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to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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State of the art Higgs fit?

Higgs couplings 
are proportional 

to the masses of the particles
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Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 

It does not necessarily imply that the new 
boson is part of an SU(2)L doublet

coupling ∝ mass

Ex: composite NG boson in TC

For a non-doublet 
one naively expects:
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State of the art Higgs fit?

missing information to complete the picture

° width measurement?

° couplings to light particles?
inclusive (e.g. c-tagging) or exclusive (h → J/Ψ+γ)

° coupling to top?

Y. Soreq FCC-ee 9

combining all constraints

16

Soreq @ TLEP-9, Pisa ’15

https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 
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 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel

http://arXiv.org/abs/1002.1011
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regime to probe the spectrum of top partners in composite Higgs models, whereas Section 4

looks at the h + jet process as a way to probe light stops in supersymmetric extensions

of the SM. Finally, Section 5 collects our conclusions. We also include an Appendix, where

formulae for the pp ! h+jet cross section mediated by CP -violating couplings are reported.

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [23] and shortly after

with a di↵erent notation in Ref. [24], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due to

the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [22,25,26]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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always subdominant (<2%)
the fraction gg/gq changes with pT

@14TeV, gg/gq=67/31 for pT >100GeV
gg/gp=42/57 for pT >800GeV

4

Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5

the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://inspirehep.net/record/283530
http://inspirehep.net/record/283530
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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Feynman diagrams contributing to this process are shown in figure 1. When the Lagrangian
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top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
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= (t + g)
2 + � t g + ✏ 2
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where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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s [TeV] pmin
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pmin
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[fb] � ✏ gg, qg [%]
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100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
T

= (t + g)
2 + � t g + ✏ 2

g (2.4)

where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.

4

p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.
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large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value
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We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
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(t,g)K650GeV
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where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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where we assumed the SM value for BR(h ! ⌧⌧) [24].
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where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 2.19 ◊ 10-3

R.0= 1.23 ◊ 10-3

R.0= 0.692 ◊10-3

m0
incl=0.8 ± 20%

˜

(a) µ0
incl = 0.8

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 2.71 ◊ 10-3

R.0= 1.69 ◊ 10-3

R.0= 0.985 ◊10-3

m0
incl=1.0 ± 20%

˜

(b) µ0
incl = 1.0

0.6 0.8 1.0 1.2 1.4
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

kt

k g

R.0= 3.14 ◊ 10-3

R.0= 2.10 ◊ 10-3

R.0= 1.31 ◊ 10-3

m0
incl=1.2 ± 20%

˜

(c) µ0
incl = 1.2

0.8 0.9 1.0 1.1 1.2 1.3

-0.2

-0.1

0.0

0.1

kt

k g

mren = 0.5 mT
mren = 1.0 mT
mren = 2.0 mT
m0

incl=1.0 ± 20%

˜

(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?
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for the measure the top-Higgs coupling
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Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for
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t and 0

g, or equivalently of µ0
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t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0
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t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
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Breaking the degeneracy: 14 vs 100 TeV
• Rough estimate: combine boosted and inclusive measurements using

simple χଶ (no backgrounds)

• For boosted regime consider ℎ → 𝜏𝜏, and take ratio of cross sections to 

reduce theory uncertainty:

• Discrimination power on 𝜅௚ improves strongly at 100 TeV

Grojean, ES, Schlaffer and Weiler

A perfect case for a very 
energetic machine

tth increases by 10 from 14 to 100TeV
h+jpT>600GeV increases by 210 

Azatov, Grojean, Paul, Salvioni ’16 
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Boosted SUSY Higgs
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
m2

˜t1
+m2

˜t2

m
˜t1m˜t2

r⌧1' a

r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

natural susy calls for light stop(s) that can affect the Higgs physics
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:
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Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2
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Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
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2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

... or not if Δt≈0, e.g. light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

 Higgs rates
 flavor constraints (εK, B→Xs+γ)
 RG evolution
 DM

 Delgado et al  ’12 

difficult direct search (trigger on stop+extra jet)

Bechtle, Plehn, Sander: The Status of Supersymmetry after the LHC Run 1 19
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Fig. 15. A selection of published limits on the production of third-generation squarks from the ATLAS experiment.
All limits are given in the form of SMS limits on individual production processes (see references in the plot). Similar
results are obtained from the CMS experiment (see e.g. Ref. [79]). (Adapted from Refs. [78, 81, 83, 86, 90–92].)

that carry a fraction of more than 0.05 of the transverse momentum of the large-R jet, an invariant mass is
reconstructed. The distribution of this reconstructed mass is shown in figure 14(a) after preselection cuts.
Flavour tagging is then applied to the sub-jets, which should contain a b-quark jet. It can be seen that
for signal events, the jet-mass distribution shows a very broad peak-like structure around the top-quark
mass. The remaining backgrounds are tt̄ and single top quark production, tt̄ production in association
with a vector boson, Z+jets, and diboson production. The data show a slight, but insignificant excess
over the background.

An example is a search from the CMS experiment, which is both sensitive to t̃
1

! t�̃0

1

and to non-
resonant t̃

1

! bW �̃0

1

at intermediate values of m
˜t1

[79]. There, the variable m
T

already introduced in
the previous section is used as a discriminator against events where the real missing transverse energy is
exclusively stemming from a W ! `⌫ decay, such as semileptonic tt̄ events. No excess over the background
is observed, and the variable is used as an input to a multivariate selection, from which limits are derived.

An overview of the currently published search results and limits is given in figure 15 using examples
from the ATLAS collaboration [78, 81, 83, 86, 90–92]. Similar results are available from CMS [79].
As expected, the observed sensitivity is governed by the kinematic regions defined in figure 13. The
strongest limits reach up to m

˜t1
> 700 GeV for the assumption of the full strong-production cross section

and, more importantly, of 100% branching ratio into the given decay. This limit by itself is already
touching the areas which could be considered theoretically interesting for an elaboration on the natural
ability of SUSY to explain the hierarchy problem of the SM, without unduly fine-tuning the SUSY-
parameters themselves. For m

˜

11
⇡ O(1 TeV) and higher, the di↵erence between the SUSY scale and

the electroweak scale becomes too large to explain the hierarchy problem of the SM Higgs mass without
additional assumptions. However, as explained in section 4.1, the kinematics of the decays close to the
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Boosted SUSY Higgs
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
m2

˜t1
+m2

˜t2

m
˜t1m˜t2

r⌧1' a

r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.
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natural susy calls for light stop(s) that can affect the Higgs physics
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:
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2 ,
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and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having
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A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.
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expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2
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So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

... or not if Δt≈0, e.g. light stop window in the MSSM 
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~10% sensitivity on boosted h+j can 
close up the light stop window
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Low pT: bounding light quark Yukawa’s
Bounding light quark Yukawa couplings from di↵erential
distributions 1606.09253,1606.09621,1608.04376

I Modifications of the light quark Yukawa
couplings modify the di↵erential
distributions.

I Sudakov’s dilogarithms 1606.09253 enhance
the production cross-section
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scales as yQ not y2
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Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.

12

Kauer, Passarino,arXiv:1206.4803
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89
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Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

Recent analysis of gg→H*→ZZ→4l 
(about 15% of the Higgs events are far off-shell with m4l>300GeV)

CMS PAS HIG-14-002 
ATLAS-CONF-2014-042  
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Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL
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e.g. Dobrescu, Lykken ’12

Access to the Higgs width @ LHC?

Narrow Width Approx.: on-shell off-shell
ratios of κ only

no direct access to the width itself
upper bound if κV < 1 is assumed 

different width dependence 
ΓH can be fitted w/o assumption

often said, it is impossible to measure the Higgs width at the LHC. Not quite true.
it can be done either via off-shell measurements or via the mass shift in gg➝h➝γγ

( )

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'

N.#De#Filippis! A,er#the#discovery,#Benasque,#Spain,#April#07>17,#2014# 4 

Constraint'on'the'ΓH'from'H*(126)"ZZ'
F.#Caola,#K.#Melnikov#(Phys.#Rev.#D88#(2013)#054024)#and##
J.#Campbell#et#al.#(arXiv:1311.3589)##
showed#how#this#feature#can#be#turned#into#a#constraint'on'the'total'Higgs'width''

Once#µ#is#fixed#a#determinaOon#of#r#is#obtained#and#so#for#ΓH#:##

The#interference#with#conOnuum#gg#→#ZZ#is#taken#into#account#at#high#mass##"##gg2VV/MCFM'
VBF#producOon#is#10%#at#high#mass#"#PHANTOM#

µ#from#CMS#4l#paper#arXiv:1312.5333#
#and#provide#result#in#two#ways:#

�µ#expected”:#use#expected#signal#strength##

�µ#observed”:#use#observed#signal#strength##

FF>'so'measuring'the'raTo'of'σoffFpeak'and'σonFpeak'"'measurement'of'ΓH'
Caola, Melnikov ’13
Campbell et al ’13

Kauer, Passarino ’12What do we learn? BRinv <85%?
Not competitive with global fits on BRinv! BRinv < 20%

Model independent analysis might not be robust because of unitarity issues
(gi(mh) might be quite different than gi(m4l)) Englert, Spannowski ’14
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].

6

Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region

Cacciapaglia et al. ’14

can distinguish ct from cg
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5
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t

Azatov, Grojean, Paul, Salvioni ’14
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Off-shell Higgs
Off-shell Higgs effects 

naively small since the width is small (ΓH=4MeV, ΓH/mH =3x10-5) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL
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Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian
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g2s
48⇡2

cg
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v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
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, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].

6

Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region

Cacciapaglia et al. ’14

can distinguish ct from cg

c t
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g

Z

Z
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g
Z

Z

c g

g

g

Z

Z

Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

M++00
ct ⇠ log

2 ŝ

m2
t
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0.005

0.010

0.015

0.020

0.025

ct

P

Figure 5: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for the

injected SM signal: expected posterior probability as a function of ct, assuming the constraint

ct + cg = 1 and to observe the SM signal. The black curve corresponds to the nonlinear

analysis including all bins, at 68% probability we find ct 2 [0.74, 1.28]. The red curve was

obtained using only the categories below 600GeV and at 68% we have ct 2 [0.1, 1.25] The

brown curve corresponds to the linear analysis including all bins, which gives ct 2 [0.36, 1.66]

at 68%.

a dimension-8 operator. We can estimate the Wilson coe�cients of the dimension-6 and

dimension-8 operators in Eqs. (2.2) and (2.9) as

cg = cy ⇠ Y 2
⇤ v2

M2
⇤
,

c8 ⇠ Y 2
⇤ v4

M4
⇤
. (3.22)

This implies that the dimension-8 operators will become important at the scale

p
s ⇠ M⇤ , (3.23)

where our analysis breaks down.9 Therefore to remain in the region of validity of the EFT

approach, when deriving the bounds on the model parameter space we only considered the

9 As a side comment, we note that an exact treatment of the gg ! ZZ amplitude in this model requires

the computation of box diagrams with two di↵erent massive fermions in the loop. These diagrams are

exactly the same as those for the SM contribution to the gg ! WW process, mediated by top and bottom

quarks [50]. Within this work, however, we chose to remain within the EFT approach and leave the analysis

of the e↵ects of the dimension-8 operators for future study.
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all bins

bins < 600 GeV
14 TeV
3/ab

0.74 1.28

linear w/all bins

0.1 1.25
0.36 1.66

provides an alternative to ttH to measure the top Yukawa coupling

Azatov, Grojean, Paul, Salvioni ’14
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Prospectives: HL-LHC14TeV,300/fb and FCC100TeV,20/ab
Combination @ 14 TeV 3ab�1 projections 1608.00977
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Figure : orange- Higgs pair production (bb �� final state), red o↵-shell Higgs
pair production, grey - h+j, blue- inclusive, purple- tth

cu = 1� ct

Combination @ 100 TeV 20ab�1 projections 1608.00977
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Figure : orange- Higgs pair production (bb �� final state), red o↵-shell Higgs
pair production, grey - h+j, blue- inclusive, purple- tth
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
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
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hh ~ align with tth
because SM is imaginary 

while !g contribution is imaginary
hence SM/BSM interference prop. to !t
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Validity of EFT analyses
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EFT = “mass scale + coupling(s)“
Too often, people think of EFT as higher dimensional operators suppressed 
by a cutoff scale, but there is also a coupling between new physics and SM

1) validity of EFT                         2) relative size of various operators 

mass scale M = g* f
NP

EW scale v=246GeV

g, g’, yt

SM
coupling g*

Simplest
example

New physics characterized by one coupling and one-scale

It is often thought that effects of dim-6 operators have to be smaller than SM 
for EFT consistency. This is not true, one can find large deviations still within the validity 

of the EFT analysis. Good examples are Vector Boson Scattering and HH production

EFT << SM ?
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EFT validity

 Under what conditions does EFT with D=6 operators adequately describe low-
energy phenomenology of some BSM models?

 When D=8 operators or loop-suppressed D=6 effects are non-negligible? 

 How should experiments present EFT results so as to maximize their applicability 
range?

term is suppressed by a larger power of a high mass scale. Assuming baryon and lepton
number conservation, the Lagrangian takes the form

L
e↵

= L
SM

+
X

i

c(6)i O(6)

i +
X

j

c(8)j O(8)

j + · · · , (1.1)

where each O(D)

i is a gauge-invariant operator of dimension D and c(D)

i is the corresponding
coe�cient. Each coe�cient has dimension 4�D and scales like a given power of the couplings
of the UV theory; in particular, for an operator made of ni fields one has

c(D)

i ⇠ (coupling)ni�2

(high mass scale)D�4

. (1.2)

This scaling holds in any UV completion which admits some perturbative expansion in its cou-
plings. This follows from simple dimensional analysis after restoring ~ 6= 1 in the Lagrangian
since couplings, as well as fields, carry ~ dimensions [1–3] (see also Refs. [4,5]). An additional
suppressing factor (coupling/4⇡)2L may arise with respect to the naive scaling if the operator
is first generated at L loops in the perturbative expansion. If no perturbative expansion is
possible in the UV theory because this is maximally strongly coupled, then Eq. (1.2) gives
a correct estimate of the size of the e↵ective coe�cients by replacing the numerator with
(4⇡)ni�2 (i.e. setting coupling ⇠ 4⇡).

The EFT defined by Eq. (1.1) is able to parametrize observable e↵ects of a large class of
beyond the SM (BSM) theories. All decoupling BSM physics where new particles are much
heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed can be mapped to such a Lagrangian. The main motivation to use this framework
is that the constraints on the EFT parameters can be later re-interpreted as constraints on
masses and couplings of new particles in many BSM theories. In other words, translation of
experimental data into a theoretical framework has to be done only once in the EFT context,
rather than for each BSM model separately. Moreover, the EFT can be used to establish
a consistent picture of deviations from the SM by itself and thus can provide guidance for
constructing a UV completion of the SM.

In the EFT, physical amplitudes in general grow with the energy scale of the process,
due to the presence of non-renormalizable operators. Such framework has therefore a limited
energy range of validity. In this note we address the question of the validity range at the
quantitative level. We will discuss the following points:

• Under what conditions does the EFT give a faithful description of the low-energy phe-
nomenology of some BSM theory?

• When is it justified to truncate the EFT expansion at the level of dimension-6 operators?
To what extent can experimental limits on dimension-6 operators be a↵ected by the
presence of dimension-8 operators? Are there physically important examples where
dimension-8 operators cannot be neglected?

2

Included Ignored

Can we answer from a bottom-up approach,
 i.e. by looking at experimental constraints?

Azatov, Contino, Machado, Riva ’16
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EFT validityterm is suppressed by a larger power of a high mass scale. Assuming baryon and lepton
number conservation, the Lagrangian takes the form

L
e↵

= L
SM

+
X

i

c(6)i O(6)

i +
X

j

c(8)j O(8)

j + · · · , (1.1)

where each O(D)

i is a gauge-invariant operator of dimension D and c(D)

i is the corresponding
coe�cient. Each coe�cient has dimension 4�D and scales like a given power of the couplings
of the UV theory; in particular, for an operator made of ni fields one has

c(D)

i ⇠ (coupling)ni�2

(high mass scale)D�4

. (1.2)

This scaling holds in any UV completion which admits some perturbative expansion in its cou-
plings. This follows from simple dimensional analysis after restoring ~ 6= 1 in the Lagrangian
since couplings, as well as fields, carry ~ dimensions [1–3] (see also Refs. [4,5]). An additional
suppressing factor (coupling/4⇡)2L may arise with respect to the naive scaling if the operator
is first generated at L loops in the perturbative expansion. If no perturbative expansion is
possible in the UV theory because this is maximally strongly coupled, then Eq. (1.2) gives
a correct estimate of the size of the e↵ective coe�cients by replacing the numerator with
(4⇡)ni�2 (i.e. setting coupling ⇠ 4⇡).

The EFT defined by Eq. (1.1) is able to parametrize observable e↵ects of a large class of
beyond the SM (BSM) theories. All decoupling BSM physics where new particles are much
heavier than the SM ones and much heavier than the energy scale at which the experiment is
performed can be mapped to such a Lagrangian. The main motivation to use this framework
is that the constraints on the EFT parameters can be later re-interpreted as constraints on
masses and couplings of new particles in many BSM theories. In other words, translation of
experimental data into a theoretical framework has to be done only once in the EFT context,
rather than for each BSM model separately. Moreover, the EFT can be used to establish
a consistent picture of deviations from the SM by itself and thus can provide guidance for
constructing a UV completion of the SM.

In the EFT, physical amplitudes in general grow with the energy scale of the process,
due to the presence of non-renormalizable operators. Such framework has therefore a limited
energy range of validity. In this note we address the question of the validity range at the
quantitative level. We will discuss the following points:

• Under what conditions does the EFT give a faithful description of the low-energy phe-
nomenology of some BSM theory?

• When is it justified to truncate the EFT expansion at the level of dimension-6 operators?
To what extent can experimental limits on dimension-6 operators be a↵ected by the
presence of dimension-8 operators? Are there physically important examples where
dimension-8 operators cannot be neglected?

2

Included Ignored

Expansion Validity: E/Λ << 1

Experimentally: better access to leading ci E2/Λ2 and not directly to Λ 

Truncation depends on c(8)i E4/Λ4

Le↵ =
2

v2
(ē�µ⌫e)(⌫̄µ�µµ)

~~for a fixed deviation to the SM predictions~~

Weak couplings reduce the validity range of the EFT (as naively expected)
Strong couplings extend it (g=4! ➾ Fermi theory would have been valid up to E≈3 TeV)

low energy measurements give access to GF, i.e. v, and not the true cutoff mW= 1/2 g v

Example: Fermi theory
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EFT validity: illustrative example

SU(2)L 
heavy vector triplet

4 An Explicit Example

In this section we illustrate our general arguments by comparing predictions of the EFT and
a specific BSM model which reduces to that EFT at low energies. To this end we discuss
the qq̄ ! V h process at the LHC, along the lines of Ref. [28]. The purpose of the example
presented below is to demonstrate that, as in the Fermi theory, the knowledge of the D = 6
coe�cients of an e↵ective Lagrangian is not enough to determine the validity range of the
EFT approximation. Therefore the theoretical errors incurred from the truncation of the
EFT Lagrangian cannot be quantified in a model-independent way.

We consider the SM extended by a triplet of vector bosons V i
µ with mass MV transforming

in the adjoint representation of the SM SU(2)L symmetry. Its coupling to the SM fields is
described by [81,82]

L � igHV
i
µH

†�i !DµH + gqV
i
µ q̄L�µ�

iqL, (4.1)

where qL = (uL, dL) is a doublet of the 1st generation left-handed quarks. In this model V i
µ

couples to light quarks, the Higgs boson, and electroweak gauge bosons, and it contributes
to the qq̄ ! V h process at the LHC. Below the scale MV , the vector resonances can be inte-
grated out, giving rise to an EFT where the SM is extended by D=6 and higher-dimensional
operators. Thus, MV plays the role of the EFT cut-o↵ scale ⇤. Using the language of the
Higgs basis [83], the EFT at the D=6 level is described by the parameter �cz (relative cor-
rection to the SM Higgs couplings to WW and ZZ) and �gZq

L (relative corrections to the Z
and W boson couplings to left-handed quarks), plus other parameters that do not a↵ect the
qq̄ ! V h process at tree level. The relevant EFT parameters are matched to those in the UV
model as

�cz = � 3v2

2M2

V

g2H , [�gZu
L ]

11

= �[�gZd
L ]

11

= � v2

2M2

V

gHgq . (4.2)

When these parameters are non-zero, certain EFT amplitudes grow as the square of the center-
of-mass energy s ⌘ M2

Wh of the analyzed process, M ⇠ M2

Wh/M
2

V . Then, for a given value
of the parameters, the observable e↵ects of the parameters become larger at higher energies.
However, above a certain energy scale, the EFT may no longer approximate correctly the UV
theory defined by Eq. (4.1), and then experimental constraints on the EFT parameters do
not provide any information about the UV theory.

To illustrate this point, we compare the UV and EFT descriptions of qq̄ ! V h for three
benchmark points:

• Strongly coupled: MV = 7 TeV, gH = �gq = 1.75;

• Moderately coupled: MV = 2 TeV, gH = �gq = 1/2;

• Weakly coupled: MV = 1 TeV, gH = �gq = 1/4 .

Clearly, all three benchmarks lead to the same EFT parameters at the D=6 level. However,
because MV = ⇤ varies, these cases imply di↵erent validity ranges in the EFT. This is illus-
trated in Fig. 1, where we show (in the left panel) the production cross section in dependence
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EFT
�

�SM
⇡

✓
1� 160 gHgq

v2

M2
V

M2
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TeV2

◆2

MW ⌧ MWh ⌧ MV • Strongly coupled: MV = 7 TeV, gH = �gq = 7/4

• Moderately coupled: MV = 2 TeV, gH = �gq = 1/2

• Weakly coupled: MV = 1 TeV, gH = �gq = 1/4

3 benchmark models with same EFT behavior
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one shouldn’t include bin Mcut > MV, but experimentally no access to MV!△
17

EFT validity: illustrative example

 Different limits correspond to taking into account measurements up to different Mcut

 Stronger limits on EFT are obtained for larger Mcut

 However, limits with lower Mcut are also useful, to constrain parameter space of model 
with MV < 3 TeV 

Consider mock measurement of σ(qq → Wh) at LHC at different invariant mass of final state
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Figure 1: LEFT: The partonic ud̄ ! W+h cross section as a function of the center-of-mass
energy of the parton collision. The black lines correspond to the SU(2)L triplet model with
MV = 1 TeV, gH = �gq = 1/4 (dashed), MV = 2 TeV, gH = �gq = 1/2 (dotted), and
MV = 7 TeV, and gH = �gq = 1.75 (solid). The corresponding EFT predictions are shown in
the linear approximation (red), and when quadratic terms in D=6 parameters are included in
the calculation of the cross section (purple). RIGHT: The theory errors defined as the relative
di↵erence between the constraints on g2⇤ ⌘ g2H = g2q obtained by recasting the limits obtained
in the framework of a D=6 EFT and the limits obtained directly by comparing the predictions
of the resonance model with experimental observations. The limits come from re-interpreting
the hypothetical experimental constraints corresponding to M

cut

= 3 TeV, as described in the
text. The dotted line corresponds to the naive estimate ⇠ 2 where  ⌘ M

cut

/⇤ = MWh/MV .

on MWh, for both the full model and the EFT. While, as expected, in all cases the EFT
description is valid near the production threshold, above a certain point Mmax

Wh the EFT is
no longer a good approximation of the UV theory. Clearly, the value of Mmax

Wh is di↵erent
in each case. For the moderately coupled case, it coincides with the energy at which the
linear and quadratic EFT approximations diverge. From the EFT perspective, this happens
because D=8 operators can no longer be neglected. However, for the strongly coupled case,
the validity range extends beyond that point. In this case, it is the quadratic approximation
that provides a good approximation of the UV theory. As discussed in the previous section,
that is because, for strongly-coupled UV completions, the quadratic contribution from D=6
operators dominates over that of D � 8 operators in a larger energy range.

As an illustration of our discussion of setting limits on EFT parameters and estimating
associated theoretical errors, consider the following example of an idealized measurement.
Suppose an experiment makes the following measurement of the �(ud̄ ! W+h) cross section
at di↵erent values of MWh:

MWh[TeV] 0.5 1 1.5 2 2.5 3
�

�SM
1± 1.2 1± 1.0 1± 0.8 1± 1.2 1± 1.6 1± 3.0

This is meant as a simple proxy for more realistic measurements at the LHC, for example
measurements of a fiducial �(pp ! W+h) cross section in several bins of MWh. For simplic-

14
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�gH gq
v2

M2
V
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EFT validity: illustrative example
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