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Disclaimer

New Physics at the LHC is worthy of an entire conference.  There is no 
way to do it justice in 35 + 5 minutes!

My discussion will thus be incomplete, and I will try to focus on things that 
are of particular interest to TeV Particle Astrophysics.

Apologies if I miss your favorite theories or signatures.  I’d be happy to 
answer questions about them or discuss them afterwards as best I am 
able.

I won’t be covering the exciting current developments at the LHC.  Andy 
Lankford will be showing us many of those results next.

This talk is a partial “roadmap” to possible LHC discoveries.



The LHC offers a 
different perspective on 

astroparticle physics.



...hopefully not this one...
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... but times are changing...
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Models:
Problems with the Standard Model



The Standard Model works...

Before talking about its faults, it 
needs to be said that the 
Standard Model works.

In a global fit to data, a huge 
number of observables agree 
with predictions, some at the per 
mil level.

Much of the precision inputs 
come from low energy 
measurements and physics at the 
Z pole from LEP/SLD.

Important contributions (mt, 
mW, and αS) from the Tevatron.

Measurement Fit |Omeas Ofit|/ meas

0 1 2 3

0 1 2 3

had(mZ)(5) 0.02758 ± 0.00035 0.02767
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1875

Z [GeV]Z [GeV] 2.4952 ± 0.0023 2.4958

had [nb]0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.743
AfbA0,l 0.01714 ± 0.00095 0.01644
Al(P )Al(P ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21582
RcRc 0.1721 ± 0.0030 0.1722
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2

effsin2 lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.399 ± 0.025 80.376

W [GeV]W [GeV] 2.098 ± 0.048 2.092
mt [GeV]mt [GeV] 172.4 ± 1.2 172.5
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The SM is missing...

An experimental verification of the 
mechanism of Electroweak symmetry 
breaking.

An explanation for the Planck-Weak 
hierarchy...?

A particle to play the role of dark matter.
Thermal relic?  WIMP? ...?

A dynamical explanation for the matter-anti-
matter asymmetry of the Universe.
Understanding of quark and neutrino masses 
and mixing angles (flavor).
Unification of forces?
A quantum formulation of Gravity.

String theory?  M-theory?  

“Cold Dark Matter: An Exploded View” 
by Cornelia Parker



An experimental verification of the 
mechanism of Electroweak symmetry 
breaking.

An explanation for the Planck-Weak 
hierarchy...?

A particle to play the role of dark matter.
Thermal relic?  WIMP? ...?

A dynamical explanation for the matter-anti-
matter asymmetry of the Universe.
Understanding of quark and neutrino masses 
and mixing angles (flavor).
Unification of forces?
A quantum formulation of Gravity.

String theory?  M-theory?  

The SM is missing...

LHC Prospects:
Pretty sure thing.

Good prospects.

There’s hope.

If we’re lucky.

If we’re REALLY lucky...



The SM Higgs

Electroweak Symmetry-Breaking and the 
Higgs boson

A primary mission of the LHC is to 
verify the SM picture of EWSB.

The good EW fit to precision data does 
not rule out surprises. New physics can 
substantially affect the fit to the Higgs 
mass, so even discovering an ordinary 
Higgs heavier than about 200 GeV 
would tell us there is more to look for.

A Higgs can be an important messenger 
between WIMPs and the SM, and thus 
important to understand, e.g. 
predictions for direct detection rates.

a few TeV , it seems unlikely that the relic density calculation could favor masses above
10 TeV.

To conclude this section, the KK neutrino seems to be ruled out as a dark matter
candidate at least in the minimal UED model where the mass window prediction from the
relic density calculation is in conflict with direct detection experiments. Let us therefore
now concentrate on the B(1) LKP candidate.

4 Direct Detection of B(1)

q

B(1)

H

B(1)

q

Figure 2: Leading Feynman graph for effective B(1)-quark scattering through the exchange
of a zero-mode Higgs boson.

B(1) can interact elastically with a quark by exchanging a KK quark in the s- and
t-channel or by t-channel Higgs exchange. The amplitude for scattering between quarks
and B(1) mediated by Higgs exchange (Figure 2) is,

Mh = −iγq ε∗µ(p′B) εµ(pB) [q̄(x) q(x)] , γq =
g2
1

2

mq

m2
h

(24)

where εµ are the B(1) polarization vectors, q(x) is a quark field and there are separate
couplings γq for each flavor of quark. g1 is the hypercharge coupling, and Yh = 1/2 has
been explicitly included in the result. We have taken the non-relativistic (NR) limit for
the WIMPs in which we are justified in dropping tiny terms of order (pB −p′B)2/m2

h. The
factor of mq in γq is a direct consequence of the fact that zero mode quark masses result
from the quark couplings to Higgs, after electroweak symmetry breaking.

We now consider the KK quark exchange, with Feynman diagrams shown in Figure 3.
Recall the coupling B(1)-q(1)

R(L)-q involves a right (left)-handed projector and both q(1)
R and

q(1)
L can be exchanged and will typically have somewhat different masses. Thus each

Feynman graph of Figure 3 is actually two separate graphs with q(1)
L and q(1)

R exchanged.
The amplitudes corresponding to the two diagrams of Figure 3 are:

MR/L
1 = −i(g1YR/L)2






q(x)γνPR/L

( "pq− "pB′ + mq(1))

(pq − pB′)2 − m2
q(1)
R/L

γµPR/Lq(x)






ε∗µ(p′B)εν(pB), (25)
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Standard Model Higgs

The Higgs mass (quartic) is the only SM parameter we don’t know.  Thus, 
the SM makes very definite predictions for the properties of the Higgs.

!"#$%&'(')*#!+,-(#./(0-1#2'(&-1-(3-*#4%(5%16#78*#9:7: ;

Higgs Search Strategies
$-(+/0/)/06#+01'(<=6#>-,-(>+#'(#
?%3@<1'5(>+#&'1#%#+,-3/&/3#
>-3%6#3A%((-=B
C%(<-#%?')-#D7E;#F-GB
..HII#>-3%6#J'>-+#
2=-%(#&/(%=#+0%0-+#K/0A#=-,0'(+*#
%(6#,1'>530/'(#J'>-#K/==#>'

C%(<-#?-='K#D7E;#F-GB
L B#+J%==#MC#/+#0A-#J%/(#
3A%==-(<-*#(-->#%,,1-3/%?=-#
=5J/('+/06
L =%1<-#?%3@<1'5(>+*#5+-#
GMN#0'#/J,1')-#+-(+/0/)/06

Hdecay

SSI 2006, Tully 13 0.2 Standard Model Higgs Search

0.2. Standard Model Higgs Search

The Standard Model Higgs production cross sections at the LHC and branching
fractions are plotted in Figures 8 and 9, respectively.
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Figure 8: Standard Model Higgs
Production Cross Sections.

Figure 9: Standard Model Higgs
Decay Branching Fractions.

SSI 2006, Tully 14 0.2 Standard Model Higgs Search

At low Higgs mass, mH ≈ 115 GeV/c2, the dominant production process is gluon-
gluon fusion with a cross section ×1000 times larger than the corresponding LEP
Higgs search. The WW fusion process is much stronger at the LHC due to the
relatively low mass scale of the Higgs boson relative to the proton beam energy.
The smallest relevant production rates are due to Higgsstrahlung processes from the
heaviest known elementary particles WH, ZH and tt̄H. The most dramatic aspect of
the LHC Higgs searches is the transition in branching fractions from 3rd generation
fermion dominated decays to diboson dominated decays.

Folding the Higgs production cross sections and branching fractions (Figs. 8 and
9) against the trigger and selection efficiencies, a preliminary list of relevant search
channels for a low mass Higgs search can be formed. This is given in Table 1. Of
the channels in the left-most column, only the diboson decays of the Higgs are suf-
ficiently clean to be detected inclusively within corresponding specific trigger paths.
The columns to the right are a set of exclusive decay channels where identification
of associated production particles give at least an order of magnitude improvement
in signal to background separation, relative to the inclusive searches. The exclusive
channels have unique sensitivities to 3rd generation Higgs couplings, tree-level elec-
troweak couplings and more precise mass and partial decay width measurements.

SSI 2006, Tully 15 0.2 Standard Model Higgs Search

Table 1: The most important SM Higgs channels for mH below the WW-threshold.

In the 20 GeV mass range between the WW and ZZ-thresholds, the inclusive WW
channel is the dominant decay mode with substantial statistics to form a transverse
mass measurement of the Higgs. Above the ZZ-threshold, the four-lepton decay is
the golden channel for Higgs discovery with low backgrounds and high resolution
mass reconstruction in a mixture of pairs of dielectron and dimuon decays.

At the highest masses, the dropping production cross sections are compensated by
the addition of hadronic W and Z decay modes. The high pT boson signature has
lower backgrounds and the dijets begin to merge, providing a clear massive monojet
signature. Similarly, the neutrino decays of high pT Z bosons provide a substan-

SSI 2006, Tully 16 0.2 Standard Model Higgs Search

tial transverse missing energy. These highly boosted diboson decays provide Higgs
boson search coverage up through 1 TeV/c2 where the width of the Higgs becomes
comparable to its mass and the electroweak scattering of massive weak bosons will
begin to form resonances in a semi-strong coupling regime. Thus, 1 TeV/c2 marks
the upper limit to the production of a meaningful particle excitation of the Standard
Model Higgs field.

0.2.1. High Mass Resolution Search Channels

The sub-threshold decay of the Higgs boson to ZZ∗ is kinematically similar to a
semileptonic b-quark decay in that dominantly one Z boson is nearly on-shell and
the second Z boson has a mass corresponding to the remaining Q2 of the decay.
Therefore, a 130 GeV/c2 Higgs boson will decay into a ∼ 90 GeV/c2 and a less than
40 GeV/c2 pair of Z bosons. The soft Z boson decay into leptons is problematic
in terms of lepton backgrounds and reconstruction efficiency. Ultimately, low pT

lepton detection and diminishing ZZ∗ branching fraction limit this channel to above
130 GeV/c2.

Background to H → 4! comes from tt̄ dilepton decays with both b-jets producing

Hdecay

$9.75 + shipping



The Low Mass Higgs

A low mass Higgs decays primarily 
to bb.  At the LHC, this decay mode 
is probably swamped with 
backgrounds. (Though with a lot of 
data it could be accessible using 
sub-jet analyses).

The primary window for the LHC 
comes from production through 
gluon fusion followed by the rare 
decay H -> γγ.

This is still a subtle channel, because 
of the very low BR into photons.    
L > 10 fb-1 needed for discovery...

Can also look for H->ττ.
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The Heavy Higgs

A heavy Higgs is paradoxically more 
easy to see.  It has a slightly lower 
cross section, but much more vivid 
decays into WW and ZZ, which 
produce hard leptons.

Since the decay is spectacular, we 
can afford to use the large gg 
production rate.

In fact, the Tevatron experiments can 
rule out a Higgs mass in a narrow 
window around 165 GeV using the 
WW channel.

Current Tevatron Limits on the SM Higgs
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Heavy Higgs

A heavy Higgs decaying into WWs 
(which themselves decay into 
leptons) provides a few handles to 
help discriminate the signal from 
the background.

The azimuthal angle between the 
two leptons tends to be smaller, 
because of the spin correlation 
enforced by the spin zero Higgs.

The Higgs mass itself is hard to 
reconstruct because of the two 
missing neutrinos.  The “transverse 
mass” is broad, but correlates with 
the Higgs mass.

GF H → WW !: Discriminating Variables
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Higgs Properties: 4th Generation Higgs

It’s interesting that key searches for 
the Higgs rely on couplings induced 
through loop-induced processes.

Exotic particles can also run in the 
loops, and thus easily affect the sizes 
of the couplings.

One very simple example is a 
chiral fourth generation of 
quarks, which can modify the 
coupling to gg and γγ.

In the limit of large u4 and d4 
masses, this increases the 
effective coupling to gg by  
about a factor of 3.

d4u4

Bruce Mellado, Aspen 2010, 19/01/10 7 

Higgs decay to !! 

!! Backgrounds Reducible !j and jj  
Backgrounds 

q"#0 

200 300 400 500100
M

H
        [GeV]

0.0001

0.001

0.01

0.1

1

B
ra

n
c
h

in
g

 R
a

ti
o

  
  

 B
R

(H
)

!!

Z!

ss

µ
+
µ
"

Z
*
Z

*

W
*
W

*

l
4
l
4

t
*
t
*

gg

bb

#
+
#
"

cc

$
4
$
4

FIG. 3: Branching ratio of the Higgs with fourth–generation
effects assuming mν = 100 GeV and m" = 155 GeV. The loop
effects to H → gg and H → γγ are largely insensitive to the
fourth–generation quark masses. For the fourth–generation
masses we follow the reference point (b).

roughly a factor 1/9 [38]. Suppression of the h → γγ
mode has also been recently considered in a somewhat
different context in Ref. [39].

We show the complete set of branching ratios in Fig. 3.
All predictions for Higgs decays are computed with a
modified version of Hdecay [37] which includes radiative
corrections also to the fourth–generation decays, but no
off-shell effects for these decays. The two thresholds in
BR("4"̄4) and BR(ν4ν̄4) compete with the larger top de-
cay channel with its color factor Nc, but all of them are
small compared to the gauge boson decays. Higgs decays
to fourth–generation quarks are implemented in the ex-
tended version of Hdecay but only occur for larger Higgs
masses.

For a light Higgs below 200 GeV the effects on different
gluon–fusion channels are roughly summarized by

σggBR(γγ)
∣

∣

∣
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In Figure 4 we show a set of naively scaled discovery
contours for a generic compact LHC detector, modify-
ing all known discovery channels according to fourth–
generation effects [40]. The enhancement of the pro-
duction cross section implies the the “golden mode”
H → ZZ → 4µ can be used throughout the Higgs mass
range, from the LEP II bound to beyond 500 GeV. Both
WW channels [41, 42] are still relevant, but again the
gluon–fusion channel (which in CMS analyses for a SM
Higgs tends to be more promising that the weak–boson–
channel, while Atlas simulation show the opposite [43])
wins due to the fourth–generation enhancement. As
mentioned above, the weak–boson–fusion discovery decay

1
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H % WW
H % ##
H % !!

gg % H
qq % Hqq

Significance, 30 fb
-1

m
H
[GeV]

FIG. 4: Scaled LHC discovery contours for the fourth–
generation model. All channels studies by CMS are included.
The significances have naively been scaled to the modified
production rates and branching rations using the fourth–
generation parameters of reference point (b).

H → τ τ̄ becomes relatively less important, even though
its significance is only slightly suppressed. Weak–boson–
fusion production with a subsequent decay to photons
is suppressed by one order of magnitude compared to
the Standard Model and not shown anymore, while for
the gluon–fusion channel with a decay to photons the
corrections to the production rate and the decay width
accidentally cancel.

Measuring the relative sizes of the different produc-
tion and decay modes would allow an interesting study
of Higgs properties that should be easily distinguishable
from other scenarios (two Higgs doublet model, super-
symmetry, etc.). Moreover, there may be novel search
strategies for the Tevatron that would be otherwise im-
possible given just the SM Higgs production rate.

Weak–boson–fusion Higgs production has interesting
features beyond its total rate. Most importantly, it has
the advantage of allowing us to extract a Higgs sample
only based on cuts on the two forward tagging jets, allow-
ing us to observe Higgs decays to taus and even invisible
Higgs decays [36, 44]. Among the relevant distribution
for this strategy are the angular correlations between the
tagging jets: for two W bosons coupling to the Higgs pro-
portional to the metric tensor we find that the azimuthal
angle correlation between the tagging jets is flat, modulo
slight effects of the acceptance cuts. For a coupling to
the Higgs proportional to the transverse tensor the same
distribution peaks around ∆φjj = 0, π. This correlation
can be used to determine the Lorentz structure of the
WWH coupling [45].

The modification to the ggH coupling from a fourth
generation leads to a larger relative size of the gluon–
fusion process in the H+2 jets sample. This causes a

6
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A 4th Generation Higgs
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These modifications make life harder 
for low mH but easier at high mH.

Ultimately, though we lose many 
channels, the gg -> H is so 

enhanced that even for low masses 
where the branching ratio would be 
small, we can use h -> ZZ -> 4 l’s.
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A SUSY Higgs

In supersymmetry, the Higgs comes along 
with a fermion super-partner.  To cancel its 
gauge anomalies we need to include another 
doublet.

After electroweak symmetry-breaking, there 
are 5 physical Higgs bosons:  h0, H0, A0, H±.

The lighter CP even Higgs, h0 generally has 
roughly SM-like properties.

In the minimal model, the lighter Higgs is 
predicted to have a mass less than roughly 
135 GeV.  Less minimal models relax this 
bound.

A heavy Higgs + SUSY would tell us a lot!

mh

90 GeV

135 GeV

200 GeV

350 GeV

Tree level MSSM

“Maximum” MSSM

NMSSM-like

SU(2) Gauge 
Extensions

“Fat Higgs”



SUSY Higgses

The simple fact of two Higgses leads to much 
richer spectrum of phenomena.

The two doublets share the VEV, with the Z 
mass determined by the sum in quadrature:

In the MSSM, one of the doublets couples to 
down-type quarks and charged leptons, and 
the other to up-type quarks.

Couplings to fermions are modified by the 
angle β.  Large tan β enhances couplings to 
down-type quarks.

The channel where bottom quarks fuse into 
a Higgs can dominate for large tan β, 
providing unique signatures different from 
the SM Higgs.

v1 = v sin β v2 = v cos β

level process gb → bh, see Fig. 3, which is suppressed by O(1/Lb) relative to bb → h [5]. It is the
latter process which imparts transverse momentum to the b quarks. The relevant production mechanism
depends on the final state being observed. For inclusive Higgs production it is bb → h, while if one
demands that at least one b quark be observed at high-pT , the leading partonic process is gb → bh.
Finally, if two high-pT b quarks are required, the leading subprocess is gg → bbh.

The leading order (LO) predictions for these processes have large uncertainties due to the strong
dependence on the renormalization/factorization scales and also due to the scheme dependence of the b-
quark mass in the Higgs b-quark Yukawa coupling. The scale and scheme dependences are significantly
reduced when higher-order QCD corrections are included.

Section 2 describes the setup for our analysis, and in Section 3 we compare the LO and NLO QCD
results for the production of a Higgs boson with two high-pT b jets. Section 4 contains a discussion of the
production of a Higgs boson plus one high-pT b jet at NLO, including a comparison of results within the
four-flavor-number and the five-flavor-number schemes. We consider the corresponding inclusive Higgs
cross sections in Section 5. Although motivated by the MSSM and the possibility for enhanced b quark
Higgs boson couplings, all results presented here are for the Standard Model. To a very good approxima-
tion the corresponding MSSM results can be obtained by rescaling the bottom Yukawa coupling [6, 7].
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Fig. 1: Sample Feynman diagrams for gg → bbh and qq → bbh production.
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Fig. 2: Feynman diagram for bb → h production.
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Fig. 3: Feynman diagrams for gb → bh production.

2. Setup
All results are obtained using the CTEQ6L1 parton distribution functions (PDFs) [8] for lowest order
cross sections and CTEQ6M PDFs for NLO results. The top quark is decoupled from the running of
mb(µ) and αs(µ) and the NLO (LO) cross sections are evaluated using the 2 (1)-loop evolution of αs(µ)
with αNLO

s (MZ) = 0.118. We use the MS running b quark mass, mb(µ), evaluated at 2 (1)-loop
for σNLO (σLO), with the b pole mass taken as mb = 4.62 GeV. The dependence of the rates on the
renormalization (µR) and factorization (µF ) scales is investigated [5, 6, 7, 9, 10] in order to estimate the
uncertainty of the predictions for the inclusive Higgs production channel and for the Higgs plus 1 b-jet
channel. The dependence of the Higgs plus 2 b- jet rates on the renormalization (µR) and factorization

b
b



New(er) Particles



Models, Particles, Phenomena

Models

Collider
Signatures

Particles
Higgs

Z’
Super-partners

γγ Resonace
e+e- Resonace
Missing Energy

SM Higgs
E6 Z’
GMSB

Physics
Beyond
the SM



Lots of practice going one way...
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...still need more practice with the other...
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Fourth Generation

In addition to the effects on Higgs 
properties, fourth generation quarks 
are interesting to look for in their 
own right.

Fourth generation quarks can decay 
through W’s into lighter quarks.  

The most likely decays are into third 
generation quarks (limits on 3-4 
mixing are the least constrained).

Pair production of u4 can lead to final 
states with six W’s and two bottom 
quarks -- a spectacular signal the SM 
has difficulty producing.

W ∗

W ∗

W

W

t

d4

u4

d4

t

u4

u4 → Wd4

→ WWt→WWWb



Fourth Generation

Tevatron searches exist for t’s and b’s 
produced in pairs.

t’t’ -> (W-> lν)q (W->qq)q

No b-tags;  mt’ reconstruction

b’b’ -> WWtt -> WWWWbb      
-> same-sign leptons.

No mass reconstruction

Combined limits depend on the 
branching ratios of t’ and b‘.  Robust 
limits are mb’ > about 300 GeV.

This is physics that the LHC at 7 TeV 
can improve with ~ 1 fb-1.

2

→ (!±ν)(qq′)b(qq′)(!±ν)b̄

by requiring two same-charge leptons, at least two jets
(at least one with a b-tag), and missing transverse en-
ergy of at least 20 GeV [2]. Given the small back-
grounds, multiple neutrinos and large jet multiplicity in
the sample, CDF did not reconstruct the b′ mass, but in-
stead fit the observed jet multiplicity to signal and back-
ground templates generated from simulations. Assuming
B(b′ → Wt) = 100%, CDF found m′

b > 338 GeV [2].
The !±!±jb "ET analysis did not use final-state depen-

dent fits, thus results are process-independent and may
be applied to any process producing the !±!±jb "ET sig-
nal. For example, t′ → Wb′ → WWt → WWWb decays
would produce a six-W , two-b signature, with higher jet
multiplicity and larger acceptance to the !±!±jb "ET sam-
ple than the simple four-W , two-b signature. In this anal-
ysis, we therefore apply the !±!±jb "ET results inclusively
to processes resulting in at least four W bosons and two
b quarks.

The ! + 4j and !±!±jb "ET data samples are comple-
mentary. In the case that the fourth generation quarks
decay exclusively at tree level through the charged cur-
rent electroweak interaction (assured for a chiral fourth
generation), the two searches can be minimally under-
stood to probe two corners of a two-dimensional interval
in branching fraction space. In particular, for the case
where the t′ is heavier than the b′ the topologies of b′ and
t′ decays are determined by four branching fractions, two
of which are independent:

B(t′ → Wb′) = 1 − B(t′ → W{q = d, s, b})

B(b′ → Wt) = 1 − B(b′ → W{q = u, c})

as shown in Fig. 1. In this representation, the !±!±jb "ET

and ! + 4j analyses probe complementary regions (see
Fig. 1).
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FIG. 1: The flavor-mixing intervals overlaid with a table of
the processes contributing to the axis vertices.

We consider the implications of the CDF data to vari-
ous two-flavor (t′ and b′) scenarios, characterized by the
t′ − b′ mass splitting and flavor-mixing rates. To extend
the interpretations of the published results, we use the
relationship among event yield, cross section and accep-
tance to interpret the observed yield limits under the
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FIG. 2: (a) Limits for the combined hypothesis t′ → Wb′ and
b′ → Wt derived from the !±!±jb "ET data. Also plotted is
the previous CDF limit for the individual b′ case. (b) Limits
on b′ mass from the combined !±!±jb "ET and ! + 4j data, as
a function of branching fractions B(t′ → Wb′) = 1 − B(t′ →
Wq) [q = d, s, b] and B(b′ → Wt) = 1−B(b′ → Wq) [q = u, c]
for the case mt′ = mb′ + 100 GeV (c) Same as in (b) but for
mt′ = mb′ + 50 GeV. (d) Limits on t′ mass from ! + 4j data
as a function of BR(b′ → W{q = u, c}), in the inverted mass
splitting case mb′ > mt′ .

varying assumptions. This requires parametrization of
the variation in relative acceptance due to modification
of the signal-source model.

First, we consider the !±!±jb "ET sample, interpreted
under the mass splitting assumption mt′ > mb′ . In the
original !±!±jb "ET analysis, the event yield was assumed
to come from an individual b′. Here, we interpret this
yield under a model with both t′ and b′ contributions,
where the decay modes of interest are

b′ → Wt → WWb

t′ → Wb′ → WWt → WWWb

which corresponds to the boundary case (1,1) in branch-
ing fraction space. The t′ → WWWb mode has no prior
direct limit despite having a similar signature with larger
acceptance in the !±!±jb "ET dataset due to the two ad-
ditional W s in the intermediate decay chain. Indeed, if
both fourth-generation quarks exist, we expect to select
both modes in the !±!±jb "ET sample.

In general, the ratio of event yield to the integrated lu-
minosity N/L equals the cross section multiplied by the
acceptance rate. For a particular process, such as an indi-
vidual b′, this gives the limit on cross section: σb′ = N

L·εb′

where εb′ is the acceptance rate for the observed process
within the experimental selection constraints. However,
we can also consider the case with two contributions (i.e.,

Flacco, Whiteson, TT, Bar-Shalom,  arXiv:1005.1077

mt’ = mb’ + 100 GeV



A Dark Fourth Generation?

A fourth generation could even have 
something to do with dark matter.

Jason Kumar told us about a model of 
“WIMPless” dark matter in the parallel 
sessions.

The fourth generation acts like the 
bridge between the dark matter and 
ordinary quarks.

It decays into dark matter and a third 
generation quark, leading to unusual 
signals.

For example T’T’ -> ttΧΧ.

Feng and Kumar, PRL 101, 231301 (2008)
Alwall, Feng, Kumar, Su, 1002.3366
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Kaluza Klein Modes

If there are additional compact 
dimensions, any field that 
propagates into them will have 
KK modes -- higher mass copies.

The spectrum and couplings of 
the heavy states depend on how 
the space is folded up.

Number of dimensions

Topology

Which quantum fields are 
functions of them

Many, many variations abound...

k / MPl = 1

k / MPl = 0.1

RS KK Graviton with SM on IR brane

Davoudiasl, Hewett, Rizzo, PRD63, 075004 (2001)



Super-particles

When colored super-partners can 
be produced, they can decay into 
jets (and sometimes leptons) and 
neutralinos, producing jets + missing 
energy signatures.

A complicated soup of production 
and decay modes contribute to a 
given signature.

A recent study examines mSUGRA 
(common scalar masses, fermion 
masses, and A terms at the GUT 
scale) with the 7 TeV LHC and 1 fb-1.

Even without missing energy signals, 
LHC can discover SUSY!
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Figure 2: The optimized SUSY reach of LHC7 for different integrated luminosities combining the
different channels described in the text. The fixed mSUGRA parameters are A0 = 0, tanβ = 45 and
µ > 0. Gluino mass contours (dashed, dark grey) are shown by the dashed, dark grey curves. Higgs
mass contours (dash-dotted purple) are also shown for mh = 111 and 114 GeV. The shaded grey
area is excluded due to stau LSPs (left side of figure) or no electroweak symmetry breaking (right
side of figure), while the shaded grey area marked “LEP excluded” is excluded by non-observation
of a sparticle signal from LEP2 searches.

We emphasize here that the reach in Fig. 2 has been obtained at LO using the rates

as given by Isajet. If instead, we scale the q̃q̃ + q̃g̃ + g̃g̃ cross section to its NLO value as

given by Prospino [14] (the scaling factor varies between 1.3-2.5 depending on where we

are in the plane), and scale the SM background cross sections where available to their NLO

values using MCFM [17], the reach in m1/2 is increased by about 5% for low m0 values,

and by as much as 15-20% for high values of m0. We have checked that if we also include

fluctuations of the background using the procedure used by ATLAS [18], and include a

50% systematic uncertainty [19] that we add in quadrature to the statistical uncertainty of

the background, the reach in m1/2 is reduced from its value in Fig. 2, the reduction being

just a few percent for an integrated luminosity of 1 fb−1, and almost 25% for 100 pb−1 at

low values of m0.

In Fig. 3, we show the optimized reach restricted to the n(") = 0, n(b) ≥ 0 channel.

We see that the 0" multi-jet + Emiss
T channel– which has the largest cross section of all

the signal channel – essentially saturates the reach, except for tiny regions at large m0 and

integrated luminosities ≥ 1 fb−1.

While the greatest LHC reach occurs in the multijet+Emiss
T channel, it is important

to note that even for very low integrated luminosities there should be a signal in several

different channels if the new physics is supersymmetry as manifested by the mSUGRA

model framework. With this in mind, in Fig. 4 we compare the 1 fb−1 optimized reaches

in the n(") = 1, OS, SS, 3" channels (all with n(b) ≥ 0) against the n(b) ≥ 2 channel

(with n(") = 0). The presence of the multilepton channels not only will lend confidence

– 7 –

that one is indeed seeing SUSY cascade decays, but also sparticle mass information may

be extracted, e.g, the m(!+!−) mass edge [20, 7] conveys information on the mZ̃2
− mZ̃1

mass difference, or on sleptons masses.
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Figure 3: The optimized SUSY reach of LHC7 with different integrated luminosities for the
n(!) = 0, n(b) ≥ 0 channel. The fixed mSUGRA parameters are A0 = 0, tanβ = 45 and µ > 0.
Gluino mass contours (dashed, dark grey) are shown by the dashed, dark grey curves. Higgs mass
contours (dash-dotted purple) are also shown for mh = 111 and 114 GeV. The shaded grey area
is excluded due to stau LSPs or no electroweak symmetry breaking, while the shaded area marked
“LEP excluded” is excluded by direct LEP bounds on sparticle masses.

3.1 Identifying the light Higgs boson in SUSY cascade events at LHC7

We note that while discovery of SUSY particles may be possible during the first run of

the LHC, detection of a SM-like Higgs boson using conventional production and decay

modes will require much higher integrated luminosity, primarily because an observable

signal occurs only via its sub-dominant decay modes. However, it is also possible to detect

the lightest SUSY Higgs boson via its dominant h → bb̄ decay when it is produced via

cascade decays of gluinos and squarks [21]. The idea is to produce g̃ and q̃ at a large rate,

and look for q̃ → qZ̃2 or g̃ → qq̄Z̃2 production followed by Z̃2 → Z̃1h decay, in a Emiss
T

event sample designed to pick our SUSY events over SM backgrounds. If mZ̃2
> mZ̃1

+mh,

then the latter decay mode becomes kinematically allowed and usually dominates the Z̃2

decay branching fractions. Then, one might search for a bb̄ mass bump within the SUSY

signal sample.

As an example, we generate gluino and squark pair production events at the mSUGRA

point m0, m1/2, A0, tan β, sign(µ) = 330 GeV, 330 GeV, 0, 10, (+), and apply the cuts:

• n(j) ≥ 4, n(b) ≥ 2, n(l) = 0, pT (j1) > 100 GeV, ST > 0.2 and Emiss
T > 250 GeV

For this set of cuts tt̄ + jets is the dominant background, which is partially reduced

by the isolated lepton veto. We construct the di-b-jet invariant mass of the two hardest

– 8 –

Baer, Barger, Lessa, Tata 1004.3594

More details from Genevieve 
in the parallel sessions this afternoon!



WIMPs

Production of super-partners highlights one of the important connections 
between new LHC physics and particle astrophysics:  if WIMPs do indeed 
couple to colored SM particles, we can produce them at colliders.

In SUSY, the way this works is to produced colored squarks and gluinos, 
which then decay into neutralinos.  The details depend on the zoo of SUSY 
particles (with their detailed spins and masses).

One question we can ask is what happens when the colored super-
partners are a little too heavy for the LHC to produce them?

Colored super-partners still appear virtually in processes, even if they are 
not produced on-shell.  Since the WIMP needs to be somewhat lighter 
anyway, we can imagine a situation in which the colored states are 
negligibly produced at a collider, whereas the WIMP remains accessible...



Effective Theory

We don’t want to get too attached to the details of a given WIMP model.  
We use effective field theory to capture the physics of WIMP interacting 
with the Standard Model.

This provides a language which can describe direct, indirect, and collider 
production of WIMPs.

The EFT works well for experiments whose energies are small compared 
to the masses of any new particle other than the WIMP -- a “Maverick” 
WIMP.

χ
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Operators

For both colliders and direct detection, the 
most relevant operators are the ones which 
connect WIMPs to quarks or gluons.

I’ll focus on the case of a Majorana WIMP.  
We have results for Dirac and scalar WIMPs 
too.

The EFT contains the set of 10 leading 
operators which preserve Lorentz and 
gauge invariance.  (Others can be Fierz’d 
into this form).

We assume minimal flavor violation; leading 
terms in vector operators are universal and 
scalar operators are proportional to quark 
masses.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: May 11, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (or-
der ∼ GeV) mass dark matter [1–4]. This interest is
partly spurred by the fact that the DAMA signal of an-
nual modulation [5] may be understood as consistent with
null results reported by CDMS [6] and Xenon 10 [7] if
the dark matter is a weakly interacting massive particle
(WIMP) of mass ! 10 GeV [8]. Further excitement is
motivated by the signal reported by CoGeNT, which fa-
vors a WIMP in the same mass range [9] as DAMA with
moderate channeling (however, unpublished data from 5
towers of CDMS Si detectors [10] provides some tension,
see [3]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [11–13]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗ 1 1

M2 qq imq/2M3
∗ γ5 1

M3 qq imq/2M3
∗ 1 γ5

M4 qq mq/2M3
∗ γ5 γ5

M5 qq 1/2M2
∗ γ5γµ γµ

M6 qq 1/2M2
∗ γ5γµ γ5γ

µ

M7 GG αs/8M3
∗ 1 -

M8 GG iαs/8M3
∗ γ5 -

M9 GG̃ αs/8M3
∗ 1 -

M10 GG̃ iαs/8M3
∗ γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [12, 14, 15]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = εµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

�

q

[q̄Γqq] [χ̄Γχχ]

[χ̄Γχχ]GµνGµν

Similar Approaches:
Beltran, Hooper, Kolb, Krusberg PRD80, 043509 ’09

Cao, Chen, Li, Zhang 0912.4511
Beltran, Hooper, Kolb, TT, Krusberg 1002.4137

Bai, Fox, Harnik 1005.3797



Limits/Sensitivity
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Our primary interest is how 
colliders can put bounds or 
discover how WIMPs interact 
with quarks or gluons.

We compare with a CDF 
search [0807.3132] for 
monojets (designed for large 
extra dimensions) and a 
proposed LHC search [hep-
ex/0005033] to get bounds 
from Tevatron null results and 
LHC discovery prospects.

The EFT also predicts the 
thermal relic density and 
direct detection rates, allowing 
us to compare them to the 
collider picture.



Spin-independent
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Outlook

The LHC is online!  It promises an unparalleled look at the TeV scale.

We expect it should in the very least reveal the mechanism of 
electroweak symmetry-breaking, and some properties of the Higgs (if 
there is one!).

A fourth generation or supersymmetry could affect the properties 
of the Higgs in interesting, noticeable ways.

Knowledge of Higgs properties can help shape our understanding of 
dark matter, for example as an input to direct detection.

If we are lucky, we could get hints for supersymmetry, extra 
dimensions, a fourth generation, or ....???

Colliders can provide interesting information about WIMPs, 
complementary information to direct & indirect detection experiments.



Bonus Material



From WIMPs to SIMPs...
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Jets + Missing Energy

The collider signature is one or 
more hard jets recoiling against the 
WIMPs -- “nothing” as far as a 
collider detector is concerned.

To place bounds, we compare with 
a CDF monojet search for ADD 
KK graviton production:

Leading jet PT > 80 GeV

Missing ET > 80 GeV

2nd jet allowed PT < 30 GeV

Veto more jets PT > 20 GeV

Veto isolated leptons with      
PT > 10 GeV.

ψ

ψ
SM Particles } Missing 

Momentum

Visible radiation

Based on 1 fb-1, CDF constrains
new physics (after cuts) σ < 0.6 pb.

CDF,  0807.3132
http://www-cdf.fnal.gov/physics/exotica/r2a/

20070322.mono_jet/public/ykk.html

http://www-cdf.fnal.gov/physics/exotica/r2a
http://www-cdf.fnal.gov/physics/exotica/r2a


Comparison with CDF Study

In 1002.4137 we were able to reproduce the backgrounds CDF found 
based on its own Monte Carlo simulations (improved with data):

The dominant background is Z + jets with the Z decaying into 
neutrinos.

Efficiencies from Monte Carlo, matched to Z + jet with Z decaying 
into leptons data (correcting for the branching ratios).

Next in importance is W + jets (where the charged lepton from the W 
decay gets lost).  

Veto isolated (ΔR > 0.4) leptons with PT > 10 GeV.

The “QCD” background from mismeasured jets was negligible.

Theory uncertainties in background rates ~ %; (N)NLO rates available 
and LO rates are driven by quark PDFs.



Signal and Background

At the parton level, there is a clear 
difference between the kinematics 
of the WIMP events compared 
with the SM backgrounds.

The WIMPs are produced by 
higher dimensional operators, 
which grow with energy compared 
to the softer SM background 
processes.

The harder spectrum is reflected 
in the PT of the associated jet(s), 
which must balance the WIMPs.
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Beyond the Parton Level

These differences survive 
parton showering and 
hadronization (simulated by 
PYTHIA) and detector 
response (simulated by 
PGS in its default Tevatron 
detector model).

Our detailed study 
suggests that one can 
probably optimize a search 
and do better than the 
CDF monojet search aimed 
at Large Extra Dimensions.
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LHC	



To estimate the LHC sensitivity we 
rely on the ATLAS search for jets + 
missing energy:

Missing ET > 500 GeV 

Vetoing extra jets is counter-
productive at the LHC.

Since we are interested in the 
eventual reach of the LHC, we 
assume 14 TeV and 100 fb-1.

It would be interesting to see what 
the LHC can say for 7 TeV and ~ 1 
fb-1 -- it is probably non-trivial!

Vacavant, Hinchliffe, 
J Phys G 27, 1839 (2001)
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Limits/Sensitivity

10 210 310

10

210

310
M1
M2
M3
M4

 (GeV)m

 (G
eV

)
*

M

Quark (scalar) operators

Tevatron 95% CL Limits

LHC 5σ Reach

Thermal Relic Density

Effective Theory
Breaks Down

1005.1286



Limits / Sensitivity
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Direct Detection

Our operators can also be translated into direct detection experiments.

Only three operators contribute to non-relativistic Majorana WIMP 
scattering with a heavy nucleus.

Two operators potentially contribute to spin-independent scattering.

One operator potentially contributes to spin-dependent scattering.

We follow the usual procedure and quote WIMP-nucleon cross sections.  
In terms of M* we have:
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Collider/Direct Synergy

Spin-independent scattering, colliders 
and direct searches show a lot of 
complementarity.

Colliders win at low WIMP 
masses and for gluon interactions.

Direct detection can reach much 
lower cross sections for quark-
scattering at ~100 GeV masses.

Tevatron already says something 
about the DAMA/CoGeNT low 
mass region; LHC will say a lot.

Also note: Xenon100 low mass 
analysis.  (which I guess Elena will 
show us tomorrow).
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Spin-dependent

Colliders already do an excellent job 
for spin-dependent scattering WIMPs.

Tevatron limits are better than 
existing or near future direct 
limits, except at large masses.

Generally, colliders easily handle even 
higher dimensional operators with 
more momentum dependence, 
because colliders are not energy 
limited except for large masses.

Such as have been invoked to explain 
DAMA versus other experiments -- 
“momentum-dependent dark matter”,  
but note the presence of light states!
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Outlook	



Effective field theories can be used to study WIMP interactions, and 
provide a common language for direct, indirect, and collider searches.

Colliders can provide interesting bounds on WIMPs.  In this specific case, 
we have looked at theories where bounds don’t originate from production 
of some exotic colored particle which decays into WIMPs.

Where this assumption does not hold, bounds could get stronger or 
weaker, depending on how one UV-completes the operator description.

Already, Tevatron puts interesting constraints on spin-dependent 
interactions which are stronger than direct searches.  

LHC has a large degree of complementarity with spin-independent 
searches.

Together, direct, indirect, and collider searches offer a more complete 
picture of dark matter interactions with the Standard Model!
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