240. 1069.+0.26%
−0.17% ± 1.8% ± 0.46% 1388.+0.25%

−0.15% ± 1.7% ± 0.42% 883.0+0.29%
−0.18% ± 2.3% ± 0.50%

250. 1006.+0.27%
−0.16% ± 1.8% ± 0.46% 1311.+0.25%

−0.14% ± 1.7% ± 0.41% 829.6+0.27%
−0.17% ± 2.3% ± 0.49%

260. 948.9+0.27%
−0.15% ± 1.8% ± 0.45% 1239.+0.25%

−0.14% ± 1.7% ± 0.40% 780.4+0.27%
−0.17% ± 2.3% ± 0.48%

270. 895.7+0.27%
−0.15% ± 1.8% ± 0.44% 1172.+0.25%

−0.13% ± 1.7% ± 0.39% 734.9+0.27%
−0.16% ± 2.3% ± 0.48%

280. 846.3+0.27%
−0.14% ± 1.8% ± 0.43% 1110.+0.25%

−0.13% ± 1.7% ± 0.38% 692.8+0.28%
−0.15% ± 2.3% ± 0.47%

290. 800.5+0.27%
−0.14% ± 1.8% ± 0.42% 1052.+0.26%

−0.12% ± 1.7% ± 0.37% 653.8+0.28%
−0.14% ± 2.3% ± 0.46%

300. 757.8+0.27%
−0.13% ± 1.8% ± 0.41% 997.7+0.26%

−0.11% ± 1.7% ± 0.37% 617.5+0.28%
−0.14% ± 2.3% ± 0.45%

310. 718.0+0.28%
−0.12% ± 1.8% ± 0.40% 947.3+0.26%

−0.10% ± 1.7% ± 0.36% 583.9+0.28%
−0.13% ± 2.4% ± 0.45%

320. 680.9+0.28%
−0.12% ± 1.8% ± 0.40% 900.3+0.26%

−0.10% ± 1.7% ± 0.35% 552.6+0.28%
−0.13% ± 2.4% ± 0.44%

330. 646.3+0.28%
−0.11% ± 1.8% ± 0.39% 856.2+0.27%

−0.09% ± 1.7% ± 0.34% 523.4+0.28%
−0.13% ± 2.4% ± 0.43%

340. 614.0+0.28%
−0.11% ± 1.9% ± 0.38% 815.0+0.27%

−0.09% ± 1.7% ± 0.33% 496.1+0.28%
−0.12% ± 2.4% ± 0.42%

350. 583.7+0.28%
−0.10% ± 1.9% ± 0.37% 776.3+0.27%

−0.08% ± 1.7% ± 0.32% 470.7+0.28%
−0.12% ± 2.4% ± 0.42%

360. 555.2+0.28%
−0.10% ± 1.9% ± 0.37% 739.9+0.27%

−0.08% ± 1.7% ± 0.31% 446.9+0.28%
−0.11% ± 2.4% ± 0.41%

370. 528.6+0.28%
−0.09% ± 1.9% ± 0.36% 705.8+0.27%

−0.08% ± 1.7% ± 0.31% 424.6+0.28%
−0.10% ± 2.5% ± 0.41%

380. 503.6+0.28%
−0.09% ± 1.9% ± 0.35% 673.7+0.27%

−0.07% ± 1.7% ± 0.30% 403.7+0.28%
−0.10% ± 2.5% ± 0.40%

390. 480.0+0.28%
−0.08% ± 1.9% ± 0.34% 643.4+0.27%

−0.06% ± 1.7% ± 0.29% 384.1+0.28%
−0.09% ± 2.5% ± 0.39%

400. 457.9+0.28%
−0.07% ± 1.9% ± 0.34% 614.9+0.27%

−0.06% ± 1.7% ± 0.28% 365.7+0.28%
−0.09% ± 2.5% ± 0.39%

410. 437.1+0.28%
−0.07% ± 1.9% ± 0.33% 588.0+0.27%

−0.05% ± 1.7% ± 0.28% 348.4+0.28%
−0.08% ± 2.5% ± 0.38%

420. 417.4+0.28%
−0.06% ± 1.9% ± 0.32% 562.6+0.27%

−0.05% ± 1.7% ± 0.27% 332.1+0.28%
−0.07% ± 2.5% ± 0.38%

430. 398.9+0.28%
−0.06% ± 1.9% ± 0.32% 538.5+0.27%

−0.04% ± 1.7% ± 0.26% 316.8+0.29%
−0.06% ± 2.5% ± 0.37%

440. 381.4+0.28%
−0.06% ± 1.9% ± 0.31% 515.8+0.27%

−0.06% ± 1.7% ± 0.25% 302.3+0.29%
−0.06% ± 2.6% ± 0.36%

450. 364.9+0.28%
−0.05% ± 1.9% ± 0.30% 494.3+0.27%

−0.07% ± 1.7% ± 0.24% 288.7+0.28%
−0.06% ± 2.6% ± 0.36%

460. 349.2+0.28%
−0.05% ± 1.9% ± 0.30% 473.9+0.27%

−0.08% ± 1.7% ± 0.24% 275.9+0.28%
−0.06% ± 2.6% ± 0.35%

470. 334.4+0.28%
−0.06% ± 1.9% ± 0.29% 454.6+0.27%

−0.09% ± 1.7% ± 0.23% 263.7+0.28%
−0.06% ± 2.6% ± 0.35%

480. 320.4+0.28%
−0.07% ± 1.9% ± 0.28% 436.3+0.28%

−0.10% ± 1.7% ± 0.22% 252.2+0.28%
−0.07% ± 2.6% ± 0.34%

490. 307.1+0.28%
−0.08% ± 1.9% ± 0.28% 418.9+0.28%

−0.12% ± 1.7% ± 0.22% 241.4+0.28%
−0.08% ± 2.6% ± 0.34%

500. 294.5+0.28%
−0.10% ± 2.0% ± 0.27% 402.4+0.28%

−0.13% ± 1.7% ± 0.21% 231.1+0.28%
−0.09% ± 2.7% ± 0.33%

550. 240.4+0.28%
−0.15% ± 2.0% ± 0.24% 331.0+0.28%

−0.18% ± 1.8% ± 0.18% 187.0+0.28%
−0.15% ± 2.7% ± 0.31%

600. 198.0+0.28%
−0.20% ± 2.0% ± 0.21% 274.8+0.28%

−0.24% ± 1.8% ± 0.14% 152.9+0.28%
−0.21% ± 2.8% ± 0.29%

650. 164.5+0.28%
−0.26% ± 2.1% ± 0.19% 230.0+0.28%

−0.29% ± 1.8% ± 0.11% 126.1+0.28%
−0.26% ± 2.9% ± 0.27%

700. 137.7+0.29%
−0.32% ± 2.1% ± 0.16% 193.8+0.28%

−0.34% ± 1.8% ± 0.08% 104.8+0.28%
−0.32% ± 3.0% ± 0.25%

750. 115.9+0.29%
−0.36% ± 2.1% ± 0.14% 164.3+0.29%

−0.39% ± 1.8% ± 0.05% 87.64+0.28%
−0.37% ± 3.1% ± 0.23%

800. 98.20+0.29%
−0.41% ± 2.2% ± 0.11% 140.1+0.29%

−0.43% ± 1.8% ± 0.02% 73.75+0.29%
−0.42% ± 3.2% ± 0.21%

850. 83.60+0.29%
−0.46% ± 2.2% ± 0.09% 120.0+0.29%

−0.48% ± 1.8% ± 0.00% 62.39+0.29%
−0.47% ± 3.2% ± 0.20%

900. 71.50+0.29%
−0.51% ± 2.2% ± 0.07% 103.3+0.29%

−0.53% ± 1.9% ± 0.03% 53.03+0.29%
−0.52% ± 3.3% ± 0.18%

950. 61.41+0.29%
−0.55% ± 2.3% ± 0.05% 89.21+0.29%

−0.57% ± 1.9% ± 0.06% 45.27+0.29%
−0.57% ± 3.4% ± 0.17%

1000. 52.94+0.30%
−0.60% ± 2.3% ± 0.03% 77.35+0.29%

−0.62% ± 1.9% ± 0.08% 38.80+0.29%
−0.62% ± 3.5% ± 0.16%

Table 6.2: VBF production cross sections for H0
5 , H+

5 and H−
5 in the GM model, computed for sH = 1 at the

√
s = 13 TeV

LHC. The first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF uncertainty, and the third is the αs

uncertainty. The uncertainty from uncalculated NLO electroweak corrections should be taken as ±7%. The relative Monte Carlo
numerical integration error is below 5 × 10−4 in all cases.
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m5 [GeV] σNNLO
1 (H++

5 ) [fb] σNNLO
1 (H−−

5 ) [fb]
200. 2511.+0.24%

−0.14% ± 1.9% ± 0.40% 1070.+0.33%
−0.21% ± 2.9% ± 0.54%

210. 2364.+0.24%
−0.14% ± 1.9% ± 0.39% 997.0+0.31%

−0.20% ± 2.9% ± 0.53%

220. 2229.+0.23%
−0.13% ± 1.9% ± 0.38% 930.3+0.29%

−0.19% ± 3.0% ± 0.52%

230. 2104.+0.24%
−0.13% ± 1.9% ± 0.37% 869.2+0.27%

−0.19% ± 3.0% ± 0.51%

240. 1988.+0.24%
−0.12% ± 1.9% ± 0.35% 813.3+0.25%

−0.18% ± 3.0% ± 0.51%

250. 1881.+0.24%
−0.11% ± 1.9% ± 0.34% 762.0+0.25%

−0.18% ± 3.1% ± 0.50%

260. 1781.+0.24%
−0.10% ± 1.9% ± 0.33% 714.8+0.25%

−0.18% ± 3.1% ± 0.49%

270. 1689.+0.25%
−0.09% ± 1.9% ± 0.32% 671.3+0.25%

−0.17% ± 3.1% ± 0.49%

280. 1602.+0.25%
−0.09% ± 1.9% ± 0.31% 631.2+0.25%

−0.16% ± 3.1% ± 0.48%

290. 1522.+0.24%
−0.09% ± 1.9% ± 0.30% 594.1+0.26%

−0.15% ± 3.2% ± 0.47%

300. 1447.+0.25%
−0.08% ± 1.9% ± 0.29% 559.8+0.26%

−0.14% ± 3.2% ± 0.47%

310. 1377.+0.25%
−0.07% ± 1.9% ± 0.28% 527.9+0.26%

−0.14% ± 3.2% ± 0.46%

320. 1311.+0.25%
−0.06% ± 1.9% ± 0.28% 498.4+0.26%

−0.13% ± 3.3% ± 0.45%

330. 1249.+0.25%
−0.06% ± 1.9% ± 0.27% 471.0+0.26%

−0.13% ± 3.3% ± 0.45%

340. 1192.+0.25%
−0.06% ± 1.9% ± 0.26% 445.4+0.26%

−0.12% ± 3.3% ± 0.44%

350. 1137.+0.25%
−0.05% ± 1.9% ± 0.25% 421.6+0.26%

−0.12% ± 3.3% ± 0.44%

360. 1086.+0.25%
−0.05% ± 1.9% ± 0.24% 399.4+0.26%

−0.11% ± 3.4% ± 0.43%

370. 1038.+0.25%
−0.07% ± 1.9% ± 0.23% 378.7+0.26%

−0.10% ± 3.4% ± 0.43%

380. 992.6+0.25%
−0.08% ± 2.0% ± 0.22% 359.3+0.26%

−0.10% ± 3.4% ± 0.42%

390. 949.8+0.25%
−0.09% ± 2.0% ± 0.21% 341.1+0.25%

−0.10% ± 3.5% ± 0.42%

400. 909.3+0.25%
−0.11% ± 2.0% ± 0.21% 324.1+0.26%

−0.09% ± 3.5% ± 0.41%

410. 871.1+0.25%
−0.12% ± 2.0% ± 0.20% 308.1+0.26%

−0.09% ± 3.5% ± 0.41%

420. 835.0+0.25%
−0.13% ± 2.0% ± 0.19% 293.1+0.26%

−0.08% ± 3.6% ± 0.41%

430. 800.8+0.25%
−0.14% ± 2.0% ± 0.18% 279.0+0.26%

−0.07% ± 3.6% ± 0.40%

440. 768.4+0.26%
−0.16% ± 2.0% ± 0.17% 265.8+0.26%

−0.07% ± 3.6% ± 0.40%

450. 737.7+0.26%
−0.17% ± 2.0% ± 0.16% 253.3+0.26%

−0.08% ± 3.6% ± 0.39%

460. 708.5+0.26%
−0.18% ± 2.0% ± 0.16% 241.5+0.27%

−0.10% ± 3.7% ± 0.39%

470. 680.9+0.26%
−0.19% ± 2.0% ± 0.15% 230.5+0.27%

−0.11% ± 3.7% ± 0.39%

480. 654.5+0.26%
−0.20% ± 2.0% ± 0.14% 220.0+0.27%

−0.13% ± 3.7% ± 0.38%

490. 629.5+0.26%
−0.21% ± 2.0% ± 0.13% 210.2+0.26%

−0.14% ± 3.8% ± 0.38%

500. 605.7+0.26%
−0.22% ± 2.0% ± 0.13% 200.8+0.27%

−0.15% ± 3.8% ± 0.38%

550. 502.4+0.26%
−0.27% ± 2.0% ± 0.09% 161.1+0.27%

−0.21% ± 3.9% ± 0.36%

600. 420.3+0.26%
−0.33% ± 2.0% ± 0.05% 130.6+0.27%

−0.28% ± 4.1% ± 0.35%

650. 354.3+0.27%
−0.38% ± 2.0% ± 0.02% 106.9+0.26%

−0.33% ± 4.3% ± 0.34%

700. 300.7+0.27%
−0.43% ± 2.1% ± 0.01% 88.12+0.26%

−0.39% ± 4.4% ± 0.33%

750. 256.7+0.27%
−0.48% ± 2.1% ± 0.05% 73.17+0.27%

−0.45% ± 4.6% ± 0.32%

800. 220.3+0.27%
−0.53% ± 2.1% ± 0.08% 61.13+0.27%

−0.50% ± 4.7% ± 0.31%

850. 189.9+0.27%
−0.57% ± 2.1% ± 0.11% 51.36+0.27%

−0.56% ± 4.9% ± 0.31%

900. 164.4+0.28%
−0.62% ± 2.1% ± 0.14% 43.37+0.27%

−0.61% ± 5.0% ± 0.30%

950. 142.8+0.28%
−0.67% ± 2.2% ± 0.17% 36.79+0.28%

−0.66% ± 5.2% ± 0.30%

1000. 124.5+0.28%
−0.71% ± 2.2% ± 0.20% 31.33+0.28%

−0.72% ± 5.4% ± 0.30%

Table 6.4: VBF production cross sections for H++
5 and H−−

5 in the GM model, computed for sH = 1 at the
√

s = 13 TeV LHC. The
first (asymmetric) uncertainties are the QCD scale uncertainty, the second is the PDF uncertainty, and the third is the αs uncertainty. The
uncertainty from uncalculated NLO electroweak corrections should be taken as ±7%. The relative Monte Carlo numerical integration
error is below 5 × 10−4 in all cases.
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Uncert on σ from uncalculated NLO EW corrs ' ±7%

m5 [GeV] Γtot
1 (H±±

5 ) [GeV] Γtot
1 (H±

5 ) [GeV] Γtot
1 (H0

5 ) [GeV] BR(H0
5 → W+W−)

200. 1.006 0.8608 0.8008 0.4187+14.%
−14.%

210. 1.275 1.118 1.071 0.3969+15.%
−14.%

220. 1.578 1.410 1.362 0.3863+15.%
−14.%

230. 1.921 1.737 1.686 0.3799+15.%
−14.%

240. 2.307 2.105 2.051 0.3749+15.%
−15.%

250. 2.739 2.516 2.459 0.3714+16.%
−15.%

260. 3.219 2.975 2.912 0.3685+16.%
−15.%

270. 3.750 3.484 3.414 0.3661+16.%
−15.%

280. 4.333 4.045 3.968 0.3640+16.%
−15.%

290. 4.972 4.660 4.577 0.3621+16.%
−15.%

300. 5.666 5.332 5.241 0.3604+16.%
−15.%

310. 6.420 6.063 5.965 0.3588+16.%
−15.%

320. 7.235 6.854 6.748 0.3574+16.%
−15.%

330. 8.112 7.708 7.595 0.3560+16.%
−15.%

340. 9.054 8.627 8.506 0.3548+16.%
−15.%

350. 10.06 9.612 9.483 0.3537+16.%
−15.%

360. 11.14 10.67 10.53 0.3526+16.%
−15.%

370. 12.29 11.79 11.65 0.3517+16.%
−15.%

380. 13.51 12.99 12.83 0.3508+16.%
−15.%

390. 14.80 14.26 14.10 0.3499+16.%
−15.%

400. 16.17 15.60 15.44 0.3491+16.%
−15.%

410. 17.62 17.03 16.85 0.3484+16.%
−15.%

420. 19.14 18.53 18.35 0.3477+16.%
−15.%

430. 20.75 20.12 19.93 0.3471+16.%
−15.%

440. 22.45 21.79 21.59 0.3465+16.%
−15.%

450. 24.23 23.55 23.34 0.3459+16.%
−15.%

460. 26.09 25.39 25.18 0.3454+16.%
−15.%

470. 28.05 27.33 27.10 0.3449+16.%
−15.%

480. 30.09 29.35 29.12 0.3445+16.%
−15.%

490. 32.24 31.47 31.23 0.3440+16.%
−15.%

500. 34.47 33.68 33.44 0.3436+16.%
−15.%

550. 47.15 46.25 45.97 0.3419+16.%
−15.%

600. 62.49 61.48 61.16 0.3406+16.%
−15.%

650. 80.74 79.63 79.27 0.3395+16.%
−15.%

700. 102.1 100.9 100.5 0.3387+17.%
−15.%

750. 126.9 125.6 125.2 0.3380+17.%
−15.%

800. 155.4 153.9 153.5 0.3375+17.%
−15.%

850. 187.7 186.1 185.6 0.3370+17.%
−15.%

900. 224.1 222.4 221.9 0.3367+17.%
−15.%

950. 264.9 263.1 262.5 0.3363+17.%
−15.%

1000. 310.3 308.4 307.8 0.3361+17.%
−15.%

Table 6.6: Tree-level total decay widths for H±±
5 , H±

5 , and H0
5 in the GM model, rescaled to sH = 1 and assuming that BR(H5 →

V V ) = 1. The uncertainty on the total widths from uncalculated NLO electroweak corrections should be taken as ±12%. We also
give BR(H0

5 → W+W−), assuming that BR(H0
5 → W+W−) + BR(H0

5 → ZZ) = 1, and its uncertainty from the uncalculated
NLO electroweak corrections.
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Uncert on Γ from uncalculated NLO EW corrs ' ±12%

sH dependence incorporated via σ ≡ s2
Hσ1, Γ ≡ s2

HΓ1
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Update of numbers in LHCHXSWG-2015-001 (H. Logan & M. Zaro),

what’s new:

- Used current YR4-recommended electroweak input parameters

Perturbative unitarity of V V → V V scattering amplitudes constrains [259]

s2
H <

3

5

(16πv2 − 5m2
h)

(4m2
5 + 5m2

h)
, or s2

H �
�

667 GeV

m5

�2

, (6.23)

for m5 � MW , MZ , mh. This implies that Γ(H5 → V V ) � 0.15 m5 for each of the H5 states. The full set of
perturbative unitarity constraints [257,258] constrain the model a little more tightly, leading to Γ(H5 → V V ) � 0.10 m5.
These constraints are implemented in GMCALC, which will return an error message if they are violated.

The H5plane benchmark has the following features:

– It populates nearly all of the theoretically-allowed region of the m5–sH plane for m5 ∈ [200, 3000] GeV, except
for a small corner at low m5 and high sH which is already excluded by the cross section for like-sign W boson pair
production in VBF [260] (this limits the maximum allowed production cross section for VBF→ H±±

5 → W±W±,
and hence sets an upper bound on sH as a function of m5).

– Constraints from b → sγ (see Ref. [261]) eliminate only points that are already excluded by the cross section for
like-sign W boson pair production in VBF [260].

– The benchmark is not unreasonably constrained by coupling measurements of the 125 GeV Higgs boson: the region
of the m5–sH plane in which |κh

i − 1| < 0.1, with i = f, V, γ, is essentially the same in the H5plane benchmark as
in a full parameter scan.

– It has m3 � m5 + 10 GeV over the whole benchmark plane, so that the Higgs-to-Higgs decays H5 → H3H3 and
H5 → H3V are kinematically forbidden, leaving only the decays H5 → V V at tree level; i.e., to a very good
approximation,

BR(H0
5 → W+W− + ZZ) = BR(H±

5 → W±Z) = BR(H±±
5 → W±W±) = 1. (6.24)

– It has mH � m5 + 12 GeV over the whole benchmark plane, except for a few points at sH > 0.7 which are already
excluded by the cross section for like-sign W boson pair production in VBF [260]. However, there is a large region
of parameter space covering m5 � 600 GeV and 0.07 � sH � 0.6 in which the total decay widths of H0

5 and H
are larger than the mass splitting between these two states. In this region, a dedicated study of the lineshape and
interference effects of the two resonances in VBF→ (H0

5 , H) → WW,ZZ will be required.

4.3 Vector boson fusion production cross sections of the H5 states

The total cross sections for production of H0
5 , H±

5 , and H±±
5 in VBF can be computed up to NNLO accuracy using the

VBF@NNLO code [253, 254, 262], via the structure-function approach. This approach [263] consists in considering the
VBF process as a double deep-inelastic scattering (DIS) attached to the colorless pure electroweak vector-boson fusion
into a Higgs boson. According to this approach one can include next-to-leading order (NLO) QCD corrections to the VBF
process employing the standard DIS structure functions Fi(x,Q2); i = 1, 2, 3 at NLO [264] or similarly the corresponding
structure functions at NNLO [265–268].

Although the effective factorization underlying the structure-function approach holds to a very good approximation up
to NNLO, it formally does not include all types of contributions. At leading order (LO) an additional contribution arises
from the interference between identical final-state quarks (e.g., uu → Huu) or between processes where either a W or a
Z boson can be exchanged (e.g., ud → Hud). These LO contributions are known to be extremely small (less than 0.1%
of the total cross-section). Apart from such contributions, the structure-function approach is exact up to NLO. At NNLO,
however, several types of diagrams violate the underlying factorization. Their impact on the total rate has been computed
or estimated in Ref. [254] and found to be negligible. Some of them are color and kinematically suppressed [269–271],
and others have been shown in Ref. [272] to be small enough not to produce a significant deterioration of the VBF signal.

NLO electroweak corrections are known for SM Higgs production in VBF [273, 274], but not for any beyond-the-SM
scenario, and therefore are not included in the numbers shown here.

To produce the numbers shown in this chapter, we have used the following electroweak parameters:

GF = 1.1663787 · 10−5 GeV−2, MW = 80.385 GeV, MZ = 91.1876 GeV,

ΓW = 2.085 GeV, ΓZ = 2.4952 GeV. (6.25)

The H5V V vertices have the form given in Eq. (6.21), and we have set sH = 1. The production cross sections for other
values of sH are conveniently obtained using the relation

σNNLO(VBF → H5) = s2
HσNNLO

1 (VBF → H5), (6.26)
- Used PDF4LHC NNLO parton dist’n fns with αs(MZ) = 0.118,

renorm & factorization scales set to MW & varied by [1/2,2]

- H5 decay widths to V V (tree-level) now computed including

doubly-offshell effects (GMCALC 1.2.0)

- Used YR4 recommended mass points for m5: 200–500 GeV in

steps of 10 GeV, 500–3000 GeV in steps of 50 GeV
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Summary & outlook

? Custodial symmetry + unitarity sum rules extremely powerful!
- VBF H±5 →W±Z search coming from ATLAS (Moriond?)
- Weakest constraint: m5 ∼ 76–100 GeV. Offshell/loop decays?

? High-mass V V → V V unitarity constraint is not saturated by
full theory-constrained model: scan in GM model:

- perturb. unitarity of quartic couplings

- scalar potential bounded from below

- no deeper custodial-violating minima

- b→ sγ constraint

Explicit scalar potentials for

GGM models now available: full

study feasible (but tedious)

? Sum rules are different in septet model: no H0
5 state, no cus-

todial symmetry in scalar sector =⇒ under investigation

Heather Logan (Carleton U.) Constraining exotic EWSB with VV UdeM Feb 2016
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