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Discovery of the Higgs Boson!
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In search of the Higgs trilinear coupling Introduction

The Higgs appears to be 
quite standard (?)
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IntroductionIn search of the Higgs trilinear coupling

ℒϕ = (yψ̄ψϕ + h . c.) + |Dμϕ |2 + V(ϕ)

Estimated precisions 
at HL-LHC
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Measuring the Higgs potentialIn search of the Higgs trilinear coupling

V(H) =
1
2
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From double Higgs production σ(gg → HH) ∼ 35 fb

From triple Higgs production σ(gg → HHH) ∼ 0.1 fb

ℒϕ = (yψ̄ψϕ + h . c.) + |Dμϕ |2 + V(ϕ)
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In search of the Higgs trilinear coupling Measuring the Higgs potential

Very small cross section:
Heavier final state.
Additional weak coupling.
Destructive interference

gg ! H ⇠ 40000 fb

gg ! HH ⇠ 30 fb

13TeV
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In search of the Higgs trilinear coupling Measuring the Higgs potential

Current limits on Double Higgs production

Best channels

HH → bbbb
Very difficult, largest BR

HH → bbττ
Less clean, larger BR

HH → bbγγ
Clean, small BR
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In search of the Higgs trilinear coupling Measuring the Higgs potential

Current limits on Double Higgs production
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Higgs pair production at NLOIn search of the Higgs trilinear coupling

LO is known Exact analytical result Glover, van der Bij (88)



 11

Higgs pair production at NLOIn search of the Higgs trilinear coupling

LO is known Exact analytical result Glover, van der Bij (88)

(QCD) NLO fully known only numerically 
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert and Zirke, (16)

Total cross section including the full top-quark dependence.
One phase-space point ~ 2 hours per node 
16 dual NVIDIA Tesla K20X GPGPU nodes.
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Higgs pair production at NLOIn search of the Higgs trilinear coupling

LO is known Exact analytical result Glover, van der Bij (88)

(QCD) NLO fully known only numerically 
Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert and Zirke, (16)

Total cross section including the full top-quark dependence.
One phase-space point ~ 2 hours per node 
16 dual NVIDIA Tesla K20X GPGPU nodes.

Where is the problem?

Too many scales (3)
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In search of the Higgs trilinear coupling Higgs pair production at NLO

Approaches to an analytical approximation of NLO

HEFT (               )mt → ∞
Dawson, Dittmaier, Spira (98)

̂s ≲ 350 GeV

Large Top Mass expansion ( 1
m2

t )
n

Grigo, Hoff, Melnikov, Steinhauser (13)

Degrassi, Giardino, Groeber (16)

Improves the HEFT

High Energy expansion          (mt)n

Davies, Mishima, Steinhauser, Wellmann (18)
̂s ≳ 750 GeV
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In search of the Higgs trilinear coupling Higgs pair production at NLO
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In search of the Higgs trilinear coupling Higgs pair production at NLO

We can use ̂t ∼ 0 ⇒ p2
T ∼ 0 p2

T =
̂t ̂u − m4
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̂s = (p1 + p2)2 ̂t = (p1 + p3)2

̂u = (p2 + p3)2
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In search of the Higgs trilinear coupling Higgs pair production at NLO

�� — ŝ 4m2
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In search of the Higgs trilinear coupling Higgs pair production at NLO
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In search of the Higgs trilinear coupling Higgs pair production at NLO

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600 700 800 900

�
L

O

p
a
r
to

n
ic

[
f
b

]

p
s0 [GeV]

full

HEFT

O(1/m8

t
)

O(p
0

T
+ m

0

h
)

O((p
2

T
+ m

2

h
)
2
)

The middle region is perfectly covered!



 19

In search of the Higgs trilinear coupling Higgs pair production at NLO

~50 MI known (recomputed in forward kinematics)

We did the expansion at the amplitude level and then reduced

Nearly all expressed in terms of HPL
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In search of the Higgs trilinear coupling Higgs pair production at NLO
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HEFT is good enough 
for low-energy region
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In search of the Higgs trilinear coupling Higgs pair production at NLO

Full Numerical result

Our approximation
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In search of the Higgs trilinear coupling Higgs pair production at NLO
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In search of the Higgs trilinear coupling Higgs pair production at NLO
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The trilinear appears at NLO in Single Higgs processes.
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Amplitudes at LO 
and NLO

Depends on kinematics
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Quartic does not contribute. κ-framework equivalent to EFT
(For the calculations presented here)
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In search of the Higgs trilinear coupling Κ vs. Physics

What kind of physics are we looking for?

Unitary conditions for
HH → HH

|κλ | ≲ 6
Di Luzio Gröber Spannowsky(13)

Higgs portal + tuning |κλ | ≲ 6

Di Vita et al (17)

Unitary conditions for
VLVL → VLVLHn |κλ | ≲ 10

Falkowski Rattazzi
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In search of the Higgs trilinear coupling The trilinear from single Higgs
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Further information can be extracted from differential 
distribution

F. Maltoni, D. Pagani, A.Shivaji, X. Zhao (17) 

Large effects at the threshold
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In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9

Higgs Pair Production



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9

Single Higgs Production



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9

Data from JHEP 1608 (2016) 045



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9

Data from JHEP 1608 (2016) 045 PDG2016



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9

Using arXiv:1312.4974



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9



 31

In search of the Higgs trilinear coupling The trilinear from single Higgs

Constraints on trilinear coupling 

Run I (7-8 TeV):

• ATLAS and CMS:

• Our constraint using ggF+VBF:

• Our constraint using ggF+VBF+EW:
Future capabilities (3000 fb ):

• ATLAS constraint:

• Our result:

-1

O(±(15� 20))

�13.3 < � < 20.0
� > �14.3

�1.3 < � < 8.7
�2.8 < � < 7.9



 32

Stress testing the Higgs SectorIn search of the Higgs trilinear coupling
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ConclusionsIn search of the Higgs trilinear coupling

• We proposed a new way to approach the calculation of 
Higgs pair production through gluon fusion at NLO.

• The method is based on the expansion for small 
transverse momentum.

• Possibility to apply the method to other 2to2 processes.
• The Higgs trilinear coupling can be investigated from single 

Higgs processes.
• Compared to Higgs pair production, the bounds obtained 

are competitive and complementary.
• This approach is model dependent,

• however the condition for the other couplings to be SM 
can be lifted.



 35
Olena Shmahalo/Quanta Magazine

Thank you!


