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Why are we here ?



B. Di Micco DiHiggs workshop at colliders - introduction FNAL - 4-9 September 2018

L =
� 1

4g04Bµ⌫B
µ⌫ � 1

4g2W
a
µ⌫W

µ⌫a � 1
4g2

s
G

a
µ⌫G

µ⌫a
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The current established global picture

S =

Z 
1

2
M2

plR+ L
�
d4x

p
�g =

Z 
1

2
M2

plR� 1

2
@µh@

µh+ V (h) + ...

�
d4x

p
�g

Hilbert-Einstein action (folding in gravitation)

set the dynamic of the matter 
field interaction

set the space-
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Inflation picture

V(h)

V(h0)

Inflationary epoch
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accelerated	expansion	in	the	early	universe		
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universe radius, exponentially expanding 
during inflation

The Higgs potential could have such 
role if properly shaped

h >> h0

need to be flat 
to fit slow-roll condition
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a(t) universe radius

In order to make this to work V (h) ⇠ �h4 � ⇠ 10�13

λ determined by the Higgs 
boson mass (λmh ~ 0.129) 

It runs with the energy scale 
fixed by the h value. 

Intringuing, λ nearly 
vanishes for high h value 
with the present value of top 
and Higgs mass.

if λ is too large, matter fluctuations not 
compatible with present data (Bezrukov, 
Shaposhnikov arXiv:0710.3755 

Can be fixed with minimal couplings of the 
Higgs boson to gravity 
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vacuum stability
The modification of λ with the energy (running due to quantum corrections) 
 implies a dependence of it from the Higgs boson field Φ. The Higgs potential assumes a shape 
that is more complex than just λΦ4 (also known as effective potential)'

&

$

%

MH = 126 GeV Mt = 173.1 GeV

E W = 246 GeV

NOT IN SCALE

Instability = 1011 GeV

M
P

 ~1031 GeV !!!

New minimum at � ⇠ 1031 Gev !!!!

SM E↵ective Potential extrapolated well above MP !!!

Does it make any sense ???

11

See  Buttazzo et al. and talk from V. Branchina 

Stable The present minimum is the absolute 
minimum, the Higgs field will remain in this 
state forever.

Vacuum collapses.
If the lifetime is larger than the age of the universe  
we call it metastable otherwise it is unstable.

The present minimum is the  false vacuum 
(the universe is trapped in it but eventually will 
decay to the new minimum )
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

We are at the edge between stability and instability, in a quite narrow region of the 
instability region (many theoretical speculations are starting) - assuming SM fully 

valid (but we need to check…)

Transition time of the unstable vacuum:

with mt = 173.1 GeV and mH = 126 GeV,
τtransition ~ 10588 TUniverse (if you started to be concerned I think now you can relax a bit...)
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probing the potential
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pp → HH provides a first direct measure of λHHH
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if we assume SM is correct, there is no need to make any measurement in 
general → no need to wait to reach SM sensitivity before starting to measure 
λHHH   

BSM models can suggest some value for λHHH  but, nowadays, no BSM model 
is robust enough to guide experimental searches

when is the right time to start measuring λHHH ?

the only guides are:         

1) enjoying doing measurements (push 
analysis sensitivity at the extreme) 

2) use all data that are available for the 
already leading sensitive analyses 

3) indirect experimental constraints from 
precision measurements 

4) model independent  theoretical arguments
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Indirect constraints: Higgs boson couplings
�HHH
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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degenerate with � ⇠ 6. The fact that the degeneracy appears at different values � for
different processes is important in order to be able to lift it.

The results for the decay widths and branching ratios are shown Fig. 7. We plot (left)
�⌃�3 as a function of � for the decay widths of the relevant modes at the LHC, which
we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
Ratios (BRs). The quantity �BR�3(i) for the Higgs decay into the final-state i can be
conveniently written as

�BR�3(i) =
(� � 1)(C�

1
(i)� C

�tot
1

)

1 + (� � 1)C�tot
1

, (4.4)

where we have defined C
�tot
1

⌘
P

j
BRSM(j)C�

1
(j) and with our input parameters C

�tot
1

=

2.3 · 10�3. The quantity C
�tot
1

, which actually is the C1 term for the total decay width, is
very small since C

�
1
(bb̄) = 0 and bb̄ is the dominant decay channel. Note that, although the

H ! gg decay is not phenomenologically relevant, the total decay width does depend on
���3(gg), since �gg yields a non-negligible fraction (8.5 %) of �tot.
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we denote as ���3 , and we show (right) the analogous quantity (�BR�3) for the Branching
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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Indirect constraint: W mass and sin2✓lepe↵
<latexit sha1_base64="poPtTNE4rLiPs0dX0sclw+zL7IY=">AAACD3icdZBNS8NAEIY3fn9b9ehlsYieSiLWNjfRi8cKVoW2ls12Yhc3m7A7EUrIT/Dgb/HgRcWrR4/+G7dpBRV9YeHhnRlm5w0SKQy67oczMTk1PTM7N7+wuLS8slpaWz83cao5NHksY30ZMANSKGiiQAmXiQYWBRIugpvjYf3iFrQRsTrDQQKdiF0rEQrO0Frd0k7W1hE1QuX0ao+2sQ/IuoUHYZhfFSQhybulslvxa7WDap1a8Ot+3S3A96se9SpuoTIZq9Etvbd7MU8jUMglM6bluQl2MqZRcAn5Qjs1kDB+w66hZVGxCEwnKw7K6bZ1ejSMtX0KaeF+n8hYZMwgCmxnxLBvfteG5l+1VophvZMJlaQIio8WhamkGNNhOrQnNHCUAwuMa2H/SnmfacbRZmgz+DqU/g/nexXPrXin++XDo3Eac2STbJFd4pEaOSQnpEGahJM78kCeyLNz7zw6L87rqHXCGc9skB9y3j4BrMKdVA==</latexit><latexit sha1_base64="poPtTNE4rLiPs0dX0sclw+zL7IY=">AAACD3icdZBNS8NAEIY3fn9b9ehlsYieSiLWNjfRi8cKVoW2ls12Yhc3m7A7EUrIT/Dgb/HgRcWrR4/+G7dpBRV9YeHhnRlm5w0SKQy67oczMTk1PTM7N7+wuLS8slpaWz83cao5NHksY30ZMANSKGiiQAmXiQYWBRIugpvjYf3iFrQRsTrDQQKdiF0rEQrO0Frd0k7W1hE1QuX0ao+2sQ/IuoUHYZhfFSQhybulslvxa7WDap1a8Ot+3S3A96se9SpuoTIZq9Etvbd7MU8jUMglM6bluQl2MqZRcAn5Qjs1kDB+w66hZVGxCEwnKw7K6bZ1ejSMtX0KaeF+n8hYZMwgCmxnxLBvfteG5l+1VophvZMJlaQIio8WhamkGNNhOrQnNHCUAwuMa2H/SnmfacbRZmgz+DqU/g/nexXPrXin++XDo3Eac2STbJFd4pEaOSQnpEGahJM78kCeyLNz7zw6L87rqHXCGc9skB9y3j4BrMKdVA==</latexit><latexit sha1_base64="poPtTNE4rLiPs0dX0sclw+zL7IY=">AAACD3icdZBNS8NAEIY3fn9b9ehlsYieSiLWNjfRi8cKVoW2ls12Yhc3m7A7EUrIT/Dgb/HgRcWrR4/+G7dpBRV9YeHhnRlm5w0SKQy67oczMTk1PTM7N7+wuLS8slpaWz83cao5NHksY30ZMANSKGiiQAmXiQYWBRIugpvjYf3iFrQRsTrDQQKdiF0rEQrO0Frd0k7W1hE1QuX0ao+2sQ/IuoUHYZhfFSQhybulslvxa7WDap1a8Ot+3S3A96se9SpuoTIZq9Etvbd7MU8jUMglM6bluQl2MqZRcAn5Qjs1kDB+w66hZVGxCEwnKw7K6bZ1ejSMtX0KaeF+n8hYZMwgCmxnxLBvfteG5l+1VophvZMJlaQIio8WhamkGNNhOrQnNHCUAwuMa2H/SnmfacbRZmgz+DqU/g/nexXPrXin++XDo3Eac2STbJFd4pEaOSQnpEGahJM78kCeyLNz7zw6L87rqHXCGc9skB9y3j4BrMKdVA==</latexit><latexit sha1_base64="poPtTNE4rLiPs0dX0sclw+zL7IY=">AAACD3icdZBNS8NAEIY3fn9b9ehlsYieSiLWNjfRi8cKVoW2ls12Yhc3m7A7EUrIT/Dgb/HgRcWrR4/+G7dpBRV9YeHhnRlm5w0SKQy67oczMTk1PTM7N7+wuLS8slpaWz83cao5NHksY30ZMANSKGiiQAmXiQYWBRIugpvjYf3iFrQRsTrDQQKdiF0rEQrO0Frd0k7W1hE1QuX0ao+2sQ/IuoUHYZhfFSQhybulslvxa7WDap1a8Ot+3S3A96se9SpuoTIZq9Etvbd7MU8jUMglM6bluQl2MqZRcAn5Qjs1kDB+w66hZVGxCEwnKw7K6bZ1ejSMtX0KaeF+n8hYZMwgCmxnxLBvfteG5l+1VophvZMJlaQIio8WhamkGNNhOrQnNHCUAwuMa2H/SnmfacbRZmgz+DqU/g/nexXPrXin++XDo3Eac2STbJFd4pEaOSQnpEGahJM78kCeyLNz7zw6L87rqHXCGc9skB9y3j4BrMKdVA==</latexit>

mW = 80.370± 0.019GeV
<latexit sha1_base64="2zR9Aj85qItoos3KREmNvU4M6fw="></latexit><latexit sha1_base64="2zR9Aj85qItoos3KREmNvU4M6fw="></latexit><latexit sha1_base64="2zR9Aj85qItoos3KREmNvU4M6fw="></latexit><latexit sha1_base64="2zR9Aj85qItoos3KREmNvU4M6fw="></latexit>

ATLAS measurement
sin2✓lepe↵ = 0.23185± 0.00035

<latexit sha1_base64="dI3dSaZ+v4bx19CWi2MCLb1bITQ="></latexit><latexit sha1_base64="dI3dSaZ+v4bx19CWi2MCLb1bITQ="></latexit><latexit sha1_base64="dI3dSaZ+v4bx19CWi2MCLb1bITQ="></latexit><latexit sha1_base64="dI3dSaZ+v4bx19CWi2MCLb1bITQ="></latexit>

CDF + D0 combination
Higgs boson couplings ATLAS+CMS Run-1

mW + sin2✓lepe↵
<latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit>

�13.2 < � < 16.7
<latexit sha1_base64="BSCAcgbg5F2mNEW0otWkdCn1lZI=">AAACCHicdVC7SgNBFJ2Nrxhfq5YWDgbBxmU3CSYBi6CNZQTzgOwS7k4myZDZBzOzQlhS2vgrNhaK2PoJdv6Nk4egogcGDufcw517/JgzqWz7w8gsLa+srmXXcxubW9s75u5eU0aJILRBIh6Jtg+SchbShmKK03YsKAQ+py1/dDn1W7dUSBaFN2ocUy+AQcj6jIDSUtc8PHWKVgGfY3cEcQzd1OU63IOJlpwzq9w187ZVrVRKBRvPSLG6ICW7jB3LniGPFqh3zXe3F5EkoKEiHKTsOHasvBSEYoTTSc5NJI2BjGBAO5qGEFDppbNDJvhYKz3cj4R+ocIz9XsihUDKceDryQDUUP72puJfXidR/YqXsjBOFA3JfFE/4VhFeNoK7jFBieJjTYAIpv+KyRAEEKW7y+kSvi7F/5NmwXJsy7ku5WsXizqy6AAdoRPkoDKqoStURw1E0B16QE/o2bg3Ho0X43U+mjEWmX30A8bbJw7Ul3s=</latexit><latexit sha1_base64="BSCAcgbg5F2mNEW0otWkdCn1lZI=">AAACCHicdVC7SgNBFJ2Nrxhfq5YWDgbBxmU3CSYBi6CNZQTzgOwS7k4myZDZBzOzQlhS2vgrNhaK2PoJdv6Nk4egogcGDufcw517/JgzqWz7w8gsLa+srmXXcxubW9s75u5eU0aJILRBIh6Jtg+SchbShmKK03YsKAQ+py1/dDn1W7dUSBaFN2ocUy+AQcj6jIDSUtc8PHWKVgGfY3cEcQzd1OU63IOJlpwzq9w187ZVrVRKBRvPSLG6ICW7jB3LniGPFqh3zXe3F5EkoKEiHKTsOHasvBSEYoTTSc5NJI2BjGBAO5qGEFDppbNDJvhYKz3cj4R+ocIz9XsihUDKceDryQDUUP72puJfXidR/YqXsjBOFA3JfFE/4VhFeNoK7jFBieJjTYAIpv+KyRAEEKW7y+kSvi7F/5NmwXJsy7ku5WsXizqy6AAdoRPkoDKqoStURw1E0B16QE/o2bg3Ho0X43U+mjEWmX30A8bbJw7Ul3s=</latexit><latexit sha1_base64="BSCAcgbg5F2mNEW0otWkdCn1lZI=">AAACCHicdVC7SgNBFJ2Nrxhfq5YWDgbBxmU3CSYBi6CNZQTzgOwS7k4myZDZBzOzQlhS2vgrNhaK2PoJdv6Nk4egogcGDufcw517/JgzqWz7w8gsLa+srmXXcxubW9s75u5eU0aJILRBIh6Jtg+SchbShmKK03YsKAQ+py1/dDn1W7dUSBaFN2ocUy+AQcj6jIDSUtc8PHWKVgGfY3cEcQzd1OU63IOJlpwzq9w187ZVrVRKBRvPSLG6ICW7jB3LniGPFqh3zXe3F5EkoKEiHKTsOHasvBSEYoTTSc5NJI2BjGBAO5qGEFDppbNDJvhYKz3cj4R+ocIz9XsihUDKceDryQDUUP72puJfXidR/YqXsjBOFA3JfFE/4VhFeNoK7jFBieJjTYAIpv+KyRAEEKW7y+kSvi7F/5NmwXJsy7ku5WsXizqy6AAdoRPkoDKqoStURw1E0B16QE/o2bg3Ho0X43U+mjEWmX30A8bbJw7Ul3s=</latexit><latexit sha1_base64="BSCAcgbg5F2mNEW0otWkdCn1lZI=">AAACCHicdVC7SgNBFJ2Nrxhfq5YWDgbBxmU3CSYBi6CNZQTzgOwS7k4myZDZBzOzQlhS2vgrNhaK2PoJdv6Nk4egogcGDufcw517/JgzqWz7w8gsLa+srmXXcxubW9s75u5eU0aJILRBIh6Jtg+SchbShmKK03YsKAQ+py1/dDn1W7dUSBaFN2ocUy+AQcj6jIDSUtc8PHWKVgGfY3cEcQzd1OU63IOJlpwzq9w187ZVrVRKBRvPSLG6ICW7jB3LniGPFqh3zXe3F5EkoKEiHKTsOHasvBSEYoTTSc5NJI2BjGBAO5qGEFDppbNDJvhYKz3cj4R+ocIz9XsihUDKceDryQDUUP72puJfXidR/YqXsjBOFA3JfFE/4VhFeNoK7jFBieJjTYAIpv+KyRAEEKW7y+kSvi7F/5NmwXJsy7ku5WsXizqy6AAdoRPkoDKqoStURw1E0B16QE/o2bg3Ho0X43U+mjEWmX30A8bbJw7Ul3s=</latexit>

@95% C.L.
ggF + VBF

ggF + VBF + mW + sin2✓lepe↵
<latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit><latexit sha1_base64="intNxS5qgboqiikJxHhvAm7pGHw="></latexit>

�8.2 < � < 13.7
<latexit sha1_base64="SG5nw1SZNSeqqns+hK0m5BVZfeA=">AAACB3icdVDLSgMxFM34rPU16lKQYBHcOMy0hU7BRdGNywr2Ae0w3EnTNjTzIMkIZejOjb/ixoUibv0Fd/6N6UNQ0QOBwzn3cHNPkHAmlW1/GEvLK6tr67mN/ObW9s6uubfflHEqCG2QmMeiHYCknEW0oZjitJ0ICmHAaSsYXU791i0VksXRjRon1AthELE+I6C05JtHZ65VxOe4O4IkAT/rcp3twURLTsmq+GbBtqquWy7aeEZK1QUp2xXsWPYMBbRA3Tffu72YpCGNFOEgZcexE+VlIBQjnE7y3VTSBMgIBrSjaQQhlV42u2OCT7TSw/1Y6BcpPFO/JzIIpRyHgZ4MQQ3lb28q/uV1UtV3vYxFSapoROaL+inHKsbTUnCPCUoUH2sCRDD9V0yGIIAoXV1el/B1Kf6fNIuWY1vOdblQu1jUkUOH6BidIgdVUA1doTpqIILu0AN6Qs/GvfFovBiv89ElY5E5QD9gvH0CnRiXQg==</latexit><latexit sha1_base64="SG5nw1SZNSeqqns+hK0m5BVZfeA=">AAACB3icdVDLSgMxFM34rPU16lKQYBHcOMy0hU7BRdGNywr2Ae0w3EnTNjTzIMkIZejOjb/ixoUibv0Fd/6N6UNQ0QOBwzn3cHNPkHAmlW1/GEvLK6tr67mN/ObW9s6uubfflHEqCG2QmMeiHYCknEW0oZjitJ0ICmHAaSsYXU791i0VksXRjRon1AthELE+I6C05JtHZ65VxOe4O4IkAT/rcp3twURLTsmq+GbBtqquWy7aeEZK1QUp2xXsWPYMBbRA3Tffu72YpCGNFOEgZcexE+VlIBQjnE7y3VTSBMgIBrSjaQQhlV42u2OCT7TSw/1Y6BcpPFO/JzIIpRyHgZ4MQQ3lb28q/uV1UtV3vYxFSapoROaL+inHKsbTUnCPCUoUH2sCRDD9V0yGIIAoXV1el/B1Kf6fNIuWY1vOdblQu1jUkUOH6BidIgdVUA1doTpqIILu0AN6Qs/GvfFovBiv89ElY5E5QD9gvH0CnRiXQg==</latexit><latexit sha1_base64="SG5nw1SZNSeqqns+hK0m5BVZfeA=">AAACB3icdVDLSgMxFM34rPU16lKQYBHcOMy0hU7BRdGNywr2Ae0w3EnTNjTzIMkIZejOjb/ixoUibv0Fd/6N6UNQ0QOBwzn3cHNPkHAmlW1/GEvLK6tr67mN/ObW9s6uubfflHEqCG2QmMeiHYCknEW0oZjitJ0ICmHAaSsYXU791i0VksXRjRon1AthELE+I6C05JtHZ65VxOe4O4IkAT/rcp3twURLTsmq+GbBtqquWy7aeEZK1QUp2xXsWPYMBbRA3Tffu72YpCGNFOEgZcexE+VlIBQjnE7y3VTSBMgIBrSjaQQhlV42u2OCT7TSw/1Y6BcpPFO/JzIIpRyHgZ4MQQ3lb28q/uV1UtV3vYxFSapoROaL+inHKsbTUnCPCUoUH2sCRDD9V0yGIIAoXV1el/B1Kf6fNIuWY1vOdblQu1jUkUOH6BidIgdVUA1doTpqIILu0AN6Qs/GvfFovBiv89ElY5E5QD9gvH0CnRiXQg==</latexit><latexit sha1_base64="SG5nw1SZNSeqqns+hK0m5BVZfeA=">AAACB3icdVDLSgMxFM34rPU16lKQYBHcOMy0hU7BRdGNywr2Ae0w3EnTNjTzIMkIZejOjb/ixoUibv0Fd/6N6UNQ0QOBwzn3cHNPkHAmlW1/GEvLK6tr67mN/ObW9s6uubfflHEqCG2QmMeiHYCknEW0oZjitJ0ICmHAaSsYXU791i0VksXRjRon1AthELE+I6C05JtHZ65VxOe4O4IkAT/rcp3twURLTsmq+GbBtqquWy7aeEZK1QUp2xXsWPYMBbRA3Tffu72YpCGNFOEgZcexE+VlIBQjnE7y3VTSBMgIBrSjaQQhlV42u2OCT7TSw/1Y6BcpPFO/JzIIpRyHgZ4MQQ3lb28q/uV1UtV3vYxFSapoROaL+inHKsbTUnCPCUoUH2sCRDD9V0yGIIAoXV1el/B1Kf6fNIuWY1vOdblQu1jUkUOH6BidIgdVUA1doTpqIILu0AN6Qs/GvfFovBiv89ElY5E5QD9gvH0CnRiXQg==</latexit>

�9.4 < � < 17.0
<latexit sha1_base64="WOQxnfKtaIKSDIehpnxaWvFaHYA=">AAACB3icdVDLSgMxFM3UV62vqktBgkVw45CphbbgoujGZQX7gLaUO5lMG5p5kGSEMnTnxl9x40IRt/6CO//G9CGo6IHA4Zx7uLnHjQVXmpAPK7O0vLK6ll3PbWxube/kd/eaKkokZQ0aiUi2XVBM8JA1NNeCtWPJIHAFa7mjy6nfumVS8Si80eOY9QIYhNznFLSR+vnD06pdwue4O4I4hn7aFSbrwcRITtkm/XyB2NVKpVQkeEbOqgtSImXs2GSGAlqg3s+/d72IJgELNRWgVMchse6lIDWngk1y3USxGOgIBqxjaAgBU710dscEHxvFw34kzQs1nqnfEykESo0D10wGoIfqtzcV//I6ifYrvZSHcaJZSOeL/ERgHeFpKdjjklEtxoYAldz8FdMhSKDaVJczJXxdiv8nzaLtENu5LhVqF4s6sugAHaET5KAyqqErVEcNRNEdekBP6Nm6tx6tF+t1PpqxFpl99APW2yedcJdC</latexit><latexit sha1_base64="WOQxnfKtaIKSDIehpnxaWvFaHYA=">AAACB3icdVDLSgMxFM3UV62vqktBgkVw45CphbbgoujGZQX7gLaUO5lMG5p5kGSEMnTnxl9x40IRt/6CO//G9CGo6IHA4Zx7uLnHjQVXmpAPK7O0vLK6ll3PbWxube/kd/eaKkokZQ0aiUi2XVBM8JA1NNeCtWPJIHAFa7mjy6nfumVS8Si80eOY9QIYhNznFLSR+vnD06pdwue4O4I4hn7aFSbrwcRITtkm/XyB2NVKpVQkeEbOqgtSImXs2GSGAlqg3s+/d72IJgELNRWgVMchse6lIDWngk1y3USxGOgIBqxjaAgBU710dscEHxvFw34kzQs1nqnfEykESo0D10wGoIfqtzcV//I6ifYrvZSHcaJZSOeL/ERgHeFpKdjjklEtxoYAldz8FdMhSKDaVJczJXxdiv8nzaLtENu5LhVqF4s6sugAHaET5KAyqqErVEcNRNEdekBP6Nm6tx6tF+t1PpqxFpl99APW2yedcJdC</latexit><latexit sha1_base64="WOQxnfKtaIKSDIehpnxaWvFaHYA=">AAACB3icdVDLSgMxFM3UV62vqktBgkVw45CphbbgoujGZQX7gLaUO5lMG5p5kGSEMnTnxl9x40IRt/6CO//G9CGo6IHA4Zx7uLnHjQVXmpAPK7O0vLK6ll3PbWxube/kd/eaKkokZQ0aiUi2XVBM8JA1NNeCtWPJIHAFa7mjy6nfumVS8Si80eOY9QIYhNznFLSR+vnD06pdwue4O4I4hn7aFSbrwcRITtkm/XyB2NVKpVQkeEbOqgtSImXs2GSGAlqg3s+/d72IJgELNRWgVMchse6lIDWngk1y3USxGOgIBqxjaAgBU710dscEHxvFw34kzQs1nqnfEykESo0D10wGoIfqtzcV//I6ifYrvZSHcaJZSOeL/ERgHeFpKdjjklEtxoYAldz8FdMhSKDaVJczJXxdiv8nzaLtENu5LhVqF4s6sugAHaET5KAyqqErVEcNRNEdekBP6Nm6tx6tF+t1PpqxFpl99APW2yedcJdC</latexit><latexit sha1_base64="WOQxnfKtaIKSDIehpnxaWvFaHYA=">AAACB3icdVDLSgMxFM3UV62vqktBgkVw45CphbbgoujGZQX7gLaUO5lMG5p5kGSEMnTnxl9x40IRt/6CO//G9CGo6IHA4Zx7uLnHjQVXmpAPK7O0vLK6ll3PbWxube/kd/eaKkokZQ0aiUi2XVBM8JA1NNeCtWPJIHAFa7mjy6nfumVS8Si80eOY9QIYhNznFLSR+vnD06pdwue4O4I4hn7aFSbrwcRITtkm/XyB2NVKpVQkeEbOqgtSImXs2GSGAlqg3s+/d72IJgELNRWgVMchse6lIDWngk1y3USxGOgIBqxjaAgBU710dscEHxvFw34kzQs1nqnfEykESo0D10wGoIfqtzcV//I6ifYrvZSHcaJZSOeL/ERgHeFpKdjjklEtxoYAldz8FdMhSKDaVJczJXxdiv8nzaLtENu5LhVqF4s6sugAHaET5KAyqqErVEcNRNEdekBP6Nm6tx6tF+t1PpqxFpl99APW2yedcJdC</latexit>

ggF+VBF

Mw+Sineff

ggF+VBF+Mw+Sineff

-20 -10 10 20
kl

2

4

6

8

10

Dc2

ggF+VBF

Mw+Sineff

ggF+VBF+Mw+Sineff

-20 -10 10 20
kl

0.2

0.4

0.6

0.8

1.0

p-value
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minimizes the �2(�) function defined as

�2(�) ⌘
X (Oexp �Othe)2

(�)2
, (20)

where Oexp refers to the experimental measurement of the observable O, Othe

is its theoretical value obtained from eq. (19) and � is the total uncertainty,
that we take as the sum in quadrature of the experimental and theory errors.
In order to ascertain the goodness of our fit, we also compute the p-value as
a function of �:

p-value(�) = 1� F�2
(n)

(�2(�)) , (21)

where F�2
(n)

(�2(�)) is the cumulative distribution function for a �2 distri-

bution with n degrees of freedom, computed at �2(�).
In the fit we consider not only the two precision observables but also the

signal strength parameter for single Higgs production in gluon fusion (ggF)
and vector boson fusion (VBF). The latter observables were indicated as the
P2 set in Ref. [29] where it was shown that they were returning the most
stringent bound on �. We then considered three set of data:

• The P2 set in Ref. [29]. The experimental results are presented in
Tab. 8 of Ref. [5]. See Ref. [29] for more details.

• The W mass and e↵ective sine. For the W mass we use the latest result
by the ATLAS collaboration mW = 80.370 ± 0.019 GeV [46]. This
number, although it has a slightly larger uncertainty with respect to
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Figure 1: Two-loop �3-and-�4-dependent diagrams in the W self-energy,
in the unitary gauge. The dark blob represent the insertion of the modified
diagrams in the one-loop Higgs self energy, shown in the second row. The
black point represents either an anomalous �3 or �4.

The new contribution in the self energies in eqs. (7,8) can be parametrized
just by a modification of the trilinear coupling as described in eq. (2). In
order to correctly identify the e↵ects related to the �3

1 interaction we follow
Ref. [29] and work in the unitary gauge. Here we discuss the W self energy
but an identical analysis can be done also for the Z self energy.

The two-loop diagrams in the W self energy that are sensitive to a mod-
ification of the Higgs self couplings are depicted in fig. 1. The dark blob in
diagrams 1a), 1d) represents the one-loop Higgs self energy or the one-loop
Higgs mass counterterm that in our scenario gets modified with respect to
the SM result in the unitary gauge by the diagrams in fig. 1e). The am-
plitudes of the diagrams in fig. 1 were generated using the Mathematica
package FeynArts [38] and reduced to scalar Master Integrals using private
codes and the packages FeynCalc [39, 40] and Tarcer [41]. After the reduc-
tion to scalar integrals we were left with the evaluation of two-loop vacuum
integrals and two-loop self-energy diagrams at external momenta di↵erent
from zero. The former integrals were evaluated analytically using the results
of Ref. [42]. The latter ones were instead reduced to the set of loop-integral
basis functions introduced in Ref. [43]. For their numerical evaluation we
used the C program TSIL [44]. Our results are expressed in terms of the OS
Higgs mass that specifies the Higgs mass counterterm.

Few observations are in order: i) the insertion of the “cactus” diagram
e2) in diagrams a) and d) in fig. 1 gives rise to a contribution proportional to
the quartic Higgs self couplings on which we did not make any assumption.
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At this stage, we have a gauge-invariant correlated modification of the trilinear and quartic

Higgs self-couplings. This can be generalized to two separate uncorrelated modifications

by including also the dimension-8 operator from Eq. (2.3) with coe�cient c̄8. The modified

trilinear and quartic Higgs self-couplings become,

� � 1 = c̄6 + 2c̄8 , 4 � 1 = 6c̄6 + 16c̄8 . (2.7)

If we include even higher-dimensional operators (H†
H)n with n  nmax, we again find two

di↵erent linear combinations,

� � 1 =
nmaxX

n=3

a2nc̄2n , 4 � 1 =
nmaxX

n=3

b2nc̄2n . (2.8)

The coe�cients a2n and b2n, where in general a2n 6= b2n, have to be evaluated for the

chosen nmax. We will see that it is not necessary to include operators beyond the additional

dimension-6 operator O6 since the quartic coupling, and hence 4, will be shown to not

contribute to S and T at two loops. The result will therefore be expressed in terms of c̄6,

which will allow a direct translation in terms of the � trilinear self-coupling modification.

Also, the higher-dimensional operators in Eq. (2.3) generate even higher order Higgs boson

interactions O(hn) with n � 5, but since they do not contribute to the observables at the

order to which we calculate, we do not need to consider them further.

3 Electroweak oblique parameters

In the electroweak sector, the e↵ect of new physics, if heavy, is expected to have its domi-

nant contribution through the modification of gauge boson propagators via vacuum polari-

sation functions, or self-energies. These so-called oblique corrections can be parameterized

in terms of the three Peskin-Takeuchi parameters, S, T and U [5, 6]. Since U is only

constrained by the W boson mass and width, it is relatively insensitive to new physics,

and so it is usually set to zero. S and T can therefore be used as a probe of the e↵ects of

new physics in the electroweak sector. They are defined by [34],

S =
4c2s2

↵em
2
Z

Re

✓
⇧ZZ(m

2
Z)�⇧ZZ(0)�

c
2
� s

2

cs

⇥
⇧Z�(m

2
Z)�⇧Z�(0)

⇤
�⇧��(m

2
Z)

◆
, (3.1)

T =
1

↵e

✓
⇧WW (0)

m
2
W

�
c
2

m
2
W


⇧ZZ(0) +

2s

c
⇧Z�(0)

�◆
. (3.2)

In these equations, ⇧AB(p2) represents the part of the self-energy proportional to the

metric tensor g
µ⌫ of the gauge boson A propagating into the gauge boson B with an

external momentum p. ↵e is the electromagnetic coupling constant, and we use the notation

s ⌘ sin ✓W and c ⌘ cos ✓W where ✓W is the Weinberg angle. S and T are defined to arise

solely due to the e↵ects of new physics, and so when calculating these quantities, the SM

contribution must be subtracted. The experimentally allowed values of the electroweak

oblique parameters can be obtained by performing global fits to the electroweak precision

observables and comparing the results to the SM prediction [35].
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Figure 1: Example Feynman diagrams for the (a) ZZ, (b) WW , (c) Z� and (d) �� two-

loop self-energies. The square represents a vertex where there is a contribution from the

dimension-6 operator.

Contributions to S and T involving the dimension-6 operator O6 first appear at the

two-loop level. At this order in perturbation theory, self-energy diagrams containing both

trilinear and quartic Higgs self-interactions appear, which due to their modifications from

c̄6 outlined above, are manifest as non-zero corrections to S and T . However, as we

will see later, contributions from the quartic Higgs self-interaction exactly cancel in these

observables. It is also important to note that at this order in perturbation theory, there

are no vertex or box diagrams that depend on c̄6 involving light external fermions (i.e.,

light enough that their Yukawa couplings can be neglected). Since two-loop corrections

to vertex or box diagrams involving both c̄6 and heavy external fermions do not enter the

electroweak observables, the relevant two-loop c̄6 contributions to the self-energies must be

separately gauge-invariant.

3.1 Self-energy diagrams

To evaluate the electroweak oblique parameters S and T , all two-loop self-energy diagrams

involving corrections from c̄6 need to be calculated. From the definitions of S and T , all

SM contributions are subtracted and so only terms proportional to c̄6 and c̄
2
6 can remain.

Working in the Feynman gauge, and discarding all two-loop diagrams that do not contain

a contribution from c̄6, there are 26 diagrams for ZZ, 26 for WW , 5 for Z� and 5 for ��.
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Figure 4: Constraints on the oblique parameters S and T , with the U parameter fixed to zero, using all
observables (blue). Individual constraints are shown from the asymmetry measurements (yellow), the Z
partial and total widths (green) and W mass and width (red), with confidence levels drawn for one degree
of freedom. The SM prediction within uncertainties is indicated by the thin black stroke.

For the studies presented here we use the SM reference as MH,ref = 125 GeV and mt,ref = 173 GeV.
We find

S = 0.05± 0.11 , T = 0.09± 0.13 , U = 0.01± 0.11 , (4)

with correlation coe�cients of +0.90 between S and T , �0.59 (�0.83) between S and U (T and
U). Fixing U = 0 one obtains S|U=0 = 0.06 ± 0.09 and T |U=0 = 0.10 ± 0.07, with a correlation
coe�cient of +0.91. The constraints on S and T for a fixed value of U = 0 are shown in Fig. 4.
The propagation of the current experimental uncertainties in MH and mt upon the SM prediction
is illustrated by the small black area at about S = T = 0.

3 Prospects of the electroweak fit with the LHC and ILC/GigaZ

We use a simplified set of input observables to study the prospects of the electroweak fit for the
Phase-1 LHC and the ILC/GigaZ. The measurements of the Z pole asymmetry observables are
summarised in a single value of the e↵ective weak mixing angle. The measurement of R0

`
is the

only partial decay width that enters the fit to constrain ↵S. This simplified fit setup leads in some
cases to reduced constraints on observables as can be seen by comparing the uncertainties of the
present scenarios between the last column of Table 2 and the fifth column of Table 3. The central
values of the observables are adjusted to the values predicted by the current best fit giving a fully
consistent set of SM observables.6

6
The following central values are used for the future scenarios: MH = 125.0 GeV, �↵(5)

had(M
2
Z) = 2755.4 · 10�5

,

MZ = 91.1879 GeV, mt = 173.81 GeV, MW = 80.363 GeV, sin
2✓`e↵ = 0.231492 and R0

` = 20.743. See Table 3 for
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Figure 1: Left: Comparison of the fit results with the direct measurements in units of the experimental
uncertainty. The fit results are compared between the scenario using the two-loop calculations of the Z

partial widths with the four-loop O(↵t↵
3

s
) correction to MW (colour, top bars), and the one-loop calculation

used in a previous publication [4] (shaded gray, bottom bars). Right: Comparison of the fit results with the
indirect determination in units of the total uncertainty, defined as the uncertainty of the direct measurement
and that of the indirect determination added in quadrature. The indirect determination of an observable
corresponds to a fit without using the corresponding direct constraint from the measurement.

S&T relations are extracted from global fit to 
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Figure 3: Current limits and projected sensitivities of � from the electroweak oblique

parameters S and T . The light blue area in the S-T plane corresponds to the 95% C.L.

region based on measurements at LEP and the LHC. The green and orange areas correspond

to projected LHC and ILC/GigaZ sensitivities respectively. The longer (shorter) thin blue

lines show the shift in S and T as � extends up to �20 (+20). The intersection of these

lines with the current limits and projected sensitivities gives the ranges of � as shown in

the figure.

As there are no contributions from the quartic Higgs self-coupling, we can use the relation

between c̄6 and � in Eq. (2.6) to write this result as,

S = �0.000138 (2� � 1) + 0.000456 (� � 1) ,

T = 0.000206 (2� � 1)� 0.000736 (� � 1) . (4.3)

The distinction between the contribution from two insertions of a modified Higgs self-

coupling and a single insertion is made explicit here, since a term proportional to (2� � 1)

is exactly the contribution we get from two insertions.

The path of the � contribution in the S-T plane is shown in Fig. 3. The light blue

ellipse shows the current 95% C.L. bound on the S and T parameters, as obtained by The

Gfitter Group [35]. Also shown in the plot are possible future bounds on these parameters.

The ellipses are constructed for U = 0 and are centred on (0, 0). From the intersection

points of the path of � in the S-T plane with the current ellipse, we estimate for the 95%

C.L. a bound of:

� 14.0  �  17.4 . (4.4)

Similar bounds have been derived using the observables mW and sin ✓W instead of S and

T [27]. The limits of Eq. (4.4) can be compared to existing bounds from searches for
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<latexit sha1_base64="W9v0lPPCRCFGD6SANT+Fq5fITjM=">AAACCHicdVDLSgMxFM3UV62vUZcuDBbBjUOmDrQFF0U3LivYB7Sl3EnTNjTzIMkIZejSjb/ixoUibv0Ed/6N6UNQ0QOBwzn3cHOPHwuuNCEfVmZpeWV1Lbue29jc2t6xd/fqKkokZTUaiUg2fVBM8JDVNNeCNWPJIPAFa/ijy6nfuGVS8Si80eOYdQIYhLzPKWgjde3DU9dzCD7H7RHEMXTTtjDhHkyM5BYdr2vniVMulbwCwTNyVl4QjxSx65AZ8miBatd+b/cimgQs1FSAUi2XxLqTgtScCjbJtRPFYqAjGLCWoSEETHXS2SETfGyUHu5H0rxQ45n6PZFCoNQ48M1kAHqofntT8S+vleh+qZPyME40C+l8UT8RWEd42gruccmoFmNDgEpu/orpECRQbbrLmRK+LsX/k3rBcYnjXnv5ysWijiw6QEfoBLmoiCroClVRDVF0hx7QE3q27q1H68V6nY9mrEVmH/2A9fYJCjKXeA==</latexit><latexit sha1_base64="W9v0lPPCRCFGD6SANT+Fq5fITjM=">AAACCHicdVDLSgMxFM3UV62vUZcuDBbBjUOmDrQFF0U3LivYB7Sl3EnTNjTzIMkIZejSjb/ixoUibv0Ed/6N6UNQ0QOBwzn3cHOPHwuuNCEfVmZpeWV1Lbue29jc2t6xd/fqKkokZTUaiUg2fVBM8JDVNNeCNWPJIPAFa/ijy6nfuGVS8Si80eOYdQIYhLzPKWgjde3DU9dzCD7H7RHEMXTTtjDhHkyM5BYdr2vniVMulbwCwTNyVl4QjxSx65AZ8miBatd+b/cimgQs1FSAUi2XxLqTgtScCjbJtRPFYqAjGLCWoSEETHXS2SETfGyUHu5H0rxQ45n6PZFCoNQ48M1kAHqofntT8S+vleh+qZPyME40C+l8UT8RWEd42gruccmoFmNDgEpu/orpECRQbbrLmRK+LsX/k3rBcYnjXnv5ysWijiw6QEfoBLmoiCroClVRDVF0hx7QE3q27q1H68V6nY9mrEVmH/2A9fYJCjKXeA==</latexit><latexit sha1_base64="W9v0lPPCRCFGD6SANT+Fq5fITjM=">AAACCHicdVDLSgMxFM3UV62vUZcuDBbBjUOmDrQFF0U3LivYB7Sl3EnTNjTzIMkIZejSjb/ixoUibv0Ed/6N6UNQ0QOBwzn3cHOPHwuuNCEfVmZpeWV1Lbue29jc2t6xd/fqKkokZTUaiUg2fVBM8JDVNNeCNWPJIPAFa/ijy6nfuGVS8Si80eOYdQIYhLzPKWgjde3DU9dzCD7H7RHEMXTTtjDhHkyM5BYdr2vniVMulbwCwTNyVl4QjxSx65AZ8miBatd+b/cimgQs1FSAUi2XxLqTgtScCjbJtRPFYqAjGLCWoSEETHXS2SETfGyUHu5H0rxQ45n6PZFCoNQ48M1kAHqofntT8S+vleh+qZPyME40C+l8UT8RWEd42gruccmoFmNDgEpu/orpECRQbbrLmRK+LsX/k3rBcYnjXnv5ysWijiw6QEfoBLmoiCroClVRDVF0hx7QE3q27q1H68V6nY9mrEVmH/2A9fYJCjKXeA==</latexit><latexit sha1_base64="W9v0lPPCRCFGD6SANT+Fq5fITjM=">AAACCHicdVDLSgMxFM3UV62vUZcuDBbBjUOmDrQFF0U3LivYB7Sl3EnTNjTzIMkIZejSjb/ixoUibv0Ed/6N6UNQ0QOBwzn3cHOPHwuuNCEfVmZpeWV1Lbue29jc2t6xd/fqKkokZTUaiUg2fVBM8JDVNNeCNWPJIPAFa/ijy6nfuGVS8Si80eOYdQIYhLzPKWgjde3DU9dzCD7H7RHEMXTTtjDhHkyM5BYdr2vniVMulbwCwTNyVl4QjxSx65AZ8miBatd+b/cimgQs1FSAUi2XxLqTgtScCjbJtRPFYqAjGLCWoSEETHXS2SETfGyUHu5H0rxQ45n6PZFCoNQ48M1kAHqofntT8S+vleh+qZPyME40C+l8UT8RWEd42gruccmoFmNDgEpu/orpECRQbbrLmRK+LsX/k3rBcYnjXnv5ysWijiw6QEfoBLmoiCroClVRDVF0hx7QE3q27q1H68V6nY9mrEVmH/2A9fYJCjKXeA==</latexit>

@95% C.L.
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Theoretical constraints 

Large values of κλ can induce lost of the perturbation expansion and 
unitarity breaking 

•  in the first case the theory becomes “strongly” coupled (like 
QCD at low energy, it would be a bit sad but it is not 
impossible…) 

• in the second case NP needs to come in  to restore unitarity (a 
probability cannot be larger than 1), strong historical example: 
Fermi theory and the discovery of the W and Z bosons 

from the experimental point of view nothing changes (we would be 
quite happy to need new resonances to restore unitarity due to the 
measurement of a large κλ value) 

•  it is anyway interesting to understand what the implications of a 
large kλ value could be 
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Unitarity violation 1 
A. Folkowski (https://indico.cern.ch/event/592697)

Unitarity can be broken in several processes when playing with κλ 
hh ! hhh

<latexit sha1_base64="DJoItCBMEhP2toEYTwsuUzZjSrw=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiS10HZXdOOygn1gG8pkOmmGTiZhZiKU0r9w40IRt/6NO//GaRpBRQ8MHM65l7nn+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe3506ul37unUrFY3OpZQr0ITwQLGMHaSHdhiIY6RmEYjsoVx242GrWqgzJy0cxJzakj13YyVCBHe1R+H45jkkZUaMKxUgPXSbQ3x1IzwumiNEwVTTCZ4gkdGCpwRJU3zy5eoDOjjFEQS/OERpn6fWOOI6VmkW8mI6xD9dtbin95g1QHDW/ORJJqKsjqoyDlyIRcxkdjJinRfGYIJpKZWxEJscREm5JKpoSvpOh/0q3armO7N7VK6zKvowgncArn4EIdWnANbegAAQEP8ATPlrIerRfrdTVasPKdY/gB6+0Te9WQzQ==</latexit><latexit sha1_base64="DJoItCBMEhP2toEYTwsuUzZjSrw=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiS10HZXdOOygn1gG8pkOmmGTiZhZiKU0r9w40IRt/6NO//GaRpBRQ8MHM65l7nn+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe3506ul37unUrFY3OpZQr0ITwQLGMHaSHdhiIY6RmEYjsoVx242GrWqgzJy0cxJzakj13YyVCBHe1R+H45jkkZUaMKxUgPXSbQ3x1IzwumiNEwVTTCZ4gkdGCpwRJU3zy5eoDOjjFEQS/OERpn6fWOOI6VmkW8mI6xD9dtbin95g1QHDW/ORJJqKsjqoyDlyIRcxkdjJinRfGYIJpKZWxEJscREm5JKpoSvpOh/0q3armO7N7VK6zKvowgncArn4EIdWnANbegAAQEP8ATPlrIerRfrdTVasPKdY/gB6+0Te9WQzQ==</latexit><latexit sha1_base64="DJoItCBMEhP2toEYTwsuUzZjSrw=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiS10HZXdOOygn1gG8pkOmmGTiZhZiKU0r9w40IRt/6NO//GaRpBRQ8MHM65l7nn+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe3506ul37unUrFY3OpZQr0ITwQLGMHaSHdhiIY6RmEYjsoVx242GrWqgzJy0cxJzakj13YyVCBHe1R+H45jkkZUaMKxUgPXSbQ3x1IzwumiNEwVTTCZ4gkdGCpwRJU3zy5eoDOjjFEQS/OERpn6fWOOI6VmkW8mI6xD9dtbin95g1QHDW/ORJJqKsjqoyDlyIRcxkdjJinRfGYIJpKZWxEJscREm5JKpoSvpOh/0q3armO7N7VK6zKvowgncArn4EIdWnANbegAAQEP8ATPlrIerRfrdTVasPKdY/gB6+0Te9WQzQ==</latexit><latexit sha1_base64="DJoItCBMEhP2toEYTwsuUzZjSrw=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgKiS10HZXdOOygn1gG8pkOmmGTiZhZiKU0r9w40IRt/6NO//GaRpBRQ8MHM65l7nn+AlnSjvOh1VYW9/Y3Cpul3Z29/YPyodHXRWnktAOiXks+z5WlDNBO5ppTvuJpDjyOe3506ul37unUrFY3OpZQr0ITwQLGMHaSHdhiIY6RmEYjsoVx242GrWqgzJy0cxJzakj13YyVCBHe1R+H45jkkZUaMKxUgPXSbQ3x1IzwumiNEwVTTCZ4gkdGCpwRJU3zy5eoDOjjFEQS/OERpn6fWOOI6VmkW8mI6xD9dtbin95g1QHDW/ORJJqKsjqoyDlyIRcxkdjJinRfGYIJpKZWxEJscREm5JKpoSvpOh/0q3armO7N7VK6zKvowgncArn4EIdWnANbegAAQEP8ATPlrIerRfrdTVasPKdY/gB6+0Te9WQzQ==</latexit>

VLVL ! hh
<latexit sha1_base64="dyb9up3DiPAbfH4I7Q8FyRxRHoE=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFSa10HZXdOPCRQX7gDaWyXTSDp1MwsxEKaH/4caFIm79F3f+jZM0gooeuHA4517uvceLOFMaoQ+rsLK6tr5R3Cxtbe/s7pX3D7oqjCWhHRLyUPY9rChngnY005z2I0lx4HHa82YXqd+7o1KxUNzoeUTdAE8E8xnB2ki33dEVTGuoQzidjsoVZDcbjVoVwYycNXNSQ3Xo2ChDBeRoj8rvw3FI4oAKTThWauCgSLsJlpoRThelYaxohMkMT+jAUIEDqtwku3oBT4wyhn4oTQkNM/X7RIIDpeaBZzoDrKfqt5eKf3mDWPsNN2EiijUVZLnIjzk0P6YRwDGTlGg+NwQTycytkEyxxESboEomhK9P4f+kW7UdZDvXtUrrPI+jCI7AMTgFDqiDFrgEbdABBEjwAJ7As3VvPVov1uuytWDlM4fgB6y3T36wkd8=</latexit><latexit sha1_base64="dyb9up3DiPAbfH4I7Q8FyRxRHoE=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFSa10HZXdOPCRQX7gDaWyXTSDp1MwsxEKaH/4caFIm79F3f+jZM0gooeuHA4517uvceLOFMaoQ+rsLK6tr5R3Cxtbe/s7pX3D7oqjCWhHRLyUPY9rChngnY005z2I0lx4HHa82YXqd+7o1KxUNzoeUTdAE8E8xnB2ki33dEVTGuoQzidjsoVZDcbjVoVwYycNXNSQ3Xo2ChDBeRoj8rvw3FI4oAKTThWauCgSLsJlpoRThelYaxohMkMT+jAUIEDqtwku3oBT4wyhn4oTQkNM/X7RIIDpeaBZzoDrKfqt5eKf3mDWPsNN2EiijUVZLnIjzk0P6YRwDGTlGg+NwQTycytkEyxxESboEomhK9P4f+kW7UdZDvXtUrrPI+jCI7AMTgFDqiDFrgEbdABBEjwAJ7As3VvPVov1uuytWDlM4fgB6y3T36wkd8=</latexit><latexit sha1_base64="dyb9up3DiPAbfH4I7Q8FyRxRHoE=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFSa10HZXdOPCRQX7gDaWyXTSDp1MwsxEKaH/4caFIm79F3f+jZM0gooeuHA4517uvceLOFMaoQ+rsLK6tr5R3Cxtbe/s7pX3D7oqjCWhHRLyUPY9rChngnY005z2I0lx4HHa82YXqd+7o1KxUNzoeUTdAE8E8xnB2ki33dEVTGuoQzidjsoVZDcbjVoVwYycNXNSQ3Xo2ChDBeRoj8rvw3FI4oAKTThWauCgSLsJlpoRThelYaxohMkMT+jAUIEDqtwku3oBT4wyhn4oTQkNM/X7RIIDpeaBZzoDrKfqt5eKf3mDWPsNN2EiijUVZLnIjzk0P6YRwDGTlGg+NwQTycytkEyxxESboEomhK9P4f+kW7UdZDvXtUrrPI+jCI7AMTgFDqiDFrgEbdABBEjwAJ7As3VvPVov1uuytWDlM4fgB6y3T36wkd8=</latexit><latexit sha1_base64="dyb9up3DiPAbfH4I7Q8FyRxRHoE=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFSa10HZXdOPCRQX7gDaWyXTSDp1MwsxEKaH/4caFIm79F3f+jZM0gooeuHA4517uvceLOFMaoQ+rsLK6tr5R3Cxtbe/s7pX3D7oqjCWhHRLyUPY9rChngnY005z2I0lx4HHa82YXqd+7o1KxUNzoeUTdAE8E8xnB2ki33dEVTGuoQzidjsoVZDcbjVoVwYycNXNSQ3Xo2ChDBeRoj8rvw3FI4oAKTThWauCgSLsJlpoRThelYaxohMkMT+jAUIEDqtwku3oBT4wyhn4oTQkNM/X7RIIDpeaBZzoDrKfqt5eKf3mDWPsNN2EiijUVZLnIjzk0P6YRwDGTlGg+NwQTycytkEyxxESboEomhK9P4f+kW7UdZDvXtUrrPI+jCI7AMTgFDqiDFrgEbdABBEjwAJ7As3VvPVov1uuytWDlM4fgB6y3T36wkd8=</latexit>

1) modify SM adding a d=6 operator (H†
H)3

M2
<latexit sha1_base64="WvJmseCj70goIVKVUZizSH296R0=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyVpC213RTfdCBXsA5q0TCaTdujkwcxEKCG48VfcuFDErV/hzr9xmlZQ0QMXDufcy733OBGjQhrGh7ayura+sZnbym/v7O7t6weHXRHGHJMODlnI+w4ShNGAdCSVjPQjTpDvMNJzppdzv3dLuKBhcCNnEbF9NA6oRzGSShrpx5bHEU6KrWFiuWicts6HlTS5GpbTkV4wSo16vVo2YEYqjSWpGjVolowMBbBEe6S/W26IY58EEjMkxMA0ImkniEuKGUnzVixIhPAUjclA0QD5RNhJ9kIKz5TiQi/kqgIJM/X7RIJ8IWa+ozp9JCfitzcX//IGsfTqdkKDKJYkwItFXsygDOE8D+hSTrBkM0UQ5lTdCvEEqUykSi2vQvj6FP5PuuWSaZTM62qhebGMIwdOwCkoAhPUQBO0QBt0AAZ34AE8gWftXnvUXrTXReuKtpw5Aj+gvX0C6yOXIg==</latexit><latexit sha1_base64="WvJmseCj70goIVKVUZizSH296R0=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyVpC213RTfdCBXsA5q0TCaTdujkwcxEKCG48VfcuFDErV/hzr9xmlZQ0QMXDufcy733OBGjQhrGh7ayura+sZnbym/v7O7t6weHXRHGHJMODlnI+w4ShNGAdCSVjPQjTpDvMNJzppdzv3dLuKBhcCNnEbF9NA6oRzGSShrpx5bHEU6KrWFiuWicts6HlTS5GpbTkV4wSo16vVo2YEYqjSWpGjVolowMBbBEe6S/W26IY58EEjMkxMA0ImkniEuKGUnzVixIhPAUjclA0QD5RNhJ9kIKz5TiQi/kqgIJM/X7RIJ8IWa+ozp9JCfitzcX//IGsfTqdkKDKJYkwItFXsygDOE8D+hSTrBkM0UQ5lTdCvEEqUykSi2vQvj6FP5PuuWSaZTM62qhebGMIwdOwCkoAhPUQBO0QBt0AAZ34AE8gWftXnvUXrTXReuKtpw5Aj+gvX0C6yOXIg==</latexit><latexit sha1_base64="WvJmseCj70goIVKVUZizSH296R0=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyVpC213RTfdCBXsA5q0TCaTdujkwcxEKCG48VfcuFDErV/hzr9xmlZQ0QMXDufcy733OBGjQhrGh7ayura+sZnbym/v7O7t6weHXRHGHJMODlnI+w4ShNGAdCSVjPQjTpDvMNJzppdzv3dLuKBhcCNnEbF9NA6oRzGSShrpx5bHEU6KrWFiuWicts6HlTS5GpbTkV4wSo16vVo2YEYqjSWpGjVolowMBbBEe6S/W26IY58EEjMkxMA0ImkniEuKGUnzVixIhPAUjclA0QD5RNhJ9kIKz5TiQi/kqgIJM/X7RIJ8IWa+ozp9JCfitzcX//IGsfTqdkKDKJYkwItFXsygDOE8D+hSTrBkM0UQ5lTdCvEEqUykSi2vQvj6FP5PuuWSaZTM62qhebGMIwdOwCkoAhPUQBO0QBt0AAZ34AE8gWftXnvUXrTXReuKtpw5Aj+gvX0C6yOXIg==</latexit><latexit sha1_base64="WvJmseCj70goIVKVUZizSH296R0=">AAACAnicdVDLSsNAFJ34rPUVdSVuBotQNyVpC213RTfdCBXsA5q0TCaTdujkwcxEKCG48VfcuFDErV/hzr9xmlZQ0QMXDufcy733OBGjQhrGh7ayura+sZnbym/v7O7t6weHXRHGHJMODlnI+w4ShNGAdCSVjPQjTpDvMNJzppdzv3dLuKBhcCNnEbF9NA6oRzGSShrpx5bHEU6KrWFiuWicts6HlTS5GpbTkV4wSo16vVo2YEYqjSWpGjVolowMBbBEe6S/W26IY58EEjMkxMA0ImkniEuKGUnzVixIhPAUjclA0QD5RNhJ9kIKz5TiQi/kqgIJM/X7RIJ8IWa+ozp9JCfitzcX//IGsfTqdkKDKJYkwItFXsygDOE8D+hSTrBkM0UQ5lTdCvEEqUykSi2vQvj6FP5PuuWSaZTM62qhebGMIwdOwCkoAhPUQBO0QBt0AAZ34AE8gWftXnvUXrTXReuKtpw5Aj+gvX0C6yOXIg==</latexit>

2) modifying SM adding just modifications to κλ  

VLVL ! hh
<latexit sha1_base64="s6uQVPCl8Tujlg9N6+o+u2LiMh0=">AAAB9XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hErd6KXjx4qGA/oI1ls920SzebsLtRSuj/8OJBEa/+F2/+GzdtFBV9MPB4b4aZeX7MmdKO824V5uYXFpeKy6WV1bX1jfLmVlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/ug881u3VCoWiWs9jqkX4oFgASNYG+mm2btEWXV1hIbDXrni2I7rnB5VUU6O0Zfi2s4UFchR75Xfuv2IJCEVmnCsVMd1Yu2lWGpGOJ2UuomiMSYjPKAdQwUOqfLS6dUTtGeUPgoiaUpoNFW/T6Q4VGoc+qYzxHqofnuZ+JfXSXRw4qVMxImmgswWBQlH5scsAtRnkhLNx4ZgIpm5FZEhlphoE1TJhPD5KfqfNA9s17Hdq8NK7SyPowg7sAv74EIVanABdWgAAQn38AhP1p31YD1bL7PWgpXPbMMPWK8fRc6RuA==</latexit><latexit sha1_base64="s6uQVPCl8Tujlg9N6+o+u2LiMh0=">AAAB9XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hErd6KXjx4qGA/oI1ls920SzebsLtRSuj/8OJBEa/+F2/+GzdtFBV9MPB4b4aZeX7MmdKO824V5uYXFpeKy6WV1bX1jfLmVlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/ug881u3VCoWiWs9jqkX4oFgASNYG+mm2btEWXV1hIbDXrni2I7rnB5VUU6O0Zfi2s4UFchR75Xfuv2IJCEVmnCsVMd1Yu2lWGpGOJ2UuomiMSYjPKAdQwUOqfLS6dUTtGeUPgoiaUpoNFW/T6Q4VGoc+qYzxHqofnuZ+JfXSXRw4qVMxImmgswWBQlH5scsAtRnkhLNx4ZgIpm5FZEhlphoE1TJhPD5KfqfNA9s17Hdq8NK7SyPowg7sAv74EIVanABdWgAAQn38AhP1p31YD1bL7PWgpXPbMMPWK8fRc6RuA==</latexit><latexit sha1_base64="s6uQVPCl8Tujlg9N6+o+u2LiMh0=">AAAB9XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hErd6KXjx4qGA/oI1ls920SzebsLtRSuj/8OJBEa/+F2/+GzdtFBV9MPB4b4aZeX7MmdKO824V5uYXFpeKy6WV1bX1jfLmVlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/ug881u3VCoWiWs9jqkX4oFgASNYG+mm2btEWXV1hIbDXrni2I7rnB5VUU6O0Zfi2s4UFchR75Xfuv2IJCEVmnCsVMd1Yu2lWGpGOJ2UuomiMSYjPKAdQwUOqfLS6dUTtGeUPgoiaUpoNFW/T6Q4VGoc+qYzxHqofnuZ+JfXSXRw4qVMxImmgswWBQlH5scsAtRnkhLNx4ZgIpm5FZEhlphoE1TJhPD5KfqfNA9s17Hdq8NK7SyPowg7sAv74EIVanABdWgAAQn38AhP1p31YD1bL7PWgpXPbMMPWK8fRc6RuA==</latexit><latexit sha1_base64="s6uQVPCl8Tujlg9N6+o+u2LiMh0=">AAAB9XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hErd6KXjx4qGA/oI1ls920SzebsLtRSuj/8OJBEa/+F2/+GzdtFBV9MPB4b4aZeX7MmdKO824V5uYXFpeKy6WV1bX1jfLmVlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/ug881u3VCoWiWs9jqkX4oFgASNYG+mm2btEWXV1hIbDXrni2I7rnB5VUU6O0Zfi2s4UFchR75Xfuv2IJCEVmnCsVMd1Yu2lWGpGOJ2UuomiMSYjPKAdQwUOqfLS6dUTtGeUPgoiaUpoNFW/T6Q4VGoc+qYzxHqofnuZ+JfXSXRw4qVMxImmgswWBQlH5scsAtRnkhLNx4ZgIpm5FZEhlphoE1TJhPD5KfqfNA9s17Hdq8NK7SyPowg7sAv74EIVanABdWgAAQn38AhP1p31YD1bL7PWgpXPbMMPWK8fRc6RuA==</latexit>

NP needed at much lower scale 
in the second case 

From exp. point of view: 
interesting to look at VLVL → hh i 

Very similar case of the VBS 
scattering without Higgs (pre-
Higgs boson discovery)

https://indico.cern.ch/event/592697
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Unitarity violation 2 
arXiv:1704.02311

h̄ = v from Eq. (4) and expanding over the Higgs field fluctuations v ! v + h, one gets

µ
2 = �v

2 +
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4
c6v

2 =
m

2
h

2
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3

4
c6v

2
, (24)

� =
m

2
h

2v2
�

3

2
c6 . (25)

By substituting v = 246 GeV and mh = 125 GeV in Eqs. (24)–(25), we find µ
2
< 0 and � < 0

as long as c6 & 0.17. This is precisely the situation described in case 3 of Sect. 2.1. By taking
an even larger c6 the minimum in h̄ = 0 might become the absolute one (cf. Fig. 1). This
happens for (see also [34])

V
(6)(v) =

c6v
4
�m

2
h
v
2

8
> 0 = V

(6)(h̄ = 0) , (26)

corresponding to c6 & 0.26. However, for a weakly coupled theory where c6 scales like v
2
/⇤2,

such value of c6 implies a very low cuto↵ scale of ⇤ . 480 GeV, thus making the application
of the EFT questionable. On the other hand, even admitting for a strongly-coupled origin of
c6, higher-order operators cannot be consistently neglected for assessing the global structure of
the Higgs potential away from the EW minimum, since |H|

6 gives access only up to the sixth
derivative of the potential on the EW minimum.

2.3 Perturbativity bounds

On general grounds, one expects that too large values of the Higgs self-couplings are bounded
by perturbativity arguments. In the following, we compare two criteria: the former is based on
the partial-wave unitarity of the Higgs bosons’ scattering amplitude, while the latter consists
in the requirement that the loop corrections to the Higgs self-interaction vertices are smaller
than the tree-level ones. Both criteria yield a similar result.

2.3.1 Partial-wave unitarity

The 2 ! 2 Higgs bosons’ scattering amplitude grows for large values of the Higgs self-couplings,
eventually leading to unitarity violation and hence to the breakdown of the perturbative ex-
pansion.4 Using the modified Lagrangian in Eq. (1), the hh ! hh scattering amplitude reads
(see also Fig. 2)

M = ��
2
hhh

✓
1

s�m
2
h

+
1

t�m
2
h

+
1

u�m
2
h

◆
� �hhhh , (27)

with s, t, u denoting the standard Mandelstam variables defined in the center of mass frame.
In particular, we also have t = �(s � 4m2

h
) sin2 ✓

2 and u = �(s � 4m2
h
) cos2 ✓

2 , where
p
s is the

center of mass energy and ✓ is the azimuthal angle with respect to the colliding axis.
The J = 0 partial wave is found to be

a
0
hh!hh

= �
1

2

p
s(s� 4m2

h
)

16⇡s

2

4�2
hhh

0

@ 1

s�m
2
h

� 2
log

s�3m2
h

m
2
h

s� 4m2
h

1

A+ �hhhh

3

5 , (28)

4A similar approach was used in order to set constraints on the size of MSSM trilinear couplings (see e.g. [47]).
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Unitarity violation with d=6 operator EFT 
arXiv:1704.02311

not a bound, it is still interesting given our limitations in using Eq. (1) beyond perturbation
theory. In Sect. 2.3 we will provide a simple perturbativity criterium which can be applied
to the potential of Eq. (1). On the other hand, in order to formulate the question of vacuum
stability in a gauge invariant way we will add an operator c6

v2
|H|

6 to the SM Lagrangian and
study the vacuum structure of the theory. Would then be possible to set model-independent
bounds on the Wilson coe�cient c6 from the requirement that the EW vacuum is absolutely
stable or long-lived enough? As we are going to see, the answer to the this question is in general
negative, requiring a careful analysis of the range of applicability of the EFT.

2.1 EW symmetry breaking with d = 6 operators

We start by reviewing EW symmetry breaking in the SM augmented by the operator |H|
6 (see

e.g. [43]). The truncated potential reads

V
(6)(H) = �µ

2
|H|

2 + � |H|
4 +

c6

v2
|H|

6
, (3)

where the normalization of the d = 6 operator is given in terms of v = (
p
2Gµ)�1/2

' 246
GeV. Note that c6 = c̄6� in the notation of Ref. [44]. In the following, we will focus on weakly
coupled regimes, where c6 is at most of O (v2/⇤2) and ⇤ is the cuto↵ of the EFT.2

In order to minimize the potential, we project the Higgs doublet on its background real
component, H !

1p
2
h̄. From the equation

V
(6)0(h̄) =

✓
�µ

2 + �h̄
2 +

3c6
4v2

h̄
4

◆
h̄ = 0 , (4)

we find three possible stationary points: h̄ = 0, v+, v�, where

v
2
± =

2v2

3c6

 
��± |�|

r
1 +

3c6µ2

�2v2

!
= (± |�|� �)

2v2

3c6
±

µ
2

|�|
⌥

3c6µ4

4 |�|3 v2
+O(c26) , (5)

and in the last step we expanded for c6 ⌧ 1. The nature of the stationary points (whether they
correspond to maxima or minima) depends on the second derivative of the potential

V
(6)00(h̄) = �µ

2 + 3�h̄2 +
15c6
4v2

h̄
4
. (6)

Considering the possible signs of the potential parameters in Eq. (3) we have in total 23 = 8
combinations, out of which only 4 lead to a phenomenologically viable (i.e. h̄ 6= 0) EWminimum:

1. µ
2
> 0, � > 0, c6 > 0: In this case Eq. (5) yields (at the next-to-leading order in the c6

expansion)

v
2
+ '

µ
2

�

✓
1�

3c6µ2

4�2v2

◆
, (7)

v
2
� ' �

4�v2

3c6

✓
1 +

3c6µ2

4�2v2

◆
. (8)

2By naive dimensional analysis the scaling of c6 is g4⇤v
2
/⇤2, where g⇤ denotes a generic coupling which can

range up to 4⇡ in strongly-coupled theories (see e.g. [45]). However, in theories where the Higgs mass is protected
by an additional symmetry, like e.g. in composite Higgs models, the scaling of the coe�cient c6 is expected to
be c6 ⇠ �g

2
⇤v

2
/⇤2 = �v

2
/f

2, with 1/f ⌘ g⇤/⇤ [44, 46]. Hence, also in this case values of c6 ⇠ 1 lead to the
breakdown of the EFT expansion.

5

addition of d=6 operator 
 relation valid  for 

� = 1 + 7.8c6
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|c6| < 0.8 ! �5.2 < � < 7.2 � 37 < �4 < 39
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What to do in the next days?

1) today dedicated to “general” review talk, plus talk on future collider facilities 
that look at us to make solid projections for their projects 

3) discussion sessions every day (can be parallel), first one today to discuss 
the discussion topics and define discussion conveners - if you have ideas 
please show up, don’t be shy and bring them at today discussion session 

4) review all the work done up to now 
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What to do in the next days?

1) today dedicated to “general” review talk, plus talk on future collider facilities 
that look at us to make solid projections for their projects 

3) discussion sessions every day (can be parallel), first one today to discuss 
the discussion topics and define discussion conveners - if you have ideas 
please show up, don’t be shy and bring them at today discussion session 

4) review all the work done up to now 

5) write minutes for each session: you can add comments for the discussion 
points you want to make at the link on the agenda 
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at the bottom part of the 
main page
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What to do in the next days?

1) today dedicated to “general” review talk, plus talk on future collider facilities 
that look at us to make solid projections for their projects 

3) discussion sessions every day (can be parallel), first one today to discuss 
the discussion topics and define discussion conveners - if you have ideas 
please show up, don’t be shy and bring them at today discussion session 

4) review all the work done up to now 

5) write minutes for each session: you can add comments for the discussion 
points you want to make at the link on the agenda 

6) rump up with a plan for the future by this Saturday 

7) Saturday we will have the summary of the discussions and we will make the 
point for the next steps: uniform MC generators, model interpratations, 
ATLAS/CMS combination, timeline 

8) write down a white paper of the workshop (try to define as much as common 
strategies as possible) 
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Have a nice 
workshop!!
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Do we really know everything about the  Higgs 
boson?

We know:  
           - couplings to vectors,  the heaviest lepton and quark 
families 
           - mass 
             Will HL-LHC give more striking information about the Higgs 
boson ? 

•  it will observe h→μ+μ-

•  nothing else if we are unlucky… :-(

Testing the last untested piece of the SM lagrangian is a 
must for fundamental physics, giving up on it means giving 

up in understanding the foundation of nature
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On going project proposals

CepC, FCC-ee: 
• can test Higgs couplings at the best possible accuracy 
• some sensitivity to Higgs boson self-coupling through 1-loop 

EWK correction to Zh production 
• can be extended in energy to make other interesting SM high 

precision test (Tera-LEP, W mass, top mass) 
• have a nice (far?) future development as a pp collider for direct 

Higgs self coupling measurement

SppC, FCC-hh: • they look more and more the next to the next step, need to wait 
high intensity magnet development (16T magnet at least)

ILC, CLIC 
(@low energy):

• can test Higgs couplings at ~% level accuracy 
• some sensitivity to Higgs boson self-coupling through 1-loop 

EWK correction to Zh production 
• can be extended in energy to make other interesting SM high 

precision test (top mass), higgs self-coupling  
- but it needs                          

• have a nice (far?) future development as linear collider hosting 
new high gradient lepton acceleration (plasma acceleration)

p
s > 1TeV
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•  CEPC data-taking starts before the LHC program ends 
•  Possibly con-current with the ILC program 

design issues  
R&D items 
preCDR 

design, funding  
R&D program 
Intl. collabration 
site study 

seek approval, site decision 
construction during 14th 5-  
                                year plan 
commissioning 

 

CEPC Schedule (ideal) 
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European strategy timeline
December 2018: 

- deadline for submission of inputs from the community 

2019: Community discussion 
- Open Symposium (~ September 2019, and one early 2019) 
- Preparatory group summaries community feedback in 

Briefing Books 

Early 2020: Strategy Group discussion and preparation of the 
draft  (1 week meeting, inspired by briefing books)

Inputs: ~10 pages documents can be provided by individuals, 
groups, institutions

could an e+e- option enter as a single document (in Europe or 
in Cina?), could we propose an explicit input for CepC given 

the time schedule?
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CepC project development
Conceptual Design Report: done 

Technical Design Report: 
         what model of collaboration ? 

  what timeline ? 
  when is it the right time for formal agreement? 
  are formal agreements between IHEP and EU  
institutions useful?  
  agreements can include:  

- exchange programs for students and researcher 
     - formal commitments on TDR tasks 
     - collaboration on specific task from the funding point 
of view

FCC-ee, CepC collaboration: obvious from the physics 
point of view, possible in practice?
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What about China ?

Are deadline set by the government or scientific 
institutions for the project development ?
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Marcel Vos 
Spain

co-leader of the ATLAS/future 
collider project at IFIC Valencia

Alain Blondel 
Switzerland

member of the coordination group of 
FCC, and co-coordinator of FCC-ee 

'physics and experiments'

Franco Bedeschi 
Italy

coordinator of the INFN group on 
Research and Development for 

Future Accelerators

王贻芳 (Yifang Wang) 
China

IHEP director

Daniela Bortoletto 
UK

vertex detectors/depleted cmos 
and Higgs physics 

Werner Rigler
CERN

FCC-hh physics and detector 
coordinator Imad Laktineh 

France
working on semi digital 

hardronic calorimeter for ILC 
and CEPC
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We will take note 
Ruan Monqui 

He won the competition as fastest 
summary talk writer than ever and he 
will be together with us the editor of a 
document summarising the discussion
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Panel discussion 
starts
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Particle physics
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Experimental constraints

S and T relations
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Figure 1: Example Feynman diagrams for the (a) ZZ, (b) WW , (c) Z� and (d) �� two-

loop self-energies. The square represents a vertex where there is a contribution from the

dimension-6 operator.

Contributions to S and T involving the dimension-6 operator O6 first appear at the

two-loop level. At this order in perturbation theory, self-energy diagrams containing both

trilinear and quartic Higgs self-interactions appear, which due to their modifications from

c̄6 outlined above, are manifest as non-zero corrections to S and T . However, as we

will see later, contributions from the quartic Higgs self-interaction exactly cancel in these

observables. It is also important to note that at this order in perturbation theory, there

are no vertex or box diagrams that depend on c̄6 involving light external fermions (i.e.,

light enough that their Yukawa couplings can be neglected). Since two-loop corrections

to vertex or box diagrams involving both c̄6 and heavy external fermions do not enter the

electroweak observables, the relevant two-loop c̄6 contributions to the self-energies must be

separately gauge-invariant.

3.1 Self-energy diagrams

To evaluate the electroweak oblique parameters S and T , all two-loop self-energy diagrams

involving corrections from c̄6 need to be calculated. From the definitions of S and T , all

SM contributions are subtracted and so only terms proportional to c̄6 and c̄
2
6 can remain.

Working in the Feynman gauge, and discarding all two-loop diagrams that do not contain

a contribution from c̄6, there are 26 diagrams for ZZ, 26 for WW , 5 for Z� and 5 for ��.
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Figure 3. Sample of �SM
3 -dependent diagrams in tt̄H production.
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Figure 4. Diagrams contributing to the C1 coefficient in the gluon-gluon-fusion Higgs production.
The one on the right has a multiplicity factor 2.

where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each subprocess
contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coefficients of the various processes, we generated the rele-
vant amplitudes using the Mathematica package FeynArts [43]. For all the cases involving
only one-loop amplitudes, we computed the cross sections and decay rates with the help
of FormCalc interfaced to LoopTools [44] and we checked the partonic cross sections at
specific points in the phase space with FeynCalc [45? ]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and H ! V V

⇤
! 4f),

the �3-dependent parts in M
1

�
SM
3

have a common structure, see Fig. 2. In the case of the
tt̄H production the sensitivity to �3 comes from the one-loop corrections to the tt̄H vertex
and from one-loop box and pentagon diagrams. A sample of diagrams containing these
�3-dependent contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the case of tt̄H

production provides an intuitive explanation of why the �3 contributions cannot be captured
by a local rescaling of the type that a standard -framework would assume for the top-Higgs
coupling. Similarly, not all the contributions given by the corrections to the HV V vertex
can be described by a scalar modification of its SM value via a V factor, due to the different
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H ! ��) is much
more challenging and deserves a more detailed discussion. These observables receive the
first non-zero contributions from one-loop diagrams, which do not feature �3, so that the
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Figure 1: Two-loop �3-and-�4-dependent diagrams in the W self-energy,
in the unitary gauge. The dark blob represent the insertion of the modified
diagrams in the one-loop Higgs self energy, shown in the second row. The
black point represents either an anomalous �3 or �4.

The new contribution in the self energies in eqs. (7,8) can be parametrized
just by a modification of the trilinear coupling as described in eq. (2). In
order to correctly identify the e↵ects related to the �3

1 interaction we follow
Ref. [29] and work in the unitary gauge. Here we discuss the W self energy
but an identical analysis can be done also for the Z self energy.

The two-loop diagrams in the W self energy that are sensitive to a mod-
ification of the Higgs self couplings are depicted in fig. 1. The dark blob in
diagrams 1a), 1d) represents the one-loop Higgs self energy or the one-loop
Higgs mass counterterm that in our scenario gets modified with respect to
the SM result in the unitary gauge by the diagrams in fig. 1e). The am-
plitudes of the diagrams in fig. 1 were generated using the Mathematica
package FeynArts [38] and reduced to scalar Master Integrals using private
codes and the packages FeynCalc [39, 40] and Tarcer [41]. After the reduc-
tion to scalar integrals we were left with the evaluation of two-loop vacuum
integrals and two-loop self-energy diagrams at external momenta di↵erent
from zero. The former integrals were evaluated analytically using the results
of Ref. [42]. The latter ones were instead reduced to the set of loop-integral
basis functions introduced in Ref. [43]. For their numerical evaluation we
used the C program TSIL [44]. Our results are expressed in terms of the OS
Higgs mass that specifies the Higgs mass counterterm.

Few observations are in order: i) the insertion of the “cactus” diagram
e2) in diagrams a) and d) in fig. 1 gives rise to a contribution proportional to
the quartic Higgs self couplings on which we did not make any assumption.
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stability and new physics
New physics at the Planck scale can strongly affect 
the transition time  [V. Branchina, E. Messina Phys. 
Rev. Lett. 111 (2013) 241801]
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FIG. 2: The running of λ(µ) in the presence of λ6 and λ8

(dashed line). The solid line gives the running in the absence
of λ6 and λ8. Clearly, dashed and solid lines practically coin-
cide for values of µ below the Planck scale.

In the following, we shall see that the impact of new
physics interactions at the Planck scale is far from be-
ing negligible. Actually, their presence can dramatically
change the lifetime of the metastable EW vacuum from
τ >> TU to τ << TU .
Lifetime of the EW vacuum.— In order to study the

impact of new physics interactions at the Planck scale,
we now add two higher dimension operators φ6 and φ8

to the SM Higgs potential:

V (φ) =
λ

4
φ4 +

λ6

6

φ6

M2
P

+
λ8

8

φ8

M4
P

(1)

The influence of λ6 and λ8 on the RG flow of the
quartic coupling λ(µ), for values of µ below MP , is
negligible (see fig. 2). Therefore, the effective poten-
tial in this range is insensitive to their presence. The
RG functions for the SM parameters at the two-loop
level (with the corresponding boundary conditions) can
be found, for instance, in [15, 19]. Further (slight) im-
provement is obtained by considering three-loops contri-
butions [15, 16, 20].
Let us consider two different representative cases. For

λ6(MP ) = −2 and λ8(MP ) = 2.1, the potential is given
by the dashed line of fig. 3. Due to the very large scales in-
volved, the plot is done in a double logarithmic scale. As
λ6 is negative, when φ approaches MP , V new

eff (φ),which is
the renormalization group improved effective potential in
the presence of λ6 and λ8, bends down much steeply than

Veff (φ) and forms a new minimum at about φ(2)
min ∼ MP .

This is clear from the zoom around the Planck scale in
panel (b) of fig. 3.
The second case we consider is when λ6 and λ8 are both

positive. For λ6(MP ) = 1 and λ8(MP ) = 0.5, the poten-
tial is given by the dotted-dashed line of fig. 3. As λ6 is
positive, when φ approaches MP the potential V new

eff (φ)
goes above (rather than below) Veff (φ).
In both cases, the potential is stabilized at the Planck

scale by new physics terms. However, it is commonly
believed that, although such a stabilization has to take
place, the presence of new physics interactions has no
impact on the EW vacuum lifetime [14]. We shall see
that this is not generically true. When V new

eff (φ) lies

above Veff (φ), which in our example is realized with
λ6(MP ) > 0 and λ8(MP ) > 0, τ is insensitive to the pres-
ence of these new terms. On the contrary, when V new

eff (φ)
lies below Veff (φ), which in our example is realized with
λ6(MP ) < 0 and λ8(MP ) > 0, τ strongly depends on
new physics.
The tunneling time τ is given by [17, 18], [14]:

1

τ
= T 3

U
S[φb]2

4π2

∣

∣

∣

∣

∣

det′
[

−∂2 + V ′′(φb)
]

det [−∂2 + V ′′(v)]

∣

∣

∣

∣

∣

−1/2

e−S[φb] (2)

where φb(r) is the O(4) bounce solution to the euclidean
equation of motion (r2 = xµxµ), S[φb] the action for the
bounce,

[

−∂2 + V ′′(φb)
]

the fluctuation operator around
the bounce (V ′′ is the second derivative of V with respect
to φ). The prime in the det

′

means that in the computa-
tion of the determinant the zero modes are excluded and
S[φb]

2

4π2 comes from the translational zero modes.
Let us compute τ for the potential of Eq. (1) with

λ6(MP ) = −2 and λ8(MP ) = 2.1.
When Veff (φ) (the usual SM Higgs potential with-

out new interaction terms) is computed within the MS
scheme and the renormalization scale µ is chosen to coin-
cide with the inverse of the bounce size Rmax that max-
imizes the tunneling probability [14], we have that µ =
2R−1

max e
−γE = 1.32 · 1017 GeV (γE is the Euler gamma)

and the coupling constant λ(µ) is λ(µ) ≃ −0.014.
For our potential, we find that, up to the scale η ≃

0.780MP , it is very well approximated by an upside down
quartic parabola, V new

eff (φ) = λeff

4 φ4, with λeff = λ +
2
3λ6

η2

M2

P

+ 1
2λ8

η4

M4

P

≃ −0.437. For φ > η, V new
eff (φ) bends

down very steeply (see fig. 3 (b)), eventually creating

a new minimum very close to MP : φ
(2)
min = 0.979MP .

Therefore, for values of φ larger than (but close to) η,
φ >
∼ η, it can be linearized and we get:

V (φ) =
[

λeff

4 η4 − λeffη
3

γ (φ− η)
]

, where

γ = −λeff η3
(

λη3 + λ6
η5

M2
P

+ λ8
η7

M4
P

)−1

. (3)

Interestingly, in order to compute τ , this is all what
we need to know [21]. Moreover, the parameter γ plays
an essential role in determining when new physics inter-
actions influence τ .
The euclidean equation of motion admits the following

bounce solution:

φb(r) =

⎧

⎨

⎩

2η − η2
√

|λeff |
8

r2+R
2

R
0 < r < r

√

8
|λeff |

R
r2+R

2 r > r
(4)

where

r2 =
8γ

λeffη2
(1 + γ) , R

2
=

8

|λeff |

γ2

η2
. (5)

MP suppressed 

3

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

!100

!50

0

50

100

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

log10 Φ!GeV

sig
n V
lo
g 1
0"
V
"

(a)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
!0.10

!0.05

0.00

0.05

0.10

Φ!Mp

V M
P

(b)

FIG. 3: (a) The effective potential Veff (φ) (solid line) for MH ∼ 126 GeV and Mt ∼ 173.1 GeV. Note that the new minimum

forms at φ(2)
min ∼ 1031 GeV. For the same values of MH and Mt, V

new
eff (φ) for λ6 = −2 and λ8 = 2.1 (dashed line); V new

eff (φ) for
λ6 = 1 and λ8 = 0.5 (dashed-dotted line). In order to include such a vaste range of scales, a log-log plot has been considered.
(b) Zoom of the panel (a) figure near the Planck scale. Veff (φ), V

new
eff (φ) and φ are normalized to Planck units (in this range no

log-log plot is needed). V new
eff (φ) for λ6 < 0 bend down steeply and forms a new minimum at φ

(2)
min = 0.979MP . With λ6 > 0,

V new
eff (φ) falls down less steeply than Veff (φ) and in the picture we cannot resolve the minimum which forms at φ = 0.119MP .

From Eq. (5)1 we see that the solution (4) exists only for
−1 < γ < 0. R is the size of the bounce (4) and the
action at φb is:

S[φb] = (1− (γ + 1)4)
8π2

3|λeff |
. (6)

There are also other bounce solutions:

φ
(2)
b (r) =

√

2

|λeff |

2R

r2 +R2
(7)

where R, the size of these bounces, can take any value in

the range
√

8
|λeff |

1
η < R < ∞. The action is degenerate

with R and is:

S[φ(2)
b ] =

8 π2

3|λeff |
. (8)

When we only consider SM operators, no other solution
than (7) exists and τ is computed with the help of (8).
However, even if for a moment we limit ourselves to the

tree level contribution only, from Eqs. (2), (6) and (8) we
see that for those values of γ such that the solution (4)
exists (−1 < γ < 0), the contribution to the tunneling
probability coming from the bounces (7) is exponentially
suppressed with respect the contribution of (4). In par-
ticular, for λ, λ6(MP ), λ8(MP ) and η given above we
have: γ ≃ −0.963. In the following we shall see how this
value of γ impacts on τ .
Let us compute now the fluctuation determinant in

Eq.(2) for the bounce (4) and for λ6(MP ) = −2 and
λ8(MP ) = 2.1, which is the case of interest for us.
Due to radial symmetry, V ′′(φb) in

[

−∂2 + V ′′(φb)
]

only depends on r. Following [23], the logarithm of the
fluctuation determinant is obtained (see below for some
specifications) as:

log

(

det′(−∂2 +V′′(φb))

det(−∂2)

)1/2

=
1

2

∞
∑

l=0

(l + 1)2 ln ρl (9)

where ρl = lim
r→∞

ρl(r) (10)

and each ρl(r) is solution of the differential equation:

ρ′′l (r) +
(2l+ d− 1)

r
ρ′l(r) − V ′′(φb(r))ρl(r) = 0 (11)

with boundary conditions ρl(0) = 1 and ρ′l(0) = 0. (ρ′′l (r)
is the second derivative of ρl(r) w.r.to r,...).
Eq. (9) is ill defined in three respects. The eigenvalue

related to l = 0 is a negative mode (ρ0 < 0), while the
l = 1 modes correspond to the four translational zero
modes. We exclude the l = 0 and l = 1 modes from the
above sum. They can be separately treated in a standard
way [22, 23]. Finally, the sum in Eq. (9) is divergent. This
is the usual UV divergence induced by quantum fluctu-
ations. Again, we know how to take care of it through
renormalization [22].
Let us consider now Eq. (11) for l > 1. We can easily

solve this equation numerically for each value of l (for
increasing l, the ρl’s rapidly converge to one). Follow-
ing [22], the MS renormalized sum in Eq. (9) is given by
(µ is the renormalization scale):

[

1

2

∞
∑

l>1

(l + 1)2 ln ρl

]

r

=
1

2

∞
∑

l>1

(l + 1)2 ln ρl

− 1
2

∞
∑

l=0

(l + 1)2
[

∫∞
0 drrV ′′

2(l + 1)
−

∫∞
0 drr3(V ′′)2

8(l + 1)3

]

− 1
8

∫ ∞

0
drr3(V ′′)2

[

ln
(µr

2

)

+ γE + 1
]

. (12)

We then get:
[

1

2

∞
∑

l>1

(l + 1)2 ln ρl

]

r

= −2.49− 5.27 ln

(

1.48µ

MP

)

. (13)

For l = 0, ρ0 has to be replaced with its absolute
value [22]. Solving Eq. (11), we find that its contribution
to the sum in Eq. (9) is: 1

2 ln |ρ0| = −0.806.
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Quantum fluctuations do not change significantly these “classical” results
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The universe gets destroyed in a shot...
        
New physics at the Plank scale must be carefully 
tuned...

In general, stability considerations are preserved if 
new physics doesn’t decrease the derivative of the 
potential at the turning point.
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MH = 126 GeV Mt = 173.1 GeV

E W = 246 GeV

NOT IN SCALE

Instability = 1011 GeV

M
P

 ~1031 GeV !!!

New minimum at � ⇠ 1031 Gev !!!!

SM E↵ective Potential extrapolated well above MP !!!

Does it make any sense ???
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cosmological constant
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accelerated	expansion	in	the	early	universe		
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(17) ln(1010As) = 3.062± 0.029 (68%CL)
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ü 		To	induce	accelera%on	the	poten%al	must	be	flat		

ü 		To	have	long	enough	infla%on,	V(φ)	must	be	flat		
for	long	enough	
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universe radius, exponentially expanding 
during inflation

The Higgs potential could have such 
role if properly shaped

need to be flat 
to fit slow-roll condition
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a(t) universe radius

h0 = h0|h |0i Higgs VEV
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8⇡G
= V (h0)

The value of the 
potential at its minimum 
sets the cosmological 
constant (i.e. the amount 
of dark energy)


