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• third generation dominant: t (b)
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II gg → HH S. Jones
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Full NLO calculation: top only, numerical integration

Borowka et al. Baglio et al.

tensor reduction no tensor reduction

sector decomposition IR, end-point subtraction

contour deformation IBP, Richardson extrapolation

mt = 173 GeV mt = 172.5 GeV

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke
Baglio, Campanario, Glaus, Mühlleitner, Ronca, S., Streicher



PDF4LHC

Borowka, Greiner, Heinrich, Jones, Kerner
Schlenk, Schubert, Zirke

Baglio, Campanario, Glaus,
Mühlleitner, Ronca, S., Streicher

σNLO = 32.91(10)+13.8%
−12.8% fb 32.81(7)+13.5%

−12.5% fb

σHTL
NLO = 38.75+18%

−15% fb 38.66+18%
−15% fb

mt = 173 GeV 172.5 GeV

⇒ -15% mass effects on top of LO
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uncertainties due to mt

• use mt, mt(mt) and scan Q/4 < µ < Q → uncertainty = envelope:

dσ(gg → HH)

dQ
|Q=300 GeV = 0.02978(7)+6%

−34% fb/GeV,

dσ(gg → HH)

dQ
|Q=400 GeV = 0.1609(4)+0%

−13% fb/GeV,

dσ(gg → HH)

dQ
|Q=600 GeV = 0.03204(9)+0%

−30% fb/GeV,

dσ(gg → HH)

dQ
|Q=1200 GeV = 0.000435(4)+0%

−35% fb/GeV

• bin-by-bin interpolation:

σ(gg → HH) = 32.81+4%
−18% fb



final combined ren./fac. scale and mt scale/scheme unc. @ NNLOFTapprox:

√
s = 13 TeV : σtot = 31.05+6%

−23% fb

√
s = 14 TeV : σtot = 36.69+6%

−23% fb

√
s = 27 TeV : σtot = 139.9+5%

−22% fb

√
s = 100 TeV : σtot = 1224+4%

−21% fb



2HDM [type I]: gg → hh, hH,HH,AA [no hA,HA → DY-like]

Mh = 125.09 GeV MH = 134.817 GeV MA = 134.711 GeV

tgβ = 3.759 α = −0.102 m2
12 = 4305 GeV2 ⇒ cos(β−α) = 0.157

Baglio, Campanario, Glaus, Mühlleitner, Ronca, S.



combined uncertainties

13 TeV : σ(gg → hH) = 1.592(1)+21%
−24% fb

14 TeV : σ(gg → hH) = 1.876(1)+21%
−24% fb

27 TeV : σ(gg → hH) = 7.036(4)+18%
−23% fb

100 TeV : σ(gg → hH) = 60.49(4)+16%
−25% fb

13 TeV : σ(gg → AA) = 1.643(1)+26%
−21% fb

14 TeV : σ(gg → AA) = 1.927(1)+26%
−22% fb

27 TeV : σ(gg → AA) = 7.012(4)+23%
−21% fb

100 TeV : σ(gg → AA) = 58.12(3)+22%
−22% fb



Is this everything?
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Is this everything?

No. . .

electroweak corrections. . .

(i) yt: HTL for ggH(H) coupling + full corrections to HHH vertex

Mühlleitner, Schlenk, S.

(ii) yt: analytical results for ggHH coupling in the HEL

Davies, Mishima, Schönwald, Steinhauser, Zhang

and close to the production threshold

Davies, Schönwald, Steinhauser, Zhang

(iii) λ: elw. corrections due to the Higgs self-interactions

Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao

(iv) full elw. corrections (← to be checked)

Bi, Huang, Huang, Ma, Yu



Top-induced elw. corrections
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(i) effective ggH(H) couplings:

Leff = C1
αs

12π
GaµνGa

µν log
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• C1 = 1− 3xt: genuine vertex corrections [xt = GFm
2
t /(8

√
2π2)]

Djoaudi, Gambino
Chetyrkin, Kniehl, Steinhauser

• C2 = 1+ 7xt/2 [= 1+ δZH/2− δv/v]: universal corrections Kniehl, Spira
Kwiatkowski, Steinhauser

Leff =
αs

12π
GaµνGa

µν

{

(1 + δ1)
H

v
+ (1+ η1)

H2

2v2
+O(H3)

}

δ1 =
xt

2
+O(x2t ) η1 = 4xt +O(x2t )

[HEL: Davies, Mishima, Schönwald, Steinhauser, Zhang]



Full top-mass dependence (wave-function ren. adjusted appropriately)
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(ii) effective HHH(H) couplings:

• effective Higgs potential: Coleman, Weinberg

Veff = V0 + V1

V0 = µ20|φ|2 +
λ0
2
|φ|4

V1 =
3m4

t

16π2
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• after renormalization

λ
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gg → HH
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Mühlleitner, Schlenk, S.
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IV CONCLUSIONS

• scale and scheme uncertainties due to mt relevant for large momenta

• Higgs pair production: mt effects on top of LO ∼ −15% for σtot
[larger for distributions]

• uncertainties due to factorization/renormalization scale and mt sca-

le/scheme choice @NNLOFTapprox
<∼ 25%

• combined uncertainties available for λ dependence, too.

• top-induced electroweak corrections: small for total cxn, larger for

distributions

• full elw. corrections ∼ 5− 10% (in absolute terms)
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σNLO(pp→ HH +X) = σLO +∆σvirt +∆σgg +∆σgq +∆σqq̄

σLO =

∫ 1

τ0

dτ
dLgg

dτ
σ̂LO(Q2 = τs)

∆σvirt =
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π
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π
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dτ
dLgg
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τ0/τ

dz

z
σ̂LO(Q2 = zτs)
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−zPgg(z) log
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(

log(1− z)
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+
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αs(µ)

π
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z
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π
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q
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z
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11

2
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2
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2

3
z2 − (1− z)2, dqq̄ →

32
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(1− z)3



• mt scale/scheme uncertainties at LO:

dσ(gg → HH)

dQ
|Q=300 GeV = 0.01656+62%

−2.4% fb/GeV

dσ(gg → HH)

dQ
|Q=400 GeV = 0.09391+0%

−20% fb/GeV

dσ(gg → HH)

dQ
|Q=600 GeV = 0.02132+0%

−48% fb/GeV

dσ(gg → HH)

dQ
|Q=1200 GeV = 0.0003223+0%

−56% fb/GeV



Fi = Fi,LO +∆Fi

∆Fi = ∆Fi,HTL +∆Fi,mass

• pole mass:

F1,LO → 4
m2

t

ŝ

F2,LO → − m2
t

ŝt̂(ŝ+ t̂)
{(ŝ+ t̂)2L2

1ts + t̂2L2
ts + π2[(ŝ+ t̂)2 + t̂2]}

• MS mass:

F1,LO → 4
m2

t (µt)

ŝ

F2,LO → − m2
t (µt)

ŝt̂(ŝ+ t̂)
{(ŝ+ t̂)2L2

1ts + t̂2L2
ts + π2[(ŝ+ t̂)2 + t̂2]}



• different scales for yt in triangle (Q) and box (MH) diagrams?

→ has to hold at all orders
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• different scales for yt in triangle (Q) and box (MH) diagrams?

→ has to hold at all orders
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elw. corrections

⇒ same scales in all diagrams



σLO =

∫ 1

τ0

dτ
dLgg

dτ
σ̂LO(Q2 = τs)

dLgg

dτ
=

∫ 1

τ

dx

x
g(x, µF)g

(τ

x
, µF

)

σ̂LO =
G2

Fα
2
s(µR)

512(2π)3

∫ t̂+

t̂−

dt̂[|C△F△+ F✷|2 + |G✷|2]

t̂± = −1

2



Q2 − 2M2
H ∓Q2

√

1− 4
M2

H

Q2





λHHH = 3
M2

H

v

C△ =
λHHHv

(Q2 −M2
H)

HTL: F△ → 2/3, F✷ → −2/3, G✷ → 0

C△F△ → C△F△(1 +∆△)
F✷ → F✷(1 +∆✷)

∆△ = δ1 +∆HHH

∆✷ = η1



∆HHH = ∆vertex +∆self +∆CT

∆vertex =
m4

t

v2M2
H

8
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v
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(4π)2v2
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t )
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+O(m0
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2m2
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(4π)2v2
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+O(m0
t )
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