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Effects on the gauge-boson propagators In theories with a Higgs H, one to one correspon-

dence with Dim 6 operators

Grinstein , Wise
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nicely parametrized in terms of 4 quantities (for the EW sector): 



1) Transverse part of gauge bosons:

Y $ (�⇥Bµ�)2

W $ (D⇥Wµ�)2
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Fig. 2. Constraints on the form factors Y and W in models where these are the only new physics effects. We
separately show the impact of EWPT and of LEP2.

need to accurately diagonalize the full mass matrix and find all the eigenvectors, be this a
finite or an infinite-dimensional (Kaluza–Klein) problem. Instead it is often more efficient
to find a convenient set of interpolating fields for the light states and integrate out all the
others. It should be stressed that the fields we integrate out are also not exact mass eigen-
states in general, as they mix with the chosen interpolating fields. But this does not matter
as long as the mass matrix reduced to the fields we integrate out is nonsingular. When
fermions couple to vector bosons like in Eq. (2), taking W̄ , B̄ as the low-energy fields is
the most convenient choice. With this choice, new physics effects are fully parametrized by
vector boson vacuum polarizations. Using the freedom of choosing the appropriate fields
one can drastically simplify the computations and focus directly on the relevant quantities.
For example one immediately sees the equivalence of the 4-fermion interactions mediated
by heavy gauge bosons with a suitable “universal” effect.

5.1. Gauge bosons in 5 dimensions

As a first example we will consider a model where the SM gauge bosons propagate in
a flat extra dimension assumed to be a S1/Z2 orbifold of length L = πR (0 ! y ! L).
The SM fermions and the Higgs are assumed to be confined on the same 4-dimensional
boundary, say, at y = 0.
Previous analyses obtained the following low-energy effective Lagrangian that de-

scribes how heavy KK excitations affect the low-energy interactions of the SM fields:

(14)Leff = LSM − R2
π2

6
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bounds at the per mille level:
gauge bosons look like 

elementary up to Λ ≳ 3 TeV!

(from Tevatron similar but 
weaker bounds for the gluon)
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 Higgs contribute at the loop level to both

2) EW symmetry breaking effects:

bT $ (H†DµH)2

➥ Contribute to the Z-mass:

M2
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 ➜ information on 
         the EWSB sector
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Ŝ

0.003 0.004 0.005 0.006 0.007 0.008

Ε3

0.003

0.004

0.005

0.006

0.007

0.008

0.009

0.01

Ε1

MH ~ 100 GeV

MH ~ 1 TeV ●

LEP1+Tevatron:

� To keep M2
W �M2

Z cos

2 ✓W≈ a “custodial” symmetry must be 
present in the EWSB sector

� A light Higgs is preferred



T̂

Ŝ
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In composite Higgs models:
spin-one resonances can give tree-level contribution to S: 

                       

➥ Certain tuning in the models are needed (<10-20%)

ρ

BW Mρ ≳ 3 TeV when 1 TeV expected
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Wrapping up (before the LHC):

Quite well-measured: 

Not very well-measured (with some hints of BSM) :

Not at all well-measured: 

Leptons, left-handed quarks, gauge bosons

Right-handed quark, especially the top

Higgs



After the LHC
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Testing right-handed quark at the LHC
Best test at the LHC:

pp→ qq → jet+jet   affected at high-energy by (ūR�µuR)2

f2

•
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Figure 1: Dijet di↵erential cross section as a function of � for mjj > 2 TeV at the LHC with
p
s = 7 TeV. The

QCD contribution is shown in solid red line, while the green dashed line includes the contribution from the operator

O(8)
qq with c(8)qq = �0.5 and ⇤ = 1 TeV.

3.1 The F� parameter

To put bounds on BSM four-quark operators, we will follow the method used by the ATLAS

collaboration [2, 3]. This is based on the variable F� defined as the quotient of events with 1 < � <

�c ⌘ 3.32, the central region in the detector, over those with 1 < � < �max ⌘ 30:

F
mcut

jj

� =
N(� < �c,mjj > mcut

jj )

N(� < �max,mjj > mcut
jj )

, (12)

where mcut
jj is the cut over the invariant mass of the two-jet pair. Many systematic e↵ects cancel in

this ratio, providing an optimal test of QCD and a sensitive probe of hard new physics. It is also

useful to write the analytic expression for this observable. Defining the integrated di↵erential cross

section over the angular region from 1 to �0 as

�
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where we have split the contribution of the SM from that of the BSM, and considered that the SM

contribution, being almost flat, dominates in the denominator. By making this approximation the

deviation from the exact value of F� is of order 10%. Using Eqs. (9) and (10), and performing the

integration over �, we obtain the result
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limit. Contributions from the operators of Eq. (8) give
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being the coe�cients ci defined according to Eq. (1). This extends the results of [22]. It is important

to remark that in Eq. (10) we have included terms of order c2i /⇤
4; for ci � 1 these terms are en-

hanced by an extra ci factor with respect to the interference terms (of order ci/⇤2), compensating for

the ŝ/⇤2 suppression factor. Therefore they should be considered in the calculations. Contributions

from operators of dimension eight or larger are always smaller. For example, dimension-eight opera-

tors contributing to dijets involve at most four-fermions and extra derivatives, e.g. @⌫@⌫ ̄�µ  ̄�µ ,

and therefore their coe�cients in front are not parametrically larger than those of dimension-six

four-quark operators. They are then always suppressed by an extra ⇠ ŝ/⇤2.

As compared to the SM contribution Eq. (9), the BSM contribution Eq. (10) is enhanced at large

ŝ and large CM scattering angle ✓⇤, or equivalently, for large (negative) t̂ = �ŝ(1� cos ✓⇤)/2. It is

convenient to define the angular variable � = (1 + | cos ✓⇤|)/(1 � | cos ✓⇤|) = �(1 + ŝ/t̂) 2 [1,+1)

that can also be written as � = e|y1�y2| where y1,2 are the rapidity of the two jets. The QCD

contribution to the di↵erential cross section d�(pp ! jj)/d� is almost flat in �, while that of BSM

grows for small values of �, as can be appreciated in Fig. 1.
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ŝ2

�
+

4

27⇡⇤4


Bq

i

1 +Bq
i

2
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LHC recent data

Nothing seen beyond QCD!



Bounds on the scale suppressing 
four-quark interactions

bounds as good as for leptons
at LEP2

}
arXiv:1201.6510
using 7 TeV data

Recast as a bound on gauge-boson propagator p²/Λ² effects:
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Figure 5: Excluded region in the gL � gR plane by the mjj > 3 TeV CMS dijet analysis.
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including Fig. 5 for a gluonic resonance coupled to both LH and RH quarks.

In the case of Sec. 4.3 the new bound for the Z parameter is,

� 9⇥ 10�4 . Z . 3⇥ 10�4. (34)

While the bounds for the W and the Y parameters are shown in Fig. 6.

Finally, concerning Sec. 4.4 and the flavor invariant case we have to replace Eq. (28) by,

c(8)A

⇤2
. 0.2

TeV2 , (35)
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Figure 2: Excluded region in the gL � gR plane by the mjj > 2 TeV dijet analysis.

They manifest themselves as deviations of the self-energies of such vector bosons, and can be

parametrized by the following higher dimensional operators:

�Y

4m2
W

(@⇢Bµ⌫)
2,

�W

4m2
W

(D⇢W
I
µ⌫)

2,
�Z

4m2
W

(D⇢G
A
µ⌫)

2 . (23)

At large momenta as compared to the masses of the gauge bosons, these operators induce e↵ective

four-fermion operators, equivalent to those arising from integrating out a very heavy copy of the

corresponding gauge boson. Therefore our dijet analysis can be conveniently used to put bounds

on these parameters. We show in Fig. 3 our results in the W -Y plane. Although bounds from LEP

[20] are still stronger, this analysis shows that LHC will be competitive when running at a higher

energy. Regarding the Z-parameter our analysis gives the strongest bound up to date:

� 3⇥ 10�3 . Z . 6⇥ 10�4. (24)

4.4 Bounds on new interactions for the AFB of the top

The recent discrepancy between the measured AFB of the top and its SM prediction [11, 12] has

boosted the search for BSM that could explain it. Dijet angular distributions can be useful to

constrain these models. As an example, we consider the proposal of Refs. [30, 31] where the

measured value of the top asymmetry was explained by the following new interaction:

Leff =
c(8)A

⇤2
O(8)

A =
c(8)A

⇤2
(ū TA�µ�5u)(t̄ TA�µ�

5t) . (25)
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including Fig. 5 for a gluonic resonance coupled to both LH and RH quarks.

In the case of Sec. 4.3 the new bound for the Z parameter is,

� 9⇥ 10�4 . Z . 3⇥ 10�4. (34)

While the bounds for the W and the Y parameters are shown in Fig. 6.

Finally, concerning Sec. 4.4 and the flavor invariant case we have to replace Eq. (28) by,

c(8)A

⇤2
. 0.2

TeV2 , (35)
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Furthermore, processes with other families in the final states but having u, d in the initial state,

such as uu ! ss, cc, do not arise from the four-quark operators of A.1.1 due to the flavor symmetry

GF . We are then led to consider partonic processes involving only first family quarks, uu ! uu,

dd ! dd and ud ! ud, that allow us to reduce the set of operators of Eq. (36) to

O(1)
uu = (ūR�

µuR)(ūR�µuR)

O(1)
dd = (d̄R�

µdR)(d̄R�µdR)

O(1)
ud = (ūR�

µuR)(d̄R�µdR)

O(8)
ud = (ūR�

µTAuR)(d̄R�µT
AdR)

O(1)
qq = (q̄L�

µqL)(q̄L�µqL)

O(8)
qq = (q̄L�

µTAqL)(q̄L�µT
AqL)

O(1)
qu = (q̄L�

µqL)(ūR�µuR)

O(8)
qu = (q̄L�

µTAqL)(ūR�µT
AuR)

O(1)
qd = (q̄L�

µqL)(d̄R�µdR)

O(8)
qd = (q̄L�

µTAqL)(d̄R�µT
AdR) (8)

where here we do not sum over flavor indices and from now on qL = (uL, dL). Apart from Eq. (8),

there are other dimension-six operators (see the lists of A.1.2, A.2 and A.3) that can contribute

to dijets. Nevertheless, these other operators are either suppressed by v2/p2 or Yukawa couplings

with respect to those of Eq. (8), or can be rewritten, by use of equations of motion, as four-quark

operators plus other operators not relevant for dijet physics. Therefore Eq. (8) exhausts the list of

all leading operators contributing to dijets.

At the partonic level the SM di↵erential cross section of pp ! jj is dominated by QCD interac-

tions [21]:
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� ŝû
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8
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✓
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1

t̂û
� 1

ŝ2

◆
, (9)

where ŝ, t̂ and û are the partonic Mandelstam variables, and we are working in the massless quark

5

Operator ⇤�/
p
ci ⇤+/

p
ci ( TeV)

O(1)
uu 4.5 3.0

O(1)
dd 2.4 2.0

O(1)
ud 2.2 2.2

O(8)
ud 1.8 1.3

O(1)
qq 5.0 3.5

O(8)
qq 3.4 2.0

O(1)
qu 2.5 2.5

O(8)
qu 1.9 1.5

O(1)
qd 1.9 1.9

O(8)
qd 1.4 1.2

Table 4: Bounds at 95% CL on the scale suppressing the four-quark interactions corresponding to the 2011 dijet
data set by CMS. We denote by ⇤± the bound on this scale obtained when taking the coe�cient in front of the
operator ci = ±1, and considering the e↵ects of the operators one by one.

Composite States f ( TeV)
dR 1.5
uR 3.2

uR, dR 3.6
qL 3.8

qL, dR 4.0
qL, uR 4.9

qL, uR, dR 5.2

Table 5: 95% CL bounds on the scale f = m⇢/g⇢ for di↵erent composite quark scenarios corresponding to the
2011 dijet data set by CMS.
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Plenty of new relevant data



Plenty of new relevant data

Let’s first address possible new physics in the 
top FB asymmetry measured at Tevatron:

1) Expecting larger production cross-section, 
              specially at large invariant-mass from new physics



New LHC data: tt cross-sections
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Cross section results at 8 TeV
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Excellent agreement 
with the SM
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2) Expecting deviations form top asymmetries
from new physics

1) Expecting larger production cross-section, 
              specially at large invariant-mass from new physics

Plenty of new relevant data

Let’s first address possible new physics in the 
top FB asymmetry measured at Tevatron:



pp-collider: Symmetric initial state.  We must exploit that valence quarks 
               have  ~ more momentum than (sea) antiquark

➥ different rapidity distributions

pp-collider:   ~ known direction of the quark and antiquark:-

proton
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At the LHC, no meaning of the Forward-Backward asymmetry



LHC data

At the 
LHC:

Δ y = yt − yt

AC =
N(Δ y > 0)− N(Δ y < 0)
N(Δ y > 0)+ N(Δ y < 0)

Reconstructing tt:

tt-Charge Asymmetry-
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Figure 3. Measurements of AC (inclusive)
at the LHC.
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Figure 4. Comparison of predictions for
the inclusive asymmetries AFB and AC for
several simple models.

and AC within a given model brings important consequences for the model [29], as it is clearly
depicted in Fig. 4. In particular, the W 0 models are clearly disfavoured, as they predict values
of AC more than 3� above present data when accommodating the Tevatron asymmetry. For
the rest of simple models the fate is uncertain as they are consistent with data at the 2� level.
The di�culty to simultaneously reproduce the central values of AFB and AC has motivated the
appearance of several less simple models [30,31] that can accommodate the central values of the
Tevatron and LHC asymmetries, by introducing some type of cancellation among contributions.
(See also Refs. [32, 33].)

4. The parents: the collider-independent asymmetries.
The Tevatron asymmetry AFB and the LHC asymmetry AC originate from the “intrinsic”
partonic asymmetries in uū ! tt̄, dd̄ ! tt̄, which will be denoted hereafter as Au, Ad,
respectively [28]. At leading order (LO), these asymmetries only depend on the partonic CM
energy ŝ. As a consequence of this, for a suitably narrow interval of mtt̄ the asymmetries Au,
Ad are nearly the same at the Tevatron and the LHC. The “daughter” asymmetries AFB, AC

can be regarded as di↵erent combinations of Au and Ad, the di↵erences arising because

• at these two colliders the importance of uū ! tt̄ and dd̄ ! tt̄, relative to the total tt̄
production rate, changes due to parton density functions (PDFs);

• at the LHC the asymmetry AC su↵ers from a “dilution” because not always the initial
valence quark has larger momentum fraction than the sea antiquark. In case that the
antiquark has larger momentum fraction, a “forward” event, that is, with the top quark in
the direction of the incoming quark (cos ✓ > 0), has �|y| < 0 and contributes negatively to
AC .

Then, a possible experimental test of the consistency of AFB (higher than the SM prediction)
with AC (consistent with the SM) would be to measure the “collider-independent” asymmetries
Au and Ad.4 In experiments, the intrinsic asymmetries Au, Ad can be extracted by exploiting

4 Although we use the name “collider-independent” for Au and Ad, to be precise it must be noted that at next-
to-leading order (NLO) some di↵erences are introduced, of little relevance from a practical point of view. These
are mainly originated from the need to replace a fixed partonic CM energy ŝ by a narrow mtt̄ interval, which
introduces some deviations due to a residual dependence on PDFs. Besides, the asymmetries in gq ! tt̄j are

arXiv:1302.6618LHC data

No deviation with respect the SM!

At the 
LHC:

Δ y = yt − yt

AC =
N(Δ y > 0)− N(Δ y < 0)
N(Δ y > 0)+ N(Δ y < 0)

Reconstructing tt:

tt-Charge Asymmetry-
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and AC within a given model brings important consequences for the model [29], as it is clearly
depicted in Fig. 4. In particular, the W 0 models are clearly disfavoured, as they predict values
of AC more than 3� above present data when accommodating the Tevatron asymmetry. For
the rest of simple models the fate is uncertain as they are consistent with data at the 2� level.
The di�culty to simultaneously reproduce the central values of AFB and AC has motivated the
appearance of several less simple models [30,31] that can accommodate the central values of the
Tevatron and LHC asymmetries, by introducing some type of cancellation among contributions.
(See also Refs. [32, 33].)

4. The parents: the collider-independent asymmetries.
The Tevatron asymmetry AFB and the LHC asymmetry AC originate from the “intrinsic”
partonic asymmetries in uū ! tt̄, dd̄ ! tt̄, which will be denoted hereafter as Au, Ad,
respectively [28]. At leading order (LO), these asymmetries only depend on the partonic CM
energy ŝ. As a consequence of this, for a suitably narrow interval of mtt̄ the asymmetries Au,
Ad are nearly the same at the Tevatron and the LHC. The “daughter” asymmetries AFB, AC

can be regarded as di↵erent combinations of Au and Ad, the di↵erences arising because

• at these two colliders the importance of uū ! tt̄ and dd̄ ! tt̄, relative to the total tt̄
production rate, changes due to parton density functions (PDFs);

• at the LHC the asymmetry AC su↵ers from a “dilution” because not always the initial
valence quark has larger momentum fraction than the sea antiquark. In case that the
antiquark has larger momentum fraction, a “forward” event, that is, with the top quark in
the direction of the incoming quark (cos ✓ > 0), has �|y| < 0 and contributes negatively to
AC .

Then, a possible experimental test of the consistency of AFB (higher than the SM prediction)
with AC (consistent with the SM) would be to measure the “collider-independent” asymmetries
Au and Ad.4 In experiments, the intrinsic asymmetries Au, Ad can be extracted by exploiting

4 Although we use the name “collider-independent” for Au and Ad, to be precise it must be noted that at next-
to-leading order (NLO) some di↵erences are introduced, of little relevance from a practical point of view. These
are mainly originated from the need to replace a fixed partonic CM energy ŝ by a narrow mtt̄ interval, which
introduces some deviations due to a residual dependence on PDFs. Besides, the asymmetries in gq ! tt̄j are
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semi leptonic decay results

ATLAS [Eur. Phys. J. C72 (2012) 2039]:   

CMS [Phys. Lett. B717 (2012) 129]:       

dileptonic decay results

ATLAS [ATLAS-CONF-2012-057]:   

CMS [CMS PAS TOP-12-010]:         

ACtheory (7TeV)= 0.0115 ± 0.0006

J.H. Kuhn and G. Rodrigo 
JHEP 1201 (2012)

CMS result compares with an Effective Field Theory model including axial coupling of gluons (EAG)  
(Gabrielli, Giammanco, Raidal et al.)  Need better precision to distinguish between NLO SM and EAG.
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No increase 
with the 

invariant mass

7

values and respective uncertainties. The width of the resulting asymmetry distribution is taken
to be the magnitude of the systematic effect. In the inclusive measurement this is the dominant
systematic uncertainty in the measurement, contributing by about 90 % to the positive system-
atic error.

Unfolding: Five different reweighting scenarios are taken into account and averaged, as was
done in [37].

7 Results

As mentioned in the introduction, recent deviations from the Standard Model expectation on
the measurement of the Charge Asymmetry at the Tevatron, motivate the measurement, not
only inclusively, but also as a function of the invariant mass of the tt̄ system or as function of
other variables sensitive to new physics effects.
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Figure 3: Unfolded results compared to theoretical predictions. Upper Left: Inclusive measure-
ment (statistical error only), Upper Right: Differential asymmetry in Mtt̄, Lower Left: Differ-
ential asymmetry in pT,tt̄, Lower Right: Differential asymmetry in yT,tt̄ (the internal error bars
represent statistical uncertainties only, while the systematic uncertainty is represented by the
external error bars). Note that the bin values are correlated due to the unfolding.

In figure 3 the sensitive variable |yt|� |yt̄| spectra measured in data is compared to the expected
MC spectra from MC@NLO simulation. The inclusive Charge Asymmetry measured is: AC =
0.050 ± 0.043(stat)+0.010

�0.039(syst). This value is compatible to the MC@NLO prediction and to the
value from recent theoretical calculation including QCD and electroweak corrections: 0.0123 ±
0.0005 (see Table 8 of [40]), with error due to scale variations.

At the 
LHC:

Δ y = yt − yt

AC =
N(Δ y > 0)− N(Δ y < 0)
N(Δ y > 0)+ N(Δ y < 0)

Reconstructing tt:

tt-Charge Asymmetry-
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and AC within a given model brings important consequences for the model [29], as it is clearly
depicted in Fig. 4. In particular, the W 0 models are clearly disfavoured, as they predict values
of AC more than 3� above present data when accommodating the Tevatron asymmetry. For
the rest of simple models the fate is uncertain as they are consistent with data at the 2� level.
The di�culty to simultaneously reproduce the central values of AFB and AC has motivated the
appearance of several less simple models [30,31] that can accommodate the central values of the
Tevatron and LHC asymmetries, by introducing some type of cancellation among contributions.
(See also Refs. [32, 33].)

4. The parents: the collider-independent asymmetries.
The Tevatron asymmetry AFB and the LHC asymmetry AC originate from the “intrinsic”
partonic asymmetries in uū ! tt̄, dd̄ ! tt̄, which will be denoted hereafter as Au, Ad,
respectively [28]. At leading order (LO), these asymmetries only depend on the partonic CM
energy ŝ. As a consequence of this, for a suitably narrow interval of mtt̄ the asymmetries Au,
Ad are nearly the same at the Tevatron and the LHC. The “daughter” asymmetries AFB, AC

can be regarded as di↵erent combinations of Au and Ad, the di↵erences arising because

• at these two colliders the importance of uū ! tt̄ and dd̄ ! tt̄, relative to the total tt̄
production rate, changes due to parton density functions (PDFs);

• at the LHC the asymmetry AC su↵ers from a “dilution” because not always the initial
valence quark has larger momentum fraction than the sea antiquark. In case that the
antiquark has larger momentum fraction, a “forward” event, that is, with the top quark in
the direction of the incoming quark (cos ✓ > 0), has �|y| < 0 and contributes negatively to
AC .

Then, a possible experimental test of the consistency of AFB (higher than the SM prediction)
with AC (consistent with the SM) would be to measure the “collider-independent” asymmetries
Au and Ad.4 In experiments, the intrinsic asymmetries Au, Ad can be extracted by exploiting

4 Although we use the name “collider-independent” for Au and Ad, to be precise it must be noted that at next-
to-leading order (NLO) some di↵erences are introduced, of little relevance from a practical point of view. These
are mainly originated from the need to replace a fixed partonic CM energy ŝ by a narrow mtt̄ interval, which
introduces some deviations due to a residual dependence on PDFs. Besides, the asymmetries in gq ! tt̄j are
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semi leptonic decay results

ATLAS [Eur. Phys. J. C72 (2012) 2039]:   

CMS [Phys. Lett. B717 (2012) 129]:       

dileptonic decay results

ATLAS [ATLAS-CONF-2012-057]:   

CMS [CMS PAS TOP-12-010]:         

ACtheory (7TeV)= 0.0115 ± 0.0006

J.H. Kuhn and G. Rodrigo 
JHEP 1201 (2012)

CMS result compares with an Effective Field Theory model including axial coupling of gluons (EAG)  
(Gabrielli, Giammanco, Raidal et al.)  Need better precision to distinguish between NLO SM and EAG.

]2 [GeV/cttm
300 400 500 600 700 800

CA

-0.05

0

0.05

0.1
Data
EAG
NLO prediction

CMS
 = 7 TeVs at  -15.0 fb

l+jets

AC = 0.050 ± 0.043(stat ) ±0.039
0.010

(syst )

AC = 0.004 ± 0.010(stat ) ± 0.011(syst )

AC = −0.019 ± 0.028(stat ) ± 0.024(syst )

AC = 0.057 ± 0.024(stat ) ± 0.015(syst ) A
ll
C = 0.023± 0.012(stat ) ± 0.008(syst )

All
C = 0.010 ± 0.015(stat ) ± 0.006(syst )

ATLAS Combined              
[ATLAS-CONF-2012-057]: 

AC = 0.029 ± 0.018(stat ) ± 0.014(syst )

7

values and respective uncertainties. The width of the resulting asymmetry distribution is taken
to be the magnitude of the systematic effect. In the inclusive measurement this is the dominant
systematic uncertainty in the measurement, contributing by about 90 % to the positive system-
atic error.

Unfolding: Five different reweighting scenarios are taken into account and averaged, as was
done in [37].

7 Results

As mentioned in the introduction, recent deviations from the Standard Model expectation on
the measurement of the Charge Asymmetry at the Tevatron, motivate the measurement, not
only inclusively, but also as a function of the invariant mass of the tt̄ system or as function of
other variables sensitive to new physics effects.
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Figure 3: Unfolded results compared to theoretical predictions. Upper Left: Inclusive measure-
ment (statistical error only), Upper Right: Differential asymmetry in Mtt̄, Lower Left: Differ-
ential asymmetry in pT,tt̄, Lower Right: Differential asymmetry in yT,tt̄ (the internal error bars
represent statistical uncertainties only, while the systematic uncertainty is represented by the
external error bars). Note that the bin values are correlated due to the unfolding.

In figure 3 the sensitive variable |yt|� |yt̄| spectra measured in data is compared to the expected
MC spectra from MC@NLO simulation. The inclusive Charge Asymmetry measured is: AC =
0.050 ± 0.043(stat)+0.010

�0.039(syst). This value is compatible to the MC@NLO prediction and to the
value from recent theoretical calculation including QCD and electroweak corrections: 0.0123 ±
0.0005 (see Table 8 of [40]), with error due to scale variations.

At the 
LHC:

Δ y = yt − yt

AC =
N(Δ y > 0)− N(Δ y < 0)
N(Δ y > 0)+ N(Δ y < 0)

Reconstructing tt:
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Prediction from resonances



1) Expecting large production cross-section, 
              specially at large invariant-mass from new physics

2) Expecting deviations form top asymmetries
from new physics

Plenty of new relevant data

Let’s first address possible new physics in the 
top FB asymmetry measured at Tevatron:



 tR  remains as the only quark with possible large BSM effects  
Also the only one really motivated by composite Higgs models
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Figure 4: Diagrams in the 4D holographic theory that generate the top Yukawa coupling (a), a

correction to Z → bL b̄L (b), and the T parameter (c). A grey blob represents the 4D CFT dynamics

or the 5D bulk. Another possible diagram contributing to Z → bL b̄L , similar to (b) but with two Σ

fields attached, is not shown.Denoting with δgLb the shift in the coupling of bL to Z, NDA leads to the estimates 6
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where we have used eqs. (3) and (35). We have also included a new parameter η to take into account

a possible deviation from NDA in the coupling of the composite fermions to the Higgs (a chirality

flip factor). 7
From eq. (44) we see that the (liberal) bound δgLb/gLb ! 1% from LEP is satisfied

for values of cq close to 1/2. For example, ε $ 0.4 implies cq $ 0.4. From eq. (45), on the other

hand, we see that the 99% CL bound on the T parameter, T ! 0.3 [9] 8, can also be satisfied for

reasonable values of the parameters. For example, setting η ∼ 1, then ε $ 0.4 implies cu $ −0.1 for

N $ 10. Thus, both estimates give δgLb and T close to the experimental limit for values of the 5D

parameters used in the analysis of section 3.2. This is an indication that our model can succeed in

passing all EWPT, although eqs. (44), (45) should not be taken too seriously, being only estimates

and not exact results. One can take into account the correlation among T , δgLb and the top mass

by making use of the NDA estimate for m
tm

t ∼ λqλu
N
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√
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N v η ,

(47)

6
If fig. 4 is drawn using resonances, one can show that there are two kind of diagrams contributing to δgLb and

∆ρ . Either the Higgs couples to a vector resonance, or to a fermionic resonance through a chirality flip. One can

show that the dominant contribution to δgLb and ∆ρ are respectively that with zero and four chirality flips.

7
This corresponds in the 5D theory to the mass mixing parameters eq. (28).

8
It corresponds to an extra contribution to the ε1 parameter [15] ∆ε1 ! 2.5 · 10−3

relative to the SM value with

m
Higgs=115 GeV.
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Figure 1: Examples of Feynman diagrams for b′ pair production (a), T5/3 pair (b) and single (c) produc-
tions, and four top quarks event production through a four-top quark contact interaction (d).

2.1 Pair production of down-type heavy quarks (b′)

The first signal process is based on the hypothesis that a fourth generation of fermions may extend the
particle content of the SM [4]. Direct Higgs searches combining the search channels γγ, ZZ, WW,
b  b, and τ+τ− disfavor a sequential fourth generation [5–8] as the model predicts a specific hierarchy
of signal strengths which is not supported by the experimental results: while Higgs production cross
section in gluon-gluon fusion at the Tevatron and LHC is enhanced by about a factor of nine for a
Higgs boson mass of 126 GeV, associated Higgs production (HW and HZ) relevant for searching for
H → b  b does not get such an enhancement factor from the presence of fourth generation. However, the
Higgs decay branching fraction to γγ is heavily suppressed in a sequential fourth generation model and
can even over-compensate the gluon-gluon fusion enhancement factor. Moreover, all Higgs branching
fractions can be suppressed by a common reduction factor by adjusting the heavy neutrino mass of
the fourth generation Dirac neutrino so that invisible Higgs decays become possible. Additionally a
fourth generation extension might still be in accordance with experimental constraints when extending
the Higgs sector, like in Two-Higgs-Doublet models [9].

Electroweak precision observables favour the region mt′ > mb′ (although mt′ < mb′ is not excluded),
with differences as large as mt′ − mb′ = mW being disfavoured. In the scenario studied in this note,
the b′ can not decay into a t′ and decays into the final states u/c + W− as well as t + W−, as long as
mb′ − mt > mW , which is equivalent to mb′ > 255 GeV. If one assumes Vu(c)b′ $ Vtb′ the dominant
decay is b′ → t +W−. In this case it is possible to search for b′ quarks by looking for pairs of same-sign
charged leptons accompanied by a large number of jets, two of them arising from b quarks, as illustrated
in Figure 1(a).

2

σ < 61 fbATLAS-CONF-2012-130: Λ≳500 GeV (for yR~1)
PHYSICAL REVIEW D 78, 074026 (2008)

To be seen in 4 top-quark production: 



`W*and*`Z*Produc2on*
!  `V*measurement*#*test*SM*top^vector*boson*coupling.**

!  Important*background*in*new*physics*searches*and*`H*
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First evidence of ttZ production:
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where xWt = m2
W /m2

t and

f(xWt) =
(1 − xWt)2

2[1 − 7xWt + 6x2
Wt − xWt(3 + 2xWt) ln xWt]

" 0.34 . (5.10)

This shows that present limits from flavour physics give only a mild constraint on cRξ and,

with improved experimental accuracy, the coefficient cR can potentially lead to observable

signals. It is also interesting to consider effects of cR in rare top decays. By defining θti as

the mixing angle between the current tR state and the mass eigenstates, we find

Γ(t → cZ) =
mt

2π

(
ξcRgθtc

16 cos θW

)2 (1 + 2xZt)(1 − xZt)2

xZt
, (5.11)

where xZt = m2
Z/m2

t . This gives a branching ratio

BR(t → cZ) = 2 × 10−4 (ξcR)2
(

θtc

Vcb

)2

. (5.12)

Since the LHC is expected to reach a sensitivity on BR(t → cZ) of 2× 10−4 with 100 fb−1,

a signal from cR is possible, but requires a mixing angle θtc larger than the corresponding

CKM element Vcb.

Let us finally comment on possible implications of the operator proportional to c4t.

Analogously to cH for WW scattering, this operator induces a tt̄ scattering that grows with

energy. At the LHC this will give an enhancement of the cross-section pp → tt̄tt̄ where a tt̄

pair is produced by the new 4-top interaction. The coefficient c4t gives also contributions

to flavor processes. For example it contributes to ∆mD, the mass difference of neutral D

mesons:

∆mD =
2

3
ξc4tmD

f2
D

v2
θ2
tcθ

2
tu = ξc4t

(
θtc

Vcb

)2 (
θtu

Vub

)2

2 × 10−11 MeV. (5.13)

For mixing angles of the order of the corresponding CKM elements, this prediction is not

far from the present experimental bound, which is ∆mD < 4 × 10−11 MeV.

6. Conclusions

If the weak scale originates from dimensional transmutation in some new strong sector then

the physics of the Higgs will manifest important deviations with respect to Standard Model

expectations. Technicolor represents the simplest and perhaps most dramatic such possi-

bility: no narrow state can be identified as the Higgs boson. Simple technicolor is however

at odds with electroweak precision tests and largely because of the absence of a light Higgs

resonance. Models where, in addition to the three eaten Goldstone bosons, a light pseudo-

Goldstone Higgs appears in the low-energy theory can fare better in electroweak data for

two reasons. On one hand, a light Higgs screens the infrared contribution to Ŝ. On the

other hand, the vacuum dynamics of the pseudo-Goldstone is determined by extra param-

eters (SM couplings among them) and therefore one can imagine obtaining v2/f2 a little

bit below 1, which is enough to suppress the UV contribution Ŝ ∼ (NTCg2/16π2)(v2/f2)

– 31 –

BR(t→Zq) < 0.21%

ξ=(v/Λ)²  for yR~1

CMS bound: arXiv:1208.0957

JHEP06(2007)045

Also flavor-
changing decays:
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t = b W FL   [SM≃0.311]
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(1− cos2θ *)F0 +

3
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(1− cosθ *)2FL +
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(1+ cosθ *)2FR

t = b W t b W

V-A SM nature of the tWb coupling can be probed using θ*

compute cosθ* to measure contributions from different helicities
F0/L/R relative contributions for SM are well known
Different relative contrib. can indicate new physics 

in SM only VL ≠ 0 and gR = gL = VR = 0

F0   [SM≃0.687] FR   [SM≃0.001]



New constraints 
on top dipole moments:

W*Boson*Polariza2on*from*`~*Events*

!  BSM*contribu2ons*to*Wtb*vertex*modify*helicity*frac2ons.**

!  In*the*effec2ve*opera2ve*framework*Wtb*vertex*can*be*parametrized*as**

*

!  Parametriza2on*of*top*quark*par2al*width*in*terms*of*W^helicity*frac2ons*

θ*:*angle*between*the*p(d^type*fermion)*in*
W*rest^frame*and*p(W)*in*top*rest^frame.*

SM : VL =Vtb ≈1
VR = gL = gR = 0

Non^zero*anomalous*couplings*VR,*gL,*gR*can*be*probed*with*helicity*frac2ons.*

EPJ^C*50*(2007)*519**
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CMS (single top 7TeV + 8TeV)
[CMS PAS TOP-12-20]

F0 =  0.713 ± 0.114 (stat) ± 0.023 (syst)

FL =  0.293 ± 0.069 (stat) ± 0.030 (syst)

FR = -0.006 ± 0.057 (stat) ± 0.027 (syst)

ATLAS (l+jets + dilepton combined) 
[JHEP 1206 (2012) 088]

F0 = 0.67 ± 0.03 (stat) ± 0.06 (syst)

FL = 0.32 ± 0.02 (stat) ± 0.03 (syst)

FR = 0.01 ± 0.01 (stat) ± 0.04 (syst)

Results compatible 
with SM

Used to probe anomalous couplings 

CMS (dilepton)
[CMS PAS TOP-12-15]

F0 =  0.698 ± 0.057 (stat) ± 0.063 (syst)

FL =  0.288 ± 0.035 (stat) ± 0.050 (syst)

FR = -0.014 ± 0.027 (stat) ± 0.055 (syst)

New New

New
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A Higgs-like state has been discovered

with no 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! 

The 4th of July of 2012 marked 
a new milestone in particle physics



mH ⇡ 125 GeV

What the Higgs mass

tells us?



mH ⇡ 125 GeV

What the Higgs mass

tells us?

~  0.26 (perturbative coupling)

Origin of the EWSB potential → a weakly-coupled theory

Light state:

If it has to do with EWSB: m2
H = �v2

Origin of the EWSB potential → a weakly-coupled theory



Fabiola Gianotti:  “Nature has been kind to us...”

Excellent for experimentalists: 
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Fig. 35: SM Higgs branching ratios as a function of the Higgs-boson mass.
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Fig. 36: SM Higgs total width as a function of the Higgs-boson mass.
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Most of decay modes visible: mH ⇡ 125 GeV



For theorist...



Higgs mass
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Composite PGB Higgs
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Rough Higgs-mass range predictions



125 GeV SM Higgs



In the SM:

Only a small window
 in the Higgs mass

 makes the SM consistent 
all the way to the Planck scale

 

Evolves with the energy  
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3
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Demanding λ  not too large (keep perturbativity), 
               not too negative that destabilizes the Higgs potential:

from Phys.Lett. B679 (2009) 369

{
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mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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from Phys.Lett. B679 (2009) 369

{

A 125 GeV Higgs is 
in this window!

Demanding λ  not too large (keep perturbativity), 
               not too negative that destabilizes the Higgs potential:



125 GeV MSSM Higgs



In the MSSM:

➥ susy breaking term
 (at one-loop)

M2
h  M2

Z +�m2



(125 GeV)2

(91 GeV)2 (86 GeV)2

In the MSSM:

➥ susy breaking term
 (at one-loop)

both have similar size: 
Non-small Susy breaking effects
}

M2
h  M2

Z +�m2



Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(Dated: December 15, 2011)

Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⌘
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� & 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇡ ±

p
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇡ 125 GeV, we must have

tan� & 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⇠ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇡ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| & 1000 GeV, MS & 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇡ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger
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tions from stops are responsible for lifting this bound
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dominant to the stop sector. Even with large loop e↵ects,
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consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
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ular requires large mixings among the stops.
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coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.
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Implications: Large tanβ, large stop masses or trilinears
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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.
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Implications in particular models 
of susy-breaking



Soft terms must be generated in a clever way
(family-symmetric)

Most interesting possibilities:

1) Low-scale susy breaking:  Gauge mediation

2) High-scale susy breaking: 
       Gravity/Moduli/Extra-dim mediation



gauge bosons

1) Gauge mediation

Susy breaking sector

MSSM

Gauge interactions are “flavor blind”:
Universal masses for squarks/sleptons with equal charges

New sector

In minimal models trilinears are not generated 
(only via RG-evolution)



Very predictive (in the minimal case). 
Just calculate loops:

Figure 6.4: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

order Mmess ∼ yI〈S〉 for I = 2, 3. The running mass parameters can then be RG-evolved down to the
electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 6.4, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(

α2

4π

)2

C2(i) +
(

α1

4π

)2

C1(i)

]

, (6.55)

with the quadratic Casimir invariants Ca(i) as in eqs. (5.27)-(5.30). The squared masses in eq. (6.55)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (6.56)

a significantly stronger condition than eq. (5.19). Again, eqs. (6.55) and (6.56) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 5.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (5.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 7.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (6.53) and (6.55) correspond to the estimate eq. (6.27) for msoft, with
Mmess ∼ yI〈S〉. Equations (6.53) and (6.55) hold in the limit of small 〈FS〉/yI〈S〉2, corresponding to
mass splittings within each messenger supermultiplet that are small compared to the overall messenger
mass scale. The sub-leading corrections in an expansion in 〈FS〉/yI〈S〉2 turn out [160] to be quite small
unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q

60

Figure 6.3: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

〈FS〉

〈S〉

Replacing S and FS by their VEVs, one finds quadratic mass terms in the potential for the messenger
scalar leptons:

V = |y2〈S〉|2(|!|2 + |!|2) + |y3〈S〉|2(|q|2 + |q|2)
−

(
y2〈FS〉!! + y3〈FS〉qq + c.c.

)

+ quartic terms. (6.49)

The first line in eq. (6.49) represents supersymmetric mass terms that go along with eq. (6.44), while
the second line consists of soft supersymmetry-breaking masses. The complex scalar messengers !, !
thus obtain a squared-mass matrix equal to:

( |y2〈S〉|2 −y∗2〈F ∗
S〉

−y2〈FS〉 |y2〈S〉|2
)

(6.50)

with squared mass eigenvalues |y2〈S〉|2 ± |y2〈FS〉|. In just the same way, the scalars q, q get squared
masses |y3〈S〉|2 ± |y3〈FS〉|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

!, ! : m2
fermions = |y2〈S〉|2 , m2

scalars = |y2〈S〉|2 ± |y2〈FS〉| , (6.51)

q, q : m2
fermions = |y3〈S〉|2 , m2

scalars = |y3〈S〉|2 ± |y3〈FS〉| . (6.52)

The supersymmetry violation apparent in this messenger spectrum for 〈FS〉 $= 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 6.3. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 6.3 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and !, ! messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [159] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (6.53)

in the normalization for αa discussed in section 5.4, where we have introduced a mass parameter

Λ ≡ 〈FS〉/〈S〉 . (6.54)

(Note that if 〈FS〉 were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (6.53) holds for the running gaugino masses at an RG
scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly of
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Depends on 4 parameters: 
1) μ-term: Higgsino mass
2) Bμ-term: Higgs mixing mass
3) Susy-breaking scale:  F 
4) Scale where the soft-terms
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).

arXiv:1112.3068

➥ obviates LHC searches!

GMSB:

gaugino 
mass



from arXiv:1207.1348

Figure 5: Maximal Higgs mass (in GeV) in CMSSM in function of the scale MS = p
m

˜t1
m

˜t2
(in

GeV) for di↵erent top mass values.

Figure 6: Parameter space for the various regimes of the MSSM Higgs sector as defined in the
text and in eq. (8) in the tan�–MA plane, in the maximal mixing scenario with MS = 2 TeV. The
constraints from A ! ⌧⌧ (continuous green line) and t ! H+b (dashed green line) searches at the
LHC are shown together with the LEP2 constraint (continuous black line).

4.4 Higgs signal and MSSM parameters in the SUSY regime

In the SUSY regime the Higgs decay rate can be a↵ected by the contributions of SUSY particles
in the loops. This makes a detailed study of the MSSM parameter space in relation to the first
results reported by ATLAS and CMS particularly interesting for estimating its sensitivity to
specific regions of parameters. In particular, the decay branching fraction into �� are modified
by both mixing e↵ects and light sparticle contributions [10]. We study these e↵ects on the
points of our pMSSM scan. In the following, we use the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h0 ! XX), normalised to its SM value.
We also use the notation µXX to indicate the ratio of product of the inclusive production and
the decay branching ratio for the final state XX to its SM value, µXX = �⇥BR(h!XX)

�⇥BR(H!XX)|SM
. A

major source of deviations from unity for the R values is due to a reduction of the h total
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Higgs mass in particular models of susy breaking:

This implies that most superpartners are
beyond present LHC searches!
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