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Introduction
Why measure Higgs couplings?

lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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Higgs couplings already known to           within SM…
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Measuring Higgs couplings is a search for physics

beyond the Standard Model



Introduction
What kind of new physics?

Low scale: LHC direct searches
High scale: target for future colliders?
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This work: model-independent implications of Higgs 
coupling measurements for new physics at high energies



Introduction
SM = unique UV-complete theory with observed

spectrum of elementary particles

⇒ scattering amplitudes are harder at high energies
than allowed by unitarity

⇒ model-independent upper bound on scale of 
new physics
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Strength ofWeak Interactions at Very High Energies and the Higgs Boson Mass
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It is shown that if the Higgs boson mass exceeds M, =(87t~2/3GF )' 2 partial-wave unitar-
ity is not respected by the tree diagrams for two-body reactions of gauge bosons, and
the weak interactions must become strong.

Modern development in weak interaction theory
is based upon the concept of spontaneously broken
gauge symmetry. ' Gauge theories of the weak and
electromagnetic interactions contain one or more
physical scalar (Higgs) particles, the existence
of which is a necessity if the high-energy behav-
ior of the S matrix is to be reasonable. ' In this
Letter we point out that if the Higgs boson mass
exceeds about 1 TeV/c' new phenomena must ap-
pear in weak interactions in the TeV energy re-
gime. Alternatively, if the Higgs boson mass is
much less than 1 Teg/c', weak interactions may
remain weak at all energies. '
We derive a quantitative estimate of this criti-

cal value of the Higgs boson mass. Our consider-
ations are 8-matrix theoretic in nature4 and de-
pend very little on the formal apparatus of renor-
malizable field theory. They rely instead on the
application of unitarity bounds to tree diagrams.
For definiteness we shall consider the minimal
scheme of Weinberg and Salam' based on the
Group SU(2) SU(1), in which there is only one
physical Higgs particle. Our results may readily
be extended to the case of several neutral Higgs
particles.
It has frequently been remarked that a large

Higgs boson mass implies a strong interaction
among Higgs bosons. Weinberg' has emphasized

T~' -(GF/&2)s(1+cos8)
as s -~. This linear divergence is canceled by
the contributions of Higgs boson (H)'exchanges in
the s and t channels, provided that the II@"W
coupling is precisely that of the Weinberg-Salam
theory. ' The resulting amplitude is

T -(-4G,/W2)m„', s— (2)

the view that GF ' ' is a natural mass scale of
nature and that, if the Higgs self-coupling is
strong, the effective ultraviolet cutoff would be
at this energy. More recently Veltman' consid-
ered Higgs-boson contributions to certain radia-
tive corrections. He concluded that for Higgs
boson masses exceeding approximately G& ' '
=300 Gep/c' the perturbation expansion of weak
interactions may well break down, and speculated
on various possible cases in which this might en-
tail. We are in accord with the general view ex-
pressed by Veltman. Our demonstration is per-
haps more primitive, but direct.
%'e assume Yang-Mills gauge couplings among

vector bosons. Consider first the elastic process
At the tree-diagram level there

are y and Z' exchanges in the s and t channels
and a contact (subtraction) term. The high-ener-
gy behavior of the amplitude is worst for all W's
longitudinally polarized, for which'

History repeats itself?

Let’s hope so!



Outline

• Unitarity bounds from BSM physics

• Parameterizing new physics

• Results for general Higgs couplings

▪︎ Equivalence theorem

▪︎ Model independence

▪︎ Scale of new physics

▪︎ SMEFT without SMEFT
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Unitarity Bounds
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Example: Higgs cubic coupling:
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+ · · ·

Generalized partial wave amplitudes:

⇒ model-independent unitarity bound
on scale of new physics

<latexit sha1_base64="rt+hrX1wvHB4vwy3IvpiCKONVFA=">AAACBXicZVC7SgNBFJ2NrxhfUUubwRCwCrsR1DJoYxnBPCBZwuzs3WTI7OwyMyuEJbVfYKuCYCHYia34A/Z+gP/h5IGY5MCFwzn3ci7HizlT2ra/rczS8srqWnY9t7G5tb2T392rqyiRFGo04pFsekQBZwJqmmkOzVgCCT0ODa9/MfIbNyAVi8S1HsTghqQrWMAo0UZqtX3oHOO2AGx38gW7ZI+BF4kzJYVK8eXp6/nzsdrJ/7T9iCYhCE05UarllGPtpkRqRjkMc+1EQUxon3ShZaggISg3Hb88xEWj+DiIpBmh8Vj9f5GSUKlB6JnNkOiemvdG4p9XnInSwZmbMhEnGgSdJAUJxzrCowKwzyRQzQeGECqZeRbTHpGEalPTTAxP9GCYM7048y0sknq55JyUylemoHM0QRYdoEN0hBx0iiroElVRDVEUoTt0jx6sW+vVerPeJ6sZa3qzj2ZgffwCoTCcpg==</latexit>

δ3 != 0 ruins SM cancelations that ensure good UV behavior



“Model Independent?”

experimentally measured couplings

• No power counting/EFT truncation

<latexit sha1_base64="V9PfhdM40iMOYsZaxouhJ0EvKW4=">AAACDHicZVC7SgNBFJ2Nrxhfq5Y2gyFiEUI2+MIqaGMZwTwg2YTZyWwyZPbBzN1AWPIJ+gW2WqS2E1t7Sz/A/3DyQExy4MLhnHs5l+OEgivI57+NxMrq2vpGcjO1tb2zu2fuH1RUEEnKyjQQgaw5RDHBfVYGDoLVQsmI5whWdXq3Y7/aZ1LxwH+AQchsj3R87nJKQEst0+w2z7K42zzP4oZoB6BaZjqfy0+Al4k1I+liZjS6/no8KbXMn0Y7oJHHfKCCKFW3CiHYMZHAqWDDVCNSLCS0RzqsrqlPPKbsePL5EGe00sZuIPX4gCfq/4uYeEoNPEdvegS6atEbi39eZi4K3Cs75n4YAfPpNMmNBIYAj3vAbS4ZBTHQhFDJ9bOYdokkFHRbczEigsEwpXuxFltYJpVCzrrIFe51QTdoiiQ6QsfoFFnoEhXRHSqhMqKoj57RC3o1now34934mK4mjNnNIZqD8fkLIdudsg==</latexit>

h4, h5, . . .

• Bound on scale of new physics depends directly on

• Marginalize over infinitely many unmeasured couplings
e.g.

SMEFT HEFT



Parameterizing New Physics
High scale new physics ⇒ new local couplings

<latexit sha1_base64="K4hORJDoubOL9dM9+2sU36dz9gA="></latexit>

Leff = LSM − δ3
m2

h

2v
h3 − δ4

m2
h

8v2
h4 −

∞∑

n=5

cn
n!

m2
h

vn−2
hn

• Allow all possible couplings with no power counting

• Integration by parts + field redefinitions used to define
basis where derivatives count powers of energy

<latexit sha1_base64="Y33oG53sbCQwh94ek4dx1MjRZVs=">AAACDXicZVDLSsNAFJ3UV62vVJduBkuhG0vShboRS924rGAf0MYwmU6aoZMHMxM1xH6D+AFu9QvciVu/wIUf4NJ/cPpAbHvgwuGcezmX40SMCmkYX1pmaXlldS27ntvY3Nre0fO7TRHGHJMGDlnI2w4ShNGANCSVjLQjTpDvMNJyBucjv3VDuKBhcCWTiFg+6gfUpRhJJdl6vlsL76AHT+Ghb3vXFejZesEoG2PARWJOSaFa+jy7/3n06rb+3e2FOPZJIDFDQnTMSiStFHFJMSPDXDcWJEJ4gPqko2iAfCKsdPz6EBaV0oNuyNUEEo7V/xcp8oVIfEdt+kh6Yt4biX9ecSZKuidWSoMoliTAkyQ3ZlCGcFQE7FFOsGSJIghzqp6F2EMcYanqmolhsUyGOdWLOd/CImlWyuZRuXKpCqqBCbJgHxyAEjDBMaiCC1AHDYDBLXgCz+BFe9BetTftfbKa0aY3e2AG2scvy9WeFw==</latexit>

!h = −m2
hh(equations of motion ⇒                     )

<latexit sha1_base64="s7WPCCSB/ThTJJD8LgPlQ1ehjFg="></latexit>

+
∞∑

n=2

c3,n
m2

h

v2n+1
h(∂µ1 · · · ∂µnh)

2 + · · ·



Equivalence Theorem

Dependence on NGB fields determined by gauge invariance:
<latexit sha1_base64="mO7CbFY3StqFcWRq/VroNMppqeg="></latexit>

H =
1√
2

( √
2G+

v + h+ iG0

)

<latexit sha1_base64="QgGI9+VunFyEIxBFt1imAZZCZGo="></latexit>

X =
√
2H†H − v

<latexit sha1_base64="qVQ5+T7or5cPOvWSSfbj8EZRQDE="></latexit>

= h+
1

2v
!G2 +

1

2v3
h !G2 + · · ·

given by scattering amplitudes of “eaten” NGBs.
Leading high-energy behavior of      scattering amplitudes is

<latexit sha1_base64="kylYZM5xRGIae3boh5cOrsFHmlg=">AAAB/XicZVDLSgMxFL3js9ZX1aWb0FJwVWa68LEriujCRUX7gHYomTTThmYyQ5IRhqH4BW71C9yJW7/FD/AjXGn6QGx7IHA4517OzfEizpS27U9raXlldW09s5Hd3Nre2c3t7ddVGEtCayTkoWx6WFHOBK1ppjltRpLiwOO04Q0uRn7jgUrFQnGvk4i6Ae4J5jOCtZHu6p2bTq5gl+wx0CJxpqRQyf98y6vLs2on99XuhiQOqNCEY6VaTjnSboqlZoTTYbYdKxphMsA92jJU4IAqNx2fOkRFo3SRH0rzhEZj9f9GigOlksAzkwHWfTXvjcQ/rzgTpf1TN2UiijUVZJLkxxzpEI0+jrpMUqJ5YggmkpljEeljiYk29czE8Fgnw6zpxZlvYZHUyyXnuFS+NQWdwwQZOIQ8HIEDJ1CBa6hCDQj04Ame4cV6tF6tN+t9MrpkTXcOYAbWxy9ZDJkL</latexit>

VL

Note: we are expanding around          , not 
<latexit sha1_base64="KNMKlB3md7OvAv11i7QmjlRsHZg=">AAAB/3icZVDJSgNBFHzjGuMWl5uXxhDwFGZyUC9C0IvHCGaBZAg9nZ6kSc9C9xthGHLwC7zqF3gTr36KH+B/2JkEMUlBQ1H1HvW6vFgKjbb9ba2tb2xubRd2irt7+weHpaPjlo4SxXiTRTJSHY9qLkXImyhQ8k6sOA08ydve+G7qt5+40iIKHzGNuRvQYSh8wSgaqTkiN8Tul8p21c5BVokzJ+X6KeRo9Es/vUHEkoCHyCTVuuvUYnQzqlAwySfFXqJ5TNmYDnnX0JAGXLtZfuyEVIwyIH6kzAuR5Or/jYwGWqeBZyYDiiO97E3FP6+yEIX+tZuJME6Qh2yW5CeSYESmXycDoThDmRpCmRLmWMJGVFGGpqCFGJlgOimaXpzlFlZJq1Z1Lqu1B1PQ7awgKMAZnMMFOHAFdbiHBjSBgYAXeIU369l6tz6sz9nomjXfOYEFWF+/Kv+V9g==</latexit>

h = 0
<latexit sha1_base64="oibbryOl3MG0kehNAyMdaPQItg8=">AAAB/3icZVDLSsNAFL2pr1pf9bFzM1gKrkrShboRim66rGDaQhvKZDpph04mYWYihNCFX+BWv8CduPVT/AD/w2laxLYHBg7n3Mu5c/yYM6Vt+9sqbGxube8Ud0t7+weHR+Xjk7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3I/8ztPVCoWiUedxtQL8UiwgBGsjeQ20S2yB+WKXbNzoHXiLEilcQY5WoPyT38YkSSkQhOOleo59Vh7GZaaEU6npX6iaIzJBI9oz1CBQ6q8LD92iqpGGaIgkuYJjXL1/0aGQ6XS0DeTIdZjterNxD+vuhSlgxsvYyJONBVknhQkHOkIzb6OhkxSonlqCCaSmWMRGWOJiTYFLcXwRKfTkunFWW1hnbTrNeeqVn8wBd3NC4IinMMFXIID19CAJrTABQIMXuAV3qxn6936sD7nowVrsXMKS7C+fgH3kJXW</latexit>

H = 0



Model Independence
<latexit sha1_base64="m44VPTzo4LMbJsmqLWUnni2x3BY="></latexit>

X3 ∼ h3 + !G2(h2 + h3 + · · · ) + !G4(h+ h2 + · · · ) + !G6(1 + h+ · · · )
<latexit sha1_base64="ZQEvjTQpCHzhVQBL5OehYYbcrbA="></latexit>

+ !G8(1 + h+ · · · ) + !G10(1 + h+ · · · ) + · · · ,
<latexit sha1_base64="EdHkA27/YawfV7KETnqrLP+s8VU="></latexit>

X4 ∼ h4 + !G2(h3 + h4 + · · · ) + !G4(h2 + h3 + · · · ) + !G6(h+ h2 + · · · )
<latexit sha1_base64="ujZcUzKOWJpH4yyx1s3ffpvLZS8="></latexit>

+ !G8(1 + h+ · · · ) + !G10(1 + h+ · · · ) + · · · ,
<latexit sha1_base64="KlaxjL+xdU0cn8OBjAxMhh1FGRs="></latexit>

X5 ∼ h5 + !G2(h4 + h5 + · · · ) + !G4(h3 + h4 + · · · ) + !G6(h2 + h3 + · · · )
<latexit sha1_base64="GSZiTFlCI42zcUs/ytL2uWD6AX4="></latexit>

+ !G8(h+ h2 + · · · ) + !G10(1 + h+ · · · ) + · · · .

The circled terms can only come from 
<latexit sha1_base64="Tf+KvBlXxAzMN+Iafb/EWg1haXI=">AAAB/3icZVDLSgMxFL1TX7W+qi7dhJaCqzJTwceuKKLLCk5baIeSyWTa0MyDJCMMQxd+gVv9Anfi1k/xA/wIV5o+ENseCBzOuZdzc9yYM6lM89PIrayurW/kNwtb2zu7e8X9g6aMEkGoTSIeibaLJeUspLZiitN2LCgOXE5b7vBq7LceqJAsCu9VGlMnwP2Q+YxgpSW769HeSa9YNqvmBGiZWDNSrpd+vsXN9UWjV/zqehFJAhoqwrGUHasWKyfDQjHC6ajQTSSNMRniPu1oGuKASiebHDtCFa14yI+EfqFCE/X/RoYDKdPA1ZMBVgO56I3FP68yF6X8cydjYZwoGpJpkp9wpCI0/jrymKBE8VQTTATTxyIywAITpQuai+GJSkcF3Yu12MIyadaq1mm1dqcLuoQp8nAEJTgGC86gDrfQABsIMHiCZ3gxHo1X4814n47mjNnOIczB+PgFxyeZ1Q==</latexit>

δ3



Scale of New Physics
<latexit sha1_base64="RnNWo1jqbIMOcdEg1zPzN2ldPpc=">AAACG3icZVDLSgMxFM3UV1tfo67EhcFSEIplpgsVV0U3LlxUsA9oxyGTpm1o5kGSEYahSz/Dje4Ud/oF7sStCz/A/zDTFunjQMLJufdyco8TMCqkYfxoqYXFpeWVdCa7ura+salvbdeEH3JMqthnPm84SBBGPVKVVDLSCDhBrsNI3elfJPX6HeGC+t6NjAJiuajr0Q7FSCrJ1vfr9tVtASb3EWxJH06+e/DM1nNG0RgCzhNzTHLlwmPm+el1t2Lrv622j0OXeBIzJETTLAXSihGXFDMyyLZCQQKE+6hLmop6yCXCioeLDGBeKW3Y8bk6noRDdXIiRq4QkeuoThfJnpitJeJ/LT9lJTunVky9IJTEwyOnTsig2jiJBbYpJ1iySBGEOVWfhbiHOMJShTdlw0IZDbIqF3M2hXlSKxXN42LpWgV0DkZIgz1wAA6BCU5AGVyCCqgCDO7BC3gD79qD9qF9al+j1pQ2ntkBU9C+/wBCo6G8</latexit>

W+
L W−

L → W+
L W−

L h :

<latexit sha1_base64="nmHuh6Z0w4zRArdyfBom9V6qeLU=">AAACJXicZVC7SgNBFJ2NryS+Vq3EZjAElGDYTaFiFbSxsIhgHpCsy+xkNhky+2BmVliWfIP/oIUgWNrqF9iJYGXlfzh5oCa5MMPhnHs59x4nZFRIw/jUUnPzC4tL6Ux2eWV1bV3f2KyJIOKYVHHAAt5wkCCM+qQqqWSkEXKCPIeRutM7G+j1G8IFDfwrGYfE8lDHpy7FSCrK1vfr9sV1Af79B7AlAzjLnth6zigaw4KzwByDXLlwl3m8f9qu2Pp3qx3gyCO+xAwJ0TRLobQSxCXFjPSzrUiQEOEe6pCmgj7yiLCS4Ul9mFdMG7oBV8+XcMj+n0iQJ0TsOarTQ7IrprUB+avlJ6yke2wl1A8jSXw8cnIjBtXVg4Bgm3KCJYsVQJhTtSzEXcQRlirGCRsWybifVbmY0ynMglqpaB4WS5cqoFMwqjTYAbtgD5jgCJTBOaiAKsDgFjyDF/CqPWhv2rv2MWpNaeOZLTBR2tcPk02k7g==</latexit>

W+
L W+

L W−
L → W+

L W+
L W−

L :

<latexit sha1_base64="3FDRInbG2Q5Qhb97y+lB1bs8ja0="></latexit>

Emax =
9.4 TeV

|δ3/7.5|
<latexit sha1_base64="LW/yWwTT3aKCO5pyrkYTRBBX6EE="></latexit>

Emax =
5.2 TeV

|δ3/7.5|1/2

Normalized to 95% CL ATLAS/CMS bound

• Current constraints still allow nearby new physics

• An observation of a deviation from the SM implies 
an upper bound on the scale of new physics
⇒ “no lose theorem” for a future collider



More on Model Independence
• Higher derivative terms give parametrically lower

<latexit sha1_base64="IUJfn5c0t2GsJ+UFlmgh3mNc6nU=">AAACBnicZVDLSsNAFJ3UV62vqks3oaXgqiRd+NgVpeiygn1AE8pkOm2HTiZh5kYaQvZ+gVv9Anfi1t/wA/wIVzp9ILY9cOFwzr2cy/FCzhRY1qeRWVvf2NzKbud2dvf2D/KHR00VRJLQBgl4INseVpQzQRvAgNN2KCn2PU5b3uh64rceqFQsEPcQh9T18UCwPiMYtOTUug7QMSQ+HqfdfNEqW1OYq8Sek2K18PMtb2qX9W7+y+kFJPKpAMKxUh27EoKbYAmMcJrmnEjREJMRHtCOpgL7VLnJ9OfULGmlZ/YDqUeAOVX/XyTYVyr2Pb3pYxiqZW8i/nmlhSjoX7gJE2EEVJBZUj/iJgTmpAGzxyQlwGNNMJFMP2uSIZaYgO5pIYZHEKc53Yu93MIqaVbK9lm5cqcLukIzZNEJKqBTZKNzVEW3qI4aiKAQPaFn9GI8Gq/Gm/E+W80Y85tjtADj4xcej51n</latexit>

Emax
<latexit sha1_base64="gtu6IGTx4QlGQCcqVSpZGEp+DKU="></latexit>

∆Leff =
c3,nm2

h

v2n+1
h(∂nh)2

<latexit sha1_base64="ym0HwSuGT1JVPX3uYEjZd2CXtt8="></latexit>

κh − 1 ∼ c3,n
(mh

v

)2n

⇒
<latexit sha1_base64="ldra+9dvu6Ymw5aZ1v6KGxx1agw="></latexit>

Emax ∼ mh

∣∣∣∣
m4

h

v4
(κh − 1)

∣∣∣∣
−1/(2n+2)

# v

∣∣∣∣
m2

h

v2
(κh − 1)

∣∣∣∣
−1/2

.

• Marginalizing over infinitely many unmeasured couplings
does not improve bound
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Fig. 2. The unitarity bound as a function of the deviation in the h3 coupling.

The optimal bound lies between the model-independent and SMEFT estimates.

The band around the model-independent scale reflects the uncertainty of the

bound from varying the unitarity constraint to 1
2  |M̂|  2. For comparison,

we show projected 95% C.L. limits on �3 from a combination at HL-LHC and

a 100 TeV pp collider from [25].

framework. If experiments reveal a deviation in one or more SM measurements, without any

sign of new physics, it is most natural to interpret the results in terms of SMEFT.

SMEFT is predictive because the same SMEFT operator controls more than one observ-

able. However, these predictions assume that we can neglect higher-dimension terms, and

the size of these corrections is unknown without further theoretical input. We now show

that we can make an interesting quantitative statement about this purely from unitarity

considerations. Specifically, we show that if the scale of new physics is much larger than

the TeV scale, we can bound the error of the SMEFT prediction, and this error bound gets

better as the scale of new physics gets larger.

To be specific, we assume that �3 6= 0, and the energy scale of new physics is lower than

some value Emax. In this case, we expect that the observed deviation in the Higgs cubic

coupling can be explained by the dimension-6 SMEFT operator6

�LSMEFT =
1

M2

✓
H†H � v2

2

◆3

. (2.14)

This form of the operator keeps the Higgs mass and electroweak VEV at their tree level val-

ues, but modifies the Higgs mass parameter and quartic coupling. If this operator dominates,

6Technically, this operator is a linear combination of dimension 0, 2, 4 and 6 operators, but we will refer

to these linear combinations by their highest dimension.
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SMEFT without SMEFT
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Fig. 3. Unitarity violating scales from processes that depend on �3 and �4 as a

function of the fractional deviation ✏4 from the dimension-6 SMEFT prediction

(see Eqs. (2.15) and (2.16)).

it predicts

�3 =
2v4

M2m2
h

, �4 = 6�3, c5 = c6 = 45�3. (2.15)

We expect these predictions to become more accurate if the scale of new physics is larger since

these additional couplings themselves generate new unitarity violating amplitudes which

require coupling correlations to be canceled.

To make this quantitative, we simply require that any deviation in the quartic coupling

does not give rise to tree-level unitarity violation below the scale Emax. This requirement not

only bounds the quartic coupling from being too large, but it also predicts that its deviation

must be close to the prediction of the dimension-6 SMEFT operator Eq. (2.14):

✏4 =
�4 � �dim 6

4

�dim 6
4

⌧ 1. (2.16)

The reason for this is that adding a X4 term to the e↵ective Lagrangian means that there

are now additional processes that violate unitarity, which are not a↵ected by couplings of

the form Xn with n � 5. The one that is most sensitive to new physics is the process

W+
L W+

L W�
L W�

L ! W+
L W+

L W�
L W�

L , which gives the bound

Emax '
8.7 TeV

|�4 � 6�3|1/4
. (2.17)

11

If                      we expect SMEFT to be a good description.
<latexit sha1_base64="j/xK1gtFoNE3oW6IkfVMud9e0Oo=">AAACF3icZVDLSgMxFM34tr5GXboJLYKr0unCx64ookuFvsCWkklv29DMg+SOdBhm4Wf4BW71C9yJW5d+gB/hStNOEasHAifn3MtJjhtKobFUerfm5hcWl5ZXVnNr6xubW/b2Tl0HkeJQ44EMVNNlGqTwoYYCJTRDBcxzJTTc4dnYb9yC0iLwqxiH0PZY3xc9wRkaqWPvnXdaCCNMPDZKaavfp9m1CvW0YxdKxdIE9D9xpqRQyX99qovzk6uO/dHqBjzywEcumdY3TjnEdsIUCi4hzbUiDSHjQ9aHG0N95oFuJ5NPpHTfKF3aC5Q5PtKJ+nsjYZ7WseeaSY/hQP/1xuKPtz8Thb3jdiL8MELweZbUiyTFgI4roV2hgKOMDWFcCfNYygdMMY6muJkYGWGc5kwvzt8W/pN6uegcFsvXpqBTkmGF7JE8OSAOOSIVckmuSI1wckceyCN5su6tZ+vFes1G56zpzi6ZgfX2DRFBo8A=</latexit>

Emax ! TeV

Dimension 6 SMEFT: 
<latexit sha1_base64="I7ytENk6Ol12WB6I1ZWpfH6DRoY=">AAACC3icZVDLSsNAFJ3UV62PRl26GVoKrkpSpepCKIrosoJ9QBvCZDJph04ezEyEEPoJfoFb/QJ34taP8AP8CFc6aYvY9sCFwzn3ci7HiRgV0jA+tdzK6tr6Rn6zsLW9s1vU9/bbIow5Ji0cspB3HSQIowFpSSoZ6UacIN9hpOOMrjK/80C4oGFwL5OIWD4aBNSjGEkl2Xqx7xL7BF7AOszYsa2XjaoxAVwm5oyUG6Wfb35zfd609a++G+LYJ4HEDAnRM2uRtFLEJcWMjAv9WJAI4REakJ6iAfKJsNLJ42NYUYoLvZCrCSScqP8vUuQLkfiO2vSRHIpFLxP/vMpclPTOrJQGUSxJgKdJXsygDGFWA3QpJ1iyRBGEOVXPQjxEHGGpypqLYbFMxgXVi7nYwjJp16pmvVq7UwVdginy4BCUwBEwwSlogFvQBC2AQQyewDN40R61V+1Ne5+u5rTZzQGYg/bxC9mRnPU=</latexit>

δ4 = 6δ3

Unitarity alone implies a quantitative bound on error of
dimension 6 SMEFT

<latexit sha1_base64="9jDKnOeJ0UI0Xxozi0QnxxFVHgg="></latexit>

ε4 =
δ4 − δdim6

4

δ4



Other Higgs Couplings


