
Recent Developments in 
Higgs Boson Theory 

Thomas Gehrmann
Universität Zürich

Higgs Hunting 2025  
Paris, 15.07.2025



Precision Higgs physics
• LHC discovered and established 

Standard Model Higgs boson
• multiple production and decay modes

• HL-LHC: turning to precision studies
• precision measurements of couplings
• search for BSM physics in Higgs sector

• Probing Higgs mechanism
• measure Higgs boson self-coupling
• reconstruct Higgs potential

• Close interplay experiment-theory
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.

Higgs boson production is also studied per individual process.  
As opposed to the top quark decay products from tt H production, the 
identification efficiency of b jets from the bb H production is low, mak-
ing the bb H  process experimentally indistinguishable from ggF pro-
duction. The bb H and ggF processes are therefore grouped together, 
with bb H contributing a relatively small amount: of the order of 1% to 
the total bbHggF + ¯  production. In cases where several processes are 
combined, the combination assumes the relative fractions of the com-
ponents to be those from the standard model within corresponding 
theory uncertainties. Results are obtained from the fit to the data, 
where the cross-section of each production process is a free parameter 
of the fit. Higgs boson decay branching fractions are set to their stand-
ard model values, within the uncertainties specified previously44. The 
results are shown in Fig. 2a.

All measurement results are compatible with the standard model 
predictions. For the ggF and VBF production processes, which were 
previously observed in Run 1 data, the cross-sections are measured 
with a precision of 7% and 12%, respectively. The following production 
processes are now also observed: WH with an observed (expected) 
signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 
(5.5σ) and the combined tt H  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 
standard model hypothesis. The separate tt H  and tH measurements 
lead to an observed (expected) upper limit on tH production of 15 (7) 
times the standard model prediction at the 95% confidence level (CL), 
with a relatively large negative correlation coefficient of 56% between 
the two measurements. This is due to cross-contamination between 
the tt H and tH processes in the set of reconstructed events that provide 
the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 
measured by setting the cross-sections for Higgs boson production 
processes to their respective standard model values. The results are 
shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 
decays, which were already observed in the Run 1 data, are measured 
with a precision ranging from 10% to 12%. The bb  decay mode is 
observed with a signal significance of 7.0σ (expected 7.7σ), and the 
observed (expected) signal significances for the H → µ+µ− and H → Zγ 
decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 
or production processes in the above measurements are relaxed by 
directly measuring the product of production cross-section and 
branching fraction for different combinations of production and 
decay processes. The corresponding results are shown in Fig. 3. The 
measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 
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Fig. 2 | Observed and predicted Higgs boson production cross-sections and 
branching fractions. a, Cross-sections for different Higgs boson production 
processes are measured assuming standard model (SM) values for the decay 
branching fractions. b, Branching fractions for different Higgs boson decay 
modes are measured assuming SM values for the production cross-sections. 

The lower panels show the ratios of the measured values to their SM predictions. 
The vertical bar on each point denotes the 68% confidence interval. The p value 
for compatibility of the measurement and the SM prediction is 65% for a and 56% 
for b. Data are from ATLAS Run 2.
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Fig. 3 | Ratio of observed rate to predicted standard model event rate for 
different combinations of Higgs boson production and decay processes. 
The horizontal bar on each point denotes the 68% confidence interval. The 
narrow grey bands indicate the theory uncertainties in the standard model 

(SM) cross-section multiplied by the branching fraction predictions.  
The p value for compatibility of the measurement and the SM prediction is 72%.   
σi Bf is normalized to the SM prediction. Data are from ATLAS Run 2.
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.
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measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 

C
ro

ss
-s

ec
tio

n 
(p

b)

ggF + bbH VBF WH ZH ttH tH
Production process

R
at

io
 to

 S
M

–10

0

10

10–3

10–2

10–1

100

B
ra

nc
hi

ng
 fr

ac
tio

n

Data (total uncertainty)
Systematic uncertainty
SM prediction

bb WW ZZ ZJ

Decay mode

0.8

1.01.0

1.2

R
at

io
 to

 S
M

 

1

2

3

–10

0

10

a b

10–1

101

100

102

0.5

1.5

JJ PPWW

Data (total uncertainty)

Systematic uncertainty

SM prediction

Fig. 2 | Observed and predicted Higgs boson production cross-sections and 
branching fractions. a, Cross-sections for different Higgs boson production 
processes are measured assuming standard model (SM) values for the decay 
branching fractions. b, Branching fractions for different Higgs boson decay 
modes are measured assuming SM values for the production cross-sections. 

The lower panels show the ratios of the measured values to their SM predictions. 
The vertical bar on each point denotes the 68% confidence interval. The p value 
for compatibility of the measurement and the SM prediction is 65% for a and 56% 
for b. Data are from ATLAS Run 2.
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Fig. 3 | Ratio of observed rate to predicted standard model event rate for 
different combinations of Higgs boson production and decay processes. 
The horizontal bar on each point denotes the 68% confidence interval. The 
narrow grey bands indicate the theory uncertainties in the standard model 

(SM) cross-section multiplied by the branching fraction predictions.  
The p value for compatibility of the measurement and the SM prediction is 72%.   
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is ! " #= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where !  is the reduced Planck’s constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction " . The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg ! H* ! HH) .  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).

0.6 0.8 1.0 1.2 1.4
0

0.5

1.0

1.5
�N f

Discovery LHC Run 1 This paper

68% CL 95% CL SM Higgs

CMS

�Xm
V

�N V
or

�Xm
f

�N f

W
t

Z

b

!

"

Vector bosons

Third-generation fermions

Second-generation fermions

SM Higgs boson

138 fbÐ1 (13 TeV)CMS

mH = 125.38 GeV

10Ð1 1 10 102

Particle mass (GeV)

0.6

0.8

1.0

1.2

1.4

R
at

io
 to

 S
M

�NV

0.95
1.00

1.05

10Ð4

10Ð3

10Ð2

10Ð1

1

Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons.  Left: constraints on the Higgs boson coupling modifiers to fermions 
(#f) and heavy gauge bosons (#V), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to #V = #f = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where $ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.



Higgs pair production
• probe Higgs self-interaction: gg → HH

• sensitivity to v!!!

• destructive subprocess interference 
• small cross section: σ(HH) ~ 10"# σ(H)
• HL-LHC measurement: combine multiple final states

• sizable NLO corrections                                        
!"#$%&%'()*+,#-&./0.&*+-#1./0&/23*+"#4%0.5*+6#7.&0.&*+4#"238.0(*+9#:/&(.;

• sensitive on top quark mass scheme: OS versus MS 
!4#$)<8/%*+=#>)?@)0)&/%*+"#-8)A5*+6#6B388./C0.&*+4#D%02)*+6#"@/&)*+4#"C&./23.&;

• precision extraction of v!!! $$questionable
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Figure 1 : Diagrams contributing to the processgg ! hh at leading order.

2 Details of the calculation

2.1 Amplitude structure

The leading order diagrams contributing to the processgg ! hh are shown in Fig.1.
As the cross section does not have a tree level contribution, the virtual contribution
at next-to-leading order involves two-loop diagrams, and the NLO real radiation part
involves one-loop diagrams up to pentagons.
The amplitude for the processg(p1, µ) + g(p2, ! ) ! h(p3) + h(p4) can be decomposed
into form factors as

M ab = "ab #µ(p1, n1)#! (p2, n2) M µ! (2.1)

M µ! =
$s

8%v2

!
F1(ös,öt, m2

h, m2
t , D) Tµ!

1 + F2(ös,öt, m2
h, m2

t , D) Tµ!
2

"
,

where n1, n2 are arbitrary reference momenta for the two gluon polarization vectors
#µ, #! . Colour indices are denoted bya, band

ös = ( p1 + p2)2, öt = ( p1 " p3)2, öu = ( p2 " p3)2 . (2.2)

The decomposition into tensors carrying the Lorentz structure is not unique. It is
however convenient to deÞne the form factors such that [49]

M ++ = M !! = "
$s

8%v2
F1 (2.3)

M + ! = M ! + = "
$s

8%v2
F2 ,

which is fulÞlled with the following deÞnitions

Tµ!
1 = gµ! "

p!
1 pµ

2

p1 áp2
, (2.4)

Tµ!
2 = gµ! +

1
p2

T (p1 áp2)

!
m2

h p!
1 pµ

2 " 2 (p1 áp3) p!
3 pµ

2 " 2 (p2 áp3) pµ
3 p!

1 + 2 ( p1 áp2) p!
3 pµ

3

"

where p2
T = (öu öt " m4

h)/ ös , T1 áT2 = D " 4 , T1 áT1 = T2 áT2 = D " 2 .

Ð 4 Ð

4

As a further cross-check we have also calculated mass
corrections as an expansion in 1/m 2

t in the following way:
we write the partonic di ! erential cross section as

dö! exp ,N =
N!

! =0

dö! ( ! )
"

"
mt

# 2!

, (13)

where " !
$"

ös,
"

öt,
"

öu, mh

%
, and determine the Þrst

few terms (up to N = 3) of this asymptotic series with the
help of qgraf [23], q2e/ exp [38, 39] andMatad [40],
as well asReduze [26] and Form [24, 25].

We applied the series expansion to the virtual correc-
tions, combined with the infrared insertion operator I ,
such that the expression in brackets below is infrared Þ-
nite,

dö! virt + dö! LO (") # I

$
&
dö! virt

exp ,N + dö! LO
exp ,N (") # I

' dö! LO (")
dö! LO

exp ,N (")
, (14)

such that we can set" = 0 in dö! LO /d ö! LO
exp ,N . There is

some freedom when to do the rescaling, i.e. before/after
the phase-space integration and convolution with the
PDFs. We opt to do it on a fully di ! erential level, i.e. the
rescaling is done for each phase-space point individually.
The comparison of this expansion with the full result is
shown in the next section.

NUMERICAL RESULTS

In our numerical computation we set µR = µF = µ =
mhh / 2, where mhh is the invariant mass of the Higgs
boson pair. We use the PDF4LHC15nlo 100 pdfas [41Ð
44] parton distribution functions, along with the corre-
sponding value for #s for both the LO and the NLO
results. The masses have been set tomh = 125 GeV,
mt = 173 GeV, and the top-quark width has been set to
zero. We use a centre-of-mass energy of

"
s = 13 TeV

and no cuts except a technical cut in the real radia-
tion of pmin

T = 10! 4 á
"

ös, which we varied in the range
10! 2 % pmin

T /
"

ös % 10! 6 to verify that the contribution
to the total cross section is stable and independent of the
cut within the numerical accuracy.

Including the top-mass dependence, we obtain the to-
tal cross section at

"
s = 13 TeV

! NLO = 27.80+13 .8%
! 12.8% fb ± 0.3% (stat.) ± 0.1% (int .) .

In addition to the dependence of the result on the vari-
ation of the scales by a factor of two around the cen-
tral scale, we state the statistical error coming from the
limited number of phase-space points evaluated and the
error stemming from the numerical integration of the am-
plitude. The latter value has been obtained using error

propagation and assuming Gaussian distributed errors
and no correlation between the amplitude-level results.
The value of the cross section is 14% smaller than the
Born-improved HEFT result, ! NLO

HEF T = 32.22+18%
! 15% fb,

and about 40% larger than the leading order result,
! LO = 16.72+28%

! 21% fb. Let us note that using a leading
order PDF set rather than an NLO one for the LO cal-
culation increases the LO result by about 10%.
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FIG. 1. Comparison of the full calculation to various ap-
proximations for the Higgs pair invariant mass distribution
at

!
s = 13 TeV. ÒNLO HEFTÓ denotes the e! ective Þeld

theory result, i.e approximation (i) above, while ÒFT approx Ó
stands for approximation (ii), where the top-quark mass is
taken into account in the real radiation part only. The band
results from scale variations by a factor of two around the
central scale µ = mhh / 2.

The results for the mhh distribution are shown in
Fig. 1. We can see that for mhh beyond & 450 GeV,
the top-quark mass e! ects lead to a reduction of the
mhh distribution by about 20-30% as compared to the
Born-improved HEFT approximation. We also observe
that the central value of the Born-improved HEFT re-
sult lies outside the NLO scale uncertainty band of the
full result for mhh ! 450 GeV, while the FTapprox result,
where the real radiation contains the full mass depen-
dence, lies outside the scale uncertainty band formhh

beyond & 550 GeV. The scale uncertainty of the Born-
improved HEFT and FT approx does not enclose the cen-
tral value of the full result in the tail of the mhh distri-
bution.

In Fig. 2, we show the results for the renormalized
virtual amplitude including the I -operator as deÞned in
Ref. [34] and compare it to various orders in an expan-
sion in 1/m 2

t , see Eqs. (13),(14). In the upper panel we
normalize to the virtual HEFT result, while in the lower
panel we normalize to the Born-improved HEFT result,
i.e. V "

N = VN B/B N . The upper panel shows that the
agreement of the full result with the HEFT result is only

The central values of these numbers have been obtained by using the top pole mass. In
light of the Þndings of Refs. [8,16] the preferred scale choice isµt ! MHH at large values of
MHH so that the choice of the top pole mass for the central prediction can be questioned.
However, for small values ofMHH close to the production threshold the process is quite
close to the HTL, where the scale choiceµt ! mt is the preferred one, since the top mass
constitutes the related matching scale. The scale choiceµt = mt is implicitly involved in
the top pole mass, too. A further reÞnement of the proper scale choice for the virtual
top mass would require an interpolation between the di! erent kinematical regimes that
would introduce a new uncertainty by itself. Such investigations are beyond the scope
of this note and all analyses so far. It should, however, be noted that the relative NLO
top-mass e! ects turn out to be quite independent ofMHH if the top mass is deÞned as
the MS massmt(MHH / 4) as can be inferred from Fig. 1, where we display the ratio of the
NLO cross section to the LO cross section5 and to the Born-improved HTL at NLO (with
the LO cross section determined in terms of the used top mass deÞnition) for various
choices of the top mass. Adoptingmt(MHH / 4) for the top mass the NLO mass e! ects
range between 10% and 15% for the whole range inMHH with a mild dependence on the
invariant Higgs-pair mass as can be inferred from the ratio to the HTL. The ratio to the
LO cross section develops a very ßat behaviour for this scale choice, too.
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Figure 1: Ratio of the full NLO QCD corrected di! erential cross section to the LO one
(left) and to the (Born-improved) NLO HTL (right) for various deÞnitions of the virtual
top mass as a function of the invariant Higgs-pair massMHH for a c.m. energy

"
s = 14

TeV and using PDF4LHC parton densities.

5It should be noted that the ratio to the LO cross section is not the consistently deÞned K factor. The
latter requires the LO cross section to be evaluated with LO! s and PDFs, while we use NLO quantities
at LO, too, to show the pure e! ects of the matrix elements.

5



Higgs pair production
• method-of-regions analysis of gg → HH 

amplitudes up to three loops                     
!"#4)5(/.'/2E*+"#4%0.5*+D#"E)F&%0*+G#H88&/23;

• identify large leading-logarithmic corrections in 
OS scheme → resummation

• computation of forward three-loop gg → HH 
amplitudes !4#I)J/.5*+7#"23K0')8L*+6#"C./03)A5.&;

• larger corrections in OS scheme
• reduced scheme-dependence
• results converge towards MS result

• amplitude-level results
• awaiting phenomenological studies
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LO NLO

s [GeV] OS [fb] OSLL [fb] OS [fb] OSLL [fb]

3000.0 (3.52! 10! 3)+0%
! 60.8% (1.80! 10! 3)+0%

! 23.6% (4.14! 10! 3)+0%
! 37.9% (2.68! 10! 3)+0%

! 4.2%

4000.0 (1.17! 10! 3)+0%
! 63.7% (5.70! 10! 4)+0%

! 25.1% (1.32! 10! 3)+0%
! 39.9% (8.23! 10! 4)+0%

! 3.9%

5000.0 (4.96! 10! 4)+0%
! 65.7% (2.30! 10! 4)+0%

! 26.0% (5.34! 10! 4)+0%
! 41.2% (3.25! 10! 4)+0%

! 3.5%

6000.0 (2.44! 10! 4)+0%
! 67.1% (1.09! 10! 4)+0%

! 26.7% (2.54! 10! 4)+0%
! 42.1% (1.52! 10! 4)+0%

! 3.2%

7000.0 (1.33! 10! 4)+0%
! 68.3% (5.80! 10! 5)+0%

! 27.2% (1.35! 10! 4)+0%
! 42.8% (7.92! 10! 5)+0%

! 2.8%

8000.0 (7.86! 10! 5)+0%
! 69.2% (3.34! 10! 5)+0%

! 27.6% (7.76! 10! 5)+0%
! 43.3% (4.51! 10! 5)+0%

! 2.4%

Table 3: Comparison of the OS and OSLL scheme (see text) results and the remaining
mass scheme uncertainty for the squared/interfered virtual amplitudes at one- and two-
loop order as a function ofs at Þxed! = !

2 . Note that these numbers do not include the
real radiation and subtraction term contributions.
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Figure 15: Comparison of results for the sum of the squared form factors at one- and
two-loop order where the top-quark mass is renormalised in theMS and OS (panel (a))
and the same quantities with the OS result supplemented by the resummed tower of
leading power leading logarithms (panel (b)). SigniÞcant reduction in the size of the
uncertainty due to the choice of the top-quark mass renormalisation scheme is observed.

implicitly in the MS scheme but not in OS, which we have now explicitly reinstated via
Eq. (4.24). The size of the mass scheme uncertainty, deÞned as the di! erence between
the OS or OSLL result and theMS result, is given for several di! erent energies in Table3.

The uncertainty in the double Higgs production amplitudes due to the choice of the
top-quark mass scheme can be further reduced through inclusion of terms constituting
higher logarithmic running of the top-quark mass in the conversion factor, i.e. thez(µ)
factor in Eq. (4.21). This improvement amounts to extension of Eq. (4.23) to subleading
logarithmic accuracy. However, in order to formally keep control over next-to-leading
logarithms we are also required to perform resummation of the logarithms arising due

39

Figure 6: Gbox1 for µ2
s = s/ 4. The band is the envelope of theMS result whereµ2

t is varied
betweens and s/ 16 and µ2

t = M 2
t is chosen. The results in the pole scheme are shown

as dashed lines. Note that at NNLO the band is quite narrow and almost completely
covered by the curve from the pole scheme.

Figure 7: Gbox1 computed with the MS and on-shell deÞnition of the top quark mass
for µ2

s = s/ 4 (left) and µ2
s = s (right). µ2

t is chosen betweens and s/ 16. All curves are
normalized to the three-loop on-shell result.

the curves in the pole scheme are shown in a darker colour. The bands shown at LO,
NLO and NNLO represent the envelope of the di! erent choices ofµt in the MS scheme.
The combination with the curves from the pole scheme reßect the uncertainty due to the
scheme choice for the top quark mass.

The data used in Fig. 6 are also shown in Fig. 7 after summing the squared real and
imaginary parts and normalizing to the three-loop prediction in the pole scheme. In the
left panel we chooseµ2

s = s/ 4 and the blue, green and red bands are again obtained
by varying µ2

t betweens and s/ 16. The LO, NLO and NNLO curves for the on-shell

14



Multi-loop amplitudes
• Higgs boson processes demand technically challenging loop amplitudes

• gluon fusion: large higher-order corrections
• several internal and external mass scales (m! ,m%,m&,...)
• high-multiplicity final states (ttH, VBF, VH)

• Driver of technical innovation in multi-loop amplitudes
• first-ever N3LO QCD result for hadron colliders: gluon fusion cross section 

!>#M0)5C)5/%A*+>#IA3&*+=#IA8)C*+=#1.&E%<*+$#6/5C8N.&<.&;

• two-loop top quark mass effects in HH and H+jet gluon fusion amplitudes
! !"#$%&$%''!"#$%&%'()*+,#-&./0.&*+-#1./0&/23*+"#4%0.5*+6#7.&0.&*+-#OA/5%0/*++4#"238.0(*+9#:/&(.;

! ()*$+,%-.'.//!',(0$1+-0,/(' !4#$)<8/%*+=#>)?@)0)&/%*+"#-8)A5*+6#6B388./C0.&*+4#D%02)*+6#"@/&)*+4#"C&./23.&;

! &,2234!'!D#$%02/)0/*+P#I.8+IA2)*+1#=&.88.J/<*+6#1/LL/0<*+P#1/&523/*+=#6%&/.88%*+-#")8J)C%&/*+-#"%?%<Q/*+=#9&)?%0C)0%;+

• eikonal expansion for non-factorizable QCD corrections in VBF                              
!7#M5C.&/)L/5*+>#$&%00A?R1)05.0*+6#6#O%0<*+4#SA)&&%E*+7#6.80/(%J*+M#T.0/0;
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Multi-loop amplitudes
• Current frontier: Higgs boson p! "distribution at N3LO

• ingredients: two-loop H+2jet (2→3) and                                                         
three-loop H+1jet (2→2) amplitudes

• Current frontier: NNLO QCD corrections to ttH production
• missing ingredient: two-loop ttH (2→3) amplitudes

• Workflow 
• algebraic reduction of amplitudes to small set (1000’s) of master integrals
• computation of master integrals from their differential equations

• Challenges
• algebraic complexity: system and expression size in integral reduction
• analytic complexity: function space and evaluation of master integrals

Thomas Gehrmann Higgs Hunting 2025 6

SLAC-PUB-250331, ZU-TH 24/25

Three-Loop QCD corrections to the production of a Higgs boson and a Jet
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We compute three-loop QCD corrections to the scattering amplitude of a Higgs boson and three
partons interfered with its tree level counterpart. SpeciÞcally, we derive our results in the generalized
leading color limit. Our results are represented in terms of so-called multiple polylogarithms and
thus ready for use in phenomenological predictions. We provide the three-loop amplitudes necessary
to compute the production cross section of a Higgs boson and a hadronic jet at hadron colliders and
the decay probability of a Higgs boson to three hadronic jets at lepton colliders.

INTRODUCTION

The discovery of the Higgs boson by the ATLAS [1]
and CMS [2] experiment at the Large Hadron Collider
(LHC) ushered in a new era of exploration of fundamental
forces. For the Þrst time we gained experimental access
to probe the interactions of all fundamental particles of
the Standard Model and thus a brand new opportunity to
test the foundations of our understanding of nature. To-
day, we explore the rich implications of the Higgs boson
by performing high precision comparison of experimen-
tal data with theoretical predictions for the outcome of
LHC scattering experiments. The large data sets already
collected by the LHC and in particular the advent of the
upcoming High-Luminosity Phase [3] enable a precision
phenomenology program testing the Standard Model and
searching for new physics beyond this paradigm. The
high experimental precision must be matched by equally
precise theoretical predictions based on the cutting edge
of our understanding of Quantum Field Theory (QFT).
In this Letter, we achieve a new milestone of precision
calculations at the core of such predictions.

Precision computations for the LHC are performed ex-
ploiting the factorization of high energetic scattering pro-
cesses of the QCD partons - the constituents of the two
scattering protons - and the low-energy dynamics of the
individual protons. Within this framework, we compute
scattering cross sections based on the Þrst principle La-
grangian of the Standard Model or other theories of na-
ture using perturbative QFT. Precision is achieved by
computing cross sections to higher and higher power in
an expansion in coupling constants. The largest of all
coupling constants at LHC energies is the coupling of the
strong force ! S . Achieving high order results in the ex-
pansion in powers of! S is a formidable task challenging
our technical and theoretical abilities of using QFT.

An overwhelming number of about ninety percent of all
Higgs bosons at the LHC are produced via the gluon fu-
sion mechanism. This mechanism describes the fusion of
two initial state gluons via a virtual top-quark loop which
in turn radiates the Higgs boson. Perturbative QCD cor-
rections for this production mechnism are notoriously

FIG. 1: Example diagram for the leading-color,
three-loop scattering amplitude of three gluons and a

Higgs boson.

large and consequently very high order predictions are
required to rival experimental precision. A powerful ap-
proach is the construction of an e! ective Þeld theory [4Ð7]
integrating out the degrees of freedom of the top quark
yielding the Þrst term in an expansion in inverse pow-
ers of the large top quark mass. This approach reduces
the top-quark loop at Born level to a point-like interac-
tion coupling the Higgs ÞeldH directly to the gluon Þeld
strength Gµ!

a via a Wilson coe" cient [8Ð12]C0.

L ef f = L SM, 5 !
C0

4
HGµ!

a Ga,µ ! . (1)

The application of this e! ective Þeld theory has en-
abled frontier computations of the inclusive Higgs pro-
duction cross section through next-to-next-to-next-to-
leading order (N3LO) in QCD perturbation theory [13Ð
18] and predictions including the massive top quark were
obtained already through next-to-next-to-leading order
(NNLO) [19Ð23]. Higgs phenomenology is however much
richer than only inclusive rates and a vast range of ob-
servables di! erential in the decay products of the Higgs
boson allow us to study this new particle in great de-
tail. The advances in our understanding of di! erential
cross section of the past two decades enabled the compu-
tation of fully di ! erential predictions for the production
of a Higgs boson through N3LO in QCD perturbation
theory [24Ð30]. A leap in our ability to perform di! eren-
tial computations with hadronic jets occurred about one
decade ago [31Ð38] leading to fully di! erential predic-
tions of the gluon fusion production of a Higgs boson in
association with a jet at NNLO [39Ð42]. The additional
Þnal state jet is a requirement for any observable depen-
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Computer algebra for multi-loop amplitudes
• Innovations in integral reduction

• reconstruct coefficients from numerical samples over finite prime number field 
!=/0D.LU+M#J%0+6)0C.AFF.8*+D#"23)N/0<.&V+=/0/C.=8%'U+9#T.&)&%;

• trimming of linear systems !7/&)U+=#O)0<.*+4#H5%J/C523*+:#WAV+$8)L.U+X#-A)0*+X#O/A*+G#S#6)*+W#1#WA;

• optimization of integral basis for reconstruction !-#I. +O)A&.0C/5*+1#YC)*+$#T)<.*+P#"%C0/(%J;+

• Innovations in integral computation
• numerical computation from series expansion                                                             

!M6=8%'U+X#O/A*+G#S#6);

• optimized analytical function basis
! 05/ 6.//!'!$(0-1/('2)(%0,/(7'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

!"#MN&.A*+I#>3/23.&/0*+1#YC)*+$#T)<.*+P#"%C0/(%J*+W#9523.&0%'*+"#:%/);

! 08+$$6.//!'1+-9$9'0+-(7%$(9$(0-.'2)(%0,/(7''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
!4#1.00*+T#4)(AN2/(*+4#O/?*+>#6.88)*+,#"Q&&)(%5*+O#9)02&.L/*+W#9%&&.5+$%N)L/88)*+9-;
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2

a Þxed ordering of the massless legs, there are three pla-
nar penta-box (PB) families, three non-planar hexa-box
(HB) families and two non-planar double-pentagon (DP)
families that we depict in Þg. 1, as well as a factorizable
planar topology. The factorizable, PB and HB families
have already been studied in the literature [2, 6, 8Ð10].
Here we deÞne the DP families. Integrals in these families
can generically be written as

I [!" ] = e2!" E

!
dD #1

i$D/ 2

dD #2

i$D/ 2

%! #9
9 %! #10

10 %! #11
11

%#1
1 á á á%#8

8
, (1)

where we setD = 4 ! 2&, and !" is a vector of integers with
the restriction that " 9, " 10, " 11 " 0. Explicit expressions
for the %i are given in ancillary Þles [50].

There are six independent variablessij = ( pi + pj )2,
which we choose to be

!s = { p2
1 , s12 , s23 , s34 , s45 , s15} . (2)

Together with the parity-odd object

tr 5 = 4i ' $%"& p$
1 p%

2 p"
3 p&

4 , (3)

they fully specify a point in the Þve-particle phase space.
Singularities of Feynman integrals are located at zeroes
of certain determinants, see e.g. refs. [51Ð55]. Three cases
play a special role here: the three and Þve-point Gram
determinants

! 3 = ! det G(p1, p2 + p3) ,

! 5 = det G(p1, p2, p3, p4) ,
(4)

where G(q1, . . . , qn ) = 2 { qi áqj } i,j " { 1,...,n } , and the poly-
nomial [9]

" 5 = ( s12s15 ! s12s23 ! s15s45 + s34s45 + s23s34)2

! 4s23s34s45(s34 ! s12 ! s15) .
(5)

While ! 5 = tr 2
5, relating tr 5 to

#
! 5 precisely is a subtle

issue. We adopt the convention of ref. [9] to only use#
! 5 in the pure integralsÕ deÞnitions.
Fig. 1 shows a Þxed ordering of the massless legs, but

we consider the set of integrals closed under all permu-
tations of these legs. While! 5 is invariant under these
permutations, there are three di#erent permutations of
! 3, denoted ! (k )

3 , and six di#erent permutations of " 5,
denoted by " (k )

5 . Expressions for the! (k )
3 , " (k )

5 and ! 5
are given in ancillary Þles [50].

II Analytic Di ! erential Equations

We follow refs. [3, 4, 6, 9], where analytic DEs [14Ð
18] in canonical form [19] are obtained from numerical
samples. We focus on the DPmz and DPzz families, for
which we obtain canonical DEs for the Þrst time. Any
integral in the DPmz (DPzz) family can be written as a
linear combination of 142 (179) master integrals. The top

1
5

4
2

3

! 1
! 2

(a) PBmzz

5
4

3
1

2

! 1
! 2

(b) PBzmz

2
1

5
3

4

! 1
! 2

(c) PBzzz

1

54 2

3

! 1! 2

(d) HBmzz

5

43 1

2

! 1! 2

(e) HBzmz

2

51 3

4

! 1! 2

(f) HBzzz

5

1

2

4

3

! 2! 1

(g) DPmz

1

5

4

2

3

! 1! 2

(h) DPzz

FIG. 1: Two-loop Þve-point one-mass families. The
thick external line denotes the massive external leg.

sectors, with 8 propagators and 9 master integrals each,
were previously unknown. All integration-by-parts (IBP)
reductions [56Ð58] are performed within FiniteFlow [59]
(interfaced to LiteRed [60, 61]), and checked with Kira
2.0 [62] and FIRE6[63].

Let !g' denote a vector whose entries form a pure [13]
basis of master integrals for a family of integrals( . It
satisÞes a DE in canonical form [19]

d!g' = &M á!g' , M =
"

i

M i d logWi , (6)

where theWi are the letters of the (symbol) alphabet [33]
associated with!g' . While the Wi are algebraic functions
of !s, the matrices M i are matrices of rational numbers.
Finding a pure basis is still the most challenging aspect in
obtaining DEs in canonical form. We construct educated
guesses for pure bases following the ideas of refs. [4Ð6, 9],
and test candidate bases by evaluating their derivatives
at numerical points and verifying the factorization of &.
Once a pure basis is found, we proceed as in section 4
of ref. [6] to determine that the alphabet for the DPmz
and DPzz families is contained within the one obtained
in ref. [9]. DPmz and DPzz have 62 and 74 letters re-
spectively. As in ref. [6], we Þt the matrices M i from
numerical evaluations on a Þnite Þeld. Our results for
the pure bases, the alphabet (closed under all permuta-
tions of the massless legs), and the analytic DEs can be
found in ancillary Þles [50]. Some pure integrals were
simpliÞed with ideas from ref. [64].

III Construction of One-Mass Pentagon Functions

The (one-mass) pentagon functionsare a basis of spe-
cial functions to express all one- and two-loop Þve-point
integrals with an external massive leg, up to the order
in &required to compute two-loop corrections. The one-
loop and planar two-loop integrals have been previously



Multi-loop amplitude results
• Two-loop amplitudes for qqH production

• closed fermion loop contributions to qq→ttH                                                        
!$#M<)&')8*+-#1./0&/23*+"#4%0.5*+6#7.&0.&*+"#78./0*+4#O)0<*+P#6)<.&Q)*+M#Z855%0V+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
=#=.N&.5+>%&L.&%*+-#=/<A./&.L%*+6#7&)A5*+$#T)<.*+O#D./0);+

• full amplitudes for qq→bbH and gg→bbH (m&=0)                                                       
!"#$)L<.&*+1#$)QA+1)&C)0C%*+D#T%02.8.C*+:#WA*+G#:3)0<*+"#:%/);+

• test-case for ML surrogate approximations                 
!P#$&.5%*+-#1./0&/23*+P#6)<.Q&)*+M#Z855%0;

• Three-loop amplitudes for H+jet production
• leading colour amplitudes for gg →Hg and gq →Hq 

!X#>3.0*+X#-A)0*+$#6/5C8N.&<.&;

• Three-loop amplitudes for HH production
• expansion in masses or transverse momenta for gg→HH   

!4#I)J/.5*+7#"23K0')8L*+6#"C./03)A5.&;
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43 , A

(2),nf /N 2
c

!

Figure 1 . Representative two-loop Feynman diagrams appearing in the 0 ! øbbggH scattering process,
together with the partial amplitudes associated with each of the diagrams. Dashed lines denote the Higgs
boson, while solid lines denote massless quarks (red for the bottom quark).

2.2 Two-quark two-gluon scattering channel

The colour decomposition of theL-loop amplitude M (L ) for the 0 ! øbbggHchannel is given by

M (L ) (1øb, 2b, 3g, 4g, 5H ) = nL øg2
s øyb

!
(ta3 ta4 )

øi 1
i 2

A (L )
34 (1øb, 2b, 3g, 4g, 5H )

+ ( ta4 ta3 )
øi 1

i 2
A (L )

43 (1øb, 2b, 3g, 4g, 5H ) + !
øi 1

i 2
! a3 a4 A (L )

! (1øb, 2b, 3g, 4g, 5H )
"

,

(2.12)

wheren = (4 " )" e! "# E ø#s/ (4" ), ø#s = øg2
s / (4" ), øgs is the bare strong coupling constant,øyb is the bare

bottom-Yukawa coupling, and ta are theSU(Nc) fundamental generators satisfyingtr( ta tb) = ! ab/ 2.
The A (L )

43 partial amplitudes can be obtained from the A (L )
34 ones through

A (L )
43 (1øb, 2b, 3g, 4g, 5H ) = A (L )

34 (1øb, 2b, 4g, 3g, 5H ) . (2.13)

We thus compute only A (L )
34 and A (L )

! . We further note that A (L )
! vanishes at tree level.

The partial amplitudes are decomposed in terms of the number of colours (Nc) and the number
of light quark ßavours (nf ) appearing in closed massless quark loops. The(Nc, nf ) decomposition
of the one-loop partial amplitudes is given by

A (1)
34 = NcA(1) ,N c

34 +
1

Nc
A(1) ,1/N c

34 + nf A(1) ,n f
34 , (2.14a)

A (1)
! = A(1) ,1

! , (2.14b)

while at two loops we have

A (2)
34 = N 2

c A(2) ,N 2
c

34 + A(2) ,1
34 +

1
N 2

c
A(2) ,1/N 2

c
34 + Ncnf A(2) ,N c n f

34 +
nf

Nc
A(2) ,n f /N c

34 + n2
f A

(2) ,n 2
f

34 , (2.15a)

A (2)
! = NcA(2) ,N c

! +
1

Nc
A(2) ,1/N c

! + nf A(2) ,n f

! +
nf

N 2
c

A(2) ,n f /N 2
c

! . (2.15b)

Representative two-loop Feynman diagrams together with the partial amplitudes they contribute
to are shown in Fig. 1.
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Figure 4 . Estimated numerical precision of H (2) (p, µ) evaluated for phase-space points arising during
Monte Carlo integration given in terms of number of estimated correct digits. The results are separated
according to the channels (qøq/bøb/bb/øbøb and gg). Only points that fail the ncor > 4 requirement are re-
evaluated at the next higher numerical precision implemented. The estimated evaluation times contain
the re-evaluations and are also averaged over the higher precision evaluations, and therefore represent the
realistic times per phase-space point during Monte Carlo integration. In total 100000 points have been
evaluated for each channel.

particle and the bottom-Yukawa coupling is kept Þnite. We derived analytic expressions of the Þnite
remainders up to two-loop level in perturbative QCD, taking into account the complete colour
structure. This is the Þrst time analytic results are derived for a full colour two-loop Þve-point
amplitude with an external mass.

The Þnite remainders are written in terms of one-mass pentagon functions and rational coef-
Þcients, which we reconstructed from multiple numerical evaluations over Þnite Þelds. Our Þnite-
Þeld framework combines the Feynman diagram, four-dimensional projector and integral reduction
methods, with optimised IBP relations obtained by means of NeatIBP . We employed a number
optimisations to reduce the complexity of the functional reconstruction of the rational coe! cients,
such as Þnding linear relations among them and ansŠtze, guessing the denominators using letters
of the alphabet, and performing on-the-ßy univariate partial fraction decomposition. We observe
that the analytic reconstruction of the subleading colour amplitudes requires a signiÞcantly larger
number of sample points than in the leading colour case, and that the memory usage and evalu-
ation time per point per Þnite Þeld are also substantially higher. We alleviated this by exploiting
linear relations among the rational coe! cients across various subleading colour contributions. We
simpliÞed the resulting analytic expressions of the rational coe! cients through multivariate partial
fraction decomposition with pfd-parallel .

We conÞrm the observations made in Ref. [91] regarding the analytic structure of the amplitudes:

the non-planar letters
!

! ( i )
5 (i = 1 , . . . , 6) and the non-planar pentagon functions which diverge

in the physical region are absent from the bare amplitudes, while the letter
!

" 5 drops out of the
Þnite remainders. These non-trivial cancellations call for a theoretical explanation.

We implemented all Þnite remainders in aC++ library and assess the numerical stability of
the evaluation of the hard functions. We Þnd that the stability and evaluation time are suitable
for immediate deployment in the computation of di" erential distributions at NNLO QCD accuracy.
The numerical implementation is provided as aC++ package.

Our results, together with the implementation of the pentagon functions in the Pentagon-
Functions++ library, open the door to an e! cient computation of the full-colour double-virtual

Ð 24 Ð

(a) (b) (c) (d)

Figure 2: Sample Feynman diagrams of the contributions containing one closed top quark
loop. Diagrams (a)-(c) contribute in the leading-Nc limit, while (d) is suppressed in this
limit. The line styles are as in Fig. 1.

We consider the processg(q1) + g(q2) ! H (q3) + H (q4) where all momenta are incoming.
Then the Mandelstam variables are given by

s = ( q1 + q2)2 , t = ( q1 + q3)2 , u = ( q2 + q3)2 , (1)

with s + t + u = 2m2
H and the transverse momentum of the Higgs boson is given by

p2
T = ( tu " m4

H )/s . The matrix element is conveniently decomposed into two form factors1

M ab = ! 1,µ ! 2,! M µ! ,ab = ! 1,µ ! 2,! " abX 0s (F1Aµ!
1 + F2Aµ!

2 ) , (2)

with

X 0(µ) =
GF#

2

#s(µ)
2$

TF , (3)

with the Fermi constant GF , the strong coupling constant#s(µ) in the MS scheme and
TF = 1/ 2. At higher orders we will also need the colour factorsCF = ( N 2

c " 1)/ (2Nc) and
CA = Nc. We introduce the perturbative expansion ofF1 and F2 as

F = F (0) +
!

#s(µ)
$

"
F (1) +

!
#s(µ)

$

" 2

F (2) + á á á, (4)

and decompose them into ÒtriangleÓ and ÒboxÓ form factors

F (k)
1 =

3m2
H

s " m2
H

F (k)
tri + F (k)

box1 ,

F (k)
2 = F (k)

box2 . (5)

Note that for t = 0 we haveF2 = 0, which we have explicitly checked in our calculation.
In this work we concentrate onF (2)

box1 since the three-loop triangle form factor has already
been computed in Refs. [5Ð8].

1See Ref. [3] for explicit expressions forAµ!
1 and Aµ!

2 .

3



ttH production: NNLO QCD corrections

• enable precision ttH studies at           
HL-LHC

• top quark Yukawa coupling
• new physics searches

• use approximation to two-loop        
amplitude

• genuine (IR-subtracted) two-loop        
finite remainder small

• estimate from expansions and          
assign error

Thomas Gehrmann Higgs Hunting 2025 9

4

! [pb]
!

s = 13 TeV
!

s = 100 TeV

! LO 0.3910+31 .3%
! 22.2% 25.38+21 .1%

! 16.0%

! NLO 0.4875+5 .6%
! 9.1% 36.43+9 .4%

! 8.7%

! NNLO 0.5070 (31)+0 .9%
! 3.0% 37.20(25) +0 .1%

! 2.2%

TABLE II: LO, NLO and NNLO cross sections at
!

s = 13 TeV and!
s = 100 TeV. The errors stated in brackets at NNLO combine

numerical errors with the uncertainty due to the soft Higgs boson
approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qøq channels, taking into
account the overall quality of the approximation and the
e! ect of the µIR variations discussed above. To obtain
the Þnal uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from thegg
and qøq channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
signiÞcantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tøtH cross section. In TableII we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR ) and fac-
torisation ( µF ) scales by a factor of 2 around their cen-
tral value with the constraint 0 .5 ! µR /µ F ! 2. Since,
as can be seen from TableII , such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

"
s = 13 TeV and by 44% at

"
s = 100 TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

"
s = 13 TeV and by

2% at
"

s = 100 TeV. The NNLO contribution of the
o! -diagonal channels [43] is below the permille level at"

s = 13 TeV, while it amounts to about half of the com-
puted correction at

"
s = 100 TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ± 0.6% at both values of

"
s. We point

out that this uncertainty, although not negligible, is still
signiÞcantly smaller than the remaining perturbative un-
certainties.

10! 1
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101

!
[p

b]
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0.4

0.5

0.6

LO

NLO

NNLO

ATLAS

CMS

8 13 27 50 100"
s [TeV]

! 10

0

10

! N
N

LO
/!

N
LO

!
1

[%
]

pp # tøtH µ R = µF = mt + mH/ 2

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [ 3] and CMS [ 4] at
!

s = 13 TeV are
also shown. The lower panel illustrates the impact of NNLO

corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

"
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

"
s to about +2% at"

s = 100 TeV. The perturbative uncertainty is reduced
from ± 9% at NLO in the entire range of

"
s to ± 3%

(± 2%) at
"

s = 8 TeV (
"

s = 100 TeV). We observe that
the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [ 3]) and CMS [4] at

"
s = 13 TeV

are also shown for reference in Fig.1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. At"

s = 13 TeV, NLO EW corrections increase the cross
section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a topÐantitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented Þrst NNLO QCD results for thetøtH
cross section in proton collisions. The calculation is com-
plete except for the Þnite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-
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Figure 3: On the left we show the results for !H (2)
SA

, !H (2)
MA

and our best prediction !H (2)
best

, normalised to the
NNLO cross section. The prescription adopted to deÞne!H (2)

best
, and the corresponding systematic error is

explained in the main text. On the right, we display the LO, NLO, and NNLO cross sections and their
(symmetrised) perturbative uncertainties. The inner NNLO dashed band denotes the systematic uncertainty
from the approximation of the double-virtual contribution !H (2)

best
, based on!H (2)

SA
and !H (2)

MA
.

high-energy result in the largepT ,H region.

In Fig. 3 (right) we show our results for the pT ,H spectrum at LO, NLO and NNLO with their perturbative
uncertainties. The latter are evaluated as follows. We start from the customary procedure of independently
varying the renormalisation (µR ) and factorisation (µF ) scales by a factor of 2 around their central value with
the constraint 0.5 ! µR /µ F ! 2. Since the uncertainties estimated this way are typically rather asymmetric,
to estimate the residual perturbative uncertainties, we follow Ref. [57] and consider their symmetrised version.
More precisely, we take the maximum among the upward and downward variations and assign it symmetrically
to construct our Þnal uncertainty, leaving the central prediction unchanged. The lower panel shows the results
normalised to the central NLO prediction. The dark-blue band represents the uncertainty from the missing
knowledge of the exact two-loop virtual contribution, estimated as discussed above. We observe that the Þnal
impact of this uncertainty is signiÞcantly smaller than the residual perturbative uncertainties.

4 Results

Having discussed our approach to approximate the two-loop virtual contribution and the associated uncer-
tainties, we present numerical predictions for the LHC at

"
s = 13.6 TeV. The NNLO results in this section

correspond to the prediction denoted asbest in Sec.3.

In addition to pure QCD predictions, which we label as Ni LOQCD with i = 0 , 1, 2, we additively combine
our newly computed NNLO QCD results with the full tower of EW corrections up to NLO. 13 The latter, which
represents our most accurate prediction, is dubbed NNLOQCD + NLO EW .

13 The calculation of the EW corrections has been validated against a recent implementation in Whizard [127].
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bbH production: NNLO+PS
• associated Higgs production with bottom quark pair

• production rate at LHC comparable to ttH, experimentally challenging
• background to HH searches
• enhanced in BSM scenarios

• NNLO+PS computation !>#$/.88%*+4#6)EE/C.88/*+M#")0()&*+6#W/.5.?)00 *+-#:)0L.&/<3/;+

• in 4FNS (massive b-quarks)
• massification of massless two-loop amplitude                                                           

!"#$)L<.&*+1#$)QA+1)&C)0C%*+D#T%02.8.C*+:#WA*+G#:3)0<*+"#:%/);+

• using MiNNLOPS for parton shower matching
• NLO+PS discrepancy 4FNS/5FNS substantially reduced 
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Figure 7 : Comparison of NLO+PS (purple, dashed) andMiNNLO PS (red, solid) predic-
tions in the 4FS for the b-jet observables with the requirement of at least one (upper plots)
or at least two b-jets (lower plots).

We now compare ourMiNNLO PS predictions with NLO+PS results to assess the rel-
evance of NNLO QCD corrections in the 4FS. We can observe from Þgure5 that NNLO
corrections increase the NLO distributions in the Higgs transverse momentum and rapid-
ity by about 30%, which shows a slight dependence at small transverse momenta, but is
completely ßat in the rapidity distribution. Indeed, we noticed the substantial e! ect of the
NNLO corrections already at the level of the total inclusive cross section in table1. The
scale variations at NLO+PS do not cover the centralMiNNLO PS result and their bands

Ð 26 Ð



Vector boson fusion
• detection of VBF Higgs production in  

H → bb channel
• requires stringent cuts (e.g. ATLAS: 

p<.&=+%>65 GeV)
• cuts induce large perturbative 

corrections                                               
!7#M5C.&/)L/5*+M#+$.3&/0<*+7#6.80/(%J*+Y#,%J/(%J*+D#DK0C523;

• fixed-order description insufficient
• dominant effects from final-state 

radiation off b-quarks
• match to parton shower                       

!M#$.3&/0<*+7#6.80/(%J*+Y#,%J/(%J*+-#:)0L.&/<3/;
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8

Figure 3. Transverse momentum distributions of the leading (left) and subleading (right) b jets. In each plot, the upper pane
shows the LO, NLO, and NNLO QCD computations. The lines indicate the central renormalization and factorization scale
choice, while the envelopes around them indicate the range of results for di! erent scales in the production process. The lower
panes show the ratios with respect to the NLO results at central scale. See text for details.

that other ways to construct the NNLO value for d! , for
example expanding the inverse width1/ ! b in " s or the
prescription discussed in Ref. [50], result in predictions
for cross sections that di! er from the NNLO result shown
in Eq. (8) by about 2 fb.

We continue with the discussion of QCD corrections to
kinematic distributions in the WBF process for Þducial
cuts (including p! ,b2 > 65 GeV). We begin with display-
ing the transverse momentum of the leading and sublead-
ing b jets in Fig. 3. The main e! ect of the higher-order
QCD corrections on these distributions is a nearly uni-
form reduction of the LO results by an amount that is
comparable to that of the Þducial cross section. This can
be clearly seen from the ratio to NLO shown in the lower
panes. The NLO K-factors increase slightly from around
1/ 1.6 ! 0.6 for low values ofp! to around 1/ 1.3 ! 0.8 in
the tails of the distributions. No signiÞcant modiÞcations
of di! erential K -factors at NNLO are observed, so that
the shape changes of these distributions are well-captured
by NLO predictions.7

The situation changes, however, if we consider the trans-
verse momentum distributions of the two b jets whose

7 We note that similar to the Þducial cross sections discussed in
Eq. ( 8), the scale-variation bands for transverse momentum dis-
tributions in consecutive perturbative orders do not overlap ei-
ther.

invariant mass is closest to the Higgs boson mass, which
can be interpreted as the transverse momentum of the
ÒreconstructedÓ Higgs boson. This distribution is shown
in the left pane in Fig. 4. We observe that in this
case both the NLO and NNLO K -factors are rapidly-
changing functions of the transverse momentum, with
the NLO K-factor taking a value of around 1/ 2.4 ! 0.4
at p! ,bb = 70 GeV, rising rapidly to about 1/ 1.4 ! 0.7
at p! ,bb = 150 GeV and leveling o! after that. We also
observe a more signiÞcant di! erence between NNLO and
NLO distributions as compared to the p! -distributions
of individual jets. This behavior is caused by a strong
correlation between the value of the (true) Higgs boson
transverse momentum and the ability of the producedb
jets to pass the cuts, especially when additional QCD
radiation is considered.

Another distribution that is interesting to discuss is the
invariant mass distribution of the two reconstructed b
jets, mbb; it is shown in the right pane of Fig. 4. In the
absence of QCD radiation in the decay and when no in-
terplay between production and decay is considered, this
distribution populates a single bin because the momenta
of two b jets always reconstruct the mass of the Higgs bo-
son. However, when radiative corrections are considered
and Þnal-state partons from the production process and
Higgs decay are treated on an equal footing, the invariant
mass distribution of the two b jets is altered signiÞcantly.
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Figure 3. Distributions of transverse momenta of the leading (left) and subleading (right) b-jet. The LO and NLO distributions
are rescaled by the K -factor K i = ! NNLO ! (MiNNLO+PS )/ ! i , so that all the shown distributions have the same integral. The
shown predictions correspond to the central choices of the renormalization and factorization scales, which are described in the
main text. The bottom panels show the relative deviation from the rescaled LO ! (LO+PS) distribution. The bands show the
Monte-Carlo uncertainty only.

p! ,bb ! 100 GeV, where the uncertainty rises toO(10 %).

As the next step we consider the impact of QCD correc-
tions on kinematic distributions with the central choice
of the renormalization and factorization scales. We
note that signiÞcant modiÞcations of shapes of such
distributions were observed both in the pure produc-
tion case [5, 6] and also when corrections to the de-
cay in the presence of the aggressivep! cut on b-
jets are taken into account [1]. However, since the
use of the parton shower in leading-order computations
leads to stabilization of the perturbative expansion, and
since it is rather inexpensive to obtain results using
the LO! (LO+PS) approximation, we decided to com-
pare shapesof kinematic distributions calculated using
this approximation with the ones computed with the
NNLO! (MiNNLO+PS) setup. Therefore, we rescale the
LO! (LO+PS) and NLO ! (MiNNLO+PS) distributions
by K factors such that their integral corresponds to the
NNLO! (MiNNLO + PS) Þducial cross section.

There are two types of distributions that we will con-
sider: distributions that are mostly determined by the
dynamics of H " bøb decay, and distributions that are
mostly determined by the production process. We may
hope that the shapes of distributions of the Þrst type
are well-described in the LO! (LO+PS) approximation,
while distributions of the second type should receive im-

portant (but not dramatic) corrections, consistent with
modiÞcations observed in the studies of the production
process alone [5Ð7].

We begin with the distributions of the Þrst type. The
QCD corrections to the transverse momentum distribu-
tions of the leading and next-to-leadingb-jets are shown
in Fig. 3. As seen from the lower panes of the two Þgures
there, the shapes of both distributions are well-captured
by the LO! (LO+PS) approximation with deviations at a
few-percent level only. At the same time, a small shape
change in p! ,b1 distribution is visible, with the reduc-
tion of events at p! ,b1 # 70 GeV and a slight increase at
around p! ,b1 # 125 GeV. Similarly, very small changes
in the shape of the transverse momentum distribution
of the reconstructed Higgs boson,p! ,bb, are observed in
Fig. 4, whereas the shape of its rapidity distribution re-
mains unchanged even at a few-percent level, except for
large rapidities. These corrections to the distributions of
the reconstructed Higgs bosons closely follow corrections
to distributions of Higgs bosons produced in simulation
of WBF without the decay subprocess [7].

Kinematic distributions of the second type include those
that are mostly determined by the production subpro-
cess. The examples are transverse momentum and ra-
pidity distributions of light WBF-tagging jets, which are
illustrated in Fig. 5. As can be seen in these Þgures, the



Dalitz decays: H!"! l! l"γ
• dominated by loop-induced H → Zγ
• NLO electroweak corrections

• small effect, reduce theory uncertainty               
!"#$#%&'()*+#,#%&'()*%#-#$./0)*1#"&23

• signal-background interference                      
!-#4255.0(.)*-#6'7080)*9#6:02/;.)*<#=>>.?)*<#$2'7.>>0()*+#@/(5A';.3

• small distortion of distributions 
• negligible effect on mass peak
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FIG. 1. Sample Feynman diagrams for NLO EW corrections toH ! Z ! decay.

experimental signal properly and improve the accuracy of the SM prediction, in this work,

we calculate the NLO EW corrections to the decay of a Higgs boson into aZ boson and a

photon.

II. THE NLO EW CORRECTIONS TO H ! Z ! DECAY

The calculation is carried out in the Feynman gauge. The conventional dimensional reg-

ularization with D = 4 " 2! is adopted to regularize the ultraviolet divergences. The masses

of light fermions (leptons and quarks except the top) are neglected whenever possible; they

are only taken into account in the mass-singular logarithms originating from the photonic

vacuum polarization.

The NLO EW corrections comprise about 5000 two-loop Feynman diagrams; three sam-

ples of them are shown in Fig.1. We use the package FEYNARTS [22] to generate the

diagrams as well as the amplitudes. With the aid of FEYNCALC [23], the amplitudes are

then expressed in terms of scalar integrals. The package FIRE [24] is employed to perform

the integration-by-parts (IBP) reduction [25], and the master integrals are evaluated nu-

merically using the AMFLOW [26] package. As a cross-check, some master integrals are

also evaluated using either analytical approach or the FIESTA [27] package, and perfect

agreements have been found.

The amplitudes we obtained are free of infrared and collinear divergences; only 1/ ! pole

appears. The renormalization is implemented according to Ref. [28]. After including the

counterterm diagrams, all ultraviolet divergences, which regularized as a 1/ ! pole, are elim-

inated as expected. Unlike the ultraviolet divergences, the ln(mf ) terms, wheremf denotes

the mass of light fermion, may not cancel, depending on the scheme chosen for the electro-

magnetic coupling constant" . As an estimation of theoretical uncertainty, here we use Þve

3
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FIG. 2. Theoretical predictions in comparison with experimental data. ÒEXPATLAS+CMS Ó denotes

the latest data from the ATLAS and CMS collaborations [7]. ÒLOÓ, ÒNLOQCD Ó, ÒNLOthis work Ó

denote the theoretical predictions at leading order, next-to-leading order including QCD corrections

only, next-to-leading order including both QCD and EW corrections, respectively. Note, all these

theoretical results include the b-mass corrections. The total decay width of the Higgs boson is

taken as ! H = 4 .07± 0.16 MeV [16].

decay alongside the corresponding experimental measurements. Notably, upon examining

the Þgure, it becomes apparent that the incorporation of two-loop electroweak corrections has

served to exacerbate the disparity between the theoretical predictions and the experimental

data.

Finally, regarding the treatment of unstable particles, we would like to highlight two

points:

¥ Strictly speaking, in standard perturbation theory which requires stable asymptotic

in/out states, an unstable particle should only appear as an intermediate state. Hence

a more coherent treatment is to consider the fullH ! ! ø!" process,1 including both

the Z-resonant and nonresonant diagrams, with theW and Z masses renormalized

in the complex-mass (CM) scheme [29, 32Ð34]. Further investigation on this topic

1 The Higgs boson is expected to be very narrow in comparison with theZ boson.
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Decay interferometry
• Higgs boson decays to weak gauge bosons                                                                  

 H → ZZ* → e#e$μ#μ$" and  H → WW* → l#νl$ν
• form an entangled two-qutrit state !M#$)&&;

• lepton and neutrino helicity unmeasurable: event-by-event test of 
entanglement not feasible

• reconstruct spin-density matrix of diboson system (quantum tomography) 
!4#M<A/8)&R"))J.L&)*+4#$.&0)8*+4#>)5)5*+4#6%&.0%;

• uses decomposition of final-state lepton distribution in spherical harmonics
• most promising channel H → ZZ* → e>e"μ>μ"

• simple spin-density matrix at LO
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Notice that the theoretical form of the density matrix ( 12) imposes strong constraints on the
various Aj

LM , CL 1M 1L 2M 2 coe! cients. At the end of the day it simply reads

! =

!

"
"
"
"
"
"
"
"
"
"
"
"
"
"
#

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 1

6

$!
2A1

2,0 + 2
%

0 1
3C2,1,2,! 1 0 1

3C2,2,2,! 2 0 0
0 0 0 0 0 0 0 0 0
0 0 1

3C2,1,2,! 1 0 1
3

$
1 "

!
2A1

2,0

%
0 1

3C2,1,2,! 1 0 0
0 0 0 0 0 0 0 0 0
0 0 1

3C2,2,2,! 2 0 1
3C2,1,2,! 1 0 1

6

$!
2A1

2,0 + 2
%

0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

&

'
'
'
'
'
'
'
'
'
'
'
'
'
'
(

. (26)

with
1

!
2

A1
2,0 + 1 = C2,2,2,! 2. (27)

We do not replace the latter relation in (26). It could be used, for example, as a way to estimate
the uncertainties in the experimental determination of the density matrix, or to improve the deter-
mination of the independent coe! cients and thereby improve the precision in the measurement of
the entanglement observables. An investigation of the optimal way to extract the latter from data
is beyond the scope of the present work.

4 Conditions for entanglement

Intuitively, a ÒclassicalÓ system of two vector bosons with vanishing spin-third-component can only
be in three states: |+ "# , |00# or |" + #. Any superposition of these possibilities implies an entangled
quantum state. Hence, one can expect that if the! " matrix is non-entangled, it can contain just
three non-vanishing entries, namely the diagonal ones:! + ! ,+ ! , ! 00,00 and ! ! + ,! + . Thus, if any
of the six remaining entries is di" erent from zero, that would be a signal of entanglement. It is
interesting to show that this is indeed the case, by using the above-mentioned Peres-Horodecki
criterion, see Eq. (2) and below. For a generic spin-density matrix with vanishing third-component,

! =

!

"
"
"
"
"
"
"
"
"
"
"
"
"
"
#

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 a 0 b 0 c 0 0
0 0 0 0 0 0 0 0 0
0 0 b" 0 d 0 f 0 0
0 0 0 0 0 0 0 0 0
0 0 c" 0 f " 0 g 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

&

'
'
'
'
'
'
'
'
'
'
'
'
'
'
(

, (28)
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Decay interferometry
• precision study of spin-density matrix of H → ZZ* → e#e$μ#μ$

• partial wave coefficients very sensitive to NLO EW corrections                         
!6#I.8 +-&)CC)*+=#=)NN&/*+T#O)?N)*+=#6)8C%0/*+I#T)<)0/V+I#-%02)8J.5*+M#7)8)L3)&)0*+=#7&)A55*+M#,)J)&&%;

• Bell-inequality tests require careful selection of reference frame, observables 
and cuts
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(a) (b)

Figure 8 : Left Plot: RY Y ! ! H (RY Y ) for RY Y = Re
!
Y !

1,0Y !
1,0

"
, the spherical

harmonic relevant for C1,0,1,0, at LO and NLO. Right Plot: prediction for RY Y !
(! H (RY Y ) " ! H (" RY Y )), see main text for more details.

(a) (b)

Figure 9 : Same as Fig.8 for C1,1,1," 1.

in Figs. 8 (Figs. 9) we bin in RY Y = Re
!
Y !

1,0Y !
1,0

"
(RY Y = Re

!
Y !

1,1Y !
1," 1

"
) both the LO

(blue) and NLO (green) predictions for RY Y ! ! H (RY Y ) in the left plot and, only for
RY Y > 0, predictions for RY Y ! (! H (RY Y ) " ! H (" RY Y )).

Consistently with the results shown in Tab. 3, the right plots of both Figs. 8 and
9 show that while the prediction is negative at LO, it almost goes to zero at NLO. On
the other hand, this e" ect is not so clearly visible on the left plots of the same Þgures.
The comparison between the left and right plots shows that the values of theC1,M, 1," M

coe# cients originates from large cancellations in the integral over the spherical harmonics.
For C1,M, 1," M , the NLO EW corrections lead to a symmetrisation of the distributions in
the left plots and consequently to much smaller predictions forC1,M, 1," M . As it will be
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LO NLO NLO / LO

A1
2,0 ! 0.592(1) ! 0.509(2) 0.860(2)

A2
2,0 ! 0.591(1) ! 0.565(2) 0.956(2)

C2,1,2,! 1 ! 0.937(2) ! 0.943(4) 1.006(3)

! C1,1,1,! 1 ! 0.94(1) ! 0.16(2) 0.17(2)

A1
2,0/

"
2 + 1 0.5817(7) 0.640(1) 1.101(2)

C2,2,2,! 2 0.581(3) 0.568(4) 0.977(6)

! C1,0,1,0 0.59(1) 0.03(2) 0.06(4)

C2,0,2,0 1.418(3) 1.400(5) 0.987(3)

C1,0,1,0 + 2 1.41(1) 1.97(2) 1.39(1)

Table 3 : Non-vanishing A and C coe! cients of the spin density matrix calculated
using a LO simulation or including NLO EW corrections, the third column reports
the ratio between the two results. The di" erent blocks of rows highlight the equalities
between the couplings that should be present at LO. No phase-space restrictions are
applied. The error on the last digit is in parentheses.

simple structure of two intermediate Z bosons decaying to leptons. While the angular
distributions of the leptons are properly deÞned at NLO EW accuracy, the extraction of
the C and A coe! cients relies on a LO picture: the # matrix at LO, see Eq. (2.23),
parameterised by the spin analysing power! , which is also formally deÞned only at LO.

In Tab. 3 we show all the non-vanishingC and A coe! cients at LO and NLO EW
accuracy. Each horizontal block of the table displays coe! cients (or relations) that have
the same value at LO, but not at NLO EW as we will discuss. The Þrst interesting aspect
to notice is that the same non-zero coe! cients found at LO are still the only non-vanishing
coe! cients at NLO, as this is imposed from the geometry of the system. Another inter-
esting observation is that the e" ects of the NLO corrections are uneven across the various
coe! cients. While some coe! cients are only mildly impacted, with corrections ranging
from 1% to 14%, theCL 1,M 1,L 2,M 2 coe! cients with L 1 = L 2 = 1 ( C1,1,1,! 1 and C1,0,1,0) are
signiÞcantly modiÞed by NLO EW, with deviations exceeding 90%, in agreement with the
Þndings of Ref. [27].

In order to better visualise the signiÞcant variations caused by NLO EW corrections
on such coe! cients, which we will denote in the following discussion asC1,M, 1,! M , two
distributions are shown in Figs. 8 and 9 for C1,0,1,0 and C1,1,1,! 1, respectively. For both
plots in each Þgure, by summing the values of all the bins, one obtains a term proportional
to the corresponding C1,M, 1,! M coe! cient, i.e., the term in the second line of Eq. (3.4).
While in Fig. 4 we have plotted#H for di" erent bins RY Y , for two di " erent RY Y functions,
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New physics searches in the Higgs sector
! ! "#$%&'()*++,(-#,#" (.&/01*"+($#(22(0$(34(5&67

! :;<:#'-(9'=>#'+$!/+0'?@ A'$4%$77'-0'7-*$'*-77'B-.)$

! 8'*++&'&.(,9-,$0"$*0:($%&#'1(0/$*;*$1
! @C&>'-(9',07'$40$(7,/(7 !H#1)/523*+M#6)8/0)A5()5V+I#ME.J.L%*+9#$/.(KCC.&*+

T#=.&&./&)V+9#$/.(KCC.&*+"#1./0.?.Q.& *+-#W./<8./0;

! 0+,!.$0'7%-.-+'!"#M53)0A[[)?)0*+"#$)0/(*+-#>%8%&.CC/*+M#>&/J.88/0*+$#6.88)L%*+M#9#6A8)ALE/;+

! D>##>' !4#>)%*+X#4/)*+G#GA.*+1#:3%A*+T#:3A;

! E$/+1,6>-%8-%$F'*/9$.'!9#7#>3.0*+>#W#>3/)0<*+"#1./0.?.Q.& *+-#W./<8./0;

! >G##>  !4#7)8/0%'5(/*+W#7%C8)&5(/;

! <$206+,180'7"**$0+,%'*/9$.7'!T#$3A@)8+I.J*+D#,#6%3)@)C&)*+G#:3)0<;

! <,90::1(='&.*/$*"+(#$%&'(:*+%$(,$0$&,
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Figure 8. (a) Expected and (b) observed limits on the Þducial cross-section times branching ratio
B(X ! !! ) computed using the asymptotic approximation as a function of the assumed signal mass
mX and relative width ! X /m X for the model-independent scalar resonance search.

(a) (b)

Figure 9. (a) Compatibility of the data with the background-only hypothesis as quantiÞed by the
local p-value (solid line) as a function of the assumed signal massmH , for the model-dependent search.
The dotted-dashed lines correspond to the standard deviation quantiÞcation" . (b) 95% CL upper
limits on the total cross-section times branching ratio B(H ! !! ) as a function ofmH , where the solid
(dashed) line corresponds to the observed (expected) limit and the green (yellow) band corresponds to
one (two) standard deviation from the expectation.

MEiN, Poland; FCT, Portugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia;
ARIS and MVZI, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and Wallenberg
Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; NSTC,
Taipei; TENMAK, TŸrkiye; STFC/UKRI, United Kingdom; DOE and NSF, United States
of America.

Individual groups and members have received support from BCKDF, CANARIE, CRC
and DRAC, Canada; CERN-CZ, PRIMUS 21/SCI/017 and UNCE SCI/013, Czech Republic;
COST, ERC, ERDF, Horizon 2020, ICSC-NextGenerationEU and Marie Sk!odowska-Curie
Actions, European Union; Investissements dÕAvenir Labex, Investissements dÕAvenir Idex
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Figure 8. (a) Expected and (b) observed limits on the Þducial cross-section times branching ratio
B(X ! !! ) computed using the asymptotic approximation as a function of the assumed signal mass
mX and relative width ! X /m X for the model-independent scalar resonance search.

(a) (b)

Figure 9. (a) Compatibility of the data with the background-only hypothesis as quantiÞed by the
local p-value (solid line) as a function of the assumed signal massmH , for the model-dependent search.
The dotted-dashed lines correspond to the standard deviation quantiÞcation" . (b) 95% CL upper
limits on the total cross-section times branching ratio B(H ! !! ) as a function ofmH , where the solid
(dashed) line corresponds to the observed (expected) limit and the green (yellow) band corresponds to
one (two) standard deviation from the expectation.

MEiN, Poland; FCT, Portugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia;
ARIS and MVZI, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and Wallenberg
Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; NSTC,
Taipei; TENMAK, TŸrkiye; STFC/UKRI, United Kingdom; DOE and NSF, United States
of America.

Individual groups and members have received support from BCKDF, CANARIE, CRC
and DRAC, Canada; CERN-CZ, PRIMUS 21/SCI/017 and UNCE SCI/013, Czech Republic;
COST, ERC, ERDF, Horizon 2020, ICSC-NextGenerationEU and Marie Sk!odowska-Curie
Actions, European Union; Investissements dÕAvenir Labex, Investissements dÕAvenir Idex
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Anomalous couplings: SMEFT
• Model-independent framework to quantify BSM effects
• Important constraints from Higgs observables

• e.g. transverse momentum distribution                                                                
!6#$)CC)<8/)*+6#-&)EE/0/*+6#"@/&)*+6#W/.5.?)00 ;

• Consistent treatment: SMEFT renormalization group
• global one-loop analysis                                                                                                   

!=#6)8C%0/*+-#P.0CA&)*+\#P&Q%0/L%AV+4#C.&+1%.J.*+O#6)0C)0/*+4#D%[%*+M#D%55/)*+\#P&Q%0/L%A;

• two-loop analysis in Higgs sector !"#I/+,%/*+D#-&KN.&*+6#6)0L)8 ;

• Two-loop SMEFT computations in progress
• field renomalization !>#IA3&*+M#P)5]A.E*+-#P.0CA&)*+\#P&Q%0/L%A;

• two-loop matching and impact on Higgs production !H#1)/523;
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only ggF predictions, while assuming all the other Higgs production processes to be SM-like.
Figure 12 shows the constraints obtained for a benchmark withcg(µ0) = 0 and ctg(µ0) = 0 .10
Þtted with the sameggF (0.50) and tøtH (0.15) SMEFT contributions used to generate the
benchmark spectrum. This point in the parameter space is chosen atcg=0 and at the upper
bound onctg obtained by the Þt to top-quark data of Ref. [68] where thetøtH e! ects are largest.
The ggF plus tøtH Þt correctly recovers the input benchmark values. Instead, if this spectrum
is Þtted assuming thetøtH contribution to be SM-like, the Þt yieldscg(µ0) = ! 0.04± 0.07 and
ctg(µ0) = 0 .17± 0.33 for 140 fb! 1 and cg(µ0) = ! 0.04± 0.01 andctg = 0.19± 0.04 for 3000 fb! 1 of
integrated luminosity. Similarly, a benchmarkcg(µ0) = 0 .02 andctg(µ0) = 0 .08 gives Þt values
of cg(µ0) = ! 0.02± 0.01 andctg(µ0) = 0 .14± 0.03 for 3000 fb! 1 of integrated luminosity. This
indicates that the assumption of a SM-liketøtH contribution in the SMEFT Þt gives results
that are still statistically compatible with the benchmark true parameters at the current level
of accuracy, but these would become signiÞcantly biased with the uncertainties anticipated for
the HL-LHC. We conclude that a global Þt including theggF and tøtH SMEFT contributions
weighted by the corresponding fractions of signal events selected by the experimental analysis
will be required for HL-LHC analyses.

5.4 Fit of the ggF Spectrum to Experimental Results

The ATLAS and CMS collaborations have already published constraints on the SMEFT pa-
rameters obtained by Þts to theirpH

T results [119, 120]. However, the early ATLAS analysis
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Figure 13: Result of a simultaneous Þt to the spectrum shape and Higgs signal rate of AT-
LAS (left) and CMS (right) using the SMEFT expansion with linear and quadratic terms at
µ0 = 125 GeV. The points with error bars show the data and the continuous line the best Þt
corresponding tocg(MH ) = ! 0.08 andctg(MH ) = ! 0.13.
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Figure 1 . Examples of two-loop contributions to the gg ! h process involving an insertion of the
operator QG deÞned in (2.2). The operator insertions are represented by black boxes, gluons and
the Higgs are depicted by wiggly lines and dashed lines, respectively, while the solid lines depict
quarks. See the main text for further details.

The corresponding gauge coupling will be denoted bygs. H represents the SM Higgs
doublet, and we used !H = ! áH ! , where ! = i " 2 is the antisymmetric SU(2) tensor. The
symbolq represents the left-handed third-generation quarkSU(2)L doublets, whilet denotes
the right-handed top-quark SU(2)L singlet. Lastly, notice that for the operator QtG the
sum of the hermitian conjugate is implied in (2.1).

Below, we concentrate on a particular class of BSM scenarios in which, at the high-
energy scale! , the initial conditions of the Wilson coe! cients follow the hierarchy:

CG(! ) " CtG (! ) " CHG (! ) # 0. (2.3)

We remain agnostic about how such scenarios are realized, as the primary goal of this
article is to elucidate the rich structure of RG improved perturbation theory in the SMEFT.
Indeed, we will see below, obtaining the full leading SMEFT correction togg ! h in BSM
scenarios of the form (2.3) requires accounting for three types of contributions: (i ) two-
loop matching contributions involving the tree-level Wilson coe! cient CG, (ii ) one-loop
matching contributions involving the one-loop evolved Wilson coe! cient CtG , and (iii ) tree-
level matching contributions involving the two-loop evolved Wilson coe! cient CHG .

3 Calculation

We use dimensional regularization ind = 4 $ 2# to regulate UV and infrared (IR) singular-
ities, with renormalization scaleµ and a naive anticommuting $5 (NDR) [ 23]. As no traces
involving $5 appear, the NDR scheme is evidently consistent. Our computation used the
Mathematica packagesFeynRules [24], FeynArts [25], FormCalc [26], and LiteRed [27].
FeynRules implements the SMEFT operators (2.2) and generates aFeynArts model Þle,
which is used to construct the Feynman diagrams and amplitudes.FormCalcprojects onto
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Figure 9: Comparison between a dynamical renormalization scaleµR = 1
2

!
m2

h + p2
T,h for

the Wilson coe! cients and a Þxed oneµR = mh in the transverse momentum distribution
in S1. Left : Di" erential distribution in pT,h in the SM and in the SMEFT. Right:

Percentual di" erence deÞned as (Dyn-Fix)/Dyn.
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Figure 10: Comparison between one-loop (red line) and two-loop (blue line) running of the
Wilson coe! cient CHG in the transverse momentum distribution in S2.Left: Di" erential
distribution in pT,h in the SM and in the SMEFT. Right: Percentual di" erence between

one-loop (1L) and two-loop (2L) running deÞned as (1L-2L)/1L.

plot clearly shows the importance of including the running of the Wilson coe! cients over
the invariant Higgs mass distribution in Higgs pair production.

In Fig. 13 we show the results for scenario 2. In this case the e" ects are much smaller.
Indeed, there is little di" erence between one- and two-loop RGE running apart from again
closeby the threshold where the e" ect is up to 10%.

5 Conclusion

We have studied the RGE running of SMEFT at two-loop order including for the Þrst
time the two-loop terms proportional to CtH into the running of CHG . In Higgs physics, in
various processes such as single Higgs production in gluon fusion, Higgs+jet or Higgs pair
production the operatorOHG enters at tree level while typically other operators, as well as

13



FCC-ee as Higgs boson factory

• FCC-ee project at CERN
• ultrahigh-luminosity e>e" collider
• under consideration
• start of operation ~2045

• Unique Higgs boson precision studies
• produce 2M Higgs bosons
• reconstruct all decay channels
• tightly constrain SMEFT operators                   

!\#>.8)L)*+9#-/)00/*+4#C.&+1%.J.*+O#6)0C)0/*+4#D%[%*+M#D%55/)*+6#93%?)5*+\#P&Q%0/L%A;

• including Higgs self-coupling !P#6)A&)*+$#"C.F)0.(*+9#G%A;

• Require new level of precision theory
Thomas Gehrmann Higgs Hunting 2025 17

PARTICLES

Physics Area

Area coordinator: Riccardo Rattazzi (EPFL)

The FCC-ee is designed to operate through multiple energy stages, each targeting speciÞc physics objectives and span-

ning about 15 years of operation. The program begins with aZ-pole run at approximately 91.2GeV center of mass energy

enabling electroweak (EW), quantum chromodynamics (QCD), and ßavor-physics studies. This is followed by aW-pair

threshold run around 160GeV to reÞne theW bosonÕs properties and investigateW -pair production.

Next, theHiggs factory run at roughly 240GeV focuses on precise measurements of the Higgs bosonÕs couplings,

mass, and rare decay channels. The Þnal stage, thetop quark threshold run at 340Ñ 365 GeV, aims to accurately deter-

mine the top quarkÕs mass, width, and EW couplings, completing the study of the heaviest known fundamental particle.

Throughout its operation, FCC-ee will produce over1013 Z bosons,108 W -pair events,106 Higgs bosons, and a similar

number of top quarks, achieving statistical precision between10! 3 and10! 5. This precision enables the exploration of

particle dynamics at unprecedented resolution, allows deeper investigations into the open questions of the Standard Model

(SM), enhances sensitivity to indirect Beyond the Standard Model (BSM) e! ects up to tens ofTeV, and paves the way for

potential discoveries at the FCC-hh.

FCC-ee physics runs ordered by energy
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Figure 4: The tentative physics program (green) is ordered by increasing center-of-mass energy. Also indicated are the
approximate numbers ofZ , W W , ZH , andtt events with 15 years of running and the physics opportunities with additional
center-of-mass energies (orange). Adapted from [11].

The Physics Area program maximizes the FCC-eeÕs potential to test the SM with unprecedented precision and search for

new physics, focusing on four domains:Higgs Physics, Electroweak and Quantum Chromodynamics Physics, Flavor

Physics, andElusive Phenomena. Projects are rigorously selected from SwitzerlandÕs extensive expertise, prioritizing those

with the highest impact. In Phase 1, theoretical e! orts build upon CERN LEP-era precision physics expertise, blending it

with modern approaches to strengthen current capabilities. Experimental teams concentrate on essential tasks that guide

detectorsÕ early design and technology selection to achieve or surpass the physics objectives.

The program involves leading Swiss theorists and experimentalists with established international collaborations, ensur-

ing impactful contributions. Swiss expertise spans top theory groups in precision calculations (ETH, PSI, UniBe, UZH),

BSM physics (EPFL, UniBa, UniGe, UZH), and ßavor physics (UniBa, UniBe, UZH). Renowned experimental groups

from LHC experimentsÑCMS (ETH, PSI, UZH), ATLAS (UniBe, UniGe), LHCb (EPFL, UZH), SND (EPFL, UZH), and

FASER (ETH, UniBe, UniGe)Ñcover a broad range of collider phenomena and contribute to beyond collider program at

NA62 (EPFL), SHiP (EPFL, UZH), and NA64 (ETH).

The projects in thePhysics Areawill establish Switzerland as a research leader and key contributor to the FCC-

eeÕs transformative impact on fundamental physics. This e! ort will be further strengthened by establishing anew

professorship at the Department of Theoretical Physics at the University of Genevaunder this NCCR initiative,

focusing on theoretical aspects of precision physics complementary to the existing Swiss expertise.
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Figure 4.1 . Same as Fig.3.8 for the marginalised bounds on the SMEFT operators from a globalO
!
! ! 2

"
analysis,

displaying the ratio of uncertainties to the SMEFiT3.0 baseline of Þts which include Þrst the HL-LHC projections
and subsequently both the HL-LHC and the FCC-ee observables. All Þts shown here are carried out based on Level-1
pseudo-data.

magnitude. For instance, the 95% CI interval for the coe" cient cW W W , which modiÞes the triple gauge
boson interactions, is reduced by a factorR! ci ! 0.3 at the end of HL-LHC and then down to R! ci = 0 .008
at the FCC-ee, corresponding to a relative improvement on the bound by a factor around 40. Likewise,
our analysis Þnds values ofR! ci ! 0.4, 0.4 and 0.6 at the end of the HL-LHC for the coe" cients c" e,
cc" , and c" B respectively, which subsequently go down toR! ci ! 0.005, 0.01 and 0.008 upon the inclusion
of the FCC-ee pseudo-data. This translates into relative improvements by factors of around 80, 40, and
70 for each EFT coe" cient, respectively. While these are only representative examples, they highlight
how precision measurements at FCC-ee will provide stringent constraints on the SMEFT parameter space,
markedly improving on the limits achievable at the HL-LHC.

In Figs. 4.1 and 4.3, the impact of the FCC-ee measurements on the EFT coe" cients is presented in

Ð 33 Ð



(a) bottom tagging (b) charm tagging

(c) strange tagging (d) up tagging

(e) gluon tagging

Figure 6 : ROC curves for eachSij combination, as deÞned in Eq. 5.1, where i is the
signal parton ßavour and j is the background ßavour. The solid lines correspond to the
classiÞcation of jets at theZ resonance at

!
s = 91.2 GeV, while the dashed lines correspond

to the classiÞcation of jets fromZ (" !! )H (" qøq) events at
!

s = 240 GeV. The tagger was
trained separately for each process. No quark-gluon discrimination results are presented
for jets from Z " qøq events as theZ boson does not decay into gluons.

Ð 19 Ð

QCD Higgs physics at FCC-ee
• Hadronic Higgs decays at FCC-ee

• dominant contributions from H → bb, H → cc, H → gg
• discriminate decay modes through jet rates, event shape distributions and 

flavour tagging !$#>)?@/88%+MJ.8./&)*+\#=%*̂+M#-.3&?)00RI.+D/LL.&*+,#-8%J.&*+6#6)&2%8/*+>#T&.A55*+9-;

• possibly resolve H → ss using transformer-based neural networks 
!=#$8.(?)0*+=#>)0.88/*+M#I.+6%%&*+7#-)AC)?*+M#Y8<*+M#6)223/%8%*+\#T8%.&.&;++
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Fig. 6 Invariant mass of the leading b- and øb-jet pair in the H ! bøb (top row ) and H ! gg (bottom row ) decay category
using the ßavour- kT (left column ) and ßavour dressing ( right column ) algorithm.



Outlook
• Theory and experiment prepare for precision Higgs physics program
• Important progress on precision theory predictions

• Predictions for increasingly complex final states
• Resolving long-standing issues and puzzles
• Higgs physics is driver of innovation in multi-loop amplitude technology

• Exciting opportunities ahead
• Quantum information in Higgs decay
• Model independent new physics searches in SMEFT
• Precision Higgs physics at FCC-ee

• Looking forward to an exciting Higgs Hunting 2025
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