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SM Higgs @ LHC
The production of a Higgs is wiped out by QCD background 

4. SM Higgs production at the LHC
Physics at the LHC: some generalities

LHC: pp collider

√
s=7+7=14 TeV⇒

√
seff∼

√
s/3 ∼ 5 TeV

L∼10 fb−1 first years and 100 fb−1 later

• Huge cross sections for QCD processes.
• Small cross sections for EW Higgs signal.

S/B >∼ 1010 ⇒ a needle in a haystack!

• Need some strong selection criteria:
Trigger: get rid of uninteresting events...

Select clean channels: H → γγ,VV → "

Use different kinematic features for Higgs

Combine different decay/production channels

Have a precise knowledge of S and B rates.

• Gigantic experimental (+theoretical) efforts!
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Where are we? 
“We have found a new particle”

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
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 Triumph of QM+SR that predict (anti)particles of spin 0, 1/2, 1, (3/2 ?), 2
4

Where are we? 
“We have found a new particle”

28 8 Conclusions

are allowed to vary independently. Thus the expected event yields in these channels are scaled
by independent factors, while the signal is assumed to be due to a particle with a unique mass
mX. The combined best-fit mass is mX = 125.3 ± 0.4 (stat.)± 0.5 (syst.)GeV.

7.3 Compatibility with the SM Higgs boson hypothesis

A first test of the compatibility of the observed boson with the SM Higgs boson is provided
by examination of the best-fit value for the common signal strength s/sSM, obtained in a com-
bination of all search channels. Figure 18 shows a scan of the overall s/sSM obtained in the
combination of all channels versus a hypothesised Higgs boson mass mH. The band corre-
sponds to the ±1 s uncertainty (statistical and systematic). The excesses seen in the 7 TeV and
8 TeV data, and in their combination, around 125 GeV are consistent with unity within the ±1 s
uncertainties. The observed s/sSM value for an excess at 125.5 GeV in a combination of all
data is 0.87 ± 0.23. The different decay channels and data sets have been examined for self-
consistency. Figure 19 shows the measured values of s/sSM results obtained for the different
decay modes. These results are consistent, within uncertainties, with the expectations for a SM
Higgs boson.
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 ZZ→ + H γγ →    H 

Figure 17: The 68% CL contours for the signal strength s/sSM versus the boson mass mX for the
untagged gg, gg with VBF-like dijet, 4`, and their combination. The symbol s/sSM denotes the
production cross section times the relevant branching fractions, relative to the SM expectation.
In this combination, the relative signal strengths for the three decay modes are constrained by
the expectations for the SM Higgs boson.

8 Conclusions
Results are presented from searches for the standard model Higgs boson in proton-proton col-
lisions at

p
s = 7 and 8 TeV in the CMS experiment at the LHC, using data samples corre-

sponding to integrated luminosities of up to 5.1 fb�1 at 7 TeV and 5.3 fb�1 at 8 TeV. The search

“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary” ATLAS

 Spin 0? Against naturalness: small mass only if protected by symmetry

 Couplings not dictated by gauge symmetry? Against gauge principle 
(elegance, predictivity, robustness, variety) which used to rule the world (gravity, 
QCD, QED, weak interactions)

What’s next?

Higgs is the most exotic particle of the SM
its discovery has profound implications

we are living a privileged moment in the history of HEP

 Symmetry breaking? ground state doesn’t share the full symmetry of interactions

CMS

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=141&confId=175067
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Now what?

but the experimentalists haven’t found what the theorists told 
them they will find in addition to the Higgs boson: 

no susy, no BH, no extra dimensions, nothing ...

Have the theorists been lying for so many years?

Have the exp’s been too naive to believe the th’s?

Why should you listen to the rest of this talk?

“The experiment worked better than 
expected and the analysis uncovered a 

very difficult to find signal”
the words of a string theorist
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What does come with the Higgs?
We know that the Higgs is not the end of the story

 dark matter
 matter antimatter asymmetry
 hierarchy/naturalness problem
 ...

All these point towards an extended EW/Higgs sector
but so far this extension has been very elusive

 Direct searches @ LHC: Mnew >~ O(500 GeV) unless reduced couplings to fermions
 EW precision data: Mnew >~ O(TeV) unless some selection rules (eg R-parity)
 Flavor data: Mnew >~ O(1000 TeV) unless some protection (eg MVF...)
 ...

HEP future:
exploration/discovery era or consolidation/measurement era?

let’s use what we have at our disposal (the Higgs) to explore BSM sector 
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Now what? What’s next?
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni
actually, first google hit gives a link to an article of 

the Guardian on... the Higgs boson!) 

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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The 2 questions about the Nature of the Higgs

Does New Physics flow towards the SM in the IR?

need to promote the chiral Lagrangian to an SM gauge invariant Lagrangian
pioneering work by Buchmuller-Wyler ’86

complete classification by Grzadkowski et al ‘1008.4884

for PGB Higgs

production and decay rates in agreement with SM is a good hint
but can never exclude a malicious conspiracy

and the SU(2)xU(1) quantum # of the Higgs cannot be measured in single higgs processes

Higgs doublet?
not an easy question at the LHC since we need multi-Higgs couplings

3.4 Double Higgs production via gluon fusion

Within the SM, double Higgs production via gluon fusion received interest mainly because it is
sensitive to the trilinear Higgs self-coupling [42], see the first diagram in Fig. 2. In composite Higgs
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Figure 2: Generic diagrams contributing to double Higgs production via gluon fusion in composite Higgs
models with nf novel fermionic resonances of mass mi (i = 1, ..., nf ). The index j ⇧= i is introduced to
indicate that the fermions in the loops can be di�erent.

models, the process gg ⇤ hh is a�ected essentially in two ways. First, the nonlinearity of the
strong sector gives rise to a ff̄hh coupling (which vanishes in the SM) and thus to a genuinely
new contribution to the amplitude, see the second diagram in Fig. 2. Second, one should take into
account the e�ects of top partners, which include also new box diagrams involving o�-diagonal
Yukawa couplings (shown in the second line of Fig. 2). A first study of gg ⇤ hh in composite
Higgs models, neglecting top partners, was performed in Ref. [3], where it was found that a very
strong enhancement of the cross section is possible due to the new tt̄hh coupling. For example,
in MCHM5 with ⇤ = 0.25, which corresponds to f ⌅ 500GeV, the cross section was found to be
about 3.6 times larger than in the SM. Recently, Ref. [4] performed a model-independent study
of the process, making reference to the e�ective Lagrangian in Eq. (6) and thus again neglecting
the e�ects of top partners, and found a large sensitivity of the cross section to the c2 coe⇤cient
parameterizing the tt̄hh coupling.

In this paper we include for the first time the e�ects of top partners in double Higgs production
via gluon fusion. This is especially interesting in the light of the results of Refs. [49], where a light
composite Higgs was shown to be tightly correlated with the presence of light top partners, as such
light resonances can in principle a�ect the gg ⇤ hh cross section in a sizable way. Our analysis
will confirm that this is indeed the case.

We start by discussing the cross section in the LET approximation, which greatly simplifies
the computation. In this limit, the amplitude is simply the sum of two e�ective diagrams, one
with the e�ective hgg coupling followed by a trilinear Higgs coupling and the other involving the
e�ective hhgg coupling. Adopting the SILH formalism, and recalling the expressions of the relevant
Feynman rules, which we already derived and report here for convenience

hgg : i �s
3⌅v ⇥

ab(p⇤1p
µ
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4cr
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(31)

(where p1,2 denote the momenta of the incoming gluons), we can write the amplitude as

Alet (gg ⇤ hh) =
�s

3⌅v2
⇥ab(p⇤1p

µ
2 � p1 · p2gµ⇤)C(ŝ) , (32)
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t h
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Grôber, Mûhlleitner ’10
Contino et al ’12
Gillioz et al ’12

bV-1 = 2(cV2-1)+O(cV2-1)2

h

h

W+

W-

Contino, Grojean, 
Moretti, Piccinini, Rattazzi  ’10

3b3V = 4 cV(bV-cV2)+O(cV2-1)2

h

h

W+

W-

h

Contino, Grojean, Pappadopoulo,
 Rattazzi, Thamm ‘to appear

�SM
14TeV ⇡ 20 fb �SM

14TeV ⇡ 0.5 fb �SM
14TeV < 1 ab

( single Higgs production by gluon fusion:                      )�SM
14TeV ⇡ 50 pb

Is the Higgs part of an SU(2) doublet?1.

mailto:christophe.grojean@cern.ch?subject=WW%20-%3E%20hhh
mailto:christophe.grojean@cern.ch?subject=WW%20-%3E%20hhh
mailto:christophe.grojean@cern.ch?subject=WW%20-%3E%20hhh
mailto:christophe.grojean@cern.ch?subject=WW%20-%3E%20hhh
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1206.7120
http://arXiv.org/abs/1206.7120
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1205.5444
http://arXiv.org/abs/1205.5444
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1012.1562
http://arXiv.org/abs/1012.1562
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The 2 questions about the Nature of the Higgs
Is the Higgs elementary or composite?2.

single Higgs production

deviations in Higgs couplings can be due either to 
1. weakly coupled light states

2. strongly coupled heavy states

�gh
gh

⇠ g2⇤
g2SM

m2
W

M2

observing deviations of order δh  and no new states up to M 
would be an indication of Higgs compositeness g⇤ >

p
�h M/v

WW scattering

h
W W

W W an excess δhh @ energy E 
also gives a lower bound on g*

would be a direct evidence of Higgs compositeness

g⇤(E) >
p

�hh E/v

A ⇠ �h
s

v2
⌘ g2⇤(E)
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Prec$ion Higgs Physics @ LHC
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Chiral Lagrangian for a light Higgs-like scalar

A few (reasonable)
 assumptions:

γγ WW & ZZ

EWPD

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10

a = b = c = d3 = d4 = 1
c2 = cWW = cZZ = cZ� = c�� = . . . = 0

SM

 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC         
(generalization of Glashow-Weinberg th.)
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http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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A few (reasonable)
 assumptions:

γγ WW & ZZ

EWPD

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10
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Not enough data/sensitivity to 
determine all these parameters

But we can put some of the SM 
structures under probation

➾ ➾ ➾

➾ ➾ ➾

still large LO parameter space

4 operators @ O(p2): cV, ct, cb, cτ

2 operators @ O(p4): cg cγ

(contribute to the same order as O(p2) to gg➛h and h➛γγ)

➾ ➾ ➾

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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7&8 TeV LHC & Tevatron data

13

Higgs coupling fits: test of unitarity

SM

Espinosa, Grojean, Muhlleitner, Trott ’12 

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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Higgs coupling fits: test of unitarity
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Figure 2: The allowed parameter space of the e�ective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1⇤ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to �� (pink), or to ZZ� � 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to �� (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the e�ective 5-dimensional hGa
µ⇥G

a
µ⇥ and hAµ⇥Aµ⇥ operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the e�ective 5-dimensional operators, which implies the relation

⇥c� = (2/9)⇥cg. The results are shown for 3 di�erent sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ⇤ �1, which ensures an enhanced ��

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a ⇧ 1.15, c ⇧ 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% � 30% larger than their SM expectations (R�� ⇧ 1.4 and

RWW = RZZ ⇧ 1.3 for (a = 1.15, c = 1.0)). While the maximum at c ⇧ 1 already emerges

from the fit when including the channels WW , ZZ and �� alone, we find that the ⇥⇥ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ⇥ 4.9 fb�1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h ⌅ WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ⇤ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,
respectively (assuming a common rescaling factor with respect to the SM prediction in both
cases). Right: fit to the t-quark and to b-quark and ⇥ -lepton Yukawa couplings assuming the
SM couplings to gauge bosons.

• the partonic cross sections for gg ⇤ h and for gg ⇤ tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ ⇤ qq̄h and for qq̄ ⇤ V h get rescaled by R2
V ;

• the decay widths h ⇤ V V � get rescaled by R2
V where V = {W,Z};

• the decay widhts h ⇤ ff̄ get rescaled by R2
f where f = {b, ⇥, . . .};

• the decay width h ⇤ ��, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW � 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h ⇤ Z� (not yet measured) gets rescaled by (1.05RZ�0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ⇥ RW = RZ , c = Rt = Rb = R� . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the ��jj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the di�erence due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h ⇤ �� increasing the corresponding

8
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Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ⇥ 125 GeV arising from the (left) b̄b and (centre) WW � final states, and (right)
their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass
⇥ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW � and �� sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = �c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ⇥ ⇤ 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see �� signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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 custodial symmetry: CW=CZ?
 probing the weak isospin symmetry: Cu=Cd?
 quark and lepton symmetry: Cq=Cl?
 new non-SM particle contribution: BRinv? Cg=Cγ=0?
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Higgs power counting
extra derivative: extra Higgs leg:  

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ = gρ f) (gSM factors in V)
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Higgs power counting: SUSY vs Composite

While a complete classification of the operators is essential, having a power counting to

estimate their impact on physical observables, hence their relative importance, is equally

crucial. In this sense a simple yet consequential observation was made in Ref. [7]: when

expanding the e↵ective Lagrangian in the number of fields and derivatives, any additional

power of H is suppressed by a factor g⇤/M ⌘ 1/f , where g⇤  4⇡ denotes the coupling

strength of the Higgs to new physics states and M is their mass scales; any additional

derivative instead costs a factor 1/M . If the light Higgs is a composite state of the dynamics

at the scale M , it is natural to expect g⇤ � 1, hence f ⌧ M , which implies that operators

with extra powers of H give the leading corrections to low-energy observables. On the other

hand, in weakly-coupled completions of the Standard Model where g⇤ ⇠ 1, all operators with

the same dimension can be equally important. A proper analysis of the experimental results

through the language of the e↵ective Lagrangian can thus give indication on whether the

dynamics at the origin of electroweak symmetry breaking is weakly or strongly interacting.

According to the power counting of Ref. [7], one naively estimates 1

c̄H , c̄T , c̄6, c̄y ⇠ O

✓
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f 2
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✓
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v2

f 2
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,

(1.4)

where y = u, d, l and we have denoted with � the coupling of a generic SM fermion to

the new dynamics. These estimates suggest that in the case of a strongly-interacting light

Higgs (SILH) the leading new physics e↵ects in Higgs observables are parametrized by the

operators OH,T,6,y, and, if the SM fermions couple strongly to the new dynamics, by the

fermionic operators of eq.(1.3) [7]. Notice that compared to the naive counting, c̄HW,HB,g,�

are suppressed by an additional factor (g2
⇤/16⇡2). This is because the corresponding operators

contribute to the coupling of on-shell photons and gluons to neutral particles and modify the

gyromagnetic ratio of the W , and are thus generated only at the loop level in a minimally

coupled theory.

1Notice that our normalization di↵ers from the one of Ref. [7], and it is more convenient than the latter

for a model-independent implementation of Eq. (1.2) in a computer program. The factor multiplying each

operator in the e↵ective Lagrangian has been conveniently defined such that the dependence on M and g⇤

is fully encoded into the dimensionless coe�cients c̄i.

3
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Figure 1: One-loop diagrams contributing to h ! V V that feature the e↵ective vertex h(@µ�)2

implied by the dimension-6 operator OH . Their logarithmic divergence is associated to the running

of c̄W + c̄B and c̄HW + c̄HB, see text. The symbol ⌦ denotes the insertion of the e↵ective vertex.

will mix among each others. At leading order in the SM coupling ↵ (and in the number of

e↵ective vertices insertions), one has

c̄i(µ) '
✓

�ij + �(0)
ij

↵

8⇡
log

✓

µ2

M2

◆◆

c̄j(M) , (3.28)

where �(0)
ij is the leading-order coe�cient of the anomalous dimension. As usual, for µ⌧M
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FIG. 1: Global fit results in the (a, c) plane for all reported best fit values given by ATLAS and CMS, left

(right) without EWPD (with EWPD). In both plots we take mh = 125 GeV for the Tevatron and CMS7/8

and mh = 126.5 GeV for ATLAS7/8. The green, yellow, gray regions corresponds to the allowed 1, 2, 3 �

spaces for a two parameter fit. The best fit point in each region is also labeled with a point. The thicker

point indicates the one with the smaller �2
min.

interference between the top and W boson loops. When EWPD is used as in Figure 1 (right) we

find that the SM is similarly residing at ⇠ 2 � (C.L. of 0.93) away from the best fit point which is

now (a, c) = (1.0, 0.67) and the best fit region where c > 0 now has a (significantly) lower global

minimum. The minima are no longer as degenerate with the addition of the most recent ATLAS

data, ��2
(min1, min2) ⇠ 4.

In view of the different masses of the signal-strength peaks in the various experiments (which

can be due to the statistical effects mentioned above) and of the subtleties we have neglected in

properly combining the results of these different experiments, it is also of interest to perform the

fit in the (a, c) space for each experiment individually. We show these results in Figure 2. The

CMS experiment has the SM point residing about ⇠ 2� from the best fit point, with the C.L. of

the SM case compared to the best fit point at 93%. For ATLAS, the SM point is now at a C.L. of

41%, within the ⇠ 1� region. The Tevatron results have the SM point within the 1� region with a

C.L. of the SM case (compared to the best fit point) of 50%.

The allowed fit region for CMS can be compared to the recently presented public results [1],
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EW data prefer value of ‘a’ close to 1

Espinosa, Grojean, Muhlleitner, Trott ’12 
RG-Higgs physics: Don’t forget LEP!
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the SM vacuum is stable/metastable 
and the validity of the SM can be extended up to the Planck scale!

Degrassi et al ’12
Bezrukov et al ’12

20

The fate of the EW vacuum
Many of my theory colleagues also started wild speculations/extrapolations

Bezrukov et al ’12

It is almost certain (>4σ) that mH > Mmestability  and totally certain that mH < MLandau 
(even though this certainty might by questioned by threshold effects at the Planck scale Holthausen, Lim and Lindner ’12)

Not totally clear yet if mH is above Mstability, but rather important question since
 if mH > Mstability, the Higgs could serve as an inflaton

 if mH = Mstability the SM is asymptotically safe, ie consistent up to arbitrary high energy

h3

need precise Higgs&top mass/couplings (and αs) measurements (ILC, µ coll.)
and better understanding of pole vs MS top mass Alekhin, Djouadi, Moch ’12

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1205.2893
http://arXiv.org/abs/1205.2893
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1205.6497
http://arXiv.org/abs/1205.6497
http://arxiv.org/abs/1112.2415
http://arxiv.org/abs/1112.2415
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://indico.cern.ch/contributionDisplay.py?contribId=109&confId=175067
https://indico.cern.ch/contributionDisplay.py?contribId=109&confId=175067
http://arxiv.org/abs/1207.0980
http://arxiv.org/abs/1207.0980
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Many of my theory colleagues started wild speculations/extrapolations

But these implications are based on the assumptions 
(1) that the 126 GeV particle observed is *exactly* the SM Higgs

 (2) that the Dark Matter sector is decoupled from the weak sector

EWSB determined by Planck physics? MPl calculable from weak scale non-gravitational quantities?
absence of new energy scale between the Fermi and the Planck scale?

Anthropic vs. natural EWSB...
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is the Higgs potential vanishing potential at MPl?
Degrassi et al ’12

Froggatt, Nielsen, Takanishi  ’01
Arkani-Hamed et al ’08

Shaposhnikov, Wetterich ’09

From the EW scale to MPl... and return 
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is the Higgs potential vanishing potential at MPl?
Degrassi et al ’12

Froggatt, Nielsen, Takanishi  ’01
Arkani-Hamed et al ’08

Shaposhnikov, Wetterich ’09

SM/DM Couplings

L = LSM + LDM + ✏OSMODM
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Thaler HCP’10
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SM @ MPl

From the EW scale to MPl... and return 

http://arxiv.org/abs/0912.0208
http://arxiv.org/abs/0912.0208
http://arXiv.org/abs/0801.2399
http://arXiv.org/abs/0801.2399
http://arXiv.org/abs/hep-ph/0104161
http://arXiv.org/abs/hep-ph/0104161
http://arXiv.org/abs/1205.6497
http://arXiv.org/abs/1205.6497
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http://arXiv.org/abs/1002.1011
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https://indico.triumf.ca/getFile.py/access?contribId=62&sessionId=33&resId=0&materialId=slides&confId=916
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I want to argue that the value of the Higgs mass 
together with the absence of any additional new physics so far 

restrict any BSM model to exotic corners of its parameter space

125 GeV Higgs = Exotic BSM?

Higgs mass range

MSSM

SM (valid up to MP)

Composite Higgs

50 100 150 200
GeV

disclaimer
the notion of “exotic” has to be understood on a statistical basis, ie it depends on our culture (=what we are used to)

and there will always be someone to claim that his/her model is the most natural one

Pomarol ICHEP’12

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://indico.cern.ch/getFile.py/access?contribId=10&sessionId=18&resId=0&materialId=slides&confId=181298
http://indico.cern.ch/getFile.py/access?contribId=10&sessionId=18&resId=0&materialId=slides&confId=181298
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Higgs & SUSY/MSSM
no new super-particles � decoupling limit?

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

(125 GeV)2 (≥ 87GeV)2

substantial loop contribution 
from stops

1000500200 2000300 30001500700
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mt1
⇥ �GeV⇥

m
h
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⇥

MSSM Higgs Mass

Xt � 0

Xt � Xtmax

Suspect
FeynHiggs

Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � ⇥ 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t � 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

large mixing 
heavy stops

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

irreducible 
fine-tuning ~ O(1%)

➾ ➾

Hall, Pinner, Ruderman ’11
+ many similar analysse

high Higgs mass
implies 

susy is badly broken

http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/arXiv:1112.2703
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Hall, Pinner, Ruderman ’11
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RGE focussing
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→  Dermisek/H. D. Kim ’06

� generically |At/mt̃|  1

Dermisek, Kim ’06

call for no
n-universal gau

gino masses?

maximal mixing 
requires tricky 

engineering

with larger TH 
uncertainties, the 
lower bound can go 

down:
S. Heinemeyer et al ’11

http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/hep-ph/0601036
http://arXiv.org/abs/hep-ph/0601036
http://arXiv.org/abs/arXiv:1112.3026
http://arXiv.org/abs/arXiv:1112.3026
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Saving SUSY

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 Hide SUSY

 reduce production (eg. split families)

 reduce MET (e.g. R-parity,   compressed 
spectrum)

is the SM minimal?
why susy should be minimal?

 Split SUSY: 
susy scalars @ msusy, susy fermions @ mZ

 high scale SUSY: 
susy scalars & susy fermions @ msusy

unification etc...

string etc...

Giudice, Strumia ’11

SUSY solves the big hierarchy 
(or not even that)

but not the little hierarchy

Mahbubani et al

http://arXiv.org/abs/arXiv:1108.6077
http://arXiv.org/abs/arXiv:1108.6077
http://arXiv.org/abs/arXiv:1212.3328%20
http://arXiv.org/abs/arXiv:1212.3328%20
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Non Standard SUSY=Higgsinoless MSSM
The Higgs could actually be the first supersymmetric particle discovered!

L =

✓
⌫
e�

◆
= (1, 2)1/2H̃ =

✓
h0

h�

◆
= (1, 2)1/2 SUSY

Fayet  ’76
Biggio, Pomarol, Riva ’12“the superpartner of the Higgs is a neutrino”

SU(3)c ⇥ SU(2)L ⇥ U(1)Y U(1)R
Q (3, 2) 1

6
1 + B

U (3̄, 1)� 2
3

1 � B

D (3̄, 1) 1
3

1 � B

L
1,2 (1, 2)� 1

2
1 � L

E
1,2 (1, 1)

1

1 + L

H ⌘ L
3

(1, 2)� 1
2

0

E
3

(1, 1)
1

2
W↵

a (8, 1)
0

+ (1, 3)
0

+ (1, 1)
0

1

�a (8, 1)
0

+ (1, 3)
0

+ (1, 1)
0

0

X ⌘ ✓2F (1, 1)
0

2

Table 1: Superfield content and charge assignments under the SM gauge group and the U(1)R
symmetry. The value of the R-charge (qR) corresponds to the charge of the superfield and the

scalar component, while the fermion component has charge qR � 1 and the F-term has charge

qR � 2. B and L are arbitrary charge assignments.

2 The Higgs as a lepton superpartner

We consider a model that, di↵erently from the MSSM, does not contain the two Higgs su-
perfields Hu and Hd. Instead, the SM scalar Higgs doublet is assumed to be one of the three
lepton superpartners. The corresponding chiral superfield is denoted by

H ⌘ L
3

= (H, lL) , (1)

where we label by lL = (l�L , ⌫L) one of the three left-handed leptons, either the electron, muon
or tau doublet. The other two are embedded in the chiral superfields L

1,2 ⌘ (L̃
1,2, lL1,2). The

full spectrum of the theory is given in table 1. Notice that this theory does not have Higgsinos
and is of course anomaly free, since the only extra fermions beyond the SM are all in adjoint
representations.

Any theory beyond the SM must preserve an approximate lepton number in order to
avoid large neutrino masses. In our model this lepton symmetry cannot commute with su-
persymmetry, otherwise the Higgs H, being in the same supermultiplet as the leptons, would
carry lepton number and this would be broken when the Higgs gets a VEV. For this rea-
son lepton number can only be defined as an R-symmetry U(1)R under which H is neutral
but lL is charged. The R-charges for this model are given in table 1. Few comments are
in order. Since gauginos must carry nonzero R-charges, they cannot get Majorana masses.
Nevertheless, they can get Dirac-type masses by marrying with additional fermions coming
from adjoint chiral superfields �a. Notice also that there is a certain freedom in the symme-
try properties of quarks and l

1,2 leptons, depending on whether or not they transform under
the U(1)R (B, L 6= 0). A non-vanishing charge B 6= 0 corresponds to a non-vanishing U(1)R
charge for protons and neutrons that can be used to protect proton decay. Indeed, for B 6= |L|

2

 no second higgs doublet so no µ-problem
 lepton # = R-symmetry

 B≠L, no proton decay
 L≠1, LLE and QLD are not allowed in superpot.
L≠0, neutrino masses are protected and 
naturally of the order of the gravitino mass

 up quark masses generated by susy breaking

the model is not UV complete as is
so nice features of MSSM like unification have to be readdressed

➾ ➾

adjoint chiral superfields to marry to 
gauginos and generate Dirac masses

 spurion superfield to give mass to up quarks

"a

X:

http://arXiv.org/abs/arXiv:1108.6077
http://arXiv.org/abs/arXiv:1108.6077
http://arxiv.org/abs/1211.4526
http://arxiv.org/abs/1211.4526
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Light composite Higgs from “light” resonances

Impossible to compute the details of the potential from first principles 
but using general properties on the asymptotic behavior of correlators

 (saturation of Weinberg sum rules with the first few lightest resonances)
it is possible to estimate the Higgs mass  

The interactions 
between the strong 
sector and the SM 

generate a potential 
for the Higgs

m2
h ⇡ 3

⇡2

m2
tm

2
Q

f2
G/H

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:

m
Q

. 700 GeV
⇣ m

h

125 GeV

⌘✓160 GeV

m
t

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |FL,R

Q4
|2 (m2

Q4
�m2

Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M t

1(p) = |FL

Q4
FR ⇤
Q4

|mQ4mQ1(mQ4 �m
Q1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p2

m
Q4mQ1

m
Q1 �m

Q4e
i✓

m
Q4 �m

Q1e
i✓

◆
, (24)

where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3
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"
m2

t

f 2
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m2
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�m2
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Q4

!
� 1

!#
, (25)

where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term

of Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

fermionic resonances below ~ 1 TeV
vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12

http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.0770
http://arXiv.org/abs/1205.0770
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Light composite Higgs from “light” resonances

5 of SO(5)

Contino, Da Rold, Pomarol  ’06 De Curtis, Redi, Tesi ’11

Matsedonskyi, Panico, Wulzer ’12 Marzocca, Serone, Shu ’12

for similar results, see also

&

true spectrum in explicit realizations

Nice AdS/CFT interpretation

M = 1/2 $ dim[O ] = 3/2 $ light free field decoupled from CFT

http://arXiv.org/abs/hep-ph/0612048
http://arXiv.org/abs/hep-ph/0612048
http://arXiv.org/abs/1110.1613
http://arXiv.org/abs/1110.1613
http://arXiv.org/abs/1204.6333
http://arXiv.org/abs/1204.6333
http://arXiv.org/abs/1205.0770
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound
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Top partners & Higgs physics
~ current single higgs processes are insensitive to top partners ~

two competing effects that cancel:
 T’s run in the loops
 T’s modify top Yukawa coupling
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~ sensitivity in double Higgs production ~
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Top partners & Higgs physics
direct measurement of top-higgs coupling

htt is important but challenging channel

|AW �At|2

|AW +At|2
⇡ 13@mH=125GeV

look at final states: 

ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
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FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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count "30#. However, the impact of the backgrounds is more
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the following.
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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