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Loop effects make the EW scale unnatural
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How supersymmetry works?
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cot α ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that −π/2 < α < 0 (provided mA0 > mZ). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [182, 183].

The masses of A0, H0 and H± can in principle be arbitrarily large since they all grow with b/ sin(2β).
In contrast, the mass of h0 is bounded above. From eq. (7.20), one finds at tree-level [184]:

mh0 < mZ | cos(2β)| (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H0
u−vu,H0

d −vd) ∝
(cos α,− sin α). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan β ≈ − cot α ≈ 10, is shown in figure 7.1. If the tree-level
inequality (7.23) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h0 is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown‡ in fig. 7.2. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mt̃1

, mt̃2
much greater than the top quark mass mt, one finds a large positive

one-loop radiative correction to eq. (7.20):

∆(m2
h0) =

3

4π2
cos2α y2

t m
2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (7.24)

This shows that mh0 can exceed the LEP bounds.

‡In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs vu and vd are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

Loop effects make the EW scale unnatural

scale at which the 
susy-breaking terms 

are generated

v2 = �(µ2 +m2
Hu

)
1

�
' (246 GeV)2

(at large tanβ)



defined as �i ⌘ Ni/N̄i, where N̄i is an average sensitivity. These �i are then combined to
form an overall measure of naturalness.

Unfortunately, the averaging procedure brings additional complications. If it is done only
over a subspace of parameter space, it may mask important features [30], and so it should be
carried out over the entire parameter space, which is computationally intensive. In addition,
it requires defining a measure on the parameter space and defining its boundaries. These ad-
ditional complications have dissuaded most authors from including an averaging procedure.
Nevertheless, many would agree that the sensitivity parameters should, in principle, be nor-
malized in some way, and the naturalness parameter derived from un-normalized sensitivity
parameters exaggerates the fine-tuning required for a given model.

C. Naturalness Bounds

We now derive upper bounds on superpartner masses from naturalness considerations.
Given all the caveats of Sec. IVB, it should go without saying that these should be considered
at most as rough guidelines. The goal here is to give a concrete example of how natural-
ness bounds may be derived, compare these with the other theoretical and experimental
constraints discussed in Secs. II and III, and provide a starting point for the discussion of
models in Sec. V.

We will consider a bottom-up approach, following the general prescription of
Sec. IVA. We consider a model defined at the GUT-scale with input parameters Pi =
M1,M2,M3,mHu ,mHd

,mQ3 ,mU3 ,mD3 , At, . . . , sign(µ). These include the gaugino masses
Mi, the soft SUSY-breaking scalar masses, and the A-terms, all treated as independent.
The weak-scale value of |µ| is determined by mZ . The fundamental parameters are taken to
be the GUT-scale values of the input parameters, with sign(µ) replaced by the GUT-scale
value of µ. Sensitivity parameters are defined as in Eq. (21), and the overall naturalness
parameter is defined as the largest one.

The weak-scale values of supersymmetry-breaking parameters may be determined ana-
lytically or numerically in terms of their GUT-scale values [103, 104]. Recent analyses for
tan � = 10 and using 1- and 2-loop RGEs find [105, 106]

M1(mweak) = 0.41M1 (24)
M2(mweak) = 0.82M2 (25)
M3(mweak) = 2.91M3 (26)

�2µ2(mweak) = �2.18µ2
(27)

�2m2
Hu(mweak) = 3.84M 2

3 + 0.32M3M2 + 0.047M1M3 � 0.42M 2
2

+0.011M2M1 � 0.012M 2
1 � 0.65M3At � 0.15M2At

�0.025M1At + 0.22A2
t + 0.0040M3Ab

�1.27m2
Hu

� 0.053m2
Hd

+0.73m2
Q3

+ 0.57m2
U3

+ 0.049m2
D3

� 0.052m2
L3

+ 0.053m2
E3

+0.051m2
Q2

� 0.110m2
U2

+ 0.051m2
D2

� 0.052m2
L2

+ 0.053m2
E2

+0.051m2
Q1

� 0.110m2
U1

+ 0.051m2
D1

� 0.052m2
L1

+ 0.053m2
E1

, (28)

where all the parameters on the right-hand sides of these equations are GUT-scale param-
eters. The RGEs mix the parameters. Although Hu does not couple to gluinos directly,
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

a reasonable approximation, the entire mass spectrum in minimal supergravity models is determined
by only five unknown parameters: m2

0, m1/2, A0, tan β, and Arg(µ), while in the simplest gauge-
mediated supersymmetry breaking models one can pick parameters Λ, Mmess, N5, 〈F 〉, tan β, and
Arg(µ). Both frameworks are highly predictive. Of course, it is easy to imagine that the essential
physics of supersymmetry breaking is not captured by either of these two scenarios in their minimal
forms. For example, the anomaly mediated contributions could play a role, perhaps in concert with
the gauge-mediation or Planck-scale mediation mechanisms.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [204]-[213],[194].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
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 ➥ MSSM entering the unnatural territory 
(we must tune parameters to keep v~246 GeV)



▶ Extra states (singlets):  NMSSM
                   ▶ New sources of Susy breaking

 

Directions to go to keep susy natural:

Beyond the MSSM: 



NMSSM= MSSM+singlet
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Figure 2: The Higgs mass in the NMSSM as a function of tan �. The solid lines show the tree-
level result of equation 2 while the shaded bands bounded by dashed lines result from adding the
�2v2 sin2 2� contribution of equation 2 to the two-loop Suspect/FeynHiggs MSSM result, with
degenerate stop soft masses and no stop mixing. The top contribution �t is su�cient to raise
the Higgs mass to 125 GeV for � = 0.7 for a top squark mass of 500 GeV; but as � is decreased
to 0.6 a larger value of the top squark mass is needed.

In the “�-SUSY” theory [15], � is increased so that the interaction becomes non-perturbative

below unified scales; but � should not exceed about 2, otherwise the non-perturbative physics

occurs below 10 TeV and is likely to destroy the successful understanding of precision electroweak

data in the perturbative theory. The non-perturbativity of � notwithstanding, gauge coupling

unification can be preserved in certain UV completions of �-SUSY, such as the Fat Higgs [16].

The �-SUSY theory is highly motivated by an improvement in fine-tuning over the MSSM by

roughly a factor of 2�2/g2 ⇠ 4�2, where g is the SU(2) gauge coupling. Equivalently, for the

MSSM and �-SUSY to have comparable levels of fine-tuning, the superpartner spectrum can be

heavier in �-SUSY by about a factor 2�. The origin of this improvement, a large value of � in

the potential, is correlated with the mass of the Higgs, which is naively raised from gv/
p
2 to

�v. However, this now appears to be excluded by current limits [17], with � > 1 giving a Higgs

boson much heavier than 125 GeV (for other theories that raise the Higgs mass above that of

the MSSM see [18, 19, 20]).

Most studies of �-SUSY [15, 21] have decoupled the CP even singlet scalar s by making its

soft mass parameter, m2

S, large. This was often done purely for simplicity to avoid the compli-
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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 124 (126) GeV Higgs mass
for m

˜t1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 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 & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 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 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.

2

new contribution:

W= λSHuHd

stops can be light
accessible to LHC8:

(Remnant tuning of 10%) 

(also gives mass to the Higgsino) 

small tanβ required
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Extra contributions to the Higgs mass

• New U(1)  at ~ TeV:  extra D-term

• Supersymmetry breaking at the TeV:
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➥ Relax bounds on stops: 
       Susy back to the natural territory
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FIG. 4: Same as FIG.2, but for near maximal mixing and, again, we adjust
p
mt̃1

mt̃2
2 [550, 2000] GeV in order to

obtain the observed Higgs mass. We take xt =
p
6± 0.1 for the blue/red curve in order to show the influence, for large

tan�, of small deviations from maximal mixing; µ = 400GeV.

mixing discussed in the previous paragraph. As mentioned above, this term is maximized by large mixing,
with drastic e↵ects and the stop mass can be as low as 550 GeV in this case. Nevertheless, a fine-tuning at
the percent level persists due to the fact that large At terms also contribute to the Higgs mass-parameter [21].

Unfortunately, for a generic choice of µ and At, the multitude of parameters introduced by mixing weakens
the Higgs mass/coupling connection as shown by Eq. (25) where sizable �5,7 can a↵ect the Higgs couplings
without contributing to the Higgs mass. We show this e↵ect in Fig. 4 where we consider small deviations from
maximal mixing: departures from �7 = �MaxMix

7 = 0 are enhanced at large tan� & 20 and the contribution
to � and to our predictions can be seizable. Nevertheless such large values of tan� are already in tension
with rare B processes, such as Bs ! µ+µ� [26], and with direct searches for H/A ! ⌧̄ ⌧ [59], so that we do
not expect our results to change significantly in the intermediate tan� region, where our bounds are more
competitive, see Fig. 3.

IV. EXTRA D-TERMS

As discussed above, a 125 GeV Higgs in the MSSM is generally associated with fine-tuning. This suggests
that the principle of SUSY, if realized at low energy in a natural way, extends beyond the MSSM, with
new tree-level e↵ects contributing to the Higgs quartic. The first possibility is to envisage additional gauge
symmetries that contribute to the Higgs quartic, similarly to the MSSM gauge group [19, 23, 27]. In this
section we study the example of an additional abelian gauge group under which H1 and H2 have opposite
charges (as compatible with the µ-term). Then, the extra contribution to the Higgs sector quartic3

�V = 
�|H0

1 |2 � |H0
2 |2�2 (26)

3 The form of the potential in Eq. (26) holds also for the non-abelian extension considered in Refs [23, 27].

8

where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.

➥ the end of only soft-breaking susy
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New strong sector at the TeV with a spectrum:
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Two doublets
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Example:  Just replace in QCD SU(3)c by SU(2)c 

Galloway, Evans, Luty, Tacchi 10

5 Goldstones = Higgs doublet 
                     and a singlet    

 L, 
c
R

if  <!!>  breaks  SU(4)~SO(6)  →  SO(5)

2 flavors: 2L + 2R = 4 of SU(4) 



Light Higgs since its mass arises from one loop
(explicit breaking of the global symmetry 

due to the SM couplings): 

= 0 it’s a Goldstoneh

h

contribution from 
the strong sector

h hh

SM fields

V (h) =
g2SMm2

⇢

16⇡2
h2 + · · ·

h

Difficult to get predictions
due to the intractable

strong dynamics!

+

➥



AdS/CFT approach 

Strongly-coupled 
systems   

   in the   Large  Nc 
               Large  λ≡g²Nc

Weakly-coupled 
Gravitational systems 
in higher-dimensions

Very useful to derive properties of composite states 
from studying weakly-coupled fields 
in warped extra-dimensional models 

A possibility to move forward has been to use the...

We can study the properties of this scenarios without knowing 
the fundamental theory behind



Using holography (AdS/CFT) we can relate this scenario 
to a weakly-coupled 5D dimensional model  and get 

predictions:

in a AdS5  throat
hard/soft

 wall

Mass gap ~ TeV

SO(5) gauge theory

Symmetry : SO(4)

Breaking of symmetry 
by boundary conditions

ds

2 =
L

2

z

2

⇥
dx

2 + dz

2
⇤

Holo. coordinate z ~ 1/E
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Simpler derivation of the connection:
Light Higgs - Light Resonance 

 As  Das,Guralnik,Mathur,Low,Young 67  for the charged pion mass:

m2
⇡+ �m2

⇡0 ' 3↵

2⇡
m2

⇢ log 2 ' (37 MeV)

2 Exp.  (35 MeV)²
quite successful!

�

⇡+ ⇡+

➥  correlator encoding the QCD contributions

Approximation:  QCD correlator dominated by the minimal number of 
resonances giving the right convergence at high momentum 
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We must only specify how the SM 
couples to the strong sector

L = L
strong
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SM

+ Jµ
strong

Wµ +O
strong

·  
SM

we must specify which rep of SO(5)
MCHM5 ⌘ Rep[O] = 5
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We must only specify how the SM 
couples to the strong sector

L = L
strong

+ L
SM

+ Jµ
strong

Wµ +O
strong

·  
SM

we must specify which rep of SO(5)
MCHM5 ⌘ Rep[O] = 5

Higgs mass:
top top

h h h h + ...

Procedure (as in the pion case):
    1) Demand convergence at high momentum
    2)  Assume correlators are dominated by the lowest resonances



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

m
t

=
|M t

1(0)|q
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0 (0)⇧̃tR
0 (0)

hs
h
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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
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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
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� N
c
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m2
t

f 2
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, (22)

that provides an upper bound for the resonance mass:
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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
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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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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].
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mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3

Fermion resonances must 
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125 GeV Higgs

f=1000 GeV

f=500 GeV

 For the minimal composite PGB Higgs model:

 f = Decay-constant of the PGB Higgs



What does the Higgs couplings
tell us?

Not significant deviations from a SM Higgs !

Signal strength 

• Combination of 
• :�=�+�ĺ�EE������������(4.7 fb-1 + 13 fb-1) 

• +�ĺ�ĲĲ                     (4.6 fb-1 + 13 fb-1) 

• H ĺ�WW(*) ĺ�lȞlȞ   (4.6 fb-1 + 20.7 fb-1) 

• +�ĺ�ȖȖ                    (4.8 fb-1 + 20.7 fb-1) 

• +�ĺ�==(*) ĺ��l        (4.6 fb-1 + 20.7 fb-1) 

• Signal strength ȝ = ı/ıSM measured assuming mH=125.5 GeV 
• Only ±4% change to combined ȝ for ±1 GeV 

• Combined ȝ = 1.30 ± 0.13 (stat) ± 0.14 (sys) 
• Compatibility between measurements and SM (ȝ=1) 

• Common ȝ vs SM:                                                 9% 
• with rectangular QCD scale/PDF constraints:     40% 
• All ȝbb, ȝĲĲ, ȝWW, ȝȖȖ, ȝZZ vs ȝ=1:                             8%  (5 d.o.f) 
• All ȝbb, ȝĲĲ, ȝWW, ȝȖȖ, ȝZZ vs ȝ=1.30:                     13%   (4 d.o.f) 

• ATLAS also sets limits (95%CL; not used in combination): 
• +�ĺ�ȝȝ:    ȝ<9.8                          (20.7 fb-1) 

• +�ĺ�=Ȗ:    ȝ<18.2     (4.6 fb-1 + 20.7 fb-1) 

Tim Adye - RAL Higgs Boson Properties in ATLAS 6 

Update today! 

Update last  week! 

Update last  week! 

New last  week! 

New last  week! 



3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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1)

2)

3)

4)

f=fermions

Main pieces of information extracted from data:
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark and, to a lesser extent, the bottom quark contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

In this section, we first analyze the decays widths both at leading order (LO) and then

including the next–to–leading order (NLO) QCD corrections. The discussion of the LO

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH % 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)εµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Main pieces of information extracted from data:
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) # 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot # ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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it behaves as a 
Higgs doublet!

Present data is telling us that the
125 GeV state has to do with EWSB



Different origins of the Higgs mechanism 
give different predictions for these couplings  

Two examples:

a) Supersymmetry (MSSM)  
      with a Heavy spectrum 

b) Composite PGB Higgs

Msusy � mW



Supersymmetry



MSSM with heavy spectrum ( ≫100 GeV)

O(v2/M2
susy)At                      main effects from the 2nd Higgs 

doublet on the Higgs couplings to fermions:

h
H
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W

W

h
H

f
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⇠ v4

M4
H

⇠ v2

M2
H

Dominant 
effect!

Superpartners can only modify Higgs couplings at the loop-level: 
Only stops/sbottoms give some contribution to hgg/hγγ (not very large)



1) MSSM (no mixing):

2) MSSM (with extra D-terms):

3) NMSSM (with heavy singlet and light stops):
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct

ci =
ghii
gSMhii

8

where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.

Corrections to h coupling to fermions:
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FIG. 6: Coupling deviations in the NMSSM assuming a Higgs mass of 125 GeV in the limit where the singlet is heavy

and it doesn’t mix with the Higgs, but its contributions do not decouple. Global fit as in Fig. 5.

then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as
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This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while
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✓
154GeV

mH

◆2
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We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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FIG. 4: Same as FIG.2, but for near maximal mixing and, again, we adjust
p
mt̃1

mt̃2
2 [550, 2000] GeV in order to

obtain the observed Higgs mass. We take xt =
p
6± 0.1 for the blue/red curve in order to show the influence, for large

tan�, of small deviations from maximal mixing; µ = 400GeV.

mixing discussed in the previous paragraph. As mentioned above, this term is maximized by large mixing,
with drastic e↵ects and the stop mass can be as low as 550 GeV in this case. Nevertheless, a fine-tuning at
the percent level persists due to the fact that large At terms also contribute to the Higgs mass-parameter [21].

Unfortunately, for a generic choice of µ and At, the multitude of parameters introduced by mixing weakens
the Higgs mass/coupling connection as shown by Eq. (25) where sizable �5,7 can a↵ect the Higgs couplings
without contributing to the Higgs mass. We show this e↵ect in Fig. 4 where we consider small deviations from
maximal mixing: departures from �7 = �MaxMix

7 = 0 are enhanced at large tan� & 20 and the contribution
to � and to our predictions can be seizable. Nevertheless such large values of tan� are already in tension
with rare B processes, such as Bs ! µ+µ� [26], and with direct searches for H/A ! ⌧̄ ⌧ [59], so that we do
not expect our results to change significantly in the intermediate tan� region, where our bounds are more
competitive, see Fig. 3.

IV. EXTRA D-TERMS

As discussed above, a 125 GeV Higgs in the MSSM is generally associated with fine-tuning. This suggests
that the principle of SUSY, if realized at low energy in a natural way, extends beyond the MSSM, with
new tree-level e↵ects contributing to the Higgs quartic. The first possibility is to envisage additional gauge
symmetries that contribute to the Higgs quartic, similarly to the MSSM gauge group [19, 23, 27]. In this
section we study the example of an additional abelian gauge group under which H1 and H2 have opposite
charges (as compatible with the µ-term). Then, the extra contribution to the Higgs sector quartic3

�V = 
�|H0

1 |2 � |H0
2 |2�2 (26)

3 The form of the potential in Eq. (26) holds also for the non-abelian extension considered in Refs [23, 27].

Relevant plane for susy Higgs couplings:
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that the principle of SUSY, if realized at low energy in a natural way, extends beyond the MSSM, with
new tree-level e↵ects contributing to the Higgs quartic. The first possibility is to envisage additional gauge
symmetries that contribute to the Higgs quartic, similarly to the MSSM gauge group [19, 23, 27]. In this
section we study the example of an additional abelian gauge group under which H1 and H2 have opposite
charges (as compatible with the µ-term). Then, the extra contribution to the Higgs sector quartic3
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FIG. 5: Higgs couplings deviations in the MSSM with additional non-decoupling D-terms to raise the Higgs mass to

125 GeV (on top of the e↵ect of light stops mt̃ = 500GeV). The global fit (Colors as in Fig. 2) includes the e↵ect of

a 500 GeV stop (to be compared with Fig. 2 where the e↵ects of stops on the fit are vanishingly small).

with ✏1 = �1µ
⇤/M and ✏2 = ��2mSUSY /M . We obtain

�� =
✏1
4
sin 2� +

✏2
16

sin2 2�

� = �✏1
2
cos 2� � ✏2

8
sin 4�. (32)

By construction � 2 [0,⇡/2] and for the first term to contribute positively to the Higgs mass, a positive
✏1 is necessary, implying an enhancement of cb and a decrease in ct, similarly to the case studied in the
previous section. The term proportional to ✏2, on the other hand, reduces for tan� > 1 the hb̄b coupling
while increasing the coupling to top quarks, oppositely to the e↵ects of D-terms. This is an interesting case
that corresponds to the non-decoupling F-term contribution of an extra singlet, interacting with the Higgs
sector via the superpotential term W = �SSH1H2, as in the NMSSM. Indeed, in the limit where the mass of
the singlet is large, its contribution is given by the second term of Eq. (30), where M = MS (mSUSY = mS)
is the supersymmetric (SUSY breaking) mass of the singlet, and �2 = �2

S (notice that the singlet also gives a
generally subdominant contribution to the first term of Eq. (30) with ✏1 = �µ⇤�2

S/(2MS), which we ignore
for the time being).

If the largeness of the Higgs mass is due to a combination of the MSSM D-terms e↵ects of Eq. (12) and
the present contribution from F-terms due to the singlet (i.e. with negligible contributions from loop-e↵ects),

Relevant plane for susy Higgs couplings:

from arXiv:1212.524
MSSM with 

extra D-terms
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FIG. 6: Coupling deviations in the NMSSM assuming a Higgs mass of 125 GeV in the limit where the singlet is heavy

and it doesn’t mix with the Higgs, but its contributions do not decouple. Global fit as in Fig. 5.

then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.

Relevant plane for susy Higgs couplings:

from arXiv:1212.524
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deviations from the SM, shaded region from Ref. [40] (the dashed part of the line corresponds to a region where �S is

bigger than 2 and non reaches the non-perturbative regime below approximately 10 TeV [21, 23]).

searches of the heavy Higgs decaying into ⌧ pairs, as performed by CMS [59]. As can be appreciated, analyses
of the light Higgs couplings o↵er a complementary search strategy in the intermediate tan� region.

B. Top Squarks with mixing

In the presence of sizable A-terms, L and R top squarks can mix, inducing additional contributions to the
Higgs e↵ective potential [20, 25],

�V mix =
�2

2
|H2|4 + (

�5

2
|H1H2|2 + �7|H2|2H1H2 + c.c), (23)

where the values of �2, �5 and �7 depend in particular on the parameter µ and the trilinear At and their
expression, at the one loop level, can be found in Appendix II. In the point of ‘maximal mixing’, when the
trilinear term is |At � µ cot�| = p

6mt̃ (where mt̃ is the geometric mean of the lightest stop masses), the
contribution to the Higgs mass proportional to �2 is maximized, while �7 = 0. Recasting the potential in the
h,H basis gives,

�� = s4�

 
�2

8
+

�5

4 t2�
+

�7

2 t�

!
, (24)

� = s3�c�

0

@�2

2
+

�5

2

 
1 � 1

t2�

!
+

�7

2

t2� � 3
q

t2� + 1

1

A , (25)

where it can be seen that for large tan� (which is necessary in the MSSM to maximize the tree-level mass),
the dominant contribution to the Higgs mass still comes from the first term �2, similarly to the case with no
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Figure 4: Left: The 68% (darker green) and 95% (lighter green) CL best fit regions in the

ct-cb = c⌧ parameter space. The color bands are the 1� regions preferred by the Higgs data

in the �� (purple), V V (blue), ⌧⌧ (brown), and bb (mauve) channels.

quite constrained, given that we do see the Higgs produced with roughly the SM rate. The

left panel of Fig. 5 shows ��2 as a function of the invisible branching fraction: Br >16% is

excluded at the 95% CL. This bound can be relaxed if new physics modifies also the Higgs

couplings such that the Higgs production cross section is enhanced. An example of such

set-up is plotted in the right panel of Fig. 5, where we show the allowed region assuming the

invisible Higgs branching fraction and, simultaneously, a non-zero NLO coupling to gluons.

Even in this more general case Brinv larger than ⇠ 40% is excluded at 95% CL. The indirect

limits on the invisible width are in most cases much stronger than the direct ones from the

ATLAS Z + h ! inv. search and from monojet searches.

6 Conclusions

In this paper we updated the experimental constraints on the parameters of the Higgs e↵ec-

tive Lagrangian. We combined the most recent LHC Higgs data in all available channels with

the electroweak precision observables from SLC, LEP-1, LEP-2, and the Tevatron. Overall,

the data are perfectly consistent with the 126 GeV particle discovered at the LHC being the
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Figure 16. MSSM. Left: isolines of BR(h3 ! tt̄). Right: isolines of BR(h3 ! bb̄). The light colored
region is excluded at 95%C.L., the red region is excluded by CMS direct searches.

to be significant, especially for growing tan �. In Figures 13-16 we draw the region excluded
by such search, as inferred from [34].

6 The NMSSM at � & 1 and gauge coupling unification

As said in the Introduction we are particularly interested in the NMSSM at � close to one
and moderate tan � to limit the fine tuning. At least in the H decoupled case we have seen in
Section 3 that this is consistent with current data. On the other hand a well known objection
to the NMSSM at � & 1 is its compatibility with gauge coupling unification. Requiring � to
stay semi-perturbative up to the GUT scale bounds � at the weak scale at about 0.7 [35]. This
value is in fact influenced by the presence of vector-like matter in full SU(5) multiplets that
slows down the running of � by increasing the gauge couplings at high energies. However,
even adding three vector-like five-plets at 1 TeV, in which case ↵G still remains perturbative,
does not allow � at the weak scale to go above 0.8 [36, 37].
There are several ways [38–45] in which � could go to 1÷ 1.5 without spoiling unification

nor a↵ecting the consequences at the weak scale of the NMSSM Lagrangian, as treated
above. One further possibility makes also use of two vector-like five-plets as follows. For ease
of exposition let us call them Fu,d + F̄u,d, where Fu is a 5 and Fd a 5̄, thus containing one
SU(2)-doublet each, hu and hd, with the same quantum numbers of the standard Hu, Hd

used so far. Correspondingly F̄u,d contain two doublets that we call h̄u,d. Needless to say all
these are superfields. Let us further assume that the superpotential is such that:

• The five-plets interact with a singlet S and pick up SU(5)-invariant masses consistently
with a Peccei-Quinn symmetry;

• The standard doublets Hu, Hd mix by mass terms with hu and hd, still maintaining
the Peccei-Quinn symmetry, and do not interact directly with S.
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To determine the decay properties of h2 it is crucial to know its coupling (gh2h2
1
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2
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to the lighter state. In the general NMSSM and in the large mH limit considered in this
Section, the leading �2-term contribution to this coupling, as well as the one to the cubic
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You can get predictions on where to find the other Higgses:

Singlet of 
NMSSM

arXiv:1304.3670



Composite Higgs scenarios



Couplings dictated by symmetries (as in the QCD chiral Lagrangian)  
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n = 0, 1, 2, ...

small deviations on the h""(gg)-coupling due to the 
Goldstone nature of the Higgs

Composite PGB Higgs couplings

 = Decay-constant of the PGB Higgsf

MCHM5,10

arXiv:1205.6434

EWPT:  v/f≲1/3
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 Too premature to see deviations
for v/f~1/3!

from, e.g., Montull,Riva 
arXiv:1207.1716
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
L

M f

1 (0)fRs
1+2m
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cn
h

+ h.c. ⌘ f̄
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f
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(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
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where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the
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blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.
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Figure 3: Left: The 68% (darker green) and 95% (lighter green) CL best fit regions in the cV -cf parameter

space. The yellow regions are fits without the EW data. The color bands are the 1� regions preferred by the

Higgs data in the �� (purple), V V (blue), ⌧⌧ (brown), and bb (mauve) channels. Right: Fit to the parameter

✏ = v/f in sample composite Higgs models with (black) and without (gray) including EW precision data.

The di↵erent lines correspond to the SO(5)/SO(4) coset and fermionic representations with m = 0 and

n = 0 (solid), n = 1 (dashed) and n = 2 (dot-dashed).”

that a large enhancement of the h ! �� rate is no longer preferred. The preference for

the SM-like coupling cf ⇠ 1 becomes even stronger when EW precision data are included.

This is true in spite of the fact that the EW observables are not sensitive to cf at one loop;

simply, they prefer cV somewhat above 1 which is more consistent with the SM island. In

the right panel of Fig. 3 we show the bounds on the compositeness scale for a number of

composite Higgs models based on the SO(5)/SO(4) coset. We find that the strongest bounds

still come from EW precision data and, as already pointed out in Ref. [34], they push the

compositeness scale f at about 1.5 TeV at 95% CL, independently of the specific model.

Nevertheless, incalculable UV e↵ects could weaken the impact of EW precision data; in this

case, and taking into account Higgs data only, the bound on f reduces to the more natural

value f & 700 GeV, with some dependence on the details of the model.

5.4 2HDM

Another interesting pattern of couplings is the one where the Higgs couplings to leptons and

down-type quarks take a common value cd ⌘ cb = c⌧ which di↵ers from the coupling to

15

At present, just bounds on v/f:
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Direct LHC searches 
for New Physics
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Supersymmetry



The MSSM in the aftermath of MH~125 GeV

• Big chunks of the parameter space are excluded

• Main simple models: GMSB,  Gravity/String mediated SB,
           in trouble as are forced to have a high scalar susy-spectrum 

SUSY is natural 
but not minimal

SUSY is unnatural,
 but simple

SUSY is dead

Maybe...

2. SUSY is tuned

Abandon naturalness as a criterion

Still have

e.g. CMSSM/mSUGRA

Split SUSY Suggests string theory landscape

YOUARE HERE

. 1%

• Dark matter candidate
• Gauge coupling unification

10Wednesday, 13 June 2012

... place your bets!



Open to variants:

Stops and Higgsinos are the lightest sparticles: 

MH~125 GeV obtained going beyond the MSSM

SUSY is natural but not minimal
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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

➥     Stop mass ~ 500 GeV
           Higgisinos mass ~ 100 GeV

µ2 +m2
Hu

= �m2
h

2
≈ -(88 GeV)²



≈ -(88 GeV)²

Open to variants:

Stops and Higgsinos are the lightest sparticles: 

MH~125 GeV obtained going beyond the MSSM
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˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,
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where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)

7

➥     Stop mass ~ 500 GeV
           Higgisinos mass ~ 100 GeV

µ2 +m2
Hu

= �m2
h

2
➥ Look for them in all possible ways

Gauginos could be heavier (TeV-regime) but since they 
are easy to see,  the LHC searches can be competitive

SUSY is natural but not minimal
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FIG. 2: Possible decay modes in the simplified model consisting only of a left-handed stop/sbottom,

or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ⇠ O(10�3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb�1.

To understand why the acceptance is ⇠ O(10�3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.

The low acceptance is related to the probability to produce su�ciently hard radiation. In

order to verify that the acceptance is not considerably underestimated due to the fact that

the additional jets are populated only by the parton shower in events generated by Pythia

(with the total cross-section normalized to the NLO value), we have also generated events

in Madgraph [64] with stop and sbottom pair production including also the possibility of

radiating one extra parton at the level of the matrix element. Overall we find good agreement

between the two estimates, within our typical uncertainties.
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But also could be the Gravitino:

Stop/Sbottom phenomenology
We now consider the LHC limit on stops and the left-handed sbottom decaying to a bino

(or gravitino) LSP. Here we will take the higgsinos to be heavier than the stops, and again

we neglect left-right stop mixing for simplicity, Xt = 0. The relevant spectra and decay

modes are shown in Fig. 4. The most important change, versus higgsino LSP, is that there is

no light chargino for the stops and sbottoms to decay to. For left-handed stops, this means

that once the decay to the bino and a top is squeezed out, mt̃L
< mB̃ + mt, the left-handed

stop dominantly decays to the sbottom through a 3-body decay, t̃L ! W ⇤b̃L. For the right

handed stop, once the two body decay is unavailable, mt̃R
< mB̃ + mt, the dominant decay

is a three-body decay through an o↵-shell top. And once the mass splitting between the

stop and the bino is less than the W mass, the dominant decay is 4-body with the top and

the W both o↵-shell. The right-handed stop decays are challenging to constrain because the

final states are similar to the tt̄ background. The same decay modes apply both for bino and

gravitino LSP, the only relevant di↵erence is that the bino mass is a free parameter, whereas

the gravitino must be light, mG̃
<⇠ keV for decays to occur within the detector.
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FIG. 4: Possible decay modes of the left-handed stop/sbottom (left), or right-handed stop (right),

to a bino or gravitino LSP. Higher body final states occur when the mass splittings squeeze out the

two-body decays of the stops, mt̃L,R
< mB̃ � mt.

We present our estimate of the limit on the left-handed stop/sbottom with bino LSP in

Fig. 5. The limit with a gravitino LSP can be inferred by looking along the mB̃ ⇡ 0 line of

the mass plane. We find that the strongest limits come from searches for jets plus missing
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or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ⇠ O(10�3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb�1.

To understand why the acceptance is ⇠ O(10�3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.
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there was a lot of hope in these searches...
but didn’t give positive results
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Supersymmetry searches

3

• the$SUSY$searches$at$7$TeV$(201032011$data)$
indicate$that$squark$of$the$first$two$
genera@ons$and$gluinos$might$be$heavier$
than$~1$TeV

• third&genera+on&scalar&quarks&(direct&produc+on&
or&gluino5mediated)

‣ significant-crossCsec*on-for-direct-produc*on

‣ large-top-background

‣ key-ingredient-in-natural'SUSY

• strong'produc1on'of'1st'and'2nd'genera1on'scalar'
quark'and'gluinos

‣ significant-cross-sec*on-up-to-more-than-1-
TeV

‣ decay-to-jets-and-weakly-interac*ng-SUSY-
par*cle-(LSP):-jets-and-ETmiss

• electroweak'produc1on'of'gauginos'and'
leptons

‣ small-cross-sec*on,-less-than-WW,-ZZ

‣ doable-with-current-integrated-
luminosity

‣ jet-veto,-leptons,-moderate-missing-ET

Production cross-sections

gluinos

stops

Higgsinos
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Gluino-mediated sbottom - ATLAS
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• Main-backgrounds

‣ Hbar+jets:-validated-and-es*mated-from-control-region

‣ QCD-mul*jet-produc*on:-es*mated-from-data-with-two-
independent-methods.-Negligible

‣ Other-backgrounds:-Hbar+b/bbar,-Hbar+W/Z,-W/Z+HF-
jets.-Predicted-by-MC-

• discriminant-variables

‣ ETmiss,-several-variants-of-meff$(scalar-sum-of-ETmiss-and-
jets-pT)

‣ Δɸmin4j-(minimum-azimuthal-separa*on-between-any-of-
the-four-leading-jets-and-ETmiss)
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Higgsinos double-production, ,even if they are light,  
very difficult to be seen 

since one needs monojets/monophoton searches + missing ET

Mono-jet and mono-photon signatures of dark matter

Idea: Pair production of DM + some visible particles

Tevatron, LHC: Mono-jets
�–q coupling probed in jet(s) + /

E

T

q

q̄

�

�̄

CDF (1.1 fb�1): 0807.3132,
ATLAS (1 fb�1): ATLAS-CONF-2011-096,
CMS (1.1 fb�1) : CMS-PAS-EXO-11-059
Goodman Ibe Rajaraman Shepherd Tait Yu

1005.1286, 1008.1783
Rajaram Shepherd Tait Wijangco 1108.1196
Bai Fox Harnik, 1005.3797
Fox Harnik JK Tsai 1109.4398

LEP, Tevatron, LHC: Mono-�
�–f coupling probed in photon + /

E

f

f̄

�

�̄

DELPHI (650 pb�1): hep-ex/0406019, 0901.4486
CDF (2 fb�1): 0807.3132
DØ(1 fb�1): 0803.2137
CMS (1.14 fb�1): CMS-PAS-EXO-11-058
Fox Harnik JK Tsai 1103.0240, 1109.4398

Joachim Kopp Collider searches for dark matter 6

still bounds from LEP1 (>100 GeV) remain
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Other searches that kill a lot of parameter space:

and      H,A→ττ
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Physics Processes:

I gluon-fusion and b-quark associated production
main production modes

I Higgs couplings to b-quarks and ⌧ -leptons
enhanced compared to SM

I branching ratios in MSSM for tan� & 3 are:
I ⇠ 90% to bb̄
I ⇠ 10% to ⌧+⌧�

I ⇠ 0.04% to µ+µ�

lep-lep: 12.4% lep-had: 45.6% had-had: 42.0%
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Introduction Magnetic penguins Scalar penguins Z penguins Constraints on NP from B decays

What the measurement actually tells us about SUSY:
Large tan� with light pseudoscalar Higgs is disfavoured.
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(a) µ = 1 TeV,At > 0

(b) µ = 4 TeV,At > 0

(c) µ = �1.5 TeV,At > 0

(d) µ = 1 TeV,At < 0

gray: A,H ! ⌧+⌧�

[Altmannshofer et al. 1211.1976]

David Straub (JGU Mainz) 12

Other searches that kill a lot of parameter space:

12

The SM loop function Y
0

depends on the top mass and
is approximately Y

0

' 0.96. Note that the MSSM con-
tributions to Bs ! µ+µ� do not decouple with the scale
of the SUSY particles, but with the masses of the heavy
scalar and pseudoscalar Higgs bosons M2

H ' M2

A. Due to
the strong enhancement by tan3 �, the large tan� regime
of the MSSM is highly constrained by the current exper-
imental results on BR(Bs ! µ+µ�). We remark, how-
ever, that ✏

FC

in the numerator of (45) is a sum of several
terms (see (23)) each of which depend strongly on several
MSSM parameters. In addition, cancellations among the
di↵erent terms can occur in certain regions of parameter
space, rendering the Bs ! µ+µ� constraint very model
dependent, even in the restrictive framework of MFV.
Additional contributions to Bs ! µ+µ� can arise from
charged Higgs loops [187]. They interfere destructively
with the SM contribution and scale as (tan�)2/M2

H± .
Typically, their e↵ect is considerably smaller compared
to the SUSY contribution in (45).

We stress that there is a simple mathematical lower
bound of RBsµµ = 1/2 in (44) that is saturated for
A = 1/2. In this case, the SUSY contribution partially
cancels the SM amplitude, but simultaneously generates
a non-interfering piece that cannot be canceled. This
lower limit provides a significant threshold for experi-
ments searching for BR(Bs ! µ+µ�): not only is the
SM branching fraction a meaningful value to test experi-
mentally, but the potential observation of the branching
fraction below one half of the SM value would strongly
indicate NP and imply departure from the MSSM with
MFV. Note that the current 2� lower bound from LHCb
on the branching ratio is below 1/2 of the SM value and
therefore does not lead to constraints in our framework,
yet.

In Fig. 5, we show the constraints from Bs ! µ+µ� in
the MA–tan� plane. The red solid, dotted and dashed
contours correspond to scenarios (a), (b), and (c) of
Tab. I. The dash-dotted contour corresponds to scenario
(d), with all MSSM parameters as for the solid con-
tour, but with a negative sign for the trilinear coupling.
For comparison, the constraints from direct searches are
again shown in gray. As expected, we observe a very
strong dependence of the Bs ! µ+µ� bounds on the
choices of the remaining MSSM parameters, particularly
the sign of µAt. Note that in the considered scenarios,
we assume degenerate squarks such that the only term
entering ✏

FC

is from the irreducible Higgsino loop contri-
bution, ✏

˜H
b , whose sign is dictated by µAt. For positive

(negative) µAt the NP contribution interferes destruc-
tively (constructively) with the SM amplitude. Since the
lower bound on BR(Bs ! µ+µ�) from LHCb is still be-
low half of the SM value, destructively interfering NP is
much less constrained than constructively interfering NP.

The plots of Fig. 6 show in red the constraints from
Bs ! µ+µ� in the plane of the third generation squark
masses and the Higgsino mass parameter µ. The gray
horizontal band corresponds to the constraint from di-
rect searches of charginos at LEP that exclude |µ| .
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FIG. 5. Constraints in the MA–tan� plane from the Bs !
µ+µ� decay. The red solid, dotted, dashed and dash-dotted
contours correspond to scenarios (a), (b), (c) and (d), as de-
scribed in the text. The gray region is excluded by direct
searches of MSSM Higgs bosons in the H/A ! ⌧+⌧� chan-
nel.

100 GeV [184, 185]. In these plots, we fixMA = 800 GeV,
tan� = 45 (fully compatible with the B ! ⌧⌫ constraint
and not yet constrained by direct searches), and gaugino
masses with 6M

1

= 3M
2

= M
3

= 1.5 TeV. As in all the
other plots, we vary the trilinear couplings At = Ab = A⌧

throughout the plot such that the lightest Higgs mass is
Mh = 125 GeV. The values for At are indicated in the
plots by the vertical dotted contours. The two plots cor-
respond to positive and negative values of the A-terms.
In the gray region in the lower left corners of the plots, the
sbottom loop corrections to the lightest Higgs mass be-
come so large that the lightest Higgs mass is always below
Mh < 125 GeV for any value of At, taking into account
a 3 GeV theory uncertainty. We checked that varying
the light Higgs mass between 122 GeV < Mh < 128 GeV
can change the values of At by around 25% in each di-
rection and therefore can a↵ect the constraints derived
from Bs ! µ+µ� at a quantitative level. However, the
qualitative picture of the constraints and the interplay
of the SUSY contributions to Bs ! µ+µ�, as discussed
below, are una↵ected by this variation.

The solid contours are obtained under the assumption
that the masses of the first two generation squarks are
equal to the third generation, while for the dashed and
dotted contours we assume the first two generations to
be heavier by 50%. For the dashed contours, we as-
sume the splitting for the left-handed squarks to be fully
aligned in the up-sector, such that gaugino-squark loops
also contribute to ✏

FC

with ⇣ = 1 (see (23) and (25)).
We set ⇣ = 0.5 for the dotted contours, such that only

measurement
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FIG. 4. Constraints in the MA–tan� plane from the tree level B ! ⌧⌫ decay. The constraint from direct heavy Higgs searches
is also shown in gray. The yellow solid, dotted and dashed contours in the left plot correspond to scenarios (a), (b), and (c)
defined in Tab. I. The right plot shows a scenario with µ = �8 TeV, leading to a large negative ✏

0

such that the charged Higgs
contribution interferes constructively with the SM in the region with tan� & 30. The labeled contours indicate values for RB⌧⌫ .
Above the red horizontal line, the electroweak vacuum has a lifetime shorter than the age of the universe.

sign with respect to the SM one, i.e. with ✏b tan� < �1.
For B ! ⌧⌫, the relevant parameter combination is
✏
0

tan�. The horizontal red line in the right plot of Fig. 4
marks the upper bound on tan� in the scenario with
µ = �8 TeV, such that the electroweak vacuum remains
stable on timescales of the age of the universe. Therefore,
we see that ✏

0

tan� < �1 is also excluded by vacuum sta-
bility considerations. This conclusion holds beyond the
discussed µ = �8 TeV example.

B. Bs ! µ+µ�

The Bs ! µ+µ� decay is a flavor changing neutral
current process and correspondingly only induced at the
loop level, both in the SM and the MSSM. In the SM,
Bs ! µ+µ� is also helicity suppressed by the muon mass,
resulting in a tiny SM prediction, at the level of 10�9.
Using the recently given precise value for the Bs meson
decay constant fBs = (227 ± 4) MeV [156] which is an
average of several lattice determinations [153–155], and
taking into account the e↵ect of the large width di↵erence
in the Bs meson system [173, 174], we have the branching
ratio extracted from an untagged rate as [175] (see also
[176])

BR(Bs ! µ+µ�)
SM

= (3.32± 0.17)⇥ 10�9 . (41)

Experimental searches for that decay have been carried
out at D0 [177] and CDF [178], and are ongoing at AT-
LAS [179], CMS [180], and LHCb [80, 181]. Very recently,

the LHCb collaboration reported first evidence for the
Bs ! µ+µ� decay [80]. LHCb finds for the branching
ratio the following value

BR(Bs ! µ+µ�)
exp

= (3.2 +1.4 +0.5
�1.2 �0.3)⇥ 10�9 , (42)

and gives the following two sided 95% C.L. bound

1.1⇥ 10�9 < BR(Bs ! µ+µ�)
exp

< 6.4⇥ 10�9 . (43)

We use this bound in our analysis. Note that the upper
bound in (43) is considerably weaker than the o�cial
combination of the previous LHCb result [181] with the
ATLAS and CMS bounds [182].
For large values of tan�, order of magnitude en-

hancements of the BR(Bs ! µ+µ�) are possible in the
MSSM [106, 183]. In the large tan� limit, the CP aver-
aged branching ratio in the MFV MSSM can be written
to a good approximation as

RBsµµ =
BR(Bs ! µ+µ�)

BR(Bs ! µ+µ�)
SM

' |A|2 + |1�A|2 . (44)

The MSSM contribution A is dominated by so-called
Higgs penguins, i.e. the exchange of the heavy scalar
H and pseudoscalar A with their 1-loop induced flavor
changing b ! s couplings, that are parametrized by ✏

FC

given in (13). We find

A =
4⇡

↵
2

m2

Bs

4M2

A

✏
FC

t3�
(1 + ✏bt�)(1 + ✏

0

t�)(1 + ✏`t�)

1

Y
0

. (45)
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Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.
A right-handed sbottom decays similarly, without the mass insertion.

will involve only the O(1) top Yukawa coupling, and, in particular, it is very easy to make one
of the stops very light. Since other non-universal terms are suppressed by Yukawa couplings
and/or CKM factors, the remaining squarks are expected to be nearly degenerate. A similar
argument applies to down-type squarks, where the bottom squark can be made light. In
the charged slepton sector, the leading non-universal term comes from the y⌧ suppressed
left/right mixing, implying a nearly degenerate spectrum, except at very large tan�. The
sneutrinos will be even more degenerate, since this left/right term is absent, and the leading
non-universality comes from y2⌧ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the sbottom to be the LSP. A stau (or tau
sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and is somewhat
less natural in this context. Other squarks or sleptons are not likely to be the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths
�(t̃ ! d̄id̄j) are given by

�ij ⇠ m
˜t

8⇡
sin2 ✓

˜t|�00
3ij|2 , (7.2)

where ✓
˜t is the stop mixing angle. To estimate the lifetime numerically, we use the renor-

malized quark masses at a scale mt ⇠ v ⇠ 174 GeV, which are approximately [36,37]:

mu ⇠ 1.2 MeV , mc ⇠ 600 MeV , mt ⇠ v ⇠ 174 GeV ,

md ⇠ 3 MeV , ms ⇠ 50 MeV , mb ⇠ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

⌧
˜t ⇠ (2 µm)

✓
10

tan �

◆
4

✓
300 GeV

m
˜t

◆✓
1

2 sin2 ✓
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◆
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Thus no displaced vertices are expected except for very small values of tan� and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
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together with the lepton masses:

me ' 0.511 MeV , mµ ' 106 MeV , m⌧ ' 1.78 GeV . (3.3)

For the magnitudes of the CKM elements, we take

VCKM ⇠
0

@
1 � �3/2
� 1 �2

�3 �2 1

1

A , (3.4)

where � ⇠ 1/5 approximates all elements to better than 20% accuracy.
The lepton and down-type Yukawa couplings depend strongly on tan � ⌘ vu/vd. We

consider a broad range, 3 <⇠ tan � <⇠ 45, where the lower bound is motivated by electroweak
symmetry breaking, and the upper bound by perturbativity of the bottom Yukawa coupling,
yb <⇠ 1. Consistent with the lower bound tan � >⇠ 3, we will usually assume tan � � 1,
which simplifies many formulae.

Using the assumptions outlined above, we now estimate the size of the baryon-number
violating term (2.4), which is conventionally written in the form:

W
BNV

=
1

2
�00
ijk✏

abcūi
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j
bd̄

k
c , (3.5)

where a, b, c are color indices and i, j, k are the flavor indices, with summation over repeated
indices understood. The factor of one-half is due to the anti-symmetry of the operator in
the down-type flavor indices (which is a consequence of the color contraction). Using the
basis (3.1), we find

�00
ijk = w00y
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j y
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k ✏jklV

?
il , (3.6)

where y(u)i and y
(d)
i are the up and down-type Yukawa couplings, and the coupling scales like

(tan �)2 for large tan �. Using the CKM estimate (3.4), we find
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where we t� as a shorthand for tan �. Taking the extreme value tan � = 45, and using the
quark masses (3.2) and � ⇠ 1/5, we obtain the following estimates for the size of the �00

ijk

coupings (for w00 = 1):

s b b d d s

u 5⇥ 10�7 6⇥ 10�9 3⇥ 10�12

c 4⇥ 10�5 1.2⇥ 10�5 1.2⇥ 10�8

t 2⇥ 10�4 6⇥ 10�5 4⇥ 10�5
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will involve only the O(1) top Yukawa coupling, and, in particular, it is very easy to make one
of the stops very light. Since other non-universal terms are suppressed by Yukawa couplings
and/or CKM factors, the remaining squarks are expected to be nearly degenerate. A similar
argument applies to down-type squarks, where the bottom squark can be made light. In
the charged slepton sector, the leading non-universal term comes from the y⌧ suppressed
left/right mixing, implying a nearly degenerate spectrum, except at very large tan�. The
sneutrinos will be even more degenerate, since this left/right term is absent, and the leading
non-universality comes from y2⌧ suppressed soft-mass corrections.
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sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and is somewhat
less natural in this context. Other squarks or sleptons are not likely to be the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting
scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in
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Thus no displaced vertices are expected except for very small values of tan� and a very light
LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,
nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange
quarks, about 8% to bottom plus down, and a few percent to down plus strange. These
branching ratios are fixed by the flavor structure. Thus, most of the events will contain
b-quarks, and a generic signal for supersymmetry will be an overall increase in the number
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Interesting directions still to go:

We must look for light stops in all possible scenarios:

1) R-parity breaking:

stop/sbottom decay to quarks:

arXiv:1111.1239

Difficult to disentangle from QCD backgrounds at the LHC!

2) No Higgsino (SM lepton superpartner of the Higgs):



Can the Higgs be superpartner of a neutrino?
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✓
h0

h�

◆
= (1, 2)1/2L =

✓
⌫
l�L

◆
= (1, 2)1/2

Fayet,’76; Pomarol,FR,Biggio’12

SUSY
Yes: same quantum numbers

MSSM

Higgs doublet

Possibility
here:

from F. Riva
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Up-sector Yukawa must come from SUSY

Yukawa Couplings
H

H†

q

u

d
q

L ⌘

Cannot be supersymmetrized:L† ⌘



Decay Interaction

t̃L ! bR l̄�L Yd HQD|✓2

t̃L ! tR⌫̄L
1

⇤

2 |H|2|Q|2|✓4

t̃L ! tLG̃
m2

t�m2
t̃L

F
t̃⇤LG̃ tL

b̃L ! bR⌫̄L Yd QHD|✓2

b̃L ! bLG̃
m2

b�m2
b̃L

F
b̃⇤LG̃ bL

Decay Interaction

t̃R ! tL⌫L
1

⇤

2 |H|2|U |2|✓4

t̃R ! tR
¯̃G

m2
t�m2

t̃R
F

t̃⇤R
¯̃G t̄L

b̃R ! bL⌫L Yd QHD|✓2

b̃R ! tL l�L Yd QHD|✓2

b̃R ! bR
¯̃G

m2
b�m2

b̃R
F

b̃⇤R
¯̃G b̄L

Table 2: Decay modes for the (third family) squarks with the corresponding Lagrangian inter-

action.

of the recent experimental data following ref. [22]. The lefthand panel shows the preferred
regions for the parameters �gg,�� defined as the deviations from the SM e↵ective couplings
between the Higgs and the gluons/photons, Rgg,�� = (1 + �gg,��)2. The theoretical prediction
for our model, as extracted from Eq. (17) and Eq. (18) for di↵erent t̃R masses, is also shown.
Noticably, the impact of a light stop is to worsen the Higgs coupling fit. Nevertheless, the
presence of a nonzero BRinv tends to improve the fit and for BRinv & 0.2 the fit can be
comparable with the SM even for light stops, as we show in the righthand panel where we
plot the preferred regions in the parameter space of our model (m

˜tR
, BRinv). In both plots

we have kept m
˜tL

= 530 GeV since, as we will see later, this is the experimental lower-bound.
Although present experimental data is not decisive, future data should be able to favor or
disfavor this scenario.

3.2 Stops and sbottoms

Models in which the Higgs is the neutrino superpartner have a squark phenomenology di↵erent
from the ordinary MSSM. We focus first on the third generation squarks which naturalness
arguments suggest to be the lightest.

Since the U(1)R symmetry forbids supersymmetry-breaking trilinear A-terms, the left-
handed and right-handed squarks do not mix and are mass eigenstates. One important
consequence is that b̃L is always lighter than t̃L, since their masses are related by

m2

˜bL
= m2

˜tL
�m2

t + m2

b . (22)

The possible decay modes of the squarks are dictated by symmetries. One can easily see
that Lorentz, electromagnetic and U(1)R symmetry only allow the decay channels shown in
table 2. These decays can arise from the following interactions. From the superpotential term
Yb HQD in Eq. (2), we have contributions to

t̃L ! bR l̄�L , b̃L ! bR⌫̄L, and b̃R ! bL⌫L, tLl�L . (23)

Goldstino interactions, as in the MSSM, arise from

1

F
@µt̃

⇤
L @⇢G̃ �µ�̄⇢tL

on-shell

=
(m2

t �m2

˜tL
)

F
t̃⇤L G̃ tL , (24)

10

Different stop/sbottom decays
arXiv:1211.4526

http://arxiv.org/abs/arXiv:1211.4526
http://arxiv.org/abs/arXiv:1211.4526
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Composite Higgs scenarios
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 For the minimal composite PGB Higgs model:



Benchmark Models

We consider a totally composite top right

We derive the most general top-p. Lagrangian
             (rigorous for large separation)  

 �

Figure 1: Schematic picture of the spectrum.

goal of this paper is to provide a similar simplified approach to describe the results of experimental

searches for top partners. We will focus on the composite Higgs scenario based on the minimal coset

SO(5)/SO(4). The basic simplifying assumption is that the spectrum has the structure depicted

in figure 1, where one SO(4) multiplet of colored Dirac fermions  is parametrically lighter than

the other states. As already illustrated in Ref. [8] for the case of bosonic resonances, in that limit

one expects the dynamics of  to be described by a weakly coupled e↵ective lagrangian. Therefore

the simplified model, at leading order in an expansion in loops and derivatives, can be consistently

described by a finite number of parameters. Moreover symmetry and selection rules, via the Callan-

Coleman-Wess-Zumino (CCWZ) [9] construction, reduce the number of relevant parameters. It is

obviously understood that the limiting situation presented by the simplified model is not expected to

be precisely realized in a realistic scenario. However, a realistic situation where the splitting with the

next-to-lightest multiplet is of the order m
 

is qualitatively already well described by the simplified

model. Only if the splitting were parametrically smaller than m
 

would there be dramatic changes.

We should also stress that our models are truly minimal, in that they do not even possess su�cient

structure (states and couplings) to make the Higgs potential calculable. In principle we could add

that structure. For instance by uplifting our multiplet  to a full split SO(5) multiplet, like in a

two site model, we could make the Higgs potential only logarithmically divergent, thus controlling

its size in leading log approximation, and making the rough connection between m
 

and naturalness

more explicit along the lines of [10]. We could even go as far as making the one loop Higgs potential

finite with a three site model [11, 12], or by imposing phenomenological Weinberg sum-rules [13].

However in these less minimal models the first signals at the LHC would still be dominated by the

lightest SO(4) multiplet, whatever it may be. The point is that while the contribution of the heavier

multiplets does not decouple when focussing on a UV sensitive quantity like the Higgs potential, it

does decouple when considering the near threshold production of the lightest states. For the purpose

of presenting the results of the LHC searches in an eloquent way, the simplified model is clearly the

way to go. There already exists a literature on simplified top partner models in generic composite

Higgs scenarios [14, 15, 16], where the role of symmetry is not fully exploited. Focussing on the

minimal composite Higgs model based on SO(5)/SO(4), our paper aims at developing a systematic

approach where all possible top partner models are constructed purely on the basis of symmetry

and selection rules.

In the end we shall derive exclusion plots in a reduced parameter space, which in general involves

the mass and couplings of the top-partner  . Now, even though these are not the parameters of a

fundamental model, given their overall size, we can roughly estimate how natural the Higgs sector

is expected to be. We can then read the results of searches as a test of the notion of naturalness. To

make that connection, even if qualitative, we must specifiy the dynamics that gives rise to the top

Yukawa. As discussed in [17], there are several options, each leading to a di↵erent structure of the

Higgs potential and thus to a di↵erent level of tuning. The common feature of all scenarios is that

2
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(De Simone, Matsedonsky, Rattazzi, AW, 2012 arXiv:1211.5663)

Case #1, fourplet of custodial SO(4)

Taking into account the pNGB nature of the Higgs has important implications:

�m2 ⇠ y2v2

�m2 = 0

�m2 ⇠ y2f 2

B
T

t

X2/3
X5/3

Figure 2: The typical spectrum of the top partners.

nature of the Higgs and it would be generically violated, as previously discussed, if this assumption

was relaxed. This result also depends on t
R

being a composite singlet. If t
R

was instead a partially

composite state mixing to a non-trivial representation of SO(5) (for instance a 5) there would be

additional entries in the mass matrix. 8 In a sense our result depends on y being the only relevant

parameter that breaks SO(5) explicitly.

Once the mass-matrix has been put in the block-diagonal form of eq. (2.17) it is straightforward

to diagonalize it and to obtain exact formulae for the rotation matrices and for the masses of the

top and of the T partner. However the resulting expressions are rather involved and we just report

here approximate expressions for the masses. We have

m
t

' c
2

y fp
2

g
 q

g2
 

+ y2
sin ✏


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✓
y2

g2
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◆�
,
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q
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+ y2f2

"
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�
g2
 

+ (1 � c2
2

)y2
�

4
�
g2
 

+ y2
�
2

sin2 ✏ + . . .

#
. (2.18)

From the above equation we obtain the correct order of magnitude for the top mass if, as anticipated,

y ⇠ y
t

and g
 

& 1. In this region of the parameter space the corrections to the approximate formulae

are rather small, being suppressed by both a factor y2/g2
 

(which is preferentially smaller than one)

and by ⇠ ⌧ 1. However we will consider departures from this theoretically expected region and

therefore we will need to use the exact formulae in the following sections.

Similarly we can study the sector of �1/3 charge states. It contains a massless b
L

, because we

are not including the b
R

in our model, plus the heavy B particle with a mass

m
B

=
q

M2

 

+ y2f2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model, any con-

tribution from EWSB. By comparing the equation above with the previous one we find that the

8The top partner’s spectrum with partially composite t
R

has been worked out in Ref. [11, 10].

11

Spectrum: Couplings:

V

t

X
⇠ MX/f

because Goldstones are derivatively coupled

Lightest:  a (2,2)2/3  of  SU(2)L ⊗ SU(2) R ⊗ U(1)X :

21/6

27/6

Lightest fermion QEM=5/3!

Y=TR³+X:

Colored fermion resonances

from A.Wulzer (arXiv: 1211.5663)



Phenomenology

Three possible production mechanisms
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Colored fermion resonance pheno

from A.Wulzer (arXiv: 1211.5663)



q̄ q′

g

g

T̄5/3

q′

q̄

g

W−

W+ b

b̄

t̄

l+ ν
l+ ν

t
T5/3

W−

W+

l+ q′

g

g

B̄

ν

q̄

g

W−

W+ b

b̄

t̄

q̄ q′ l+ ν

t

B

W+

W−

Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L $∂ qL + t̄R $∂ tR

+ Tr
{

Q̄ ( $∂ − MQ)Q
}

+ ¯̃T ( $∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

If this fermion is light, it can be double produced:

same-sign di-leptons

Color vector-like fermions with charge 5/3:
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(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3) ⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L $∂ qL + t̄R $∂ tR

+ Tr
{

Q̄ ( $∂ − MQ)Q
}

+ ¯̃T ( $∂ − MT̃ ) T̃ + Y∗ Tr{Q̄H} T̃ + h.c

+ ∆L q̄L (T, B) + ∆R t̄RT̃ + h.c.

(2)

3

If this fermion is light, it can be double produced:

same-sign di-leptons

Color vector-like fermions with charge 5/3:

ATLAS-CONF-2012-130:

MT5/3
& 700 GeV

� sensitive to predictions
 from Higgs mass!

but could can be improved using single production arXiv: 1211.5663

CMS PAS B2G-12-003:

MT5/3
& 645 GeV
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(model dependence pictured by the elongation of the bar in different color) 
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Figure 11: Maxmal and minimal bounds on the masses of top partners for y 2 [0.3, 3], c1 2 [0.3, 3] and
⇠ 2 [0.1, 0.3] for the models M45, M15 (left pannel) and M414, M114 (right pannel). Blue and green bars
correspond respectively to high and low values of y. Black dashed lines correspond to the exclusions for the
reference values ⇠ = 0.1, c1 = 1, y = 1.

5 Conclusions

In this paper we described an approach to systematically construct the low-energy e↵ective la-

grangian for the lighest colored fermion multiplet related to the UV completion of the top quark

sector: the top partner. Our construction is based on robust assumptions, as concerns symmetries,

and on plausible assumptions, as concerns the dynamics. Our basic dynamical assumption, follow-

ing Ref. [4], is that the electroweak symmetry breaking sector, or at least the fermionic sector, is

broadly decribed by a coupling g⇤ and a mass scale m⇤. This assumption implies a well definite

power counting rule. In particular the derivative expansion is controlled by inverse powers of m⇤.
In the technical limit where the top partner multiplet  , is parametrically much lighter than the

rest of the spectrum (m
 

⌧ m⇤), our power counting provides a weakly coupled e↵ective lagrangian

description of the phenomenology of  . The basic idea is that, in this case, the e↵ects of the bulk of

the unknown spectrum at the scale m⇤ can be systematically described by an expansion in powers of

m
 

/m⇤. The lagrangian obtained in this limit defines our simplified description of the top parters.

One should however keep in mind that the most likely physical situation is one where m⇤�m
 

⇠ m
 

,

where an e↵ective lagrangian is formally inappropriate. In practice, however, we expect it to be more

than adequate for a first semi-quantitative description of the phenomenology and certainly to assess

experimental constraints. The comparison with explicit constructions supports this expectation.

As concerns the symmetries of the strong sector, we considered the minimal composite Higgs

based on the SO(5)/SO(4) coset. Furthermore we focussed on the simplest possibility where the

right-handed top quark t
R

is itself a composite fermion. The leading source of breaking of SO(5) is

thus identified with top quark Yukawa coupling y
t

. In our construction, we have fully exploited the

selection rules obtained by treating y
t

as a small spurion with definite transformation properties. For

instance the structure of the mass spectrum and the couplings are greatly constrained by symmetry

and selection rules. In particular the pNGB nature of the Higgs doublet implies the couplings

originating from the strong sector are purely derivative: at high energy, or for heavy on-shell fermions,

these couplings are e↵ectively quite sizeable and yet they do not a↵ect the spectrum even accounting

for hHi 6= 0. If the Higgs were not treated as a pNGB a large trilinear would be associated with a

large Yukawa coupling and the spectrum would necessarily be a↵ected when hHi 6= 0.
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After LHC8:

Scratching the interesting areas of the models...



Spin=1 resonances

�  Expected mass ~ 3 TeV from EWPT

Searches difficult since, as the ρ in QCD, couples to 
SM fermion through mixing with gauge bosons

➥ Not sensitive at LHC8!

Decay into Goldstones (also strong resonances): WL , ZL

or, when possible, into a pair of tops: tR

Suppressed production cross-section

ρ
γ
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g
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Searching for them?
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LQ3 (bτ), Q=±2/3, ±4/3, β=1.0

stop (bτ)
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b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
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C.I., incl. jet, destructive
C.I., incl. jet, constructive
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jjmColor octet scalar : dijet resonance, 
µe

m, µ)=1) : SS eµe→
L
±± (DY prod., BR(HL

±±H ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, γl

m resonance, γExcited lepton : l-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : 

llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
µT,e/mW* : 
tb

m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt (BR=0.925) : tt →

KK
RS g

νlν,lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / llγγmRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)

Searching for them?

Not fo
und here



•  If at the end we crash with the SM, we crash!  
  ➥ We will be definitely also learning something 
                                       (in a bloody way though)

Conclusions

LHC data has had an important but not determinant impact on BSM

The most important:  MH~125 GeV 

•  We have a plan (well-motivated) and we must go for it 
   with the LHC at 14 TeV

•  Advise: Be open to all version of natural susy (e.g. R-parity  
  breaking, ...), composite Higgs models that we just started to 
explore through fermionic colored resonances, and variants

•  Sorry, but no plan B!!!


