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Higgs couplings in the SM

The SM Higgs sector is governed by the following Lagrangian,

LHiggs = |DµΦ|2 −
∑
f
yf L̄fΦRf − V(Φ)

V (Z,W )

H

f

κV κF κλ

EWSB⇒ Higgs couplings with
gauge bosons (κV), with
fermions (κF) and Higgs
self-couplings (κλ)
How precisely do we know
these couplings ?

κV ∼ 10%, κ?F ∼ 10 − 20%,

κλ : practically unconstrained!
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SM Higgs potential & New Physics
Higgs potential & EWSB in the SM,

VSM(Φ) = −µ2(Φ†Φ) + λ(Φ†Φ)2

EWSB⇒ V(H) =
1
2
m2
HH

2 + λ3vH3 +
1
4
λ4H4.

λ3 λ4

H

H

H

The mass and the self-couplings of the Higgs boson depend only on λ and v = (
√

2Gµ)−1/2,

m2
H = 2λv2; λSM3 = λSM4 = λ.

mH = 125 GeV and v ∼ 246 GeV,⇒ λ ' 0.13 .

Presence of new physics at higher energy scales can contribute to the Higgs potential and
modify the Higgs self-couplings.

Independent measurements of λ3 and λ4 are crucial.
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Direct determination of Higgs self-couplings

Information on λ3 and λ4 can be extracted by studying multi-Higgs
production processes.
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√
s =14 TeV LHC as a function of the

self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.

Grant Agreement numbers PITN-GA-2010-264564 (LHCPhe-
noNet) and PITN-GA-2012-315877 (MCNet). The work of
FM and OM is supported by the IISN “MadGraph” con-
vention 4.4511.10, by the IISN “Fundamental interactions”
convention 4.4517.08, and in part by the Belgian Federal
Science Policy Office through the Interuniversity Attrac-
tion Pole P7/37. OM is "Chercheur scientifique logistique
postdoctoral F.R.S.-FNRS".

References

[1] F. Englert and R. Brout, Phys.Rev.Lett. 13, 321 (1964).
[2] P. W. Higgs, Phys.Rev.Lett. 13, 508 (1964).
[3] CMS-HIG-13-003. CMS-HIG-13-004. CMS-HIG-13-006. CMS-

HIG-13-009. (2013).
[4] ATLAS-CONF-2013-009. ATLAS-CONF-2013-010. ATLAS-

CONF-2013-012. ATLAS- CONF-2013-013. (2013).
[5] E. Asakawa, D. Harada, S. Kanemura, Y. Okada, and

K. Tsumura, Phys.Rev. D82, 115002 (2010), arXiv:1009.4670
[hep-ph] .

[6] S. Dawson, E. Furlan, and I. Lewis, Phys.Rev. D87, 014007
(2013), arXiv:1210.6663 [hep-ph] .

[7] R. Contino, M. Ghezzi, M. Moretti, G. Panico, F. Piccinini,
et al., JHEP 1208, 154 (2012), arXiv:1205.5444 [hep-ph] .

[8] G. D. Kribs and A. Martin, Phys.Rev. D86, 095023 (2012),
arXiv:1207.4496 [hep-ph] .

[9] M. J. Dolan, C. Englert, and M. Spannowsky, Phys.Rev. D87,
055002 (2013), arXiv:1210.8166 [hep-ph] .

[10] M. J. Dolan, C. Englert, and M. Spannowsky, JHEP 1210, 112
(2012), arXiv:1206.5001 [hep-ph] .

[11] M. Gouzevitch, A. Oliveira, J. Rojo, R. Rosenfeld, G. P. Salam,
et al., JHEP 1307, 148 (2013), arXiv:1303.6636 [hep-ph] .

[12] T. Plehn, M. Spira, and P. Zerwas, Nucl.Phys. B479, 46 (1996),
arXiv:hep-ph/9603205 [hep-ph] .

[13] S. Dawson, S. Dittmaier, and M. Spira, Phys.Rev. D58, 115012
(1998), arXiv:hep-ph/9805244 [hep-ph] .

[14] T. Binoth, S. Karg, N. Kauer, and R. Ruckl, Phys.Rev. D74,
113008 (2006), arXiv:hep-ph/0608057 [hep-ph] .

[15] J. Baglio, A. Djouadi, R. Gröber, M. Mühlleitner, J. Quevillon,
et al., JHEP 1304, 151 (2013), arXiv:1212.5581 [hep-ph] .

[16] R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer,
H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro, to appear .

[17] The code can be downloaded at:
https://launchpad.net/madgraph5,http://amcatnlo.cern.ch.

[18] U. Baur, T. Plehn, and D. L. Rainwater, Phys.Rev.Lett. 89,
151801 (2002), arXiv:hep-ph/0206024 [hep-ph] .

[19] V. Hirschi et al., JHEP 05, 044 (2011), arXiv:1103.0621 [hep-ph]
.

[20] A. Denner, S. Dittmaier, M. Roth, and D. Wackeroth,
Nucl.Phys. B560, 33 (1999), arXiv:hep-ph/9904472 [hep-ph] .

[21] A. Denner, S. Dittmaier, M. Roth, and L. Wieders, Nucl.Phys.
B724, 247 (2005), arXiv:hep-ph/0505042 [hep-ph] .

[22] Q. Li, Q.-S. Yan, and X. Zhao, (2013), arXiv:1312.3830 [hep-
-ph] .

[23] P. Maierhöfer and A. Papaefstathiou, (2013), arXiv:1401.0007
[hep-ph] .

[24] J. Grigo, J. Hoff, K. Melnikov, and M. Steinhauser, Nucl.Phys.
B875, 1 (2013), arXiv:1305.7340 [hep-ph] .

[25] D. de Florian and J. Mazzitelli, Phys. Rev. Lett. 111, 201801
(2013), 10.1103/PhysRevLett.111.201801, arXiv:1309.6594
[hep-ph] .

[26] D. Y. Shao, C. S. Li, H. T. Li, and J. Wang, JHEP07, 169
(2013), arXiv:1301.1245 [hep-ph] .

6

100755033251413

100

10−1

pp
→HH

H
LO

FT

pp
→HH

H
NL

O
FT

ap
pr
ox

M
ad

G
ra
p
h
5
aM

C
@
N
L
O

MH=125 GeV, MSTW2008 (N)LO pdf (68%cl)

HHH production at pp colliders
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[Frederix et al. ‘14, 1408.6542]
Very challenging due to small cross sections: ∼33 fb (HH), ∼ 0.1 fb (HHH)
Compare it with the single Higgs production (gg → H) cross section: ∼ 50 pb
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Current experimental sensitivity
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Future Projections

ATLAS (HL-LHC, 2b2γ): [ATL-PHYS-PUB-2017-001],

κ3 < −0.8 and κ3 >∼ 7.7

Bounds are sensitive to κt value.

Are there alternative methods of probing λ3 and λ4?
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Indirect determination of λ3

λ−dependent corrections to single Higgs processes
g

g

t
H

H
H

H

W

γ

γ

> Gorbahn, Haisch: 1607.03773
> Degrassi, Giardino, Maltoni, Pagani: 1607.04251
> Bizon, Gorbahn, Haisch, Zanderighi: 1610.05771
> Di Vita, Grojean, Panico, Riembau, Vantalon: 1704.01953
> Maltoni, Pagani, AS, Zhao: 1709.08649
λ−dependent corrections in electroweak precision observables

W W

H

> Degrassi, Fedele, Giardino: 1702.01737
> Kribs, Maier, Rzehak, Spannowsky, Waite: 1702.07678
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Indirect determination of λ4

[1810.04665,1811.12366]

NP parametrization

V NP(Φ) ≡

∞∑
n=3

c2n

Λ2n−4

(
Φ
†
Φ −

1
2
v2

)n

.

V (H) =
1
2
m2

HH2 + λ3vH3 +
1
4
λ4H4 + λ5

H5

v
+O(H6) ,

κ3 ≡
λ3

λSM3

= 1 +
c6v2

λΛ2 ≡ 1 + c̄6,

κ4 ≡
λ4

λSM4

= 1 +
6c6v2

λΛ2 +
4c8v4

λΛ4 ≡ 1 + 6c̄6 + c̄8 .
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Single Higgs
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Current reach at the LHC

Studies have confirmed that indirect bounds on λ3 can be competitive with the
direct ones. A one parameter fit using 8 TeV LHC data (1607.04251)⇒

−9.4 < κ3 < 17
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(Plot by Xiaoran)
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Future projections (1P): constraints on κ3 (κt = κV = 1)

ATLAS-HL: S1 (stat.), S2 (stat. + sys. + th.) Different production channels
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In S1 the fit is dominated by the ggF-like channel. In S2 the tt̄H-like channel
provides best constraints for κ3 < 1.

Improvements in bounds due to the use of differential information in tt̄H are
more visible in S2.

Differential information in ggF (not yet available) would be useful.
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Future projections(1P): constraints on κ3 in presence of
κt, κV

ATLAS-HL: S1 (stat.), S2 (stat. + sys. + th.) All production channels
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Inclusion of more parameters to the fit relaxes the constraints especially
in the region κ3 < 1.
Due to κt dependence of the gluon fusion channel, the constraints in
presence of κt are stronger than those in presence of κV .
Differential information from VH and ttH do improve the bounds in S2.
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Future projections (2P): constraints on κ3 and κt in S2
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Future projections (2P): constraints on κ3 and κV in S2
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CMS Projections: HL-LHC

tH + ttH
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Double Higgs
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Constraints at HL-LHC and at 100 TeV: 1P

σ
pheno
NLO = σLO + ∆σc̄6 + ∆σc̄8 ,

σLO = σ0 + σ1c̄6 + σ2c̄2
6 ,

∆σc̄6 = c̄2
6

[
σ30c̄6 + σ40c̄2

6

]
+ σ̃20c̄2

6 ,

∆σc̄8 = c̄8

[
σ01 + σ11c̄6 + σ21c̄2

6

]
,
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[1811.12366] (See also [1810.04665] )
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Constraints at HL-LHC and at 100 TeV: 2P
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Constraints at 100 TeV: HH vs HHH
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Prospects at e+e− colliders
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Indirect determination of λ3

We can be sensitive to λ3 in higher order EW corrections in observables of
interest: McCullough: 1312.3322.

e+e− → Z + H

e+

e−

H

Z

For
√

s = 240 GeV and L = 10 ab−1, κ3 ∼ 28%.
(See also [1711.03978,1802.07616,1805.03417])
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Direct determination of λ3

e+e− → Z (→ `+`−) + H

[1812.01576]
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T-odd Asymmetries

A7 ≡

∑
τ ξ(τ)

(∫ 1
0 −

∫ 0
−1

)
d cosΘF7(τ,cosΘ)∑

τ ξ(τ)
∫ 1
−1 d cosΘF1(τ,cosΘ)

,

Z

H

e−

e+

A ∼
iMni fni M∗

fiM∗
nf

Mfi M∗
fi

Afi

∼

λ3 = λ
SM
3 (1 + δh)

[1812.01576]
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SM and BSM asymmetries

ASM
i = AHiggs

i + AGauge
i ; ABSM

i = δh × AHiggs
i + ASM

i
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Direct constraint on trilinear from the T-odd asymmetries
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Summary and outlook

Among all the couplings of the Higgs boson, the Higgs self-couplings are poorly known.

Alternative approaches are being actively sought-for to constrain them using precisely
measured observables at the LHC and future colliders.

A number of studies have shown the complementarity between direct and indirect
approaches to probe Higgs self-couplings.

Efforts are needed to improve the reach by including all the relevant higher order
corrections in single and double Higgs production processes.

Thank You.
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