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1. Introduction

Higgs boson pair production is the process at the LHC that make future allow for an
independent measurement of the cubic Higgs coupling. Wisheixtraction a test whether the form
of the Higgs potential is consistent with the Standard Mdddilere the cubic coupling is fixed by
the Higgs bosons’ magsy and its vacuum expectation value) and thereby of the mesimaaf
spontaneous symmetry breaking would be faciliated.

The dominant production mode is, as for single Higgs bosodymtion although with a rel-
ative suppression of’(10-2), gluon fusion. The leading order (LO) calculation was perfed
retaining the exact dependence on the top quark mvkse Refs. [1,[R]. Next-to-leading order
(NLO) and next-to-next-to-leading order (NNLO) correcisowere first calculated in the effective
theory where the top quark is integrated out. See Rpf. [3tHerNLO and Refs.[J4[]5] for the
NNLO case. Note that the matching coefficient for Higgs bogains differs starting from three
loops from the one for a single Higgs boson, see REf. [6].

Top quark mass corrections at NLO using a systematic exparisil/M; were first studied
in Refs. [J,[B[P] and in Ref[[]0] this calculation was exteddo NNLO. In Ref.[[1]1] the exact
dependence okl was taken into account for the real NLO corrections. Meatenthie full NLO
result became available taking into account the exact dkym® onVi; also for the virtual cor-
rections, see Ref[[lL2]. For low center-of-mass energig bstween/s = 2my and /s = 2M;
the numerical uncertainties of Ref. J12] are still quite bigereas the expansions performed in
Refs. [T,[IpP] show a good convergence behaviour. On the tied, for higher center-of-mass
energies the results of Reff] [7] 10] can only be used torkitaiorder of magnitude of thd; ef-
fects which were estimated to HeL0O at NLO which is somewhat smaller than the results reported
in Ref. [12)].

In this contribution we describe the NNLO calculation of Rf)]. We start with full-theory
diagrams where the top quark has not been integrated outpplethe optical theorem ogg — gg
forward scattering diagrams to extract the imaginary pastsesponding to real correctiong —
HH + X with additional partonsX in the final state. Virtual corrections are calculated dlyec
from gg — HH amplitudes by squaring and integration over thkel phase space. As a cross
check we compute also virtual corrections via the opticabtem. In Fig[]1 we show some sample
diagrams within the optical theorem approach. Note, at NNSL(O) we have to consideyg —
HH amplitudes with two (three) ayg — gg forward scattering amplitudes with four (five) loops.

2. Calculation

2.1 Differential factorization

The partonic cross section for the production of a pair ofgdigosons via gluon fusion has
the perturbative expansion
a as\ 2
GijHH-x(S.p) = BgBig0ag (S.p) + —Sai(j1>(S>P) + <—S) g (sp)+...
T T (2.1)
— gL0 4 5gNO L sgNNLO
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Figure1: Sample forward scattering diagrams for ggechannel. Curly lines represent gluons, dashed lines
Higgs bosons and solid lines top quarks. The wavy line deniut. The first row shows real corrections
at NLO, the second row virtual corrections at NNLO.

where we consider in the following only the dominaygt channel withi = j = g. The variable
p = m? /MZ describes the dependence on the Higgs boson and top quasksn&er convenience
we absorb powers afs in the second line of Eq[(2.1).

The factorization of the LO result can be performed at thellefithe differential cross section,
see Ref.[[B]:

s (%) gol) doll, N o
(i) _ 2 exp . exp _ ) n
o} A " dQ o Q2 with 402 n;cn P", (2.2)
( dQ? )

where “exact” refers to the LO result with full dependencegoofexp” to the expansion for smati
andQ? is the invariant mass of the Higgs boson pair. The functideakndence ofaﬁggc/ dQ?and
doéQp/ dQ? in Eq. (Z-R) are assumed to be similar in the region wi@e, 4M? which is expected
to lead to a well behaved integrand. Note that we require ¢hiesexpansions in numerator and
denominator to be truncated at the same ohtler

Within the framework described in Ref] [7] we computed thal lLO corrections via the
forward scattering amplitudgg — gg using the optical theorem. For this reason we have no imme-
diate access to th@? dependence for these contributions. In contrast, thealictorrections have a
trivial Q% dependencé(s— Q?) and are available to us from the direct calculation ofghe+ HH
amplitude.

2.2 Soft-virtual approximation

The obstacle we pointed out can be circumvented by appliegoft-virtual approximation,
cf. Ref. [I3]. We split a cross sectianup according to

o = finite = g¥it+ren . greakesplit _ 2div + 2Zfin  + Zsoft + Zhard- (2.3)

=sv =2H

The finite cross section is composed of virtual correctiot @mormalization pieces¥+"¢" and
real correction and infrared counterterm piecg®sPlit. These pieces in turn can be split up
further: divergent term&g;, and finite term<;, for the former, divergent “soft” termE&go and
finite “hard” termsZnarq = ZH for the latter. The sum of the first three terms on the rightehside
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Figure 2: Asymptotic expansion i? > m@,s applied to a virtual NLO forward scattering diagram, re-
sulting in two different regions. Curly lines are gluonssied lines are the (cut) Higgs bosons and thick
blue lines represent the top quarks. Each (sub)diagrarhéddd with the scales it involves.

of Eq. (2.3) is finite and comprises the soft-virtual appneaiion. Note that this splitting holds
also for differential cross sectionsrgd dQ?.

Z4i is universal for color-less final states and can be found ifs.H, [I3]. We obtair¥s,
by computingcVI"*'" as expansion ip and solvinggV" "N = Ty, + Zhn. gy and Zeor are
proportional too® and therefore automatically include effects due to filite We write the
differential and total cross sections as

2
szg = 0'92G(2) with G(2) = Gsv(2) 4+ GH(2), z:%, (2.4)
o= 15dza'-o(zs)G(z) with &= l—@ (2.5)

1—

. . . . . . (i)
where omittingGy (z) means using the soft-virtual approximatiddsy(z) is constructed fronwy

ando° only and can be found in Ref§. [1[0]13].

2.3 Asymptotic expansion

Let us briefly describe the computation of the diagrams axparsion inp. The integrands
of Feynman integrals are expanded according to a hieraricbyatesM? > mg, s for all possible
scalings of loop momenta, so-called “regions”, and sumnfeztveards. The outcome of this
procedure is a reduction of scales and loops which have tormdered at the same time (diagrams
factorize). In case of an expansion for a hard mass all retenegions correspond to subgraphs
which must contain all heavy lines. For illustration we skethe expansion regions for a virtual
NLO diagram in the forward scattering approach in [fjg. 2. Tegions emerge: one with a “soft”
two-loop four-point graph multiplied with two “hard” on@dp tadpoles and one with a soft one-
loop four-point graph multiplied with hard one- and two+o@dpoles.

2.4 Software setup

Our software setup is highly automated, but we omit a detalevey here and refer instead
to Ref. [1P] where also intermediate results are given aacté#culation of the master integrals is
discussed. We generate diagrams V@&RAF [[4] where in the case @jg — gg postprocessind][9,
3] is mandatory. For topology identification and other stefithe calculation we use the package
Topol D [, [3]. Asymptotic expansion and mapping of diagrams tmkogies is performed
with g2e andexp [, [I7]. The reduction to scalar integrals us&RM|[[L]. Soft four-point
subdiagrams are reduced to master integrals RitRE [[9, PJ] and the in-house codews [[§].
Hard subdiagrams are always massive tadpoles and can tesitveith MATAD [PT].
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Figure 3: NLO hadronic cross sectiogy)-© in the upper panel anl factor KN-© in the lower panel as
functions of , /Scur, @ technical upper cut ogys and proxy to the invariant mass of the Higgs boson pair.
We use %” to symbolize the results for the total inclusive cross mecandK factor on the right-hand side.
Here and in the following the color coding indicates thelisabn of higher orders in the expansion. Figure
taken from Ref.[[10].

3. Resaults

We summarize the main features of our findings in bullet oirfor details, such as the
particular values of input parameters, cf. R¢f] [10]. Thyloout the presented analysis we set the
renormalization scale tg = 2my and use the MSTW2008 PDHs [22].

e In a split-up (not shown) of the NLO correction to the totattpaic cross section into soft-
virtual and hard contributions, we observe different patevhen including highep correc-
tions: soft-virtual corrections increase, whereas hamksatescrease witlys. Soft-virtual
corrections dominate over the full rangeg§, above 400 GeV hard ones become flat.

e In Fig. B we show results for hadronic quantities. We intiethia technical upper cut-off
for the partonic center-of-mass energ$..: which is a good approximation to the invariant
mass of the produced Higgs boson pair:

1
O (SH, Sout) = [1 o (digg><r>o<r%>e<&ut— TSH), (3.1)

where /Sy = 14TeV is the hadronic center-of-mass energy for the LHC afygl is the
luminosity function for two gluons in the inital state.

From the spread op orders for the total hadronic cross sectigfj“© on the right-hand
side, when,/S; — «, we infer the uncertainty due to top quark mass correctioniet
about+10%.

e In the soft-virtual approximatiosy(z) from Eq. (2.3) can be replaced lyz)Gsy(z) with
any f(z) fulfilling f(1) =1 since the splitting into hard and soft-virtual componesataot
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Figure 4: LO, NLO and NNLO contribution® o to the partonic cross section. At LO the exact result
is shown as solid black line, at NLO and NNLO we give only thstfihree expansion orders jm for
consistency and we uséz) = zat NNLO (see the main text). The inset magnifies the regiomls,/s.
Figure taken from Ref[[]0].

unique. At NLO we observe that usirfgz) = zand neglecting hard contributions is accurate
within 2%. Also, replacing logu?/s) by log(u?/Q?) leads to better results which can be
justified in the soft limit wheres~ Q2. We adopt these prescriptions to proceed at NNLO.

e In Fig.[4 we recognize for the LO, NLO and NNLO correctiahs the same pattern in the
expansion (negative shifts fgr* and positive ones fqp?) and that the peak positions move
to lower values for/s for higher perturbative orders.

e For the total hadronic cross section up to NNLO in Fig.[b we find good convergence up
to /Sout &~ 400GeV and deduce in the same way as on NLO an uncertaintyodie top
guark mass of about5% (note that NNLO corrections within the effective theorgaunt
to about 20% by themselves).

e In the behavior of the&K factor up to NNLO in Fig[Je we see that the characteristic form
around the B4 threshold is not washed out. The strong raise close to ithe threshold
is explained by the steepness of the NNLO correction, seatigt. The hadronic NNLO
K factor is in the range.X to 18.

4. Conclusion

We computed corrections due to a finite top quark mass usirganptotic expansion in the
limit M? > m&,s. At NLO our method yields results up @(1/M}?), at NNLO up to&(1/M#)
using the soft-virtual approximation. We estimate thedesl error on the total cross section due
to finite M; to be &'(10%) at NLO and&'(5%) at NNLO.

The recently completed full NLO contribution to the totabss section, see Ref.]12] and the
presentationd [23, P4], is decreased by 14% compared fdthe co limit. For Q? < 400GeV ef-
fects of 0 (10%) are reported for the differential cross section and eveyelasnes above 400 GeV.
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Figure5: LO, NLO and NNLO hadronic cross sectioag. At LO the exact is shown, at NLO we give only
the leading expansion term and at NNLO the first three ternps @n the right-hand side the total inclusive
results are given. Figure taken from R[lO].
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Figure 6: LO, NLO and NNLO hadroni& factorsKy. The notation is as in Figﬂ 5. Figure taken from
Ref. [19].

The NNLO contributions yield a'(20%) correction in theM; — oo limit which could be
modified substantially by thigl; dependence, but a full NNLO calculation is out of scope ofene
techniques. Therefore it seems disirable to refine our appaiion procedure to better reproduce
the findings of Ref.[[12] and to revisit the NNLO case.
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