
NEW PHYSICS             
AT THE LHC

JOSEPH LYKKEN

FERMILAB

45TH ANNUAL FERMILAB USERS MEETING
12-13 JUNE 2012



2

New Physics at the LHC? 

   J. Lykken    “New Physics at the LHC”                                                                                          45th Annual Fermilab Users Meeting, 12-13 June 2012



3

New Physics at the LHC? 
Yes! in Heavy Ions
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is this deconfinement?what kind of medium did this?
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What is our strongest evidence for 
new physics in pp collisions at LHC? 
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Charm CPV ∆ACP(D0 → K+K−, π+π−)

Measure the difference of CP asymmetries ∆ACP = ACP(D0 → K+K−)− ACP(D0 → π+π−)

with ACP(D0 → f ) = Γ(D0→f )−Γ(D0→f )
Γ(D0→f )+Γ(D0→f )

∆ACP = (adir
CP(K

−K+)− adir
CP(π

−π+))
� �� �

direct CP asymmetry

+
∆�t�
τD0

aind
CP

� �� �
indirect CP asymmetry

HFAG average: ∆adir
CP = (−0.645 ± 0.18)% 3.6σ away from 0 !

(results dominated by [LHCb, PRL 108, 111602 (2012)], [CDF, Public Note 10784, 2012] )

SM hadronic effects or New Physics !?

Olivier Leroy (CPPM) Mixing and CP violation 7 June 2012 9 / 26
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The State of the Particle Theory 
Community, circa June 2012

   J. Lykken    “New Physics at the LHC”                                                                                          45th Annual Fermilab Users Meeting, 12-13 June 2012



7

The State of the Particle Theory 
Community, circa June 2012

   J. Lykken    “New Physics at the LHC”                                                                                          45th Annual Fermilab Users Meeting, 12-13 June 2012



8

The State of the Particle Theory 
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• Obviously a segment of the theory community oversold 
the prospects for low-hanging fruit at LHC, because they 
didn’t want to miss the party if there had been one...

• Now there is too much retreat towards the other 
direction: “There won’t be any new physics at LHC ever!”

• Meanwhile a whole new generation of young theorists are 
learning how to pay attention to data and talk to 
experimentalists

• This is the most important thing happening now on the 
theory side
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Higgs scenarios for 2012

1.There is (at least one) narrow resonance with mass ~ 125 GeV and with           
consistent (within large-ish errors) with a SM Higgs

2.Same as above but with significant tension between the SM and one or more 
of the measured  

3.There is no resonance consistent with a SM Higgs over the entire mass range

• Additional constraints on many kinds of non-SM resonances over the entire 
mass range

What we might know by the end of the 2012+ LHC run:

three mutually-exclusive scenarios:

and in all cases:

σ ×BRs

σ ×BRs

   J. Lykken    “New Physics at the LHC”                                                                                          45th Annual Fermilab Users Meeting, 12-13 June 2012
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A not-quite-SM Higgs

   J. Lykken    “New Physics at the LHC”                                                                                          45th Annual Fermilab Users Meeting, 12-13 June 2012

2. Same as above but with significant tension between the SM and one or more 
of the measured  

• Scenario #2 is getting a lot of recent attention from theorists

• It is especially interesting for              production, and for          
decay, since in the SM both proceed through a loop:

gg→ h h→ γγ

X?
h

X?

g

g

γ

γ

σ ×BRs
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Enhancing 
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FIG. 3. Relative rate �gg in Eq. (32), showing the effect of the inclusion of a real color octet scalar (top

row) or complex color triplet scalar (bottom row), for mh = 125 GeV (left panels) or mh = 500 GeV (right

panels). At the center of each plot, from top to bottom, the solid lines correspond to λhp = −0.2, −0.05,

0.05, 0.2. The left (right) gray bands in the octet scalar plots come from the ATLAS (CMS) search for

pair produced dijet resonances. For the triplet case, the CMS bound still applies but the ATLAS bound is

unconstraining after rescaling cross sections.

see enhancement and suppression for both signs of λhp since the scalars can go on-shell in the loop,

leading to an additional imaginary contribution to the scalar amplitude. The resulting interference

is complicated by our inclusion of the bottom quark and its imaginary contribution, so the overall

magnitude has competition between cancellation among real and imaginary amplitude pieces. We

note that Fig. 3 shows the expected decoupling of S as mS grows. We also remark that for negative

values of λhp, our results are consistent with [19], where the finite difference in our results is a result

of our inclusion of the bottom quark. Lastly, with regards to the ATLAS dijet pair search, we note

that the complex triplet scalar is 1/9 the production cross section of the real octet scalar, if their

masses are equal, rendering the search insensitive to complex triplet scalars.

K. Kumar, R. Vega-Morales, F. Yu, arXiv:1205.4244
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IV. NEW COLORED SCALAR

In this section, we isolate and calculate the effect of a colored complex scalar S propagating in

the gg → h loop. We use the Higgs portal in Eq. (2) to couple S to the SM Higgs, and we write

a (positive) tree-level mass squared for S such that SU(3)c remains unbroken and Higgs mixing

is absent. Depending on the sign and strength of λhp, we can achieve significant suppression or

enhancement of gluon fusion as a result of the interference between the SM fermions and the colored

scalar.

The Lagrangian involving S is

LS = |DµS|2 −m
2
0S

†
S − κ|S†

S|2 + λhpS
†
SH

†
H , (27)

where color indices have been suppressed and we assume m
2
0 > 0 and κ > 0 to ensure stability.

As discussed in Sec. II, λhp must be real: for positive (negative) λhp, we will get destructive

(constructive) interference with the SM loop calculation, in agreement with [19, 32]. After EWSB,

the physical scalar mass is

m
2
S ≡ m

2
0 − λhpv

2
h , (28)

which imposes the constraint that m
2
0 > λhpv

2
h to avoid Portal Symmetry Breaking of SU(3)c.

The two diagrams to calculate are shown in Fig. 2. Since S is complex, the matrix element

for Fig. 2A needs to be multiplied by 2 to account for the charge conjugate diagram: if S were

real, no factor of 2 is used and instead the matrix element for Fig. 2B must include a symmetry

factor of (1/2).

g

g

hS

(A)

g

g

h

S

(B)

FIG. 2. Feynman diagrams for scalar loop contributions to gg → h. For a complex scalar one must also

include the charge conjugate equivalent of diagram (A).

The total amplitude of the diagrams in Fig. 2 is

iMad
S = i

�αs

π

��
C(rS)λhpvh

4m
2
S

�
δad�1µ�2ν(p

ν
1p

µ
2 −

m
2
h

2
g
µν
)FS(τS) , (29)

gg→ h

• A not-to-heavy color octet or color triplet scalar can 
make an interesting enhancement

• Such objects are constrained but not-yet ruled out by 
direct searches
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Enhancing 
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Figure 2: Contour plots of the ratio of the σ(gg → h)× BR(h → V V ) to its SM value, in the (a) &
(c): µ–mL3 plane with me3 = mL3 , and (b) & (d): me3–mL3 plane with µ = 650 GeV.
tanβ = 60, mA = 1 TeV and Aτ = 0 GeV are kept fixed for all the plots. The relevant
squark parameters are At = 1.4 TeV and mQ3 = mu3 = 850 GeV giving mh ∼ 125 GeV.
Red dashed lines are contours of lightest stau masses. The yellow shaded area denotes the
region satisfying the LEP bound on the lightest stau mass. Enhanced branching ratios
are obtained for values of µ for which the lightest stau mass is close to its experimental
limit, of about (85-90) GeV.
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M. Carena, S. Gori, N. Shah, C. Wagner, L-T Wang, arXiv:1205.5842

M. Carena, I. Low, C. Wagner, arXiv:1206.1082

A New Scalar with Q = 1

A W ′ boson with direct couplings to the SM quarks and leptons are severely constrained

by direct searches at the Tevatron and the LHC. Assuming SM coupling strengths, the

lower bound on the mass for decays into leptonic final states is in the multi-TeV region [5]

while searches in the dijet resonances have weaker bound at around 850 GeV [6]. Thus the

W ′ boson giving rise to the enhancement in the diphoton cannot couple to the SM quarks

and leptons directly. One possibility is to impose a new Z2 parity in the same fashion as

the KK-parity in universal extra-dimensions [7] and the T-parity in little Higgs theories

[8]. However, even with a new Z2 parity forbidding tree-level coupling to the SM particles,

constraints from precision electroweak measurements still require mW ′ ! 500 GeV, unless

additional particles are also present to cancel the W ′ contribution to the ρ parameter [8]. We

will see in the next section that the same W ′ boson in the loop of the diphoton width would

also modify the Higgs decay width in the Zγ channel. So if simultaneous measurements of

γγ and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at addition structures and particles at the TeV scale.

B. New charged scalars

We start with one new scalar first. Again we parametrize the mass of the new electrically

charged scalar as

m2
S = m2

S0 +
1

2
cS v

2 , cS < 0 , (18)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (19)

which results in ghSS = cSv. To get an enhancement, we assume cS < 0 so that the scalar

contribution interferes constructively with the standard model W boson loop. Incidentally

this is also the sign preferred by naturalness arguments. The case of cS > 0 requires a

scalar mass that is lighter than the case we discuss. Considering QS = 1 as an example, the

enhancement factor is

Rγγ =

∣

∣

∣

∣

1 +
cS
2

v2

m2
S

A0(τS)

A1(τw) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (20)

For a cS " −2, an enhancement of a factor of two is possible for mS ! 100 GeV, as can be

seen in Fig. 2. For a heavier scalar mass, mS ! 200 GeV, a strong enhancement requires a

very large hSS coupling: ghSS/v = cS " −10.
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New charged scalars, with significant couplings to the Higgs may also contribute to the loop                               
(See M. Carena and S. Gori talks)

For a single scalar, if one does the ratio  of the diphoton width to the SM one, one gets

Negative values of the effective 
coupling cS are necessary

M. Carena, I. Low, C.W.’12

Enhancements of order fifty 
percent to factor 2 can be 
obtained for light particles.

1.25

1.51.75
2

2.25

60 80 100 120 140 160 180 200
!3.0

!2.5

!2.0

!1.5

!1.0

!0.5

0.0

mS !GeV"

c S

RΓΓ

1.25
1.5

1.752
2.25

100 150 200 250 300 350 400 450
!16

!14

!12

!10

!8

!6

!4

mS !GeV"

c S

RΓΓ

FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.

In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix

9

Battel, Gori, Wang’11

Rγγ �
����1−

cS
39

v2

m2
S

����
2

For scalars heavier than the 
Higgs. Coefficient 1/39 grows 
for lighter scalars, up to a 
value of about 1/30 for mS 
about 100 GeV

and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at additional structures and particles at the TeV scale. Given current constraints on

direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.

B. New charged scalars

We consider one new scalar first, and by analogy to the W ′ boson case, we parametrize

the mass of the new electrically charged scalar as

m2
S = m2

S0 +
1

2
cS v

2 , (20)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)

which results in ghSS = cSv. Contrary to the W ′ case, to get an enhancement, we would

need to assume cS < 0 so that the scalar contribution interferes constructively with the SM

W boson loop. The case of cS > 0 requires a scalar mass that is lighter than the case we

discuss. Considering QS = 1 as an example, the enhancement factor is

Rγγ =

∣

∣

∣

∣

1 +
cS
2

v2

m2
S

A0(τS)

A1(τW ) +NcQ2
t A1/2(τt)

∣

∣

∣

∣

2

, (22)

For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
|H†H|2 +

λS

2
|S†S|2 , (23)

which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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A New Scalar with Q = 1
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which results in ghSS = cSv. To get an enhancement, we assume cS < 0 so that the scalar

contribution interferes constructively with the standard model W boson loop. Incidentally

this is also the sign preferred by naturalness arguments. The case of cS > 0 requires a

scalar mass that is lighter than the case we discuss. Considering QS = 1 as an example, the
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For a cS " −2, an enhancement of a factor of two is possible for mS ! 100 GeV, as can be

seen in Fig. 2. For a heavier scalar mass, mS ! 200 GeV, a strong enhancement requires a

very large hSS coupling: ghSS/v = cS " −10.
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In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix
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and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at additional structures and particles at the TeV scale. Given current constraints on

direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.

B. New charged scalars
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where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)

which results in ghSS = cSv. Contrary to the W ′ case, to get an enhancement, we would

need to assume cS < 0 so that the scalar contribution interferes constructively with the SM

W boson loop. The case of cS > 0 requires a scalar mass that is lighter than the case we

discuss. Considering QS = 1 as an example, the enhancement factor is
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For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
|H†H|2 +

λS

2
|S†S|2 , (23)

which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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lower bound on the mass for decays into leptonic final states is in the multi-TeV region [5]

while searches in the dijet resonances have weaker bound at around 850 GeV [6]. Thus the
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and leptons directly. One possibility is to impose a new Z2 parity in the same fashion as

the KK-parity in universal extra-dimensions [7] and the T-parity in little Higgs theories

[8]. However, even with a new Z2 parity forbidding tree-level coupling to the SM particles,

constraints from precision electroweak measurements still require mW ′ ! 500 GeV, unless

additional particles are also present to cancel the W ′ contribution to the ρ parameter [8]. We

will see in the next section that the same W ′ boson in the loop of the diphoton width would

also modify the Higgs decay width in the Zγ channel. So if simultaneous measurements of

γγ and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at addition structures and particles at the TeV scale.
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which results in ghSS = cSv. To get an enhancement, we assume cS < 0 so that the scalar

contribution interferes constructively with the standard model W boson loop. Incidentally

this is also the sign preferred by naturalness arguments. The case of cS > 0 requires a

scalar mass that is lighter than the case we discuss. Considering QS = 1 as an example, the
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In general a large ghSS coupling is not preferred because of the vacuum stability and

triviality considerations. However, when there is more than one new scalars and mass

mixing between the scalars exists, we will see that the lighter mass eigenstate could have a

large “effective” ghSS coupling. The canonical example is the mixing between an electroweak

doublet scalar and a singlet scalar carrying the quantum numbers of the left-handed and

right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If

the two charged scalars have the same electroweak quantum number and the mixing does

not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends

on the mixing parameter only implicitly through the mixing angles between the gauge and

mass eigenbasis, which is a rather weak dependence. Therefore, in the following we focus on

the canonical example of mixing between a doublet scalar and a singlet scalar.

Denoting the two charged scalars in the gauge basis by SL and SR, one can write down

the general mass-squared matrix,

M2
S =





m̃L(v)2
1√
2
vXS

1√
2
vXS m̃R(v)2



 , (21)

where XS is a dimensionful parameter characterizing the mass mixing. The mass matrix
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direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.
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We consider one new scalar first, and by analogy to the W ′ boson case, we parametrize

the mass of the new electrically charged scalar as

m2
S = m2
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1

2
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2 , (20)

where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)

which results in ghSS = cSv. Contrary to the W ′ case, to get an enhancement, we would
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For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
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2
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which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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which results in ghSS = cSv. To get an enhancement, we assume cS < 0 so that the scalar

contribution interferes constructively with the standard model W boson loop. Incidentally
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For a cS " −2, an enhancement of a factor of two is possible for mS ! 100 GeV, as can be

seen in Fig. 2. For a heavier scalar mass, mS ! 200 GeV, a strong enhancement requires a

very large hSS coupling: ghSS/v = cS " −10.
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FIG. 2: Enhancement in the diphoton partial width due to a new charged scalar S.
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right-handed leptons, respectively, which appear in supersymmetry. In this case the mass

mixing occurs only after the electroweak symmetry breaking and requires an insertion of the

Higgs vacuum expectation value, which implies the mass mixing not only affects the mass

eigenvalues, but also directly the coupling of the mass eigenstates to the Higgs boson. If
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not go through a Higgs insertion, then the Higgs coupling to the mass eigenstates depends
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and Zγ widths point to a light W ′ boson as the underlying mechanism, it would definitely

hint at additional structures and particles at the TeV scale. Given current constraints on

direct searches, such a W ′ could decay into dijet plus a missing particle which is the lightest

parity-odd particle. A possible discovery mode in colliders would be pair-production of

the W ′ bosons decaying into four jets plus missing transverse energy, which has not been

searched for at the LHC.

B. New charged scalars

We consider one new scalar first, and by analogy to the W ′ boson case, we parametrize
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where mS0 is independent of v. The operator giving rise to cS is

OS = cSH
†H |S|2 , (21)
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For cS ! −2, an enhancement of a factor of two is possible for mS " 100 GeV, as can be seen

in Fig. 3. For a heavier scalar mass, mS " 200 GeV, a strong enhancement requires a very

large hSS coupling: ghSS/v = cS ! −10. A negative ghSS coupling implies the following

quartic couplings in the scalar potential:

V (S,H) ⊃ −|cS||H†H||S†S|+
λ

2
|H†H|2 +

λS

2
|S†S|2 , (23)

which could induces new charge breaking minima as well as problems with Higgs vacuum

stability, if |cS| is large. A full analysis of these issues for a singlet scalar and a doublet scalar

can be found in Ref. [22]. For example, the condition that the scalar potential is bounded

from below requires

|cS|2 < λSλ. (24)
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• A not-too-heavy colorless but charged scalar can 
make an interesting enhancement

• This includes light staus in SUSY
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• Is it a non-SM Higgs with suppressed couplings, 
invisible and/or cascade decays? 

• Are you in a “Higgsless” scenario where Kaluza-Klein 
tree-level exchanges replace Higgs exchange in 
unitarizing WW and WZ scattering? 

• Are you in a “technicolor” scenario where new strong 
dynamics takes over before you reach the ~1.6 TeV 
unitarity bound? Do you see other heavy resonances?

• Is quantum field theory the wrong way to think about 
this problem?

Scenario #3: SM Higgs ruled out

Some immediate questions:

the whole preferred range up to M±
1 = 1 TeV requires

60 fb−1. Note, however, that one should expect a cer-
tain amount of reducible background with fake and/or
non-isolated leptons.

Once the V ±
1 resonance is discovered, identifying it as

part of a Higgsless model requires testing the sum rules

(4) by measuring its mass M±
1 and coupling g(1)

WZV . The
coupling can be determined from the total V ±

1 produc-
tion cross section σtot. However, we are observing the V ±

1
resonance in an exclusive channel, which only yields the
product σtot BR(V ±

1 → W±Z). A measurement of the
total resonance width Γ(V ±

1 → anything) would remove
the dependence on the unknown branching fraction BR.
However, the accuracy of this measurement is severely
limited by the poor missing energy resolution. Never-
theless, a Higgsless origin of the resonance can be ruled

out if the value of g(1)
WZV , inferred with the assumption

of BR = 1, violates the bound (7).

FIG. 4. The number of events per 100 GeV bin in the
2j +3!+ν channel at the LHC with an integrated luminosity
of 300 fb−1 and cuts as indicated in the figure. The model
assumptions and parameter choices are the same as in Fig. 2.

By transferring a Z or a W± from the initial state to
the final state in Figs. 1 (d) and (e), we obtain an alterna-
tive V ±

1 production process, the associated production,
which can be used for discovery as well as testing the
sum rules (4). The total cross section for this process
is shown in Fig. 3. The W±ZZ final state, with the re-
quirement that all three gauge bosons decay leptonically,
yields a very clean 5" + E/T signature. One can then re-
construct the two Z’s and the V ±

1 resonance. The main
advantage of this purely leptonic channel would be the
superior measurement of the total width; however, the
analysis is statistics limited and the discovery reach does
not extend beyond 500 GeV, even for the high-luminosity
LHC option.

Conclusions — It has long been known that the vector
boson fusion processes will provide an important tool for
testing the strongly coupled theories of EWSB at the

LHC. This is as true for the recently proposed Higgsless
models as it is for traditional technicolor theories. As
we discussed in this letter, the observation of a light and
narrow resonance in the WZ channel would be a smoking
gun for the Higgsless models. In addition, the Higgsless
models provide a robust, definite prediction concerning
the properties of the resonance, the sum rules (4), which
can also be tested in this channel.

While we have concentrated on the WZ channel which
provides the most striking signals, other vector boson fu-
sion processes may also be useful. The neutral MVBs V 0

i
would appear as resonances in the W+W− channel; how-
ever, reconstructing these resonances requires hadronic
W decays and suffers from severe backgrounds [19]. The
ZZ channel exhibits no resonance, but could provide an
independent test of the model. These channels will be
explored in more detail in [14].
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One GeV differences that destroy the universe
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The SM vacuum is metastable
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The main uncertainty is Mt, which will soon be measured better.

A. Strumia talk at PLANCK 2012

• A 125 GeV Higgs is quite heavy for minimal SUSY.  Some people’s favorite SUSY 
frameworks live or die on whether the mass is 124 or 126 GeV

• Also, a 125 GeV Higgs in the SM means you are close to the vacuum stability bound:

a suspiciously round number

we need to know both the Higgs mass AND the top mass 
to high precision
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Is SUSY hiding?
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• Too early for general experimental claims about SUSY as generator and stabilizer of the 
electroweak scale

• On the theory side we have known for many years that if SUSY is tied to EWSB, we don’t 
understand:

• why superpartners weren’t discovered at the Tevatron 

• why the Higgs wasn’t discovered at LEP

• why SUSY effects haven’t been seen unequivocally in flavor physicsMeet the SUSY Particles

• If nature is supersymmetric, 
many new fundamental particles

• Superpartners of each SM 
particle

• Extended higgs sector

• which mix with 
gauginos 

• 3 neutral, 2 charged 

• Masses, and mass 
hierarchy, unknown 

25Tuesday, January 10, 12
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• Too early for general experimental claims about SUSY as generator and stabilizer of the 
electroweak scale

• On the theory side we have known for many years that if SUSY is tied to EWSB, we don’t 
understand:

• why superpartners weren’t discovered at the Tevatron 

• why the Higgs wasn’t discovered at LEP

• why SUSY effects haven’t been seen unequivocally in flavor physics

• So either we have missed some important ingredient, or we have been barking up the wrong 
tree for 30 years

• But the other trees don’t look so great either...

Meet the SUSY Particles

• If nature is supersymmetric, 
many new fundamental particles

• Superpartners of each SM 
particle

• Extended higgs sector

• which mix with 
gauginos 

• 3 neutral, 2 charged 

• Masses, and mass 
hierarchy, unknown 

25Tuesday, January 10, 12
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is SUSY hiding?
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• The fate of the stops, the two scalar superpartners of the top quark, is especially interesting, 
since they are closely related to the key issue of connecting SUSY to EWSB

• In fact even if you jettison SUSY there is still a strong motivation to look for “top partners”

• It is not too hard to find reasonable models where the lightest stop is difficult to detect, 
because it is nearly degenerate in mass to its decay products

• Does this mean that light stops can hide under ATLAS+CMS’s very expensive noses?

C. Csaki, L. Randall, J. Terning, arXiv:1201.1293
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Light stops: they can run, but they can’t hide
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Pheno analyses attempting to mimic what ATLAS/CMS could do for 
various special cases: 

• For very light stops (near Tevatron bounds) use monojets, monophotons
‣ M. Carena, A. Freitas, C. Wagner, arXiv:0808.2298
‣ G. Belanger, M. Heikinheimo, V. Sanz, arXiv:1205.1463

• For light stops with top-like signatures and suppressed MET, use spin-correlations 
for masses up to ~200 GeV...

‣ Z. Han, A. Katz, D. Krohn, M. Reece, arXiv:1205.5808

• ...and use MET-related kinematic shapes for masses up to ~ 300 to 500 GeV
‣ D. Alves, M. Buckley, P. Fox, JL, C-T Yu, arXiv:1205.5805

• For stop masses above ~300 to 500 GeV,  use boosted top tagging and/or 
kinematic shapes

‣ Y. Bai, H-C Cheng, J. Gallicchio, J. Gu, arXiv:1203.4813
‣ D.E. Kaplan, K. Rehermann,D. Stolanski, arXiv:1205.5816

• With a lot of work, it looks like LHC experiments in 2012 could exclude or 
discover just about any stop (including long-lived or RPV?) with mass < 300 
GeV, and most stops <~ 700 GeV
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FIG. 9: Expected number of standard deviations that the supersymmetric stop signal can be

excluded by using 200 pseudo-experiments of 20 fb−1, applying the MW
T shape analysis. We take

into account the uncertainties on the background MW
T shape.

scribed previously, testing the background versus signal plus background hypotheses over

200 background-generated pseudo-experiments for each simplified model point. Our results

are shown in Figure 9, for both the full profile likelihood analysis including all errors, and

the “optimistic” exclusion using no systematics. The sensitivity is similar to that obtained

for the hadronic analysis. In Figure 10, we perform a cross-check using the cut-and-count

method, with a background bin between 85− 150 GeV used for normalization, a low signal

bin between 150− 250 GeV, and a high signal bin between 250− 400 GeV. As before, this

simple analysis both validates and provides motivation for the full shape analysis.

V. CONCLUSION

Third generation squarks are an integral part of the supersymmetric solution to the

naturalness and hierarchy problems. More generally, the large Yukawa couplings between

the top and the Higgs hint at some connection between the third generation and electroweak
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Light stops: they can run, but they can’t hide

D. Alves, M. Buckley, P. Fox, JL, C-T Yu, arXiv:1205.5805
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estimated sensitivity (in sigma) 
with 20 fb-1 at 8 TeV
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For the single lepton channel use transverse mass; 
for all-hadronic use MET shape or the Razor
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light stops, heavy stops
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stop mass (GeV)
pair production cross 

section at   8 TeV

188 17 pb

300 2 pb

600 23 fb

700 4 fb

1000 0.2 fb
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when do you give up looking for heavy 
superpartners at the LHC? 

quark-quark

quark-antiquark

gluon-gluon

quark-gluonparton luminosities at 14 TeV 
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3 TeV gluinos + degenerate squarks at 
14 TeV LHC?

MadGraph says: yes but most of your 
sensitivity is from qq initial state producing 
squark pairs

For a 3 TeV gluino alone, 1 ab-1 only buys 
you 4 signal events...

gluino only
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• If you look at the titles of the 137 Exotics analyses completed already by ATLAS+CMS, 
you might get the idea that the strategy is to do one search for every theory model

• Of course this is NOT the actual strategy, and to a large degree the searches are 
signature-based, as they should be

• Thus e.g. a seemingly esoteric ADD extra-dimensional mono-photon search can be 
recycled into a direct dark matter search, as CMS has already done!

• Now for 2012 recycle your mono-photons again into a light stop search...

• And recycle your Razor SUSY search into a direct dark matter search...

Let a 1000 analyses bloom

P. Fox, R. Harnik, R. Primulando, C-T Yu, 1203.1662

P. Fox, R. Harnik, J. Kopp, Y. Tsai, arXiv:1203.1662

The CMS Collaboration, arXiv:1204.0821

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. Tait,  H-B Yu, arXiv:1008.1783

Frédéric Ronga (ETH Zurich) – PLHC Vancouver – June 8, 2012
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Extra dimensions 
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Y. Bai, P. Fox, R. Harnik, J. Kopp, Y. Tsai, arXiv:1005.3797
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• Even the super-esoteric-sounding black hole and string ball searches are actually 
quite generic: 

• Generic question: is there some energy scale where pp collisions start to access a 
bunch of new degrees of freedom? 

• Can we understand the most energetic high multiplicity events?

Let a 1000 analyses bloom

Frédéric Ronga (ETH Zurich) – PLHC Vancouver – June 8, 2012
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Microscopic black holes

Candidate event
9 jets, ST = 2.6 TeV

10.1007/JHEP04(2012)061
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What can you say about flavor and the origin of matter?

• Minimal flavor violation or new sources?

• New sources of CP violation?

• Why are EDMs so small and FCNC so suppressed?

• Compositeness?

• Baryogenesis or Leptogenesis?

• Do fermion masses come from Yukawa couplings to a Higgs, or are the 
real couplings to the Higgs vev hierarchical? Are other vevs and/or 
condensates involved?

Big long-term questions where LHC 
overlaps with the Intensity Frontier
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• Do you have evidence for a WIMP dark matter candidate? What mass?

• What kind of particles decay into it?

• Can you see direct production or associated production?

• Does it carry electroweak charge and/or some new charge? What is its 
spin?

• What are the messengers between the dark sector and the visible?

• What are the LHC predictions for direct DM detection, indirect DM 
detection, and early universe cosmology (e.g. relic abundances)? 

Big long-term questions where LHC 
overlaps with the Cosmic Frontier

What can you say about the dark sector?
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Conclusion
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Fermi

stolen from 
Albert De Roeck


