XLIIIrd RENCONTRES DE MORIOND

Electroweak Interactions and Unified Theories

I - Standard Model,

precision Electroweak data at colliders,
Search for the Brout-Englert-Higgs particle
and theoretical variations






Standard Model Higgs Searches at the Tevatron (Low Mass)

Kohei Yorita
(On behalf of the CDF and DO Collaborations)
Enrico Fermi Institute, University of Chicago
Chicago, IL 60637 USA

We present recent results of the Standard Model (SM) Higgs boson searches from the Col-
lider Detector at Fermilab (CDF) and D@ experiments using 1.0-2.1 fb™! data from proton-
antiproton collisions with 4/s = 1.96 TeV at the Fermilab Tevatron. For Higgs mass (ms) less
than 135 GeV/c? (so-called low mass region), W= H — [*vbb, ZH — 117 bb, and ZH — visbb
processes are the most sensitive channels and those results are summarized in this report. In
addition, a new CDF search based on H — 777 + 2jets mode is described. Both CDF and
D@ have found no evidence for the Higgs boson, and therefore set upper limits on the Higgs
production cross section. The latest Tevatron combined limits are also presented.

1 Introduction

The Higgs boson is an essential component in the Standard Model (SM), which provides masses
to fundamental particles through electroweak symmetry breaking, but yet undiscovered as of
now. Theory indicates that the Higgs should be a scalar and charge-neutral boson but no
predictions on its mass. However, combining the results from the direct searches at LEP and
the SM global fits based on electroweak data, the mass of the SM Higgs boson is bounded in
the range of 114.4 to 144 GeV/c? at 95% confidence limit (CL) '.

The CDF and D@ experiments at the Tevatron are currently the only places capable of
searching for the Higgs boson. The dominant Higgs production mode at the Tevatron (pp
collision with 4/s = 1.96 TeV) is via gluon fusion (o =~ 1 pb) which is about five to even ten
times larger than the associated production of W*II and ZH. The fourth highest production
is given by so-called Vector Boson Fusion (VBF) process with slightly lower production rate
than ZH. In the low mass region (mpg < 135 GeV/c?), the Higgs immediately decays to bb at
70~80% or 7' 177 at 7~8% respectively. Although gg — H — bb mode is expected to provide
the largest signal yield, it is overwhelmed by QCD multijet background. Therefore the most



relevant channels at the Tevatron are W H — [Tvbb, ZH — 171~ bb, and ZH — vvbb as shown
in figure 1.
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Figure 1: Tree level Feynman diagrams for signal processes used for low mass Higgs searches: From left to right,
WEH — [Tubb, ZH — {717 bb, and ZH — vipbb final states.

In addition to these channels, CDF newly performed the SM Higgs boson search using
H — 777~ +2jets from WH, ZH, VBF, and gluon fusion processes. In this report, all results
and combined limits are briefly summarized.

2 Recent Runll Results

Both CDF and D@ have established the search for the SM Higgs as one of their highest priorities
and already presented elsewhere and published (e.g. in?). This proceeding therefore mainly
focuses on describing recent updates for analyzes with 1.0~2.1 fb~' of data. depending on
channels.

For H — bb associated with W /Z boson, b quark identification is one of the key elements
in event selection. b quarks produce jets in detection and can be identified by either secondary
vertex algorithm (SecVtx btagging) or jet probability algorithm (JetProb btagging) based on
the large B hadron lifetime. The former algorithm looks for a displaced vertex from the primary
vertex of an event >? while the latter requires a low probability that all tracks contained in a
jet originated from the primary vertex, based on the track impact parameters®. These btagging
requirements are crucial to reduce large W/Z + jets and QCD multijet backgrounds where non-
bjet (gluon jet and u—,d—,c—,s— jets) contribution is dominated. However since the Higgs
signal is still much smaller than the backgrounds even after btagging, all analyzes presented
here employed multivariate techniques (Artificial Neural Net (ANN) or Boosted Decision Tree
(BDT)) to further improve signal-to-background ratio.

Although significant improvements with enormous efforts have been achieved by both CDF
and D@, no single analysis by itself would reach the sensitivity needed for discovery or exclusion.
Thus all channels studied must be combined.

2.1 Search for W=H — [Tvbb

The event selection is imposed by having one high pr isolated lepton (e or 1), missing transverse
energy (Fr) from the neutrino (from W decay), and two or more jets (exact two jets in CDF)
expected from Higgs decay. CDF and D@ results presented here are based on 1.9 fb~! and 1.7
fb~! data respectively. From previous results, CDF updated the analysis to include forward
electron with n up to ~2.0 and also added 1 btag category with neural net flavor separation
(ANNjtqq) in addition to double btagged events 3. Candidate events are therefore classified into
three categories: 2 SecVtx, 1 SecVtx + 1 JetProb, and 1 ANNy;,,. Those three are exclusive
to each other and have different signal purity. Thus they are analyzed separately but combined
to obtain the final sensitivity in the likelihood calculation. D@ uses events with not only exact



two jets but also three jets and performed sample splitting in a similar way of CDF (1 ANN
tight bjet and 2 loose ANN bjets. depending on operation point with respect to fake rate and
signal efficiency where they have been selected based on the optimal combined sensitivity to a
W H signal) . Dominant backgrounds are W + bb and #f events. Both CDF and D@ use ANN
technique for the final fit to distinguish signal from such backgrounds. Figure 2 shows ANN
output distribution (CDF) and dijet mass distribution (D®) for 2 btagged events. No significant
excess is observed, so upper cross section limits at 95% CL are set. For my = 115 GeV/c?, DO
sets a limit of 1.4 pb (1.2 pb expected) and CDF sets a limit of 1.1 pb (1.0 pb expected) while
SM prediction on o(pp — WH) x BR(H — bb) is 0.13 pb.
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Figure 2: Left: ANN distribution from CDF. Right: Dijet mass distribution from D@. Both are for events with
2 btagged jets. Higgs signal (times 10) is also shown for comparison.

2.2 Search for ZH — 1T bb

Since this analysis was done in Summer 2007 based on relatively small data (1.0-1.1 fb~!)
compared to other analyzes summarized in this proceeding, only core parts of the analysis are
briefly described here. More details can be found elsewhere ®®. The signature for this channel
is two high pr isolated leptons and two hight Ep jets that could be identified as b jets. The
main backgrounds are Z + jets with mis-btagging, Z + bb and #t. D@ uses one dimensional
ANN with ten kinematic variables while CDF’s ANN analysis is two dimensions with eight
variables to distinguish signal from Z + jets and #t separately. CDF also employed ANN to
improve the energy resolution of dijet invariant mass by correcting energies of two leading jets
independently according to their projection onto the Fir direction. This correction improves
dijet mass resolution from 14% to 9% as shown in figure 3. No excess is found in signal region
and so for my = 115 GeV/c?, DO sets a limit of 1.4 pb (1.6 pb expected) and CDF sets a limit
of 1.3 pb (1.3 pb expected) while SM prediction on o(pp — ZH) x BR(H — bb) is 0.8 pb.

2.8 Search for ZH — vobb

In this channel, there is no leptons in the final state and so the signature is two high Er
jets which could be btagged and high Fr due to the two neutrinos from Z decay. The main
backgrounds arise from Z + jets, Z + bb, tf, and QCD. This analysis is challenging because
except for Z — vv + bb, all backgrounds are basically fakes originated from either mis-btagged



10%F . -
3" D@ Preliminary 78‘%’%
20 CDF Il Preliminary J‘Ldt =0.97-1.02b" o [ .
18F Data (Single Tag) >~ *Z+je'[S
- —e— Data (Single Tag| »n -
£ Backgrounds w/ Alpgen =10 Z+bb(CC)
16} 2 S =it
F ——— ZH > llbb X 50 (M, = 120 GeV/c?) o f
14;* ZH — libb X 50 (before MPDF) I.ﬁ F Wz
120 S i =z
10:, .- S 1 F — ZH 1 1 5
F g r
8- -e- r
GE ~e- o | - g r
; -e- -e- -e- 0_1 -
4 = F
ZE—I_ B
0- .2 \\‘\IIIIIIIIIIIIIIIIIIII \\‘\\\‘\\\‘\\\
50 100 150 200 250 105402 0 0204 06 08 1 1.2 1.4 1.6 1.8
Mij (GeV/c)) Neural Network output

Figure 3: Left: Invariant mass distribution of two btagged jets (CDF). The red/yellow histograms is the invariant
mass for the Higgs signal(times 50) after/before the ANN jet correction. Right: ANN output distribution (D@).

jet or jet mis-reconstruction and/or jet energy mis-measurement that mimic bjet and large Fr,
respectively. However there is a strong advantage that it gains some acceptance from W H when
the lepton is lost in detection. D@ uses 2.1 tb~! (the largest dataset in all analyzes presented
in this report) and employs the Boosted Decision Tree (BDT) technique which is basically a
machine learning technique to extend a simple cut-based analysis into a multivariate technique
by continuing to analyze events that fail a particular criterion. The 95% CL limits are set with
respect to the SM prediction as shown in figure 4. At 115 GeV/c?, the limit is 7.5xSM (8.4xSM
expected) . Tn CDF, two separate ANN have been developed for this analysis. The first focuses
on discerning real Fp from fake By generated by mis-measurement by using track information.
The second ANN is trained to optimize the separation of both ZH and W H events from QCD
and #f backgrounds as shown in figure 4. Using 1.7 fb~! data, CDF found no excess. Therefore
upper limits are set. The limit is 8.0 times over the SM prediction (8.3 expected) at my = 115
GeV/c2 7.
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Figure 4: Left: ANN output distribution for 2 btagged events (CDF). Right: Upper limits (relative to the SM
prediction) set by D@ ZH — vwbb analysis.



2.4 Search for WH + ZH + VBF + ggH — 777~ + 2jets

All analyzes presented so far use H — bb decay to take an advantage of the high branching ratio
while it is smaller for H — 77 (about 7~8%). CDF however performed the first dedicated search
for the SM Higgs boson using 7 decay. To recover disadvantage of Higgs decay rate, four signal
processes are considered and simultaneously searched as shown in figure 5. The signature is one
isolated lepton (7¢p) from leptonic 7 decay, one hadronic 7 (7peq) from another 7, and two or
more jets. No other cuts are imposed in the event selection but instead ANN is trained in order
to incorporate possible kinematic variables and their correlations to maximize discrimination
power against backgrounds. Main backgrounds are Z — 77 + jets and jet faking 75,4 (mainly
from W + jets and QCD). After all jet — 7,4 backgrounds are estimated and modeled by
data-driven way (using the same sign (Q(7ep) X Q(7Theq) > 0) data), three ANN are trained: 1)
Mixed signal vs Z — 77, 2) Mixed signal vs QCD. 3) Mixed signal vs #f, where mixed signal is
a mixture of four signal events. Then given a event, those three ANN scores are calculated and
the minimum of the three is selected for making the final ANN distribution. With 2 fb~! CDF
data, the simultaneous search was performed but there was no clear excess in signal region as
shown in figure 5. Therefore 95% CL limits are set. The result at my = 115 GeV/c? is 30xSM
(24 expected) ®.
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Figure 5: Left: Signal Feynman diagrams used in this analysis. Right: ANN distribution with 2.0 fb=' CDF
data. The Higgs signal (times 30) is shown in blue line.

3 Tevatron Combined Limits

Figure 6 shows the current Tevatron limits (at 95% CL) on the Higgs production cross section
to the SM predictions. In this combination, all CDF and D@ results are included except for the
new CDF’s H — 7777 + 2jets result. Also for DO ZH — vibb analysis, only 0.9 fb~! data is
currently combined. At my = 115 GeV/c?, the observed limit is 6.2xSM (4.3 expected) 1°.

4 Conclusions

We have reviewed new preliminary results for the SM Higgs boson searches performed by the
CDF and D@ collaborations with 1.0-2.1 fb~! dataset accumulated from pp collisions at /5 =
1.96 TeV. No signal is found in both experiments and the 95% CL limits are set for a wide range
of Higgs mass. At my = 115 GeV/c?, combined result now is only about 5 times far from the SM
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Figure 6: Tevatron combined limits: Ratio of the observed/expected 95% CL limits on Higgs production to the
SM predictions as of December 2007. All channels described in this report are combined except for the CDF
H — 17 4 2jets result.

prediction for the exclusion. Furthermore, there are some results not yet combined and also more
improvements can be expected and already planned by adding new decay channels, improving
b-tagging quality and using advanced technique and so on. On the other hand, CDF and DO
expect to collect at least 6 fb~! data by 2009. Therefore together with expected improvements,
there might be a great chance to discover or exclude the SM Higgs even in this challenging low
magss region by the end of Run II.
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Searches for non-SM Higgs Bosons at the Tevatron

Andrew Haas for the DZero and CDF collaborations
Columbia University, New York, NY, USA

Extensions of the Standard Model (SM) predict Higgs phenomenology which can be quite
different from that expected within the SM. This contribution discusses the latest results
from searches for Higgs bosons by the DZero and CDF experiments at the Tevatron in several
non-SM scenarios: supersymmetry, left-right symmetric (Higgs-triplet), and fermiophobic.

1 Introduction

The Tevatron accelerator at Fermilab has performed very well in recent years, delivering over
3.5 tb~! of data. The DZero and CDF experiments are using this data to study many questions
at the forefront of high-energy physics. A central goal is the understanding of electro-weak
symmetry breaking, which gives the W and Z bosons mass while leaving the photon massless.
In the SM, electro-weak symmetry breaking is delivered via the Higgs mechanism, which predicts
a single neutral spin-0 boson - the Higgs boson. Extensions to the SM, such as supersymmetry,
predict different productions and/or decays of the Higgs boson and often a richer spectrum of
multiple Higgs bosons.

We will discuss first the most anticipated extension to the SM, supersymmetry. Both DZero
and CDF have specifically tuned searches for the new neutral Higgs boson(s) of supersymmetry,
in the bh — bbb, h — 77, and bh — br7T channels. Next we show the results for left-right
symmetric or Higgs-triplet models, which predict a doubly-charged Higgs boson, H™T. Finally,
DZero has considered the case where the Higgs prefers not to decay to fermions, the so-called
fermiophobic scenario, leaving open the h — =7y channel as the main decay mode for a low-mass
Higgs boson.
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Figure 1: The di-jet invariant mass spectrum in bbb events and corresponding limits in the m - tan( parameter
space of the MSSM from the CDF bh — bbb analysis.

2 Searches in the MSSM at high tang

In two-Higgs-doublet models of electro-weak symmetry breaking, such as the minimal super-
symmetric extension of the standard model (MSSM) !, there are five physical Higgs bosons:
two neutral C'P-even scalars, h and H, with H being the heavier state; a neutral C'P-odd state,
A; and two charged states, H*. The ratio of the vacuum expectation values of the two Higgs
fields is defined as tanf = v, /vq, where v, and vy refer to the fields that couple to the up-type
and down-type fermions, respectively. At tree level, the coupling of the A boson to down-type
quarks, such as the b-quark, is enhanced by a factor of tan( relative to the SM, and the pro-
duction cross section is therefore enhanced by tan?32. At large tan(, this is also true either for
the h or H boson depending on their mass. At high tans, the h/H and A decay roughly 90%
to bb and 10% to 77.

The dominant decay to bb is unfortunately drowned by QCD background, but due to the
enhanced coupling to b-quarks the h/H and A are also produced in association with one or more
b-quarks, opening the channel bh — bbb. Both DZero and CDF have performed searches for
an excess in the di-jet invariant mass spectrum of the bbb final state. CDF’s latest results are
shown in Figure 1, using 1.9 fb~! of data. The dijet mass spectrum of the heavy flavor multi-jet
background is derived from double-tagged data in a manner that accounts for tagging biases
and kinematic differences introduced by the addition of the third tag. No excess is observed for
any di-jet invariant mass window, so limits are placed in the Higgs mass vs. tan( parameter
space.

The subdominant decay of the h/H or A to 77 is much cleaner, so both DZero and CDF
have searched for direct h — 77 excesses, see Figures 2 and 3. The main background is from
Z — 7T, which is essentially irreducible.

At DZero, a set of Neural Networks (NN) are trained to identify tau decays from jet back-
grounds, for each of 3 tau types (charged pion-like, pion + EM shower-like, and 3-prong). One
of the taus is required to decay to a muon, for triggering and to reduce QCD background. The
QCD background is determined by comparing same-sign vs. opposite-sign candidates. Some
loose selection cuts remove W backgrounds, such as requiring the visible W mass <20 GeV.
Finally, a set of NN’s (one for each tau type) is used to separate signal from backgrounds.
Good agreement is seen between data and expected background at high NN output, so limits
are placed on the signals’ cross-sections and interpreted in the Higgs mass vs. tanf parameter
space. CDF has performed similar analyses, but using in addition the e+tau and e+mu decay
channels, as well as more data. No NN separation is employed, however.

By adding the requirement that there be an associated b-quark in the production, followed
by the clean di-tau decay, bh — br7 has the highest signal / background of any high tan MSSM



NN, summed over all Types

DQ Preliminary, 1.0 fb”

0Ny NN for Type 1

Events

1
NN Output

NN for Type 3

D@ Preliminary, 1.0 fb"

DQ Preliminary, 1.0 fb'

1
NN Output

Events

7,7, channel

1
Output

50 100

04 0.6 0.8

D Preliminary, 1.0 fb”

Ty Thaa T T, Thea Channels

1
NN Output

CDF Run Il 1.8 fb-1

Preliminary

MSSM ¢—17 Search| |

{ observed
] A—tt
O]zt —1e

[ other EW, tt
I jet fake
150

200 250

m, (GeVic?)

100

mp =140 GeV

150 200 250

m, (GeVic?)

Preliminary

CDF Run Il 1.8 fb-1
MSSM ¢—tt Search

t observed
] A—tt
O zy*—t

I jet fake

[ other EW, tt

300 0 50 100 150 200 250
m; (GeVic?)
my = 140 GeV i

300

100

—

150 200
m,, (GeVic?)

250

Rencontres de Moriond 2008

Figure 2: (top) NN outputs for all tau types (top left) and each tau type (see text) individually in the DZero
h — 77 analysis. (bottom) Visible mass distributions in the CDF h — 77 analysis for the ey and lepton + 7
channels.
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Figure 5: (left) Di-muon invariant mass spectrum in events with 3 muons. (right) Limits on the H** mass for
left- or right-handed Higgs bosons from the latest DZero search.

Higgs search. It also suffers from a low cross-section times branching ratio however. DZero has
performed a search using just 344 pb~! of data in this channel. Di-tau events are normalized to
the Z — 77 peak, and then an additional b-tagged jet is required with pyr >15 GeV. For a Higgs
mass of 120 GeV and tan(3=80, there are 5.3 signal events expected, with just 6.3 expected
background events. Only 3 events are observed in data, and limits are placed in the Higgs mass
vs. tan@ plane, as seen in Figure 4, competitive with the other channels.

3 Searches for HTtH——

Many models of beyond-SM Higgs physics predict a doubly-charged Higgs boson, H', such as
left-right symmetric models, Higgs-triplet models, and little-Higgs. DZero has recently updated
its search for pair-produced Ht+H~~, using 1.1 fb~! of data. 3 muons are required, with
pr >15 GeV. At least one pair must have an invariant mass >30 GeV and A¢ <2.5 radians, to
reduce backgrounds from QCD and Z decays. 3 events are observed in data, for an expectation
of 3.1 events from backgrounds, and thus limits are set on the H*+ mass as shown in Figure
5. Left-handed doubly-charged Higgs bosons, H}JHr have a larger production cross-section than
right-handed, HEJF, by about a factor of 2, due to their different coupling to the intermediate Z
boson. Thus, the limit on the mass of H; ™ (>150 GeV) are higher than on HA " (>127 GeV).
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Figure 6: (left) Di-photon invariant mass spectrum and (right) limits on the h — 77y cross-section in units of the
SM cross-section from the latest DZero di-photon analysis.

4 Searches for h — vy

Although the SM Higgs boson decays to the di-photon final state with a small branching ratio,
this decay channel could be subject to a large enhancement in models where the Higgs does not
couple strongly to fermions. In this case, fermion masses could arise from some other source.
DZero has recently completed a search using 2.3 fb~! of data for h — . 2 isolated photons with
pr >25 GeV are required. QCD jets faking photons are estimated by looking at the calorimeter
shower-shape correlations between the two photons in each event, and samples are divided into
QCD di-jet, photon+jet, and di-photon backgrounds. Z — ee also contributes near the Z mass.
Data agree very well with estimated backgrounds, and no significant excess is seen at any di-
photon invariant mass range. Limits are therefore set on the cross-section times branching ratio
for h — v and are compared to the expected cross-section times branching ratio in the SM, as
shown in Figure 6. The current analysis can exclude down to about 50 times the SM event rate
at 120 GeV and in fact also contributes non-negligibly to the SM Higgs search.

5 Conclusions

CDF and DZero have searched for Higgs bosons in several models beyond the SM: the MSSM
at high tanf in b and 7 channels, for doubly charged Higgs, and for fermiophobic Higgs. No
significant excesses or deviations indicative of non-SM Higgs signatures have been seen so far.
But the Tevatron experiments expect to more than double their data samples in the next two
years, hone their search strategies, and enlarge the variety of models considered.
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W/Z Production : Asymmetry, Z(pr), and W-charm at the Tevatron

Jiveon Han for the CDF and DO Collaborations
Department of Physies and Astronomy, Universily of Rochester,
Rochester NY 14627-0171, IS4

We report on W/Z production processes at the Tevatron, including the W charge asymmetry,
the 4 boson rapidity and py distributions, and the W-charm final state. The measurements
test the Standard Model and vield constraints on parton distribution functions. The data
samples used range from 0.3 to 2.1fb " of pp collisions at /5=1.96 TeV.

1 W/Z production at the Tevatron

1.1  FElectroweak Physies at Tevatron

Investigations of electroweak processes at the Tevatron have focussed on three different areas:
(a) the W mass and width, (b) diboson production, and (c) details of W /Z production processes.
Precise measurements of the W mass constrain the mass of the Higgs boson, and measurements
of the W width can be compared with Standard Model (SM) predietions. Diboson production
provides information on gauge boson self-interactions and is sensitive to physics beyond the SM.
Understanding diboson production is also relevant to new particle searches because it is the
background to Higes and SUSY particle production. Measurement of details of W/Z production
processes, such Z boson rapidity and py distributions and the W charge asymmetry provide
information on the up and down parton distribution functions (PDFs) in the proton, while the
W-charm cross section is sensitive to the PDF of strange quarks.

1.2 Detectors

We report on results from CDF and DI Tevatron experiments at Fermilab, The CDF detector
has a larger tracking volume which yields better momentum resolution for charged tracks than
the DI detector in the central region. The D detector has a larger muon acceptance and more

coverage in the forward rapidity region!?
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Figure 1: The left figure shows the W boson and lepton rapidity distribution. The right figure replaces the plot
with the predicted W and lepton charge asymmetries.

1.8 W Boson and Lepton Charge Asymmetry

W+ (W) events are produced in the collisions of (@) and d(d) quarks. Since, on average, the
u(u) quark carries a higher momentum fraction than the d(d) quark, the W+ (W ™) is boosted
along the proton (anti-proton) direction. This results in a W charge asymmetry. The W charge
asymmetry (A(yw)) is defined as :

do(WT)/dyw — do(W™)/dyw

Aw) = G (W) Jdy + do (W) Jdysy M

At LO, it can be described in terms of the momentum fractions of the u and d quarks :

d(z2)/u(x2) — d(z1)/u(z1)
d(z2)/u(x2) + d(z1)/u(z1)

where z1 2 = M—\/‘g’ein. The A(yw) is sensitive to slope of d(z)/u(z).

Alyw)

Experimentaly, the lepton charge asymmetry is measured:

do (€*)/dne — do(€”)/dn,
do(£+)/dne + do(€7)/dne

The measured lepton charge asymmetry is a convolution of the W charge asymmetry, and the
asymmetry from the V-A interaction. Figure 1 shows the W boson and the lepton rapidity
distributions and the resulting W and lepton charge asymmetries.

At large lepton pseudorapidities, the V-A interaction distorts the boson production asymmetry.

A(10) (3)

D) and CDF collaboration use different approaches in the measurement of the W asymmetry.
The Df) collaboration uses the traditional method of measuring the charge asymmetry in the
muon decay channel. The data sample consists of 0.3 fb~!. Figure 2 shows the lepton charge
asymmetry versus muon pseudorapidity. The central region measurements by both CDF and
D0 (Jn.] < 1.3) have been used to constrain PDFs in previous fits. The high rapidity region
(Inu] > 1.3) probes the PDFs at higher x. The high rapidty region is still statistics limited.

A new measurement by the CDF collaboration extracts the W charge asymmetry from the
lepton charge asymmetry. The W boson rapidity (yw ) can be determined from the 4-momentum
of the final state neutrino. However, the momentum of the neutrino in z-direction (P) is not

measured and only its transverse momentum is known (the missing transverse energy of the
event). The P is calculated as follows:

MI%V = (EZ + Eu)2 - (PZ + PI/)2 (4)
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Figure 3: Z boson rapidity distributions. The left plot is the normalized of Z boson rapidity distribution measured
at D@, and the right plot is the Z boson rapidity measured at CDF. The theory prediction is normalized to the
measured total o.

where My is constrained to the W boson mass. There are two solutions for P?. Each P!
solution is weighted by a factor which includes the W* production cross section (do /dyw ), the
V-A angular distribution function in the center-of-mass frame (1+co0s%6*), and a W# transverse
momentum [P}'":I factor to account for higher order QUCD corrections to the VoA cosf* term.
The dependence on input de /dyy is removed by iterating the measurement. Each iteration is
used further to constrain deo/dyy-. Here, the larger acceptance electron sample with 1 fb~! is
used.

The W charge asymmetry for 1 fb~' data is shown in Figure 2. There is good agreement
with the NNLO prediction using MRST2002 PDFs>® The experimental error is smaller than
the current uncertainty in the PDFs, and the new data can be used further constrain PDFs in
future fits.

1.4 The £ Boson Rapidity Distribution: de/dy

In the Drell-Yan process, the quark and anti-quark carry parton momentum fractions, r, and
2. The difference in the parton momentum fractions (x; 2) determine the rapidity of the final
state Z boson (yz). Since high yz corresponds to high z; and low xp, this region probes
PDFs at high x. In addition, the de/dy distribution tests QCD theory predictions at higher
orders. In higher order (NLO or NNLO), gluons splitting in the initial state also contribute to
the rapidity distribution. Both D and CDF measure do/dy using the dielectron final state.
In both measurements, yz measurements extend up to 2.9. The DI} measurement, shown in
Figure 3, with 0.4 fb~! shows good agreement with the NNLO MRST prediction. The CDF
measurement, also shown in Figure 3, uses 2.1 fb~!. Figure 4 shows the ratio of the CDF data
to the NLO calculation with NLO CTEQ6.1M PDFs?
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Figure 5: The left plot shows the normalized differential cross section of 2 boson pr up to pr < 2600V /e, The
right plot shows the fractional difference between data and the theory predictions. “KF7 is the scale factor(K-
factor) of NLO to NNLO theory caleulation.

1.5 Z(pr) Distribution

The Z boson pr which can be measured over a wide range of values provide a test of QCD. In
the pr > 30GeV /¢ region, where the pr originates from the radiation of energetic gluons, the
perturbative QCD calculation® (NNLO'?) gives reliable predictions. In the pp < 30GeV/ e region,
where multiple soft gluon emission is dominant, the soft gluon resummation technique is used
(ResBos)!'? The DO measurement in the Z with 0.98 fb~! of data in the ee channel is shown
in Figure 5. The ResBos curve is the gluon resummation calculation including PHOTOS'S,
which accounts for radiated photons in the final state. The “Rescaled NNLO” is the NNLO
calenlation rescaled to match the data at pp = 30GeV/e. The right hand side of Figure 5 shows
the fractional differences between the data and theory on a linear scale. In the pr < 30GeV /e
region, the ResBos calculation describes the data well. For pr > 30GeV /e, the data is higher
than all predictions. The NNLO theory prediction agrees with the data only in shape.

D@ also investigated the “Small-x broadening effect™%! that predicts a wider py distribution
in the large rapidity region. This effect modifies the resummation form factor in the small-x
parton region. At the Tevatron, £ bosons with 2 < |y| < 3 probe the Bjorken x region,
0.002 < |x| < 0.006. Therefore, a measurement of the 2 boson pr in the high rapidity region is
sensitive to the modified form factor. Figure 6 shows the pr < 30GeV /e region for all yz and
for |yz| = 2. The standard ResBos calenlation agrees well with the data in all yz. The |yz| > 2
region data does not favor an additional small-x form factor, This is the first test of the “small-x
broadening effect™ using the high v region at the Tevatron.
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1.6i W+Charm Cross Section

The W+charm process, g + s — W™ + ¢, is a background to top, SUSY particle, and SM Higgs
production. Since CKM matrix element, |V.g|? suppresses the d-quark-glion fusion production,
the W+charm production probes the s-quark PDF. Strange quarks contributes to the processes,
ppfpp — sg — W~ + ¢ and pp/pp — s¢ — H—, at the Tevatron and LHC. At hadron colliders,
the s-quark distribution is probed at large Q° = M;‘i,.

The DI and CDF ecollaborations tag the c-jet by looking for the muon from the decay of
the charm particle in the c-jet. The muon from the decay of the charm particle and the lepton
from the W boson decay have the opposite electric charge. The opposite charge requirement is
used in the event selection. All leptonic channels are allowed for the W boson decay. £ — up
events are rejected by requiring M, < T0GeV/e? for the muon decay channel. DO measures
the cross section ratio of the We-jet to W-jets processes, P .E:|’Ir3¢{¢ ,using 1 fb~! data.
The fraction of a(W + ¢ — jet) compared with the theory versus jet py is shown in Figure 7.
The fraction of a(W + ¢ — jet) for pr = 20GeV /e is 0.071 £ 0.017. The measured fraction in
the electron channel is 0.060 + 0.021(stat.) {02 (sys.) and the fraction in the muon channel is
0.093 + 0.029(stat.) + 0.005(sys. ).

CDF measures the total cross section of W4c-jet with 1.8 f6~! data. Both electron and muon
channels are used for the W boson selection. The e-jets with ppie) = 20GeV/e and |gle)| < 1.5
are identified using the semi-muonic decay of the charm particle in the jet. The measured cross
section for the leptonic channel, oy, x BR{W — f1v), is 9.8 £ E.H{smt.}f{;;{sys.j =+ (L6G{ Leern b,
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which agrees with the NLO calculation, 11.0f§:§pb.

1.7 Conclusion

New high statistics measurements of W and Z production processes at the Tevatron are used
to provide new constraints on nucleon PDFs. The W charge asymmetry and Z boson do/dy
measurement have been extended up to y ~ 2.9. The Z boson do/dy measurement is with 2.1
fb~! of data, and 8 fb~!is expected by end of 2009.
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ELECTROWEAK MEASUREMENTS FROM HERA

Y. R. de Boer
On behalf of the H1 and ZEUS collaborations
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Notkestrasse 85
22607 Hamburg, Germany

New preliminary electroweak results from the HERA lepton-proton collider experiments H1
and ZEUS are presented. These include new high Q? neutral current cross section measure-
ments, limits on a possible quark radius in the search for contact interactions as well as on
quark-Z coupling parameters, extracted in combined electroweak and QCD fits. Furthermore,
new charged current cross section measurements as a function of the lepton-beam polarisation
are presented, as well as charged current measurement results, using the combined HERA I
data from H1 and ZEUS. Finally, measurements of the single W boson production cross section
and the W boson polarisation fractions are presented.

1 Introduction

The lepton-proton collider HERA ! has facilitated measurements of electroweak (EW) interac-
tions between quarks and leptons in deep inelastic scattering (DIS) at a centre of mass energie
up to 320 GeV and four momentum of the exchanged boson squared (Q?) up to 40000 GeV?2.
The data taking took place in the years 1994-2000 (HERA I) and 2003-2007 (HERA II). Two
collider-mode detectors, H1 ? and ZEUS ?, have each collected approximately 0.5 fb~! of data,
divided in electron-proton (e~p) and positron-proton (e*p) data. Previously obtained HERA
results have led to a significantly improved understanding of the proton substructure®® allowing
for measurements of important EW parameters 7% as well as searches >!! for contact inter-
actions. In these proceedings, updates are presented to these analyses along with new results
from HI1 regarding the single production of W bosons at HERA.

2 Neutral Current Cross Section Measurement

New H1 Neutral Current (NC) single differential cross section measurements 12 as a function
of Q?, are presented in Figure 1. The analysis includes previously published %14 HERA I
and preliminary > HERA II data, corresponding to an integrated luminosity of 270 pb~! of
etp data and 165 pb~! of e~ p data. The measurement precision is better than 10% for Q? up
to 20000 GeV?. The data agree well with SM QCD expectations, which are based on parton
distribution functions obtained using high energy HERA 1 data.?
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Figure 1: NC single differential cross sections as a function of %, measured by 11 using €™ p (points) and e p

(triangles) 1S data from the ull HERA TEIT data set, compared to the SM QCD expectations (solid lines). The

interference between the photon and 2 boson, which is different in e poand ¢ p collisions, becomes visible at Q‘z
of the order 100 GeV?,

3 Derivation of Limits on the Quark Radius in Contact Interactions

In the search for contact interactions, both H1 and ZEUS derive limits on a possible quark radios
using high Q* NC events. 1% A form factor f,, as a function of @* and a hypothetical quark
radius Ry, is defined as f; (Q* Ry) =1—§ <Hj> ?. This leads to an altered single differential
cross section da /dQ* — f, (Q°. R,) dosa /dQ” for contact interactions, which can be fit to the
data, as is shown in Figure 2. The 95% Confidence Level (CL) limits on the quark radius are
determined from the fit to be 0.74-107"% m and 0.62-107'% m, by H1 and ZEUS, respectively.

These limits confine a hyvpothetical quark radius to be less than or equal to the resolution power
of HERA.

H1 Quark Radius Limit HERA 1sll (435 pb} ZEUS
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Figure 2: NC single differential cross sections as a function of % normalised to the SM expectation da.q;.rfd(j“.
The lines represent corrections due to the hypothetical quark radius B, at its 955 CL limit for IT11 e™p data (top
left), H1 ¢ p data (bottom left), and for ZEUS ¢ p (right).
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Figure 3 Redueed OO cross sections {points), using the combined HERA 1 data of H1 and ZEUS, in bins of £}*

for ¢ p{left) and e p (right) data. The curves are NLO QCD fits, performed by 11 and ZIZUS to their own data.

4 Combination of H1 and ZEUS Charged Current HERA I Data

The HI and YEUS collaborations are combining their data to improve the precision of DIS
measurements. ' New preliminary results, using combined HERA T data of 1 and ZEUS, are
shown in Figure 3, depicting CC reduced cross sections in bins of Q%. A good agrecment is
observed between the combined data '™ and the QCD fits of each experiment ' to their own
data. The e'p data correspond to a total integrated luminosity of approximately 200 ph~!
and have a typical precision of 8%. The statistical gain in precision is most significant in the
statistically limited e~ p data set, where the combined data (30 pb~!) leads to an increase of the
precision to about 20%. The precision is expected to increase further with the future inclusion
of the HERA 1T data.

5 Charged Current Cross Section Measurement using Polarised Lepton-Beams

During the HERA 11 running period, longitudinally polarised lepton-beams were used. The
polarisation is defined as Fo.= (Ng — Np)/ (Ng + Np), with Ng (Ng) the number of right (left)
handed leptons in the beam. The SM predicts a linear scaling of the CC cross section with the
beam polarisation, due to the absence of a right handed neutrino. New ZEUS results, * using
data from the years 2006-2007, are shown in Figure 4, together with previously obtained HERA
measurements. 5% A good agreement between the measurements in the different data sets and
the SM expectations is observed.,

6 Measurement of the quark-7 coupling

The cross section of NC DIS events composes of photon () and # exchange diagrams. Due
to the heavy £ boson propagator, the contribution [rom pure £ exchange is suppressed. The
contribution from ~Z interference, however, is still sensitive to the veetor and axial-vector cou-
plings of the # boson to the quark. Limits at 68% CL on these couplings are extracted, using
combined EW and QCD fits where the coupling parameters pertaining to both the up and down
quark are left free in the fit. **** In particular, the limits concerning the couplings to the up
quark (v, and a,) profit from including the polarised HERA II data. The results are shown in
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Figure 5. in comparison with results obtained by CDF and LEP. *%° The HERA experiments
provide a better measurement than the Tevalron and resolve the ambiguity in the LEP results,

7 Measurement of Single 1" Boson Production

Single W boson production in the SM is a rare process at HERA with a cross section of order
1 pb. %% In the case of leptonic W boson decay, for which the branching ratio is about 30%, the
event gives rise to a characteristic */ 4+ P detector signature, consisting of an energetic isolated
electron or muon (£) and large missing transverse momentum (). The full HERA T-+11 high
energy data sample, collected with the H1 detector in the yvears 1994-2007 and corresponding to
an integrated luminosity of 478 pb~1, is analysed and 59 £ | PPp events are selected ¥ compared
to a SM expectation of 58.9 £ 8.2, This vield is presented in Figure 6 (left) as a function
of the tranverse momentum of the hadronic system (P;*). Notwithstanding an excess of the
data over the MC prediction in the small region of phase space where I“‘-f:::- 25GeV, a good
over-all agreement with the SM is observed. The single W boson production eross section is
determined *® to be oy — 1.2 £ 0.3 (stat) £ 0.2 (sys) pb, which is in good agreement with the
(NLO) SM expectation of 1.3+ 0.2 pb. The quoted errors on the measured cross section include
theoretical and experimental uncertainties.

8 Measurement of the W Boson Polarisation Fractions

The measurement of the W boson polarisation fractions is based on the £ | Pr data sample
discussed in Section 7 and makes use of the cos 0* distributions in the decay W — e/p + v.
* is defined as the angle between the W boson momentum in the lab frame and that of the
charged decay lepton in the W boson rest frame. For the left handed polarisation fraction
F_. the longitudinal [raction Fp and the right handed [raction £, = 1 — F_ — Fj, the cos 68*
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Figure 6: Left: The hadronic transverse momentum (Fj* ) distribution in the electron and muon channels com

bined. The data (points) are compared o the SM expectation (open histogram). The main contribution from

single W production is also shown (hatehed histogram). Right: Measured values for the polarisation fractions I
and Fo with the 1 and 2o CL contours.

s 5 s * - 1!
distributions for W+ bosons are given® by

% x (1= — !-h}-;—z{l +cos 0°)* + I‘h-%(i —ms'z{-"') + F -g{i —cos0*)*. (1)
For W~ bosons, the cos 8 distributions have opposite values, To allow the combination of both
channels, cos % is multiplied with the sign of the lepton charge ¢, — +1. Therefore, from the
{ + Py data sample, only events for which a reliable measurement of the charge of the isolated
lepton exists are used. The reconstruction of the W boson rest frame is performed and the W
boson differential cross section as a function of the decay angle #* is derived and fit to the model
defined in Equation 1. In the fit, the optimal values for F_ and Py are simultaneously extracted
using a y? minimisation method. The result is shown in Figure 6 (right) and found to be in
good agreement with the SM. FU and I are also extracted in fits where one parameter is fixed
to its SM value. No deviations from the SM are observed and the values are determined to be:

F_ 0.58 £ 0.15 (stat) £ 0.12 (sys)  SM:  0.61 £ 0.01 (stat),
Fa 0.15 £ 0.21 (stat) £ 0.09 (sys) SM: 0.19 £ 0.01 (stat).

9 Summary

Preliminary H1 results of NC cross section measurements at high Q* have been presented, using
the complete HERA T+IT high energy data set. A good agreement with the QCD SM expec-
tations is observed. In the search for contact interactions, H1 and Z1SUS derive strong upper
limits on a possible quark radius of respectively 0.74 - 107 m and 0.62 - 10718 m at 95% CL.
In addition, two dimensional limits at 689 CL on the vector and axial vector couplings of the
Z boson to the up quark were shown, using combined EW and QCD fits. New measurements
of the charged current eross section as a lunclion of the lepton-beam polarisation, using data
taken in the years 2006-2007, have been presented. A good agreement is observed with previous
measurements and with the SM, which forbids right handed charged eurrents. Recently derived
CC cross section measurements are presented, using the combined HERA | data of both ex-
periments. The combination of the data has led to significant improvements in the statistical
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precision. The cross section measurements using the combined data are in good agreement with
the previously established QCD fits of H1 and ZEUS to their own data. A single W boson
production cross section measurement is performed by H1 using the full HERA I+II data and
found to be ow = 1.2 + 0.3 (stat) & 0.2 (sys) pb, which is in good agreement with the (NLO)
SM expectation of 1.3 £+ 0.2 pb. Finally, the W boson polarisation fractions are measured and
found to be in good agreement with the SM.
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ON THE POSSIBLE LINKS BETWEEN ELECTROWEAK SYMMETRY
BREAKING AND DARK MATTER

T. HAMBYE AND M.H.G. TYTGAT"
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The mechanism behind electroweak symmetry breaking (EWSB) and the nature of dark matter
(DM) are currently very important issues in particle physics. Usually, in most models, these
two issues are not or poorly connected. However, since a natural dark matter candidate is a
weakly interacting massive particle or WIMP, with mass around the electroweak scale, it is
clearly of interest to investigate the possibility that DM and EWSB are closely related. In
the context of a very simple extension of the Standard Model, the Inert Doublet Model, we
show that dark matter could play a crucial role in the breaking of the electroweak symmetry.
In this model, dark matter is the lightest component of an inert scalar doublet which can
induce dynamically electroweak symmetry breaking at one loop level. Moreover, in a large
fraction of the parameter space of this model, the mass of the dark matter particle is essentially
determined by the electroweak scale, so that the fact that the WIMP DM mass is around the
electroweak scale is not a coincidence.

1 Introduction

If one think about what kind of new physics the Large Hadron Collider could observe, beside
elucidating the origin of electroweak symmetry breaking, which is the first goal of this accelerator,
there are at least 2 issues which come directly to mind. The first one is the physics which would
cure the hierarchy problem(s) related to the scalar sector of the theory. The second one is the
particle at the origin of the dark matter in the universe. The reason why one might observe the
DM particle at LHC is not as clear at all as for the physics at the origin of EWSB, but it is at
least what we expect in the most straightforward explanation for the relic DM density of the
universe, which is the WIMP mechanism. If the DM relic density of the universe is due to the

“Talks given by M.T. at this Moriond Conference and by T.H. at the 4th Dark Side of the Universe Conference,
June 2008, Cairo, Egypt, based on Ref. .
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simple freeze out of the pair annihilation of a stable thermal particle, and if the annihilation cross
section is driven by gauge couplings (or more generally couplings of order unity), the DM mass
which is e.g. necessary to have the right relic density as observed in the universe (Qpps ~ 0.22
23) turns out to be around the electroweak scale. This leads to a coincidence problem since
what sets the DM mass is the observed DM relic density which a priori has nothing to do with
the electroweak scale. In most models it is a coincidence? In this talk we consider the following
two questions curiously not often considered. First could it be not a coincidence due to some
deep reason? Second, if the DM particle is around the electroweak scale, could it play a direct
role in the dynamic of EWSB? In the following, focusing on these phenomenological issues of
DM and EWSB, we consider an extremely simple model, the inert Higgs doublet model, which
shows that DM could have indeed a crucial role in EWSB and that the WIMP scale coincidence
above might not be accidental.

2 The inert Higgs doublet model

The model we consider is extremely simple? It is based on only 2 assumptions. First it assumes
the existence of a second Brout-Englert-Higgs (Higgs for short) doublet, Hy. Second it assumes a
discrete symmetry, the simplest one is a Z3 symmetry, such that all SM particles are even under
it, except the second Higgs doublet. To assume such a discrete symmetry has several virtues.
It automatically leads to no flavor changing neutral current problems which in more general 2
Higgs doublet model are generic. Moreover if the Z5 symmetry is not spontaneously broken,
which is the case for large fractions of the scalar potential parameters, it leads to a stable DM
candidate in the form of the lightest Hy component. The doublet Hy = (H+ (Hy 4+ iA40)/v2)7,
since it is complex, has four components, 2 charged, H*, one neutral scalar, Hy, and one neutral
pseudoscalar, Ag.
The most general scalar potential one can write contains 2 mass and five quartic terms:

Vo= WiHi? + p3|Ho|* + M| Hi[* + Ao Ho|! (1)

A
sl H P Haf? + M| HI Ho? + 5 [(H}H2)2 +he
with real quartic couplings. After SU(2) x U(1) symmetry breaking, from the vacuum expec-
tation value of Hy, (Hy) = v/v/2 with v = —p?/\; = 246 GeV, we get the following mass
spectrum

mi = i+ 3\’ = —2uf = 2\0?
mi, = 3+ Av?/2
m%{o = /L% + ()\3 + M+ /\5)7)2/2
mh, = 1y + s+ A= As)o?/2. (2)

with h the Higgs boson from H;. To have a dark stable particle, i.e. neutral, Hy or Ay, we
therefore need \;, = A3 + Ag + A5 < A3 and/or Ag = Az + Ay — A5 < As.

The DM properties of this model have been studied in a series of papers which show that
this model is perfectly viable and moreover testable. There are 4 types of processes which drive
the relic density® annihilation to a pair of gauge bosons, to a pair of Higgs boson, to a pair
of fermion via a Higgs boson, and coannihilation to a fermion pair of the DM particle with
the other neutral Ho component via a Z boson or with H* via a W*. The cross sections are
exactly the same for Hy and Ag so that both DM candidates are equally good. Annihilations

*For example in the MSSM neutralino scenario there is no direct link between these 2 scales, due to the
problem. There exists however models where such link exists as in the NMSSM.



to a pair of gauge bosons tend to be too fast to give the right relic density, except in 2 mass
regimes. A low mass regime where the DM mass is below the W and Z mass thresholds; it
requires &6 40 GeV < mpys < 75 GeV (in this case the relic density is determined by the 2
processes with light fermions in the final state). And a high mass regime 3 (also possible because
asymptotically, for large DM mass, the annihilation to a pair of gauge bosons drops as 1/ m% u);
it requires 600 GeV < mpps < 100 TeV.

For direct detection the main process is elastic scattering of DM with a nucleon via a Higgs
boson. For the low mass regime most of the parameter space cannot be probed by present
experiments but will be by the future ones, see 6. Similarly in this regime, and for usual
Navarro-Frank-White DM galactic density profile, most of the parameter space will be covered
by the GLAST satellite experiment, see 8?. This model is therefore testable. The high mass
regime, on the other hand, leads to more suppressed rates.

3 Electroweak Symmetry Breaking induced by Dark Matter

Although EWSB can be perfectly induced in the SM by the scalar potential of the Higgs boson
without the need of any additional particle, the inert Higgs doublet model offers the possibility
to have a dynamical origin for the EWSB. It provides an example of DM model where due
to the fact that DM is around the electroweak scale, it can easily have an important role for
EWSB, by driving it at one loop through the Coleman-Weinberg mechanism!%!! Consider a
regime where z? would be positive, vanishing or more generally much less negative than its
ordinary value in the SM —\v2. In this case there is no or very little EWSB at tree level. There
is not either EWSB at one loop in the SM. This is due to the well-known fact that the one
loop effective potential is dominated in the SM by the top loops which have the wrong sign for
EWSB. These loops can lead to a potential with an extremum in v but only to a maximum,
i.e. they destabilize the Higgs vacuum. However in the inert Higgs doublet model the situation is
totally different. There are additional scalar loops involving Hy. Neglecting gauge bosons loops
as well as fermion loops other than top ones, using the MS prescription, we get the following
effective Higgs potential

h2
Veg(h) = 1f — 5 +)\1 4 — an ln——3/2) (3)

where n; = {1,1,1,1,2,2,—12} is the number of degrees of freedom for each species i = {h, Hy,
Go, Ag, h™, H* ¢t} which couples to the Higgs boson with tree level masses given in Eq. (2),
mg, = mis = pi + Mv?, mi = giv? /2 (with G, G*, the 3 would-be Goldstone bosons in H;
and g; the top Yukawa coupling). Since they are scalar loops, the Hy loops have the right sign,
i.e. they restabilize the potential and can lead to a minimum in v, so that EWSB is driven by
the DM inert Higgs doublet. Imposing that the effective potential has an extremum in v = 246
GeV, the Higgs mass at one-loop is given by
d2Veff

1
Mjp = a2 =m2+32 5 [6ALf(mf) + Apf(miy,) + 201 f(mg,) + Asf(mi,)

2
+ AN f(mis) + 223 f(mF4) + 36ATh% log uh + A2 h? log 2

2 2 2 2
m m m
+ 4AZh2log —Go s A2h? log Mg‘o +8\3h2 log /Th; + 22302 log —1L*

— 86g7h () —126t0°]| 4

=v

with f(m?) = m?(log(m?/u?) — 1).
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Since Hy has no vacuum expectation value, there is no mixing between the scalars and it
is straightforward to compute the contribution of one-loop corrections to the mass of the other
scalars from the second derivative of the effective potential around the Higgs vev. This still
requires to keep track of the dependence of the propagators on h, Hy, Ag and H* though. The
fact that there is no mixing also means that the extremum is necessarily a minimum if all masses
are positive. The result is

O*V, 1
2 ff 2
Mi, = 5 eg =my, + 352 [)\Lf(mh) +6X2f(my,)

+ Asf(mg,) +2xf(m%,) + 2Asf(mj+) + Aha f(mF1)
- 221 g(mmmHo) 2)\51) g(mGOaon) (As + >\5)2U29(mi+7qu+)ﬂ

0%V,
2 _ T 2
My, = aAe(g) =my 32 P [)\Sf(mh) + 2)\2f(mH0)

+ )\Lf(méo) + 6>\2f(mA0) + 23 f(mis) + Ao f(miy)
— 2%0lg(mi, m3,) — 20302 g(mi, m,) — (= As2?g(me md) ||
oV, 1
2 _ T m2
My = 8H+aeH Mt T 39

1
+ 2 f(m%,) +2(Xs + >\4)f(mh+) + 8o f(miys) — 5()\4 + Xs5)*vg(my s, my)

(h)y=v

(h)y=v
X f (m2) + 22 f(mby,) + Asf ()
— 2l i) - 5O = X Pg(mi e m,)||

with g(mf, m3) = [f(mf) — f(m3)]/(m3 — m]).

(hy=v

4 Constraints

In order that this dynamical mechanism of EWSB, driven by the DM doublet, does work, there
are essentially 3 constraints:

1) EWSB. The general strategy is simple. The contribution of at least some of the loops
with Hy particles must be large enough to compensate the large, negative, contribution of the
top quark. This requires that at least one of the A3_5 couplings must be large and positive. This
will inevitably drive some of the scalar particle masses in the few hundred GeV range. Imagine
that EWSB is driven by loop corrections of H* and Ag, with A\3 ~ Ag. In this case the 3,5
contribution is relevant with respect to the top loop one provided A3 ¢ 2 2¢2. Asking that their
contribution is large enough for the Higgs mass to be above ~ 115 GeV requires A3 g & 597,
approximately, i.e. fairly large but still perturbative quartic couplings. This gives My« 4, 2 380
GeV.

2) DM mass. Calculating the Hy relic density using the one loop induced coupling )\eLf F =
%831/6 7£/0hO*Hy = %8M%ID /Ov, the low mass regime turns out to be still perfectly viable. Since
at least one of the components of the inert Higgs doublet must be very heavy to break the
electroweak symmetry while, in this case, the DM candidate must be lighter than My, this
leads to large mass splittings between at least 2 of the inert Higgs components.

As for the large DM mass regime, it can be shown that it can work only for less phenomeno-
logically interesting special cases. In the following we will consider only the low mass regime.

3) Electroweak precision measurements. The most important constraints on the model from
electroweak precision measurements comes from the p parameter or equivalently the Peskin-
Takeuchi T parameter? A doublet with large mass splitting gives a contribution

1

AT = ooy [F (Mg, Mpzy) + f (Mg, May) = f (Mg, M, ) (5)




Ll N [P [ A [ M [ A [ Ma | My | Mag [ My || hpr | Wer |
011] 0 | 54 | 28] 28 | 120] 12 | 405 | 405 | 100% | 0%
011 2 | 54 | 27| 27 |[120| 43 | 395 | 395 | 100% | 0%
011 3 | 54 | 26| 26 | 120 72 | 390 | 390 | 94% | 6%
030 0 | 76 | 41| 41 | 180] 12 | 495 | 495 | 100% | 0%
030 | 25| 7.6 | 38| 3.8 | 180 | 64 | 470 | 470 | 100% | 0%
T1]-029 | 5 | -007 | 55 | 553 | 150 | 54 | 535 | 63 | 0% | 100 %

bt | bt | bt | | —

Table 1: Instances of parameters with WMAP DM abundance. Also given are the relative contribution of Higgs
mediated annihilation (hpr) and gauge processes (Wgr).

with f(m1,ma) = (m? + m2)/2 — m2m2/(m? — m2)In(m?2/m3)® To give an idea of what is
going on, the contribution from Mg+ ~ 450 GeV and Mpys ~ 75 GeV tree level masses gives
AT ~ 1, while electroweak precision measurements impose |AT| < 0.2. There is however
a nice and painless cure to this problem: as a quick inspection of Eq. (5) reveals, if either
Hy or Ag is degenerate with H*, the contribution of the inert doublet to the AT parameter
vanishes identically. Physically, this is due to the existence of a custodial symmetry in the limit
My+ = Mg, or Mg+ = My, (i.e. Ay = £X5). Technically, an exact or approximate custodial
symmetry does not only avoid large corrections to the T parameter. It also implies that it is no
fine tuning to take, for instance, the DM particle to be much lighter than the other components
of the inert doublet (i.e. Az, or Ag much different from the other quartic couplings) as required
by the EWSB and DM constraints.

From the three constraints above, we can now consider four cases, see the numerical examples
of Table 1. Case I corresponds to a light Hy and to two heavy, nearly degenerate Ay and H*
(i.e. mp, << ma, =~ myg+ or A\, << Ag =~ A3). Case II has a reversed hierarchy, i.e.
mm, < mpg+ << ma, or A\, < A3 << Ag). The two last corresponds to Ay as the DM
candidate, with ma, << mp, ~ my+ (case III) and ma, S my+ << mp, (case IV). Cases III
and IV can be obtained from cases I and II simply by switching Hy with Ag. This leaves the
relic density unchanged, so that Table 1 is relevant for these cases too.

All the examples of Table 1 have a DM abundance in agreement with WMAP data. As
announced, we observe that some of the quartic couplings must be large. Also, in all the
working cases the DM mass is below My, . In Case I (similarly case III), the DM abundance is
determined by its annihilation through the Higgs particle only and thus depends on M}, and the
effective trilinear hHoHy coupling, i.e. A7’/ above. For various, albeit large, couplings we found
the correct abundance for DM masses in the range My, ~ (10 — 72) GeV. Below this range, the
Higgs mediated annihilation is too suppressed. For this calculation the one-loop contribution to
)\zf s important in some cases. In case II (resp. case IV) coannihilation through the W can
play a role if the H™ — Hy (resp. HT — Ag) splitting is not too large. Notice that the masses
of H* quoted in Table 1 are consistent with collider data because the Ht does not couple to
fermions, is short lived and, if Mg+ > Mz /2, does not contribute to the width of the Z boson.

Imposing the perturbativity condition that the quartic couplings A3 1, ¢ are smaller than e.g.
2m or 4w gives My, < 80 GeV or M, < 175 GeV in Cases II and IV while for Cases I and III
we have M; < 150 GeV or M; < 350 GeV. We have checked that these M} bounds can be
saturated, keeping Qpyr ~ 0.22.

In the Table we considered only the case gy = po = 0 because it is a particularly clear
and intriguing case. It shows an example of model where starting from no scale at all, through
dimensional transmutation, one can generate all scales of the SM. This cannot be realized in
the SM but can work adding to the SM the DM particle, which anyway has to be added to the
SM, as in the inert Higgs doublet model. Moreover it shows clearly that it is possible to work
in a regime where both DM mass scale and electroweak scale are directly related to a small
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unique scale. The later feature holds more generally as long as 1 2 are small with respect to the
electroweak scale. In view of the hierarchy problem it is however difficult to justify the strict
w1 = pz = 0 conformal case. Note also that this scenario of EWSB driven by DM can be realized
over a large parameter range beyond the case y1, 2 = 0. In particular in the case 3 > 0.

The existence of a second Higgs doublet has several consequences for colliders!? The main
ones is that if mpys < my/2, the Higgs can decay invisibly to a pair of DM particles. This leads
to a smaller branching ratio of h — bb, and thus to a slightly lower bound on the Higgs mass
from LEP data: M} > 105 GeV instead of 114.4 GeV2 Similarly the suppression of the visible
branching ratios render more difficult but not impossible the search for the Higgs boson at LHC.
Possibility of tests at LHC, by producing the inert Higgs doublet components, do exist.?

5 Summary

We have shown that Dark Matter in the form of the lightest neutral component of a single
inert scalar doublet could be responsible for EWSB. As a result of all constraints we get the
bound on the mass of the Higgs M} < 350 GeV while the mass of dark matter is in the range
Mppr ~ (10 —72) GeV. Such a DM candidate is in a range of couplings that makes it accessible
to both direct (ZEPLIN, Xenon,...) and indirect (GLAST) future searches (cf Figure 5 of ®).
Another interesting feature of our framework is that it provides a hint for why the DM mass
would be around the electroweak scale, as required by the WIMP paradigm, i.e. Mpys x v in
our scenario in a large part of the parameter space.
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HOLOGRAPHIC MODELS OF ELECTROWEAK SYMMETRY BREAKING
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We review the status of models of electroweak symmetry breaking in a slice of anti—de Sit-
ter space. These models can be thought of as dual to strongly interacting theories of the
electroweak scale. After an introduction to some generic issues in bulk theories in AdSs, we
concentrate on the model-building of the Higgs sector.

1 The Hierarchy Problem and Strong Dynamics

As the Large Hadron Collider (LHC) gets close to start taking data, we continue to ponder
what new physics could appear at the TeV scale. In the standard model (SM) the electroweak
symmetry is broken by a scalar doublet. This implies the existence of an elementary Higgs
boson that must be relatively light (< 1 TeV) to unitarize electroweak scattering amplitudes,
even lighter to satisfy electroweak precision constraints. However, its mass, and with it the
electroweak scale, is unstable under radiative corrections. In order to keep it below the TeV
scale and close to v ~ 246 GeV, the bare mass parameter (presumably controlled by ultra-
violet physics) must be finely adjusted to cancel against quadratically divergent loop corrections
driven by the SM states. The need for this cancellation is highly unnatural and is called the
hierarchy problem. In order for naturalness to be restored, new physics must cancel the quadratic
divergences at a scale not far above the TeV scale.

The solution of the hierarchy problem is likely to shed light on the origin of electroweak
symmetry breaking (EWSB). We can classify scenarios of new physics beyond the SM by how
they solve the hierarchy problem. For instance, in supersymmetric theories at the weak scale !,
the quadratic divergences in the Higgs mass squared are canceled by the contributions of super-
partners of the SM particles. Soft SUSY breaking allows for enough contributions to m,% to
trigger EWSB radiatively.
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An alternative to solve the hierarchy problem is the possibility that some sort of new strong
dynamics is present at or just above the TeV scale?. For instance, in Technicolor theories3* the
new strong interaction becomes strong enough at the TeV scale to trigger the condensation of
Techni-fermions. If some of these are SU(2);, doublets, this triggers EWSB. There is no Higgs in
this type of QCD-like scenario. The hierarchy problem is solved by dimensional transmutation,
i.e. just as in the strong interactions the coupling becomes strong at low energies triggering
EWSB naturally. The TeV scale is encoded in the running of this new strong coupling in the
same way that the typical scale of hadronic physics (~ 1 GeV) is encoded in the running of a.

The trouble starts when one tries to construct the operators responsible for fermion masses.
For this purpose one needs to extend the gauge group in Extended Technicolor (ETC) models.
If at some energy scale Agtc the ETC gauge bosons acquire masses, they generate four-fermion
operators involving both fermions and Techni-fermions:

2

g — _

]\;QTC JLfRTRTL (1)
BETC

At the lower TC scale Arc, the formation of the Techni-condensate (TpTg) ~ A%C results in a
fermion mass of the order of )
~ Y9ETC 3
my = M]%TC Are (2)
Clearly, if one wants to explain the fermion mass hierarchy one needs either several very dif-
ferent ETC scales, or some non-standard type of dynamics, most probably both. Particularly
troublesome for ETC models are heavier masses, say above the charm mass. To obtain the top
mass the ETC mechanism fails given than the ETC scale should be right on top of the TC scale.
Several complications of the ETC/TC idea allow for the fermion mass hierarchy (tumbling?,
walking TC ®) and even for the top quark mass (top-color assisted TC 7). In any case, it is
clear that the dynamics associated with TC/ETC models must be quite different from that of a
simple scaled up QCD-type theory. In addition to their problems with the generation of fermion
masses, scaled up QCD TC models tend to predict a rather large S parameter

N

b

(3)

where N = Ni.Np is the product of the number of Techni-colors and the number of weak
doublets.

Despite all these problems, the idea that a new strong interaction at or just above the TeV
scale is responsible for EWSB (and solves the hierarchy problem) remains attractive. Perhaps
the new strong interaction is quite different from QCD and we do not have yet neither the
theoretical tools nor the experimental guidance needed to build it.

2 Building Strongly Coupled Theories in AdSs

Fortunately, there is a way to build a large array of strongly coupled theories of EWSB by using
the AdS/CFT correspondence®. The conjecture relates a Type IIB string theory on AdSs x S°
with a four-dimensional N' = 4 SU(N) gauge theory, which is a conformal field theory. By
extension, we can assume that at low energies we can describe the string theory by a higher
dimensional field theory. As long as the AdS radius Ragqg is much larger than the string scale
£s the description in the higher-dimensional theory is weakly coupled. On the other hand, this
leads to gN > 1, where g is the gauge coupling of the Yang-Mills theory. Then, the description
of a weakly coupled theory in AdSs corresponds to a strongly coupled four-dimensional theory.
We can think of the large IV limit of the 4D gauge theory in terms of planar diagrams, which in
turn are reminiscent of a loop expansion in the topology of the world-sheet in string theory.



In the original AdS/CFT correspondence, the boundary of AdS space is set at infinity, and is
just a Minkowski 4D boundary. The corresponding 4D theory is exactly conformal, and therefore
is not suitable for building models of EWSB. For our purposes, we want to consider an ultra-violet
(UV) cutoff of the 4D theory, corresponding to a UV boundary at a finite coordinate in the extra
dimension. Also, in order to obtain the description of an interesting strongly coupled theory,
we require that the 4D gauge theory leads to non-trivial dynamics which triggers EWSB. This
infra-red (IR) physics can be mimicked in the 5D theory by the appearance of an IR boundary.
Thus, if we put the UV boundary at the origin of the extra dimension, y = 0, the statement of
the AdS/CFT reads

/[quo]ei Suv[¢o] /[DQbCFT]@i Scrr|pcrT]+i fd4x¢o(9

:/[D¢O]eiSUv[¢0] , [D¢]6i3bu1k[¢] ()

where O is an operator in the strongly coupled 4D theory, and ¢9 = ¢(z,y = 0) is a UV
boundary field which acts as a source for the 4D operator @. The correspondence in Eq. (4)
states the the 4D action is equivalent to the effective action for the source field ¢g on the UV
boundary, which is obtained by integrating over the bulk degrees of freedom of ¢(x,y):

et Sett. [$0] :/ [ng]eisbulk[d)} (5)
0

Then, n-point functions of the 4D theory can be obtained by using Seg [¢o] as a generating
functional. It is in this sense that the bulk degrees of freedom are determining the dynamics of
the 4D theory.

We then see that for us to build models of strongly coupled theories, for instance to explain
EWSB, we must specify a weakly coupled 5D theory in AdS5;. The type of strongly coupled
theories that we can build this way is not completely general. For instance, it requires that it
be “large N”, which should in principle translate in the presence of narrow resonances. In what
follows we consider the steps to build such theories.

2.1 Solving the Hierarchy Problem in a slice of AdSs

The starting point to build theories of EWSB using holography is the Randall-Sundrum setup
as a solution of the hierarchy problem ?. We consider an extra dimension compactified on an
orbifold, i.e. S1/Z5, with the metric

ds* = e 2F¥p dy  dx, — dy? (6)

where k ~ Mp is the AdS curvature. The orbifold compactification S;/Zs results in a slice of
AdS in the interval [0, 7R], with R the compactification radius. This metric is a solution of
Einstein’s equations if we fine-tune the bulk cosmological constant to cancel the brane tensions.
This choice of metric means that the graviton’s wave-function is exponentially suppressed away
from the origin. In general, this metric exponentially suppresses all energy scales away from the
origin. Then, if the Higgs field is localized a distance L = wR from the origin,

TR 2
Sy = / d'w [ dy\goly —R) |g" 0 HO,H — X (|H[? - of) } (7)
0

where A is the Higgs self-coupling and vg is its vacuum expectation value (VEV). The latter
must satisfy vy ~ k for the theory to be technically natural. Taking into account the exponential
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factors in g"” and /g, the renormalization of the Higgs field required to render its kinetic term
canonical results in an effective four-dimensional VEV given by

v=e Fly, (8)

Thus, in order for the weak scale v >~ 246 GeV to arise at the fixed point in y = 7R, we need
kR ~ (10 —12). Then, if the Higgs is for some reason localized at or nearly at this location, this
setup constitutes a solution to the hierarchy problem.

In the original Randall-Sundrum (RS) proposal only gravity propagates in the extra di-
mension. However, this presents several problems, mostly associated with the fact that is not
possible to sufficiently suppress higher-dimensional operators. For instance, operators mediating
flavor violation might only be suppressed by the TeV scale, ke *™. Grand Unified Theories
(GUTSs) might not be viable since we cannot effectively suppress proton decay. Many of these
problems are solved when fermions and gauge bosons are allowed in the AdSs bulk. In fact,
in order to solve the hierarchy problem, the only field that must remain localized near the 7R
or TeV brane is the Higgs. In addition, allowing the standard model fields in the bulk opens
up a large number of model building possibilities including viable GUTs 1© and the modeling
of the origin of flavor 12 just to mention two very prominent cases. But most importantly, it
gives us a tool to build models of EWSB that address its dynamical origin. In building bulk
models of EWSB we must dynamically explain why is the Higgs localized near the TeV brane.
Building such models is like constructing strongly coupled theories of EWSB but from a different
perspective.

2.2 Bulk RS Theories and the Origin of Flavor

Writing a theory in the bulk require several ingredients. First, we must decide what the gauge
symmetry should be. It turns out that the SM electroweak symmetry, SU(2);, x U(1)y, is
not suitable for this since it results in a large value of the parameter 7. The reason is that
there is large explicit isospin violation in the bulk: in addition to the SM-sanctioned isospin
violation proportional to ¢’/g = tan 6y, the bulk adds the isospin violation of the Kaluza-Klein
(KK) modes of the SM gauge fields. As a consequence, it is necessary to implement a gauge
symmetry that would exhibit isospin symmetry in the bulk. A minimal extension of the SM
with this feature is SU(2), x SU(2)gr x U(1) x. This bulk symmetry may be broken by boundary
conditions to the SM gauge group or directly to U(1)gy. Additional discrete symmetries may
be imposed to protect the Z — bb coupling from large deviations '°.

One important consequence of writing a bulk theory, is that the KK states would start from
masses of the order of Mgk ~ O(1) TeV, independently of whether they correspond to fermions,
gauge bosons or even scalars. This also means that the wave-function of the KK excitations in
the extra dimension also peaks at y = 7wR, i.e. at the TeV brane. This is related to the fact that
position in the bulk can be thought of as an energy scale, and is a generic feature independent
of the model considered.

Another important issue is the localization of zero modes in the bulk, i.e. their effective 5D
wave-function. The strength of couplings between zero-modes and KK modes and, since the
Higgs is TeV-localized, of the zero-mode fermion Yukawas, are determined by this. Fermions
propagating in the bulk can have a mass term (as long as we assume is an odd mass term).
The natural order of magnitude of this fermion bulk mass is k, the only dimensionfull bulk
parameter. We can then write the bulk fermion mass as

My =csk 9)

where ¢y ~ O(1). Expanding the 5D fermion ¥(z,y) in KK modes and solving the equation of
motion for the zero mode we see that its bulk wave-function, for instance for a left-handed zero
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Figure 1: Localization of left-handed fermion zero-modes by variations of O(1) in the bulk mass parameter.

mode, behaves like 1!
1
Fiu(y) ~ etz (10)

Then, if ¢, > 1/2 the zero-mode fermion is localized towards the Planck brane, whereas if
cr, < 1/2 it would be localized near the TeV brane. For a right-handed zero mode, localization
near the Planck bran occurs if cg < —1/2, and near the TeV brane if cg > —1/2. If a zero mode
fermion has a large wave-function near the TeV brane it has also a large overlap with the Higgs,
which has to be localized there. Thus, heavier fermions must have a wave-function towards the
TeV brane, whereas light fermions must be essentially Plank-brane localized in order to explain
their small Yukawa couplings. We see then that fermion localization in the AdSs bulk provides
a potential explanation for the hierarchy of fermion masses in the SM. This emerging picture
of flavor requires that the top quark be highly localized towards the TeV brane. Furthermore,
the left-handed third-generation doublet contains the left-handed b quark, which then also has
to have a substantial TeV localization. The rest of the zero-mode fermions must be localized
mostly near the Plank brane. Since the zero-mode gauge bosons are flat in the extra dimension,
this does not affect the universality of the zero-mode gauge couplings. However, the KK modes
of gauge bosons are TeV-brane localized, and then couple stronger to the TeV-brane localized
fermions, i.e. the third generation. The couplings of light fermions to KK gauge bosons are
nearly universal, making low energy flavor phenomenology viable, even in the presence of tree-
level flavor violation. Also since light fermions are localized near the Plank brane, the scale
suppressing higher dimensional operators responsible for proton decay is again Mp.

Then any sign of the characteristic tree-level flavor violation would have to appear in the
interactions of the third generation quarks with the KK gauge bosons. Although these would
have potentially important effects in flavor physics 1617, a direct observation of the KK gluon
decay into a single top and a jet, coming most likely from G) — ¢, would be an unambiguous
signal of this theory of flavor 8.

Finally, a word about electroweak precision constraints. Since the bulk gauge theory has an
isospin symmetry built in, we need not worry about the theory generating a large T' parameter.
However, this class of models all share the same problem with the S parameter. They have an
S parameter which is approximately 131920

v2

S, ~ 12 , 11
tree ﬂ-MIg{K ( )

which results in a bound of about Mk > 2.5 TeV. This is a feature we have to live with in
most bulk RS constructions. We can interpret this in the dual 4D picture, as the fact that in
the 4D theory we have a large IV, which enter in Siee ~ %, where N is typically the size of
the 4D gauge group. This can in principle be made considerably smaller if the light fermions
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Figure 2: Cartoon representation of bulk RS models.

are allowed out of the Plank brane region and have almost flat profiles in the extra dimensions.
Essentially this decouples them from the KK modes and avoids Siee 3. But this picture would
lack a solution to the fermion mass hierarchy.

3 Electroweak Symmetry Breaking from AdSj;

We have arrived at a general picture of these kind of models in AdSs:
e The Higgs is TeV-brane localized in order to solve the gauge hierarchy problem

e Fermion localization explains the fermion mass hierarchy: light fermions are Plank-brane
localized resulting in small Yukawa couplings. Heavier fermions are TeV-brane localized
(tR, tL and bL).

e The bulk gauge symmetry must be enlarged to protect isospin, to be at least SU(2)y x
SU(Q)R X U(l)X.

This is already quite a rich structure with a very interesting phenomenology and lots of model
building possibilities beyond EWSB and fermion masses. However, if these models are dual to
a strongly coupled theory in four dimensions, as the presence of the resonances (i.e. the KK
modes) appears to suggest, then we must be a bit disappointed with the Higgs sector. What
keeps the Higgs localized to the TeV brane ? Do we have to have a Higgs at all 7 In what
follows we briefly discuss three possibilities for the Higgs sector in these theories.

3.1 Higgsless EWSB in AdSs

In the absence of a Higgs, the bulk gauge symmetry must be broken directly to U(1)gm by
boundary conditions (BC) for the bulk gauge fields at the fixed point of the extra dimension.
On the Plank brane the BC are such that the bulk gauge symmetry breaks as '

SU2QrxU(l)x — U(l)y, aty=0 (12)
On the other hand, on the TeV brane
SU2), x SU(2)p — SU(2)y, aty=mnR (13)

in such a way that it it preserves custodial symmetry. Then the gauge symmetry in the bulk has
a gauged version of the SM custodial symmetry. This remains as a remnant global symmetry,
resulting in the correct masses for the W and the Z.

More problematic in these models is how to give fermions their masses. Zero-mode fermions
can obtain isospin conserving masses through a TeV-brane localized mass term. Since SU(2)y



is not broken there, isospin splitting is not generated by these terms. In order to achieve the
freedom to have the correct mass spectrum one must introduce the following bulk spectrum
(schematically and only for the third generation case):

Uy = (tr,br) (2,1)16
Vp = (thb}%) (172)1/6 (14)
U = (thbr) (1,2)1s6

Each of these bulk fermions contains both left and right handed components. We can choose
the BCs so that the zero-modes of ¥ correspond to the third generation left-handed quark
doublet, the zero mode of Wg is the right-handed top ¢g, and the one corresponding to ¥’ is
br. Mass terms localized in the TeV brane gives rise to fermion masses. It is still true that
the larger the zero-mode wave-function is at the TeV brane, the larger its mass would be. But
the top mass cannot be so easily adjusted. The reason is that there is a tension between the
TeV localization of the top, which if too extreme produces noticeable deviation in the Zbybr,
coupling, and the size of the isospin conserving TeV localized mass. The latter cannot be too
large or it would induce a large mixing between b, and the b-quark’s zero mode through the
mass term responsible for the top quark mass. This would again result in a deviation of Zbybr..
A way to circumvent this problem is to extend the custodial symmetry by a discrete symmetry 1,
Prr that relates the two SU(2)’s. In order to protect the bz, coupling, it must be included in a
bi-doublet of SU(2)r, x SU(2)r. Then the right-handed fermions could be in singlets or triplets
of the SU(2)’s. For instance, if tg ~ (1,1)y/3, then it does not contain any fermion that could
mix with the left-handed b. On the other hand, the field resulting in the right-handed zero mode
would have to be a full O(4) triplet g ~ (3,1)3/3 ® (1,3)y/3 resulting in a distinct spectrum
of KK fermions 2.

But the most important signal of this scenario stems from the absence of the Higgs as a
unitarizing field in V'V scattering 2!, with V = W¥, Z. The unitarization of these amplitudes,
unlike in other strongly coupled theories such as (4D) Techni-color, is the result of the pres-
ence of the narrow resonances that are the KK modes of the gauge bosons. The constraint of
unitarization imposes sum rules on the couplings. For instance,

awwww = Gwwz+ gi%VWW + Z(gwwv<">)2
n

= ﬁ QWWZ2M% + Z(wav(n))QMg
w n
The requirement of unitarity of gauge boson scattering amplitudes means that the KK modes of
gauge bosons cannot be too heavy. For example, if one wants to preserve perturbative unitarity,
they must be below the TeV scale. Higgsless models in AdS5 are then characterized by relatively
low mass KK excitations.

3.2 Gauge-Higgs Unification

A remarkable mechanism to obtain a Higgs field naturally localized near the TeV, naturally light
and suitable for EWSB is that in which the Higgs comes from a gauge field in 5D. In general, a
5D gauge field Apr(z,y), M =0,1,2,3,5, can be decomposed in a vector A,(z,y) and a scalar
component As(z,y). If we want to extract the Higgs SU(2);, doublet from a gauge field in 5D,
then the gauge symmetry in 5D has to be enlarged beyond the SM gauge symmetry. In order
to illustrate how this works let us take a simple example, an SU(3) bulk gauge theory 23. We
can use BCs to break this gauge symmetry as SU(3) — SU(2)r, x U(1)y. By choosing the BCs
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appropriately, the gauge fields are

(+7+> (+7+> (_7_>
taAZ, : (+7+) (+7+) (_7_)
(_7_) (_7_) ‘ (+7+)
(_7_) (_’_) (+’+)
A | (=) (=) [ (h+)

EES sy —

where a = 1,2, 3 is the SU(3) adjoint index and t* are the SU(3) generators, and we use the fact
that the BCs for the A§(x,y) are always opposite from those for Af(x,y). The signs correspond
to the BCs in the Plank and TeV branes respectively. Thus, we see that the spectrum of
zero-mode gauge bosons corresponds to SU(2) x U(1) as the gauge symmetry. The symmetry
has been reduced or broken by this choice of BCs. Furthermore, we see that the Af(z,y)’s
corresponding to the “broken” generators, i.e. the generators for which AZ(:E, y) does not have
a zero mode, have zero modes (i.e. (+,+) BCs). In fact, these constitute four real degrees of
freedom that can be seen to be a doublet of SU(2) and its adjoint. Then, we can identify this
SU(2) doublet with the Higgs. In the case of an AdSs metric, if we impose the unitary gauge,
this results in

0y (ke As(, ) =0, (15)

which results in a scalar doublet with a profile localized towards the TeV brane. Thus, we
achieved Higgs TeV-brane localization and extracted the Higgs from a gauge field in the bulk.
These models are clearly related to Little Higgs theories, where the Higgs is a (pseudo-)Nambu-
Goldstone boson (pNGB): the Higgs is associated to the broken generators of a symmetry,
which from the 4D interpretation would be a global one. It cannot have a potential since shift
symmetry (the remnant gauge symmetry for the A¢ zero-modes) forbids it. Thus, these models
should be dual to 4D theories of a composite Higgs, where the Higgs is a pNGB.

This simple SU(3) model of Gauge-Higgs unification has a lot of the features that we want.
However, it does not have custodial symmetry in the bulk. The way to cure this is to simply
enlarge the bulk gauge symmetry. The minimal realistic model of Gauge-Higgs unification
in AdSs requires that we start with SO(5) x U(1)x broken down to SO(4) x U(1)x on the
TeV brane, whereas it is reduced to SU(2);, x U(1)y on the Plank brane ?*. Just as in the
previous case, in the unitary gauge only the Ag(z,y)’s associated with the broken generators,
i.e. transforming in the coset space SO(5)/SO(4), have zero modes. These are arranged in a 4
of SO(4), or a bi-doublet of SU(2);, x SU(2)g.

Fermion masses are not very problematic and can be obtained by localization just as in the
generic models with a TeV-brane localized Higgs. Regarding electroweak precision constraints,
these models can evade them more efficiently. In particular, the S parameter can be made
in agreement with experiment for gauge KK masses above 2 TeV. On the other hand, KK
fermions could be quite a bit lighter, especially once the additional discrete custodial symmetry

is introduced in order to keep the Z — brby, in check. For instance, possible embeddings are 2°
or in a

With it, KK fermions can be as light as 500 GeV, and in some cases would have exotic charge
assignments. The main reason for some KK fermions to be this light has to do with the need
to get the top mass correctly. There are striking signals at the LHC, for instance from the pair
production of charge 5/3 KK fermions, a distinct signature for the presence of the extended
custodial symmetry 2526



3.8 Higgs from Fermion Condensation

Another alternative to dynamically generate the Higgs sector of the bulk Randall-Sundrum
scenario is the condensation of zero-mode fermions. Since the localization of fermions near the
TeV brane implies they must have strong couplings to the KK excitations of gauge bosons,
it is possible that the induced four-fermion interaction is strong enough to result in fermion
condensation, thus triggering EWSB. Among the SM fermions, the candidate would be the top
quark: it has the strongest localization toward the TeV brane, therefore the largest coupling to
KK gauge bosons, particularly the first excitation of the KK gluon. The four-fermion interaction
would result in a top-condensation scenario. But we already know that this does not work if
the scale of the underlying interaction is O(1) TeV, as we expect the KK gluon mass to be.
The problem is that the mass of the condensing fermion should be about 600 GeV in order for
the condensation to result in the correct weak scale, v ~ 246 GeV. We can then consider the
possibility of a fourth generation, one that is highly localized near the TeV brane, more than the
top quark. This results in a effective four-fermion interaction -mostly mediated by KK gluons-
that is attractive enough to trigger the condensation of at least one of the fourth-generation
quarks. For instance, the up-type fourth-generation quark U has a four-fermion interaction
given by
I (7,440, ) (Ut AU a8)
M}Q{ P LY L RY M R) »

where g(j)‘l’R are the couplings of the left and right-handed U quarks to the first KK mode of the
gluon of mass My, and t are the QCD generators.After Fierz rearrangement, we can re-write
this interaction as )

- {opuy 0hvh - - O30 D103} (19

KK c

where a,b are SU(3), indices, and we have defined

95 =gk gt (20)

The color singlet term in (19) is attractive, whereas the color octet is repulsive, as well as
suppressed by 1/N.. There is a critical value of g(2] above which there forms a condensate
(U Ug) leading to electroweak symmetry breaking and dynamical masses for the condensing
fermions. This is

(21)

One can also write an effective theory in terms of a scalar doublet which becomes dynamical at
low energies. So this theory gets a composite Higgs that is heavy and made of the already mostly-
composite fourth-generation up quarks. The U quark gets a large dynamical mass. All other
zero-mode fermions, including the SM fermions and the other fourth-generation zero-modes, get
masses through four-fermion interactions with the U quark. These operators come from bulk
higher dimensional operators such as
Ciakt T J Tk l
[ 4G S V) (e ) Wt )W () (22)

where CF¢ are generic coefficients, with i, j, k, ¢ standing for generation indices as well as other
indices such as isospin, and the ¥(z,y)’s can be bulk quarks or leptons. Upon condensation of
the U quarks these result in fermion masses that have the desired pattern as long as we choose
the localization parameters appropriately.

These models have roughly the same S parameter problem as the generic ones. But to the
tree-level S, now we must add also the loop contributions coming from a heavy Higgs as well as
from the fourth-generation. These are, however, not as large as Siyee-
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The masses of the fourth-generation zero modes could be as small as 300 GeV due to mixing
with KK modes, and as large as ~ 600 GeV. The Higgs is typically rather heavy, in the (700 —
900) GeV range.

The phenomenology of these models is quite different from the three-generation RS models
due to the fact that the fourth generation is the one that couples strongest to the KK gauge
bosons, i.e. to the new physics in the s channel ?®. For instance the branching ratio of a KK
gauge boson to UNTWM is likely to be 5 — 10 times larger than that for the t¢ channel, which
is the one always dominating in three-generation RS models. Also the KK gluon tends to be
very broad and can only be seen as an excess in the production of the fourth-generation, which
is dominated by QCD. In general, all KK gauge bosons will be considerably broader, although
electroweak KK gauge bosons might have more manageable widths.

4 Conclusions

Model building in a slice of AdS5 extends the Randall-Sundrum solution to the hierarchy prob-
lem, and opens up the possibility of addressing dynamically the origin of EWSB and fermion
masses, among other things. Through the AdS/CFT correspondence we can see that these
weakly coupled 5D theories are dual to strongly coupled 4D gauge theories. Thus, building bulk
RS theories of EWSB corresponds, through holography, to certain strongly coupled electroweak
sectors. Although the type of strongly coupled theory is not completely generic, this procedure
gives us access to a large variety of strongly coupled theories of the electroweak sector.

In addition to solving the hierarchy problem, RS bulk models provide a framework to un-
derstand the hierarchy of fermion masses. This implies the presence of tree-level flavor violation
with KK gauge bosons. Rigorous compatibility with low energy data may require some level of
flavor symmetry in the bulk. However, this is not surprising since fermion localization already
signaled some amount of flavor breaking in the UV. The central point is that the metric in AdSs
provides the necessary large scale separation between the light and the heavy fermions.

Finally, there are several alternatives for the Higgs sector. Higgsless models are viable,
although require some measure of fine-tuning to cancel contributions to Z — bpby,. Gauge-
Higgs unification models are very promising and in best agreement with electroweak precision
constraints. They provide a dynamical origin for the localization of the Higgs near the TeV
brane, and in the Holographic dual correspond to a composite pNGB Higgs. Finally, another
alternative to localize a composite Higgs near the TeV brane, is the condensation of fourth-
generation quarks via the attractive four-fermion interaction mediated mostly by the KK gluon.
This is a distinct possibility, a realization of the fourth-generation condensation proposed long
ago by Bardeen, Hill and Lindner 2. These three Higgs sector possibilities have very different
phenomenology and should be distinguishable at the LHC.
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ELECTROWEAK CONSTRAINTS ON SEE-SAW MESSENGERS AND THEIR
IMPLICATIONS FOR LHC
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We review the present electroweak precision data constraints on the mediators of the three
types of see-saw mechanisms. Except in the see-saw mechanism of type I, with the heavy
neutrino singlets being mainly produced through their mixing with the Standard Model lep-
tons, LHC will be able to discover or put limits on new scalar (see-saw of type II) and lepton
(see-saw of type III) triplets near the TeV. If discovered, it may be possible in the simplest
models to measure the light neutrino mass and mixing properties that neutrino oscillation
experiments are insensitive to.

1 Introduction

As it is well known, the original see-saw mechanism !, nowadays called of type I, explains the

smallness of the light neutrino masses |m,| ~ 1 eV invoking a very heavy Majorana neutrino
My ~ 10" GeV: .

|| ~ % ~ |V*|> My, (1)
where |A| ~ 1 is the corresponding Yukawa coupling and v ~ 246 GeV the electroweak vacuum
expectation value. For reviews see 23. Alternatively, if the heavy scale is at the LHC reach
My ~ 1 TeV, it requires a very small heavy-light mixing angle |[V| ~ 1076, In its simplest
form the model cannot be tested at large colliders, because the heavy neutrino IV is a Standard
Model (SM) singlet and only couples to SM gauge bosons through its mixing V. Hence it is
produced through the vertex —g/v/2 4"V PN W, , with £ a charged lepton, with a cross
section proportional to |Vyn|?, which is strongly suppressed. See Fig. 1-(I). There are two other
types of see-saw mechanism giving tree level Majorana masses to the light neutrinos v, as shown
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o
(1I) (I1T)

Figure 1: Examples of production diagrams for same-sign dilepton signals, MO+ x , mediated by the three types
of see-saw messengers.

N
\ \MA/ /

AN 7/ ~ AN 7/
(I) :\ N , /7 ¢ “ A ¢ : N Z , 7 ¢
Ay M I Ay A
I / I I l
l M [

(M (1D (1)

Figure 2: See-saw mechanisms of type I, II and III. An, Aa and Ag are the Yukawa coupling matrices in the
Lagrangian terms ,E&)\RNR’ ZLAA(&’ . A)ZL and fiR/\z(qu%lL), respectively, with I, = —I¥Cicy and C the
spinor charge conjugation matrix. Whereas pa is the coefficient of the scalar potential term <;~3T(6' . 5)T¢.

in Fig. 2. In all cases the extra particles contribute at low energies to the dimension 5 lepton
number (LN) violating operator 4

_ o~ 2 . ~
(Os)s = W dt, — 5T uimi= () ) wdd=ins), @)

which gives Majorana masses to light neutrinos after spontaneous symmetry breaking. The
see-saw of type II ® in Fig. 2 is mediated by an SU(2), scalar triplet A of hypercharge Y = 1,
implying three new complex scalars of charges Q = T3 +Y: ATT A+ Al The see-saw of type
III 6 exchanges an SU(2), fermion triplet ¥ of hypercharge Y = 0, assumed to be Majorana
and containing charged leptons ¥% and a Majorana neutrino °. The main difference for LHC
detection is that the see-saw messengers for these last two mechanisms can be produced by
unsuppressed processes of electroweak size (Fig. 1). Their decay, even if suppressed by small
couplings, can take place within the detector due to the large mass of the new particle. All three
types of see-saw messengers produce LN conserving as well as LN violating signals, but the
former have much larger backgrounds. On the other hand, same-sign dilepton signals, 1F10%x,
do not have to be necessarily LN violating. Thus, in the example in Fig. 1-(II), the decay



coupling Aa needs not be very small because it is only one of the factors entering in the LN
violating expression for v masses (see Table 1). In fact, this process is LN conserving as we can

Table 1: Coefficients of the operators up to dimension 6 arising from the integration of the heavy fields involved in

each see-saw model. The parameters A3 and A5 are the coefficients of the scalar potential terms —(¢T¢)(5T5) and

—(ATT;A) (¢10:¢), respectively, and (A.);; the diagonalised SM charged-lepton Yukawa couplings. The remaining
parameters are defined in the caption of Fig. 2.

Coefficient Type I Type 11 Type 111
2
Yy — 2—‘?\?%' —
(5)i 1 OW)iaAN)aj EYINCYND, 1 (AD)ia(As)aj
A 2 Mnq M3 8 Msq
(O‘E;z))ij 1 A ia ANy . 3 AD)ia(As)ay
AZ 1 Mz, 16 Mg,
(057)is @y _ 105y
A2 AZ 37 A2
M . Q(AA)jl(/\A)kz _
A2 Mi
2
% - —6(A3 + As) 'f;;é' -
ay NG
AT - 45rL -
3
oy’ _ glusl _
2 Mi
(aeq)ij 4 (@5))is
A2 o 3 A2 (Ae)j
conventionally assign LN equal to 2 to A™~. There are other processes that do violate LN, e.g.

when one of the doubly-charged A in Fig. 2—(II) decays into WW. Then, what does violate
LN is the corresponding AWW vertex, which is proportional to the coupling of the only LN
violating term in the fundamental Lagrangian ¢ (& - A)tg, with total LN equal to 2. In the
examples in Fig. 1—(I, III) LN is violated in the decay (mass) of the heavy neutral fermion.

In conclusion, all the three mechanisms produce same-sign dilepton signals, but only the
last two are observable at LHC 78910111213 4n minimal models. Heavy neutrino singlets in
particular non-minimal scenarios could also be observed, as described in Section 3.

In the following we first review the experimental constraints on the parameters entering the
three see-saw mechanisms, and then the LHC reach for the corresponding see-saw messengers.
Complementary reviews on this subject have been presented by other speakers at this Conference
(see F. Bonnet, T. Hambye and J. Kersten in these Proceedings).

2 Electroweak precision data limits on see-saw messengers
The low energy effects of the see-saw messengers can be described by the effective Lagrangian
1 1
Eeﬂf:£4+xﬁ5+ﬁ
where A is the cut-off scale, in our case of the order of the see-saw messenger masses M, and the

different terms contain gauge-invariant operators of the corresponding dimension. The non-zero
terms up to dimension 6 are !1?

Lo+ ..., (3)

Li= Lo+ (810) @
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L5 = (a5)ij(12)°¢* 11 + hec., (5)
Le = [(ag}l))ij (¢T7LDH¢> @’y”li) + (Oéf;}))ij (quiaa D, ¢) @aa i )

+(aeg),, (610) (Toek) + (0 i (T ) () + h.c.] (6)
o) (66) ((Du0) D) + 0 (61 Du0) ((D#6)76) + a0 (676) "

where we choose the basis of Biichmuller and Wyler to express the result 6. I stands for any
lepton doublet, er for any lepton singlet, and ¢ is the SM Higgs doublet. In Table 1 we collect
the explicit expressions of the coefficients in terms of the original parameters for each type of
see-saw (see Fig. 2 and the table caption for definitions).

Only the dimension 6 operators can give deviations from the SM predictions for the elec-
troweak precision data (EWPD). The operators of dimension 4 only redefine SM parameters.
The one of dimension 5 gives tiny masses to the light neutrinos, and contributes to neutrinoless
double 8 decay. An important difference is that the coefficient a5 involves LN-violating prod-
ucts of two A’s or of y and )\, while the other coefficients depend on A*\ or |u|?. Therefore,
it is possible to have large cancellations in as together with sizeable coefficients of dimension
six 115 Type I and III fermions generate the operators O((;l’?’), which correct the gauge fermion
couplings. Type II scalars, on the other hand, generate 4-lepton operators and the operator
(’)((;’), which breaks custodial symmetry and modifies the SM relation between the gauge boson
masses. EWPD are sensitive to all these effects and put limits on the see-saw parameters.

There are two classes of processes, depending on whether they involve neutral currents
violating lepton flavour (LF) or not. The first class puts more stringent limits ™!8, but only
on the combinations of coefficients entering off-diagonal elements. The second class is measured
mainly at LEP ' and constrains the combinations in the diagonal entries 2°. The LF violating
limits are satisfied in types I and III if N and ¥ mainly mix with only one charged lepton
family. In Table 2 we collect the bounds from EWPD on the N and ¥ mixings with the SM
leptons Vyn e 20 and in Table 3 their product including the LF violating bounds '"!8.  These

Table 2: Upper limit at 90 % confidence level (CL) on the absolute value of the mixings. The first three columns

are obtained by coupling each new lepton with only one SM family. The last one corresponds to the case of lepton

universality: three new lepton multiplets mixing with only one charged-lepton family each, all of them with the
same mixing angle. All numbers are computed assuming My > 114.4 GeV.

Coupling Only with e Only with ¢ Only with 7 Universal
1
‘Vm = Do) o 1 0055 0.057 0.079 0.038
U(/\Jf )iz
Vis, = —2\/§EM < 0.019 0.017 0.027 0.016
=

values update and extend previous bounds on diagonal entries for N 2122 (see also 23.) Their
dependence on the model parameters entering in the operator coefficients in Table 1 is explicit in
the first column of Table 2. All low energy effects are proportional to this mixing, and the same
holds for the gauge and Higgs couplings between the new and the SM leptons, responsible of the
heavy lepton decay (and N production if there is no extra NP). An interesting by-product of a
non-negligible mixing of the electron or muon with a heavy IV is that the fit to EWPD prefers a
Higgs mass My higher than in the SM, in better agreement with the present direct limit. This
is so because their contributions to the most significative observables partially cancel 2%, so that



Table 3: Upper limit at 90 % CL on the absolute value of the products of the mixings between heavy singlets N
and triplets X with the SM leptons, VV*, entering in low energy processes. Row and column ordering corresponds
toe,p, .

Ve Vil < ViVl < |

0.0030 0.0001  0.01 0.0004 1.1 x 1075 0.0005
0.0001 0.0032 0.01 |1.1x1076 0.0003 0.0005
0.01 0.01  0.0062 0.0005 0.0005 0.0007 ‘

both the mixing and My can be relatively large without spoiling the agreement with EWPD.
The new 90 % CL on My increases in this case2? up to ~ 260 GeV (see also2%2%). In all other
cases the limit stays at ~ 165 GeV.

In type II see-saw a crucial phenomenological issue is the relative size of (Aa)i; and pa for

Ma ~ 1 TeV. The v masses are proportional to their product, (m,);; = 202%, which
A

gives the strength of the LN violation. If ua is small enough, (Aa);; can be relatively large and
saturate present limits on LF violating processes, eventually showing at the next generation of
experiments. If instead (Aa);; are very small, the flavour structure appears only in the v mass
matrix. The present limits are reviewed in 5. Neglecting LF violating bounds (i.e., assuming
that (AaA)ee is small enough not to give a too large u — eée decay rate), ua and Aap are
constrained by the T" oblique parameter and four-fermion processes, respectively. From a global
fit to EWPD (see?” for details on the data set used) we obtain the following limits at 90 % CL:

|]’\2—A2| < 0.048Tev !, B2kl <0 100Tev . (7)
A

3 Dilepton signals of see-saw messengers

The previous limits apply to any particle transforming as the corresponding see-saw messenger,
independently of whether it contributes or not to light neutrino masses. As indicated above, in
minimal models the tight restriction imposed by v masses (Eq. 1) gives much more stringent
limits for the mixings of TeV-scale see-saw messengers. However, these limits can be avoided
if additional particles give additional contributions to neutrino masses that cancel the previous
ones, for instance if the fermionic messengers are quasi-Dirac, i.e. a nearly degenerate Majorana
pair with appropriate couplings 2. The EWPD limits are in this case relevant for production
and detection of type I messengers N, but the signals are different because they conserve LN to
a very large extent 428 On the other hand, type II and III messengers with masses near the
TeV can be produced and detected at LHC even in minimal models. Let us discuss the three
types of see-saw mechanism in turn.

3.1 Type I: Fermion singlets N

As already explained, a type I heavy neutrino N with a mixing saturating the EWPD limit
cannot be Majorana, unless extra fields with a very precise fine tuning keep the v masses small
enough?’. Unnatural cancellations allowing for LN-violating signals are also possible in principle.
In this case a fast simulation shows that LHC can discover a Majorana neutrino singlet with
My =~ 150 GeV for |V,n| > 0.054 (near the EWPD limit) ®, assuming an integrated luminosity
L =30 fb~ 1.

Such a signal can be also observed for much smaller mixings and larger masses if there is
some extra NP3, especially if the extra particles can be copiously produced at LHC 3. This is
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the case, for instance, if the gauge group is left-right symmetric and the new W, has a few TeV
mass. Then pp — Wy, — (N — 'W is observable, even with negligible mixing Vi, for My
and MWI/2 up to 2.3 TeV and 3.5 TeV, respectively, 3? for an integrated luminosity L = 30 fb~".
Similarly, if the SM is extended with a leptophobic Z’, the process pp — Z' — NN — LW'WW
can probe Z’ masses >3 up to 2.5 TeV, and My up to 800 GeV.

3.2 Type II: Scalar triplets A

SU(2), scalar triplets can be produced through the exchange of electroweak gauge bosons with
SM couplings, and then they may be observable for masses near the TeV scale (see for reviews
3:31) " Although suppressed, their decays can occur within the detector for these large masses.
In Fig. 1-(IT) we display one of the possible processes. The search strategy and LHC potential
depend on the dominant decay modes. These are proportional to the A vacuum expectation
value | < A > | = va, as for example? A** — WEWE or to (Aa)ij, as't AFE — [FO0F A+E
can also decay into ATTW** if kinematically allowed (see '°). All these different decay channels
make the phenomenological analysis of single and pair A** production quite rich'?. The EWPD

limit in Eq. 7 translates into the bound va = % < 2 GeV. This is to be compared with
A

Imy| = 2v/2va|Aa| ~ 1072 GeV, which gives a much more stringent constraint for non-negligible
Aa. Dilepton (diboson) decays are dominant for va < (>) v4 ~ 107% GeV. If for instance Aa
is of the same size as the charged lepton Yukawa couplings ~ 1072 — 5 x 1076, v varies from
5% 1078 to 107* GeV, below the critical value v4, and A decays mainly into leptons. In this case
the LHC reach for Ma++ has been estimated, based on statistics, to be ~ 1 TeV for an integrated
luminosity L = 300 fb~'. In Fig. 3 we plot the invariant mass distribution my, of same-sign
dilepton pairs containing the lepton of largest transverse momentum for Ma = 600 GeV. As
this fast simulation analysis shows, the SM background is well separated from the signal, and
the LHC discovey potential strongly depends on the light neutrino mass hierarchy. For the
simulated sample we find 4 (44) signal events for the normal v mass hierarchy NH (inverted
H), well separated from the main backgrounds: tnj (1007 events), Zbbnj (91 events), tW (68
events), and Zttnj (51 events). We get rid of other possible backgrounds like ZZnj requiring
no opposite-sign dilepton pairs with an invariant mass in the range Mz £+ 5 GeV. For larger va
values, with dominant non-leptonic decays, the corresponding reach estimate based on statistics
is ~ 600 GeV. Note that only in the leptonic case LHC is sensitive to the see-saw flavour
structure. Near the critical value, one could in principle extract information on the structure
and on the global scale of the see-saw.

Tevatron Collaborations have already established limits on the scalar triplet mass assuming
that AT+ — [F1* 100 % of the time: At the 95 % CL Ma++ > 150 GeV for A** only decaying
to muons 3%, and an integrated luminosity L = 1.1 fb~1.

3.8 Type III: Fermion triplets ¥

Not so much attention has been payed to the study of the LHC reach for SU(2), fermion triplets
3. Up to very recently a similar electroweak process, the production of a heavy vector-like lepton
doublet 3°, had to be used to guess that LHC could be sensitive to My, ~ 500 GeV. A dedicated
study ' estimates that an integrated luminosity L = 10 fb~"! should allow to observe LN violating
signals (see Fig. 1-(III) for a relevant process) for My, < 800 GeV. Vector-like fermion triplets
couple to SM leptons proportionally to its mixing Vjs;, which is < 107 according to Eq. 1 if ¥
is at the LHC reach ~ 1 TeV. So, one can eventually improve the analysis using the displaced
vertex signatures of their decays.
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Figure 3: Same-sign dilepton invariant mass distributions for Ma = 600 GeV and normal (NH) and inverted (IH)
v mass hierarchies, assuming an integrated luminosity L = 300 fb~*.

4 Conclusions

Same-sign dilepton signals IT1(')* X will allow to set significative limits on see-saw messengers
at LHC, as illustrated in Table 4. The estimates for M A and My are mainly based on statistics,

Table 4: LHC discovery limit estimates for see-saw messengers, assuming an integrated luminosity L =
30,300 and 10 fo— ! for N, A and X, respectively. See Section 3 for a detailed explanation.

My Ma My,

LHC reach (in GeV) | 150 | 600 — 1000 | 800

and a more detailed analysis is needed to confirm them.
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The Standard model Higgs as the inflaton

F. L. Bezrukov
Institut de Théorie des Phénomenes Physiques, Ecole Polytechnique Fédérale de Lausanne, CH-1015
Lausanne, Switzerland

We describe how non-minimal coupling term between the Higgs boson and gravity can lead
to the chaotic inflation in the Standard Model without introduction of any additional degrees
of freedom. Produced cosmological perturbations are predicted to be in accordance with
observations. The tensor modes of perturbations are practically vanishing in the model.

1 Introduction

This talk is based on the recent work !, and closely follows it. Note, that the expression for the
inflationary potential presented here differs from the one presented in the original work—both
expressions coincide in the region relevant for inflation, while the expression given here has a
wider range of validity (down to the Standard Model regime).

The fact that our universe is almost flat, homogeneous and isotropic is often considered as a
strong indication that the Standard Model (SM) of elementary particles is not complete. Indeed,
these puzzles, together with the problem of generation of (almost) scale invariant spectrum of
perturbations, necessary for structure formation, are most elegantly solved by inflation 234567,
The majority of present models of inflation require an introduction of an additional scalar—the
“inflaton”. Inflaton properties are constrained by the observations of fluctuations of the Cosmic
Microwave Background (CMB) and the matter distribution in the universe. Though the mass
and the interaction of the inflaton with matter fields are not fixed, the well known considerations
prefer a heavy scalar field with a mass ~ 103 GeV and extremely small self-interacting quartic
coupling constant A ~ 107! for realization of the chaotic inflationary scenario ®. This value
of the mass is close to the GUT scale, which is often considered as an argument in favour of
existence of new physics between the electroweak and Planck scales.

It was recently demonstrated in' that the SM itself can give rise to inflation, provided non-
minimal copling of the Higgs field with gravity. The spectral index and the amplitude of tensor
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perturbations can be predicted and be used to distinguish this possibility from other models for
inflation; these parameters for the SM fall within the 1o confidence contours of the WMAP-5
observations .

To explain our main idea, let us consider the Lagrangian of the SM non-minimally coupled

to gravity, ,
M
Liot = Lsy — —R—¢H'HE, (1)

where Lgy is the SM part, M is some mass parameter, R is the scalar curvature, H is the Higgs
field, and ¢ is an unknown constant to be fixed later. The third term in (1) is in fact required
by the renormalization properties of the scalar field in a curved space-time background !, so,
in principle, it should be added to the usual SM Lagrangian with some constant. Here, we
will analyse the situation with large non-minimal coupling parameter £ > 1, but still not too
large for the non-minimal term to contribute significantly to the Plank mass in the SM regime
(H ~v), i.e. /€ < 10", Thus, we have M ~ Mp = (87Gy)~ /2 = 2.4 x 10" GeV.

It is well known that inflation has interesting properties in models of this type!:12:13:14,15,16,17
However, in these works the scalar was not identified with the Higgs field of the SM. Basically,
most attempts were made to identify the inflaton field with the GUT Higgs field. In this case
one naturally gets into the regime of induced gravity (where, unlike this paper, M = 0 and Mp
is generated from the non-minimal coupling term by the Higgs vacuum expectation value). In
this case the Higgs field decouples from the other fields of the model 181920 which is generally
undesirable. Here we demonstrate, that when the SM Higgs boson is coupled non-minimally
to gravity, the scales for the electroweak physics and inflation are separate, the electroweak
properties are unchanged, while for much larger field values the inflation is possible.

The paper is organised as follows. We start from discussion of inflation in the model, and use
the slow-roll approximation to find the perturbation spectra parameters. Then we will argue
in Section 3 that quantum corrections are unlikely to spoil the classical analysis we used in
Section 2. We conclude in Section 4.

2 Inflation and CMB fluctuations

Let us consider the scalar sector of the Standard Model, coupled to gravity in a non-minimal
way. We will use the unitary gauge H = h/v/2 and neglect all gauge interactions for the time
being, they will be discussed later in Section 3. Then the Lagrangian has the form:

M? 4 €h% _ 0,h0"h A
SJZ/d4x\/—g{— ;5 R+“2 —4(h2—v2)2}. (2)

13,14,16,17

This Lagrangian has been studied in detail in many papers on inflation , we will re-
produce here the main results of 1316, Compared to ! we present a better approximation for
the inflationary potential here. To simplify the formulae, we will consider only £ in the region
1 < /€ < 107, in which M ~ Mp with very good accuracy.

It is possible to get rid of the non-minimal coupling to gravity by making the conformal
transformation from the Jordan frame to the Einstein frame

R 2 2 Eh?
G =9, Qh) :1+W' (3)
P
This transformation leads to a non-minimal kinetic term for the Higgs field. So, it is convenient
to make the change to the new scalar field y with

d(92)\?
n R e 4
ah 0z = s : (4)
P
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Figure 1: Effective potential in the Einstein frame.

Finally, the action in the Einstein frame is

M2 . 9, x0"
SEz/d‘*x\/—g{ —;’R+“X2X—U<x>}, (5)

where R is calculated using the metric g, and the potential is

1 A
U(x) = =————= (h(x)? = v? 6)
For small field values h, x < Mp/¢ the change of variables is trivial, h ~ ¢ and Q2 ~ 1, so the
potential for the field y is the same as that for the initial Higgs field and we get into the SM
regime. For h,x > Mp /¢ the situation changes a lot. In this limit the variable change (4) is®

Q(h)? ~ exp < (7)

i)

The potential for the Higgs field is exponentially flat for large £ and has the form

The full effective potential in the Einstein frame is presented in Fig. 1. It is the flatness of the
potential at x 2 Mp which makes the successful (chaotic) inflation possible.

Basically, there are two distinct scales—for low field values h, x < Mp/{ we have the SM,
for high field values h > Mp/+/€ (x > Mp) we have inflation with exponentially flat potential
(8) and the Higgs field is decoupled from all other SM fields (because 2 x h, see Section 3).
In the intermediate region Mp/¢ < h < Mp//€ (Mp/é < x < Mp) the coupling with other
particles is not suppressed (2 ~ 1), while the potential and change of variables are still given
by (8) and (7).

Analysis of the inflation in the Einstein frame® can be performed in the standard way using
the slow-roll approximation. The slow roll parameters (in notations of 23) can be expressed

b

*The following two formulae have wider validity range than those in !, which are valid only for h > Mp/+/E.
®The same results can be obtained in the Jordan frame 222,
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analytically as functions of the field h(x) using (4) and (6) (we give here the expressions for the
case® h? > M3 /&> v? € > 1, exact expressions can be found in %),

MR (dU/dx\? _ AM} o)
cC T U T
d*U/dy®  4M3 £h?
= M? ~ P (1> 1
U /dx*)dU/dx — 16MS [ ¢h?
2 = M4( ~ P -3 . 11

Slow roll ends when € ~ 1, so the field value at the end of inflation is hepq =~ (4/3)1/4Mp/\/g ~
1.07TMp/+/€. The number of e-foldings for the change of the field h from hgy to hepq is given by

o1 U (dx>2th3h%—h§nd

N=| (X} dno 270 Tend
by MZ AU/dh \ dh 4 MZJ¢

(12)

We see that for all values of \/€ << 10'7 the scale of the Standard Model v does not enter in the
formulae, so the inflationary physics is independent on it.

After end of the slow roll the x field enters oscillatory stage with diminishing amplitude.
After the oscillation amplitude falls below Mp/¢, the situation returns to the SM one, so at this
moment the reheating is imminent due to the SM interactions, which guarantees the minimum
reheating temperature Tyep = (8713)‘* )1/4% ~ 1.5 x 10'3 GeV, where g* = 106.75 is the number
of degrees of freedom of the SM. Careful analysis may give a larger temperature generated
during the decay of the oscillating x field, but definitely below the energy scale at the end of
the inflation Tiep < (w%;* )1/4% ~ 2 x 10" GeV.

As far as the reheating mechanism and the universe evolution after the end of the inflation
is fixed in the model, the number of e-foldings for the the COBE scale entering the horizon
can be calculated (see 23). Here we estimate it as Ncopg ~ 62 (exact value depends on the
detailed analysis of reheating, which will be done elsewhere). The corresponding field value is
hcoBe ~ 9.4Mp/+/€. Inserting (12) into the COBE normalization U/e = (0.027Mp)* we find

the required value for &

£~ A Ncosg

o[ ST~ 49000V = 49000% : (13)

Note, that if one could deduce & from some fundamental theory this relation would provide a
connection between the Higgs mass and the amplitude of primordial perturbations.

The spectral index ng = 1 — 6¢ + 27 calculated for N = 60 (corresponding to the scale
k = 0.002/Mpc) is ng ~ 1 — 8(4N + 9)/(4N + 3)?2 ~ 0.97. The tensor to scalar perturbation
ratio? is r = 16e ~ 192/(4N + 3)? ~ 0.0033. The predicted values are well within one sigma of
the current WMAP measurements?, see Fig. 2.

3 Radiative corrections

An essential point for inflation is the flatness of the scalar potential in the region of the field
values h ~ 10Mp/+/€ (x ~ 6Mp). Tt is important that radiative corrections do not spoil this
property. Of course, any discussion of quantum corrections is flawed by the non-renormalizable
character of gravity, so the arguments we present below are not rigorous.

“These formulas are valid up to the end of the slow roll regime hena, while the formulas (10) and (11) in' are
applicable only for the earlier inflationary stages, h® > M3 /¢, which is sufficient to calculate primordial spectrum
parameters n, and r.



There are two qualitatively different type of corrections one can think about. The first one
is related to the quantum gravity contribution. It is conceivable to think 24 that these terms
are proportional to the energy density of the field y rather than its value and are of the order
of magnitude U () /Mj‘g ~ A/€2. They are small at large ¢ required by observations. Moreover,
adding non-renormalizable operators h*™2"/M2" to the Lagrangian (2) also does not change the
flatness of the potential in the inflationary region?

Other type of corrections is induced by the fields of the Standard Model coupled to the Higgs
field. In one loop approximation these contributions have the structure

m'(x) | . m*(x)

AU ~
64n2 & 2

(14)
where m(x) is the mass of the particle (vector boson, fermion, or the Higgs field itself) in
the background of field y, and p is the normalization point. Note that the terms of the type
m?(x) M3 (related to quadratic divergences) do not appear in scale-invariant subtraction schemes
that are based, for example, on dimensional regularisation (see a relevant discussion in25:26:27:28),
The masses of the SM fields can be readily computed '* and have the form
m@) )y dU

—=C . m = — 15
for fermions, vector bosons and the Higgs (inflaton) field. It is crucial that for large x these
masses approach different constants (i.e. the one-loop contribution is as flat as the tree potential)
and that (14) is suppressed by the gauge or Yukawa couplings in comparison with the tree term.
In other words, one-loop radiative corrections do not spoil the flatness of the potential as well.
This argument is identical to the one given in '3.

my,a(X) =

4 Conclusions

Non-minimal coupling of the Higgs field to gravity leads to the possibility of chaotic inflation
in SM. Specific predictions for the primordial perturbation spectrum are obtained. Specifically,
very small amount of tensor perturbations is expected, which means that future CMB experi-
ments measuring the B-mode of the CMB polarization (PLANCK) can distinguish between the
described scenario from other models (based, e.g. on inflaton with quadratic potential).

At the same time, we expect that the Higgs potential does not enter into the string coupling
regime, nor generates another vacuum up to the scale of at least Mp/& ~ 10% GeV, so we
expect the Higgs mass to be in the window 130 GeV < My < 190 GeV (see, eg.??), otherwise
the inflation would be impossible.

The inflation mechanism we discussed has in fact a general character and can be used in
many extensions of the SM. Thus, the vMSM of 30:31,32,33,25,34,35,36,37,38,39.40 (QM plus three light
fermionic singlets) can explain simultaneously neutrino masses, dark matter, baryon asymmetry
of the universe and inflation without introducing any additional particles (the vMSM with the
inflaton was considered in 2%). This provides an extra argument in favour of absence of a new
energy scale between the electroweak and Planck scales, advocated in 27.
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UNPARTICLES,
A VIEW FROM THE HIGGS WINDOW

J.R. ESPINOSA
IFT-UAM/CSIC, Fac. Ciencias UAM, 28049 Madrid, Spain

In this Moriond talk I give an introduction to what unparticles are supposed to be and then
show how coupling unparticles to the Higgs opens a window to the exploration of unparticle
sectors. The second part is based on work done in collaboration with Antonio Delgado,
Mariano Quirés and José Miguel No in *2.

1 Introduction to Unparticles

We start by assuming (with Georgi ) that our theory contains a scale invariant sector. Such
sector must look very different from the familiar Standard Model (SM). In the SM we have an
explicit mass term in the Higgs potential, the origin of all mass scales. We cannot have such
mass terms in the scale invariant sector so, one would naively think such sector is composed of
massless fields. That is too naive as we will see later on.

In fact, not all SM masses come from the Higgs mass term: quantum running of couplings
can generate mass scales as happens in QCD. So, another requirement of the scale invariant
sector is that couplings there should not run at all, and this should happen in a non-trivial way,
i.e. for non-zero coupling. In fact, there are examples in the literature of just that happening,
like the Banks-Zaks (BZ) model*: a Yang-Mills theory with some particular choice of the number
of colors and flavors. The gauge coupling reaches an IR fixed-point below some mass scale Ay.
This requires cancellations between different orders of perturbation theory and normally occurs
at strong coupling. Below Ay the theory becomes scale-invariant.

In order to explore the physics of such scale-invariant sector, Georgi considered the possibility
of coupling it to the SM, e.g. assume there is a heavy sector, at the scale M,,, coupled both to
the SM and the Banks-Zaks-like sector, see figure 1. The effective theory below this mass (M,,)
will contain non-renormalizable interactions between SM operators and BZ operators:

1

WOSMOBZ . (1)
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Figure 1: SM coupled to a Banks-Zaks-like sector through a messenger sector. The BZ-like sector becomes a
conformal unparticle sector below the scale Ay .

In the BZ side interesting things happen when one reaches the scale-invariant fixed point below
Ay . Operators with some scaling dimension dpz get transformed into operators with dimension
dy that can be very different from an integer value.

Opy —>AdUBZ_dUOU . (2)

For simplicity I only consider scalar operators, in which case unitarity demans dyy > 1 and I will
take dy < 2 because the most interesting effects take place in that range. The non-renormalizable
term will now be a coupling between SM fields and unparticle operators:

dpz—du
AU

Mk

m

OsnOu . (3)

One assumes that the parameter ¢ = AdUBZ ~du /MPF is small enough so that unparticle effects
haven’t showed up so far (in fact, € is not dimensionless so the appropriate power of the low-
energy scale relevant for the process in question should be included). The important point is
that, diy being a non-integer, O cannot be interpreted in terms of particles in the usual way.

Once we have a coupling between SM fields and unparticles we can start discussing unparticle
production, using this coupling as an insertion in some SM process. To first order in € one simply
gets missing energy and momentum. The probability for such a process goes like €?:

€2[(S Mout|Os1|SMin) P (U0 |0) (4)

and the unparticle matrix element will be determined, by scale-invariance, to go like the appro-
priate power of z:

—ipx d4p _
(0|Oy (2)0f;(0)]0) = / e P |<U,p|OU<0)|0>|2p<p2>W ~ (5)
Going to momentum space we find an unparticle two-point correlator (or propagator) that goes
like this unusual power of momentum 3-°
(U, plOu(0)[0)* = Aa, 00 (") (") 2 , (6)



Particle ~ 6 (s-m?)

— 1

p(s)

dy-2

/ Unparticles ~ s

Figure 2: Spectral functions for a normal particle and for unparticles (with dy = 1.2).

(dy — 1 would correspond to a normal particle propagator). Georgi compared this to the
phase space factor for production of n massless particles (dLIPS,, = A,s"2) to conclude that
unparticles could be interpreted as a non-integer number of massless particles but I think this
does not help intuition much.

I find more useful to obtain the spectral function representation of the unparticle propagator:
it gives a scan of what is being propagated. For a normal particle the spectral function is just
a Dirac delta at the particle’s mass, p(s) = §(s — m?). For unparticles we get a continuous
function, p(s) = s% 2, see figure 2. This leads to the following picture: the operator Oy does
not create particles out of the vacuum but rather a non-localized wave over the full range of p?.

Another useful way of looking at unparticles was proposed by Stephanov 6. He considered
an infinite tower of scalars ¢,, (n = 1,...,00), with masses-squared separated by a constant
splitting A2, M2 = A?n. In the continuum limit, A? — 0, it is simple to show that one gets a
scale-invariant spectrum. In fact, in the deconstructed action

1 1
S = /d4932%o:1 [5(8M<Pn)2 + §M3<P721} : (7)

kinetic terms are scale invariant [under ¢, () — Apy(Az)] while mass terms are not. However,
when A% — 0, replacing the discrete sum by an integral and taking ¢,/A — u(M?), the
continuum action including the mass term

S = /d4:c /OO dM? B((‘?Mu)2 + %M%ﬂ} , (8)
0

is indeed scale invariant [under u(M?, z) — u(M?/A?, Az)] thanks to the rescaling freedom in
the integration variable. This is one example of scale invariant model not composed of massless
fields. To make contact with unparticle operators one defines a linear combination O of the ¢,
fields

0= Fupn, (9)
n
with the appropriate mass-dependent coefficients
A
Fy = SN (M) (10)
0
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such that the two-point correlator of the deconstructed operator O has the correct unparticle
continuum limit. In this way Stephanov could rederive many of the phenomenological unparticle
implications working in the more familiar deconstructed version and taking the continuum limit
at the end.

2 Looking at Unparticles through the Higgs

In the second part of the talk I want to discuss the possibility of having a direct coupling between
the unparticle operator and the Higgs:

"CUOSMOU = I€U|H|QOU . (11)

Notice that the Higgs is special in the sense that it offers the only possible renormalizable cou-
pling with scalar unparticles”. One immediate difficulty one has to face is that, after electroweak
symmetry breaking (EWSB), such coupling induces a tadpole for Oy and therefore a VEV for
it. It is a simple matter to obtain this VEV: simply get the VEVs v,, for the deconstructed
scalars and integrate over M? to obtain:

HU’UZ oo F2(M2)

<OU>:_ 2 0 M2

dM? / (M?)dv=3ap? (12)
0

where F(M?) is the continuum version of F},. For diy < 2 one sees that this integral has an IR
divergence. Its origin is clear: the tadpole goes to oo when M,, — 0 while the restoring term,
which is M,, itself, goes to zero then.

However, this IR problem is easy to cure. For instance, if the Higgs also couples to quadratic
terms for the ¢,,’s

CIHP> or (13)

this will give an extra mass squared (v? to unparticles that will act as an IR cutoff in the
previous integral:

/i'UU2 o0 FZ(MZ) M2
2 0 MQ—FCUQ ’

Other more intriguing possibility uses quartic self-interactions of unparticles of the form

2
oV =¢ (Z wi) : (15)

but I do not have time to discuss it here, see 2. The structure of the unparticle continuum after
the IR problem is solved is therefore a continuum above a mass gap mgy = /Cv (of EW size).
Needless to say, the presence of such mass gap will affect dramatically the phenomenology of
(and constraints on) unparticles.

Let me focus here on some implications for Higgs physics. After EWSB the Higgs scalar will
mix with the unparticle continuum. The mixed mass matrix in the deconstructed picture looks
like this:

(Ou) = (14)

mio Al .o An
M= : B 0 . (16)
A, 0 0 Mj+mj 0

Here m%bo is the SM Higgs mass squared. Along the diagonal we have the unparticle tower with
a mass gap and the first row and column are non-zero with A,, = v(ky F,, + 2¢v,) and mix both
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Figure 3: Spectral function p as a function of s for a case with mj, < m,. The parameters are u = p2, m? =0,
dy = 1.2 and ¢ = 1. All dimensions scaled by m?.

sectors. To analyze what happens in the presence of such mixing we derive the propagator for
h resumming U insertions to obtain the following:

2

M2
dM? (17)

M2+m§

o0 (MQ)dU72

502y —1 2 2 2/ 2\2-d
iP(p°) =p° —myo + 0 (ug) W 0o M?24+m2—p?
g

a propagator with a SM part and a more complicated term coming from unparticles. The same
propagator can be obtained by diagonalizing the full propagator matrix. Here we have used
Ad

Ly (18)

2\2—dy _ .2
() = ky o

The first effect is a shift in the Higgs mass mio — mj, with P(m3)~! = 0. One can consider
two qualitatively different cases depending on whether the shifted Higgs mass is below or above
the mass gap. Let us start with a Higgs below the gap. Again it is quite useful to go to the
spectral function representation of the modified propagator (17). It looks as shown in fig. 3:
a Dirac delta at the pole Higgs mass and a continuum above mf]. In this plot we have chosen
m?=0,(=1,dy =12 and p?, = 2 = v?[Aqg, /(27m)]> 4. Explicitly the spectral function is

Qi ()
[iP(s)~12 + m2Q(s)

p(s) = #m%)&(s —m32) 4 0(s — mg)

(19)

where the functions K%(m?) and Q% (s) can be found in'. This spectral function has a very

diret physical interpretation. For a given s it gives the projection of the state with mass-squared
s onto the interaction eigenstate h:

p(s) = (hls)(s|h) = [(R|H)6(s — m§) + 0(s — mg)|(h|U, 5)[* , (20)

where |h), |u, s) are interaction eigenstates and |H), |U, s) are mass eigenstates. This is crucial
for instance in studying the ZZ coupling as h is the state that couples to ZZ. In this way we
learn that the prefactor R? = |(h|H)|* = 1/K?*(m3) of the delta function gives how much of
the isolated pole is a pure Higgs. On the other hand, the spectral function above the mass gap,
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Figure 4: Spectral function p as a function of s for a case with m;j, > mg. The parameters are u3 = 2, m? = 0,
dy = 1.2 and ¢ = 0.2. All dimensions scaled by mg.

R%(M?) = |(h|U, s)|?, gives information about how the unparticle continuum couples to the Z
through Higgs mixing. Of course the following sum rule

R} +/ RZ,(M*dM? =1, (21)
0

that implies that no “Higgsness” is lost in the mixing, is satisfied.

The case with a Higgs mass above the mass gap is also interesting. From the spectral
function we learn that there is no delta function associated with the Higgs pole but rather a
broad resonance due to the mixing of the Higgs with unparticles:

Qls)
[iP(s)7]? + 72Qg(s)
In fact the Higgs is totally swallowed by this continuum, see fig. 4 (same parameters as in fig. 3

except for ¢ = 0.2). How big the width can be is shown by plot 5, where we show (as a function
of dyy) the width, given by:

p(s) = 0(s —mg)

9 (22)

Q% (m})

T, = —<U\h)
" K2 (m)

(23)
and also the Higgs mass. We see that in some cases the width can be as large as the mass itself.
Such effects will totally modify the expected Higgs collider phenomenology.

3 Conclusions

While almost everybody agrees that the idea of unparticles is extremely speculative it remains
an intriguing theoretical possibility and we should keep it in mind for LHC. In this talk I
focussed on the effects that one would expect from a direct coupling between the Higgs and an
unparticle scalar operator. After dealing with an IR problem easy to solve I discussed how a
mass gap is generated from EWSB. This gap would have important implications for unparticle
phenomenology. I also showed how Higgs-unparticle mixing can greatly modify Higgs properties
and how it can also give us a very interesting handle to explore the unparticle sector.
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Commissioning of CMS and early standard model measurements with jets,
missing transverse energy and photons at the LHC

Tim Christiansen
for the ATLAS and CMS Collaborations
CERN, CH-1211 Geneva 23, Switzerland

We report on the status and history of the CMS commissioning, together with selected results
from cosmic-muon data. The second part focuses on strategies for optimizing the reconstruc-
tion of jets, missing transverse energy and photons for early standard model measurements at
ATLAS and CMS with the first collision data from the Large Hadron Collider at CERN.

1 CMS Commissioning

With the first collisions from the LHC expected soon, the CMS experiment ! at CERN has
entered the final stage of commissioning. Nearly all of the detectors have been installed in
the experiment and the last heavy structure of CMS was lowered into the experimental hall in
January 2008 (see photograph in Fig. 1). The CMS collaboration has launched over the past
years a series of combined data-taking exercises, so-called Global Runs, with increasing scope
and complexity. More and more components have been integrated with the trigger and DAQ
systems, and data from cosmic muons as well as high-rate random triggers have been used to
prove readiness for LHC collisions.

One of the first highlights in the commissioning of the CMS detector was the "Magnet
Test and Cosmic Challenge” (MTCC) 2, which took place in 2006 when the CMS detector was
operated in the assembly hall on the surface. The superconducting magnet of CMS required
testing before lowering, providing a unique opportunity to operate all the subdetectors and sub-
systems together and to take data with cosmic-ray muons. The participating systems included a
60° sector of the muon system, comprising gas detectors like the drift tubes (DTs), Cathode Strip
Chambers (CSCs) and Resistive Plate Chambers (RPCs), both in the barrel part and endcaps
of CMS. The tracking system comprised elements of the Silicon-Strip Tracker, and parts of
the Electromagnetic (ECAL) and Hadron Calorimeter (HCAL) detected energy depositions of
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Figure 1: The CMS barrel detector in the experimental hall (left). The increasing number of subsystems inte-

grated in global data taking over 2007 (right): HLT: High-Level Trigger, HE: Endcap Hadron Calorimeter, Lumi:

Luminosity system, HO: Outer Hadron Calorimeter, HB: Barrel Hadron Calorimeter, Trk FEDs/RIB: Tracker

frontend drivers/”rod-in-a-box”, CSC: Cathode Strip Chambers, RPC: Resistive Plate Chambers, EB: Barrel

Electromagnetic Calorimeter, DT: Drift Tubes, HF: Forward Hadron Calorimeter. The diagram is for illustration
of the progress only, the scale is arbitrary and non-linear.

the traversing muons. In the second phase of the MTCC, the ECAL modules and the tracker
elements were replaced by a specially designed mapping device to measure the three components
of the magnetic field in the volume of the inner detectors with high precision, while HCAL and
the muon systems continued to record cosmic-ray data.

Only six months after the conclusion of the MTCC, global data taking was resumed in the
first of a series of Global Runs, this time in the underground experimental hall. With the end
of 2007, CMS has recorded data from synchronized cosmic triggers from parts of all trigger
detectors (CSCs, DTs, RPCs, ECAL and HCAL). The diagram on the right of Fig. 1 illustrates
the progress made in the integration of subdetectors and subsystems in various Global Runs in
2007. One of the many results from these exercises is the confirmation of a single-hit resolution
0x < 280 pm along ¢ * of the Muon Drift Tubes. One of the next goals before the LHC startup
is the integration of the central tracker in the Global Runs.

2 Early Standard Model Measurements with Jets, Missing Transverse Energy and
Photons

Already the first 10 to 100pb~! of recorded data at the LHC experiments will allow QCD
measurements with minimum-bias events and will open the window to the Z- and W-boson and
top-quark production. However, it is natural to expect that the first ~ 100 pb™! of integrated
luminosity will first be used to test and improve the understanding of the detector response and
to calibrate and measure the performance of the physics objects used in the various searches and
measurements to follow. Therefore, this article focuses on the strategies for the ”commissioning”
of the physics objects with the first data, using the standard model processes accessible with
the recorded data set. Details about the longer term physics plans of ATLAS and CMS can be
found in the references 3.

Physicists from ATLAS and CMS are taking care that the experiments will make the best
use of the early data to align and calibrate the detectors. Analyses are prepared to study and
optimize the performance of the triggers and of physics objects. The strategies range from
transverse-momentum balancing to exploiting well-known SM signatures, such as tag-and-probe

“¢ is the azimuth angle of the CMS coordinate system with the z axis pointing in the direction of the beam
and the origin in the center of the detector. n denotes the pseudorapidity 7 = — In [tan 6/2] where 6 is the polar
angle of the CMS coordinate system.
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Figure 2: Left: Energy loss dF/dx spectra for charged pions, kaons (K) and protons (p) in the Silicon Tracker

(Pixels and Strips combined) of CMS. The scatter plot clearly shows the three separate bands for charged pions,

kaons and protons (from left to right). Right: Charged-hadron spectra dN/dydpr of protons and kaons as a

function of transverse momentum. The ”data” statistics correspond to approximately one month of data taking
with 1 Hz allocated bandwidth from minimum- or zero-bias events.

with leptonic Z-boson decays. As the field is too large to cover in this article all the aspects of
measurements with jets, electrons, photons and missing transverse energy, we report on a few
selected recent studies from ATLAS and CMS with a focus on the reconstruction performance
and strategies.

One of the first measurements to be performed at the LHC aims at the understanding of
the spectrum of charged hadrons. These spectra have never been explored in hadron collisions
at such high energies (y/s > 2TeV) and they are an important tool for the calibration and
understanding of the detector response. Recent studies at CMS show that it is feasible to distin-
guish charged pions, kaons and protons with momenta up to 2 GeV/c and individually measure
their spectra (see Fig.2)*. Cross-sections and differential yields of charged particles (uniden-
tified or identified pions, kaons and protons), produced in inelastic proton-proton collisions at
Vs = 14TeV, can be measured with good precision with the CMS Pixel vertex detector and
tracker system.

An important ingredient for the correct simulation of standard model processes at LHC is
the understanding of the "underlying event”, consisting of the beam-beam remnants (a soft
component coming from the break-up of the two beam hadrons). Furthermore, it is sensitive
to test multiple-parton interaction (MIP) tunes of QCD ®. Technically, it is impossible to fully
separate the underlying event from the hard scattering process, however, the observation of
charged particles in the region ”perpendicular” to the leading jet (60° < [A¢;| < 120° in the
transverse projection) in QCD di-jet events can be used to distinguish between various MIP
tunes that have been considered: DW6 DWT7, S0® and Herwig? (see Fig. 3) 1°.

Up to now, the analyses of the two experiments reconstruct jets mainly with variations of
the iterative cone algorithm ! that forms jets from energy depositions in calorimeter towers in
a cone of fixed size AR = /A¢? + An?. Calorimeter towers are the energy sums measured
in the various depths of the calorimeter along r at fixed n and ¢. Even though iterative cone
algorithms are well established and fast, which make them particularly useful for triggering, new
algorithms have been studied to improve infrared- and collinear-safety. Among those alternative
algorithms are the Seedless Infrared-Safe Cone'? and Fast-k7 '3 algorithms.

Rather than relying on the Monte Carlo simulation, the jet energy corrections can be ex-
tracted from transverse-energy asymmetry measured in di-jet events, a technique developed at
the Tevatron 4. In 2 — 2 events, transverse momenta of two jets are equal. This property can
be used to scale the jet transverse momentum (pr) at a given n to a jet pp in a reference n
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Figure 3: Densities dN/dndd of charged particle multiplicity as a function of the azimuthal distance to the
leading charged jet direction Ad (left). The "transverse” region used for the measurement of the underlving event
is defined as 607 < [Ad| < 120°. The data points are shown for different trigger conditions (minimum-bias (MB)
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for tracks in the transverse region with pr > 0.9 GeV /e, as a function of the transverse momentum of the leading
charged jet. The simulated "data” {open squares) correspond to an integrated luminosity of 100 pb ",
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Figure 4: Jet energy resolution from a data-driven correction, based on a study of transverse-energy asymmetry
in di-jet events in CMS (left). ATLAS study of the noise contribution to B = 0.7 cone jets made from 3D clusters
comparcd o standard jeis based on calorimeter towers in QUD di-jet events (right).

region, in order to correct for the variation of the jet energy response as a function of i based
on data. However, as most events in the (JCD di-jet samples have more than two reconstructed
jets, which primarily originate from soft radiation and which degrade the momentum balance in
the transverse plane between the two leading jets, the resolution obtained from the asymmetry is
studied as a function of the maximm pr of the third jet. The final resolution is then extracted
from the extrapolation of the pr of the third jet in the limit py(3™ jet) — 0. The left plot in
Fig. 4 shows how well this data-driven method compares to Monte-Carlo truth as studied by
CMS.

It has been shown for the ATLAS experiment, that the noise contribution in jets can be
reduced when using topological cell clusters as inputs to the jet reconstruction rather than
the total deposited energies in the calorimeter towers. The improvement from this attempt to
reconstruct three-dimensional energy depositions is shown in Fig. 4 (right) '®. As a result of the
noise reduction shown in this figure, the angular and energy resolution and the jet efficiency is
expected to improve for relatively low-momentum jets (below pr = 40 GeV /).

It has also been shown that a clear signal of top-quark pair events, where one W boson
from the top-quark decay produces a lepton (electron or muon) and a neutrino, while the other
W hoson decays into two quarks (tf — Wb+ Wh — lvbggh), can he extracted from the first
100 pb~" without the use of missing transverse energy or b-quark flavor tagging '%. With the
help of the W-mass constraint, such a sample will be exploited to improve the jet-energy seale
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Figure 6: Anticipated improvement in the constant term of the energy resolution, which is related Lo the overall-
uniformity of the electromagnetic calorimeter, as a function of integrated luminosity at ATLAS.

uncertainty and to study jet-flavor tageing.

The missing transverse energy (Er1) is one of the most complex physics objects at hadron
collider experiments, because it combines information from all sub-detectors and requires ho-
mogeneous calorimeter coverage in the psendorapidity region of || < 5. A good understanding
of the measurement of Fp is important, as it is present in signatures of physics beyond the
standard model, but also required for the reconstruction of e.g. leptonically decaying W bosons.
Various contributions of fake Fr can degrade the performance: machine background from the
accelerator and beam-gas interactions, noisy or dead calorimeter cells or regions, non-linearity
in the hadronic response and finite energy resolution. Figure 5 illustrates an example on how to
make analyses less sensitive to fake Fy: ATLAS has recently studied the reduction of the fake
FEr contribution from muons escaping the fiducial region of the detector by requiring angular
separation of the direction of the missing transverse energy and high-momentum jets '%.

The first data recorded at the LHC experiments will be used to establish the calibration and
uniformity of the response of the electromagnet calorimeters. At first, the calibration can be
obtained from the analysis of neutral pions. With increasing luminosity, events with Z bosons
decaying into an electron and a positron will become more important, as they open the probed
range to higher energies and provide the kinematical constraint from the well known mass of
the Z boson. Figure 6 shows the expected improvements in the ECAL uniformity as a function
of recorded data for ATLAS. The figure shows that for a relatively small data set of 100 pb™!
integrated luminosity, the constant term in the energy resolution can be greatly improved and
that the platean can be reached for > 300ph~'.
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3 Conclusions

The commissioning of the CMS detector is in its final phase. More and more subsystems are
joining global data taking exercises that use muon signals from cosmic rays for coarse timing,
calibration and alignment. Parallel to the commissioning of the detectors, the two multipurpose
experiments ATLAS and CMS are preparing the commissioning of the basic physics objects,
such as jets, photons and missing transverse energy, with first data. Various methods have been
studied with more realistic simulations of the initial calibration and alignment and techniques
are developed to establish the sound understanding of the detector response and calibration
flows from the early data itself.
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SEARCHES FOR NEW PHYSICS IN PHOTON AND JET FINAL STATES

M. Jaffré
on behalf of the CDF and DO collaborations
LAL, Université Paris-Sud, CNRS/IN2P3,
91898 Orsay Cedex, France

Recent results from searches of physics beyond the standard model in pp collisions are reported,
in particular, reactions involving high transverse momentum photons or jets in their final state.
Data analyzed by the CDF and DO experiments at the Run II of the Tevatron correspond to
integrated luminosities between 1 and 26! depending of the analyses.

1 Introduction

At an energy frontier collider, the usual way to search for indices of physics beyond the standard
model (SM) is to look for the collisions with the highest momentum-transfer particles. Typically,
one chooses a particular model, and the event selection is optimized to enhance its contribution
against the SM expectation. The absence of any deviation in data provides a limit on the
production cross-section times the branching ratio for the channel under study, which is then
translated into exclusion limits in the parameter space of this model. However, by nature, a
new phenomena is unknown, and it exists a lot of models at disposal. This is the reason which
motivates the "signature-based” search strategy which casts a wider look for deviations to the
SM.

Both strategies will be reported here for final states with photons and jets.

2 Randall-Sundrum (RS) graviton

Many models with extra spatial dimensions have been proposed to solve the hierarchy problem.
In the RS model !, the SM brane and the Planck brane are separated by an extra dimension
with a warped geometry. Only the graviton is allowed to propagate in this extra dimension. It
appears as Kaluza-Klein (KK) towers in the SM brane. This model has only 2 parameters: M,
the mass of the lowest KK excited mode, and k/Mp;, a dimensionless coupling constant whose
value should lie between 0.01 and 0.1.

KK towers couple to any boson or fermion pairs. CDF ? looks separately at vy and ee final
states, whereas D0® looks at both final states at once as they look similar in the electromagnetic
calorimeter. Because of the spin 2 of the graviton, the ratio of the branching ratios to yvy and
ee final states is 2. Both experiments have analyzed about the same amount of data (~ 1 fb71),
and found no excess of events over the SM predictions ( Drell-Yan and QCD where jets are
misidentified as photons) excluding graviton masses below 900 GeV/c? for k/Mp, = 0.1. Fig. 1
shows the excluded contour in the 2D parameter space as measured by DO.
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Figure 1: 95% C. L. upper limit Figure 2: The F; distribution in vy data with the various background con-
on k/M p; versus graviton mass com- tributions (left). Predicted cross section for the Snowmass Slope model ver-
pared with the RS expected limit. sus A. The observed and expected 95% C.L. limits are also shown (right).

3 Gauge mediated SUSY breaking(GMSB)

SUSY # is a broken symmetry. Experimental signatures are determined through the manner
and scale of the SUSY breaking. In the GMSB scenario, the lightest supersymmetric particle
(LSP) is the gravitino, a very light and weakly interacting particle. The next to lightest super-
symmetric particle (NLSP) is assumed in this analysis to be the neutralino which decays into
the LSP and a photon. Assuming R-parity conservation ®, SUSY particles are pair produced
and the experimental signature will be 2 photons and missing energy from the 2 gravitinos. To
get a quantitative result, the ”Snowmass Slope SPS 8” model ¢ is considered. All the GMSB
parameters”® are fixed as a function of the effective energy scale A of SUSY breaking.

In this event topology, the SM background is the Zvv production where the Z boson decays
into neutrinos. There is also important instrumental background from events with real B, (W
boson production) and fake Fr ( QCD where jets are misidentified as photons). Fig. 2 (left)
shows the B distribution. The observed distribution agrees well with the SM prediction; the
entire spectrum is then used to set limits on the GMSB production cross section. Fig. 2 (right)
shows the 95% C.L. cross section limit as a function of the effective scale A obtained by DO ”.
The observed limit on the signal cross section is below the prediction of the Snow-mass Slope
model for A < 91.5 T'eV, or for gaugino masses Mo < 125 GeV/c* and Mot < 229 GeV/c2.

4 Large Extra Dimensions

The hierarchy problem can also be solved by postulating the existence of n new large extra
dimensions as proposed first by Arkani-Hamed, Dimopoulos and Dvali® (ADD); the extra volume
serves to dilute gravity so that it appears weak in our 3D world as the graviton is the only particle
allowed to propagate in the extra space. If the extra dimensions are compactified in a torus of
radius R, according to the Gauss law, one can relate the fundamental Planck mass scale Mp,
R, the Planck mass and the number of extra dimensions by the relation M3 = SWMBHR",
allowing M p to be compatible with the electroweak scale.

lanck

In this model, the graviton can be produced directly in the reaction g§ — G; G will remain
undetected leaving a signature with a single photon and B .

The only SM background is the Z« production where the Z boson decays into a neutrino pair.
In addition to the usual instrumental background coming from misidentification of electrons or
jets into photons, the event topology is rather sensitive to a contribution from beam halos and

“The messenger mass M, = 2A, the number of messengers Ns = 1, tan(8) = 15, > 0.



cosmics where muons produced photons by bremsstrahlung.

To fight the latter background. both experiments had to develop specific tools in addition
to the usual ones based on the EM shower profile. Special hit finders in the tracker starting
from the EM cluster increase the track veto efficiency. In addition, D0 uses a EM pointing tool
thanks to its preshower detector, and CDF the timing system built within its EM calorimeter.

The results of CDF which has analysed about 2fb~! of data, twice as much as D0 ?, are
displayed in Fig. 3. The left plot shows a good agreement for the photon transverse between
data and the sum of the various backgrounds. This allows to set limits on the fundamental
scale Mp (right plot) as a function of the number of extra dimensions. For n > 4 the limits are
comparable with the limits obtained in the monojet search, and better than the LEP combined
result 10,
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Figure 3: The left figure shows the #; distribution in the CDF monophoton search. The signal expected from

the ADD model (n=4, m=0.8TeV) is added on top of the SM backgrounds. The right figure shows the exclusion

limits for the ADD model obtained in this analysis, in comparison with the CDF jet and J; result and LEP
combined result.

5 Squarks and gluinos, stops

5.1 Squarks and gluinos

Squarks and gluinos can be copiously produced at the Tevatron if they are sufficiently light. The
analysis is performed within the mSUGRA model '!. The final state is composed of jets with a
large Br due to the two escaping neutralinos, assumed to be the LSP. According to the relative
mass of squarks and gluinos different event topologies are to be expected. If squarks are lighter
than gluinos, a "dijet” topology is favored. On the contrary if squarks are heavier than gluinos,
the final state contains at least 4 jets. Finally, the jet multiplicity is at least 3 if squarks and
gluinos have similar masses. After a common event preselection, the three topologies have been
studied and optimised separately. The left plot on Fig. 4 shows the DO B distribution obtained
in the "dijet” search, the right one is obtained by CDF in the ”3-jet” search. D0 has analyzed
2.1 fb~! of data without finding any excess over the SM predictions. It allows to extend the
exclusion domain in the squark gluino plane (Fig. 5). Using the most conservative hypothesis,
D0 '2(CDF !?) excludes a gluino lighter than 308(290) GeV/c?.

5.2 Stop

Due to the large Yukawa coupling, there could be a large mixing in the 3rd generation of squarks.
The lighest of the 2 stops could be the lightest squark and even the NLSP. Furthermore if its
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mass is less than the sum of the masses of the b quark, the W boson, and the neutralino, the
dominant decay mode is ¢ — c%!, a flavor changing loop decay, assumed to be 100% in the
analysis. The final state will then be 2 acoplanar charm jets and B . The analysis proceeds
with 2 jets detected in the central part of the detector with a loose heavy quark tag for one of
them. No excess of events has been observed '* in about 1 fb~! of data, which provides a lower

limit for the stop mass at 149 GeV/c? for a neutralino mass of 63 GeV/c? (Fig. 6).
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and renormalization and factorization scale choice.



6 Signature-based searches

6.1 Search for anomalous production of di photon events

In its quest for “signature-based” excess, CDF has searched for anomalous production of events
in the vy + B topology. In this analysis. use is made of the F resolution model. The aim
of this model is to discriminate events with large mismeasured Fp from events with real Bp .
It has been shown to provide a better background rejection power than a simple ¥, cut. This
model is based on the assumption that individual particle’s energy resolution has Gaussian shape
proportional to particle’s v/E7. Only two sources of fake B are considered : soft unclustered
energy ( from underlying event and multiple interactions ), and jets. The latter is responsible
for most of the B as it is collimated energy in contrast to the former which is spread out
all over the calorimeter. According to this model, each event is given a By significance value.
Most of the QCD background is eliminated by requiring a significance above 5, leaving only the
expected number of SM events with real By (Fig. 7), and not much room for an extra signal.
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Figure 7: Distribution of missing transverse energy Figure 8: The measured dijetmass spectrum and
significance for diphoton candidates. results of the fit to the parametrization form 1.

6.2  Search for dijet mass resonances

Many classes of models beyond the SM predict the existence of new massive particles decaying
into 2 partons which would appear as resonances in the dijet mass spectrum. Such classes include
excited quarks, techniparticles, new W’ or 7’ bosons, RS graviton,... Jets are reconstructed by
the cone-based midpoint jet algorithm '® with a cone radius of 0.7 and have central rapidity
(Jy| < 1). CDF has analysed about 1.1 fb! of data and measured the dijet differential cross
section (Fig. 8). The spectrum is fitted by the smooth parametrization :

d
G = poll = am s = my (). &

This parametrization is found to fit well the dijet spectra from PYTHIA and HERWIG MC
events as well as from NLO pQCD. As no evidence for existence of a new massive particle is
observed, limits on new particle production cross sections can be derived as a function of the
dijet mass. These limits are then translated into mass exclusion limits, see Table 1.

7 Conclusions

No hints of physics beyond the SM have been found so far. As the Tevatron is continuing to
provide experiments with more data to analyze, the quest for indices will be pursued by CDF
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Table 1: Mass exclusion ranges for several models.

Model description Observed mass exclusion range
(GeV/cz)

Excited quark (f = f7 = fs = 1) 260-870

Color octet technirho

(top-color-assisted-technicolor couplings) 260-1110

Axigluon and flavor universal coloron

(mixing of 2 SU(3)’s cot(theta)—1) 260-1250

E6 diquark 290-630

W’ (SM couplings) 280-840

Z’ (SM couplings) 320-740

and DO. Some analyses presented in this talk have already been published, for the others, further
details can be found at:

CDF http://www-cdf.fnal.gov/physics/exotic/exotic.html

DO http://www-d0.fnal.gov/Run2Physics/ WWW /results/np.htm
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COMMISSIONING OF ATLAS
AND EARLY MEASUREMENTS WITH LEPTONS IN ATLAS AND CMS

M. PLAMONDON
LAL, Univ Paris-Sud, IN2P3/CNRS, Orsay, France
on behalf of ATLAS and CMS collaborations

With only a few months until the LHC start-up, the commissioning of ATLAS is in its final
stage as the last components of the detector are installed. The understanding of the detector
response acquired during the preparation phase is presented as well as the expected perfor-
mance at start-up. The strategies of both ATLAS and CMS regarding the use of early data
involving leptons is then described. Assuming an integrated luminosity of 100 pb~' in 2008,
examples of calibration procedures and early measurements are given.

1 Commissioning of ATLAS

At the time of this paper, everything except the endwall muon chambers has been installed.
In this section we summarize the acquired understanding of the detector performance before
start-up.

1.1 Detector status at start-up

The endwall muon chambers are the last components to be installed in the cavern (June 2008).
With the full magnet tests performed soon afterwards in order to check the endcap toroids
at their nominal field, the entirety of the ATLAS detector will have been assembled ready for
the first collisions. Data taking has already been tested with cosmic rays throughout the two
preceeding years of commissioning as the different detectors have been installed. The complete
acquisition and processing chain has been successfully exercised from the primary site at CERN
and throughout worldwide distributed sites.

1.2 Inner detectors

The commissioning of the Inner Detector was initiated on the surface where cabling checks and
debugging were performed. Once in the cavern, the noise levels were the same as those measured
on the surface. The global alignment between the silicon strip (SCT) and transition radiation
(TRT) trackers was measured with reconstructed cosmic ray tracks (as shown in Fig.1), where
the results were consistent with precision survey measurements. Little time was available for
cabling cross-checks of the innermost layer of pixels which was cabled just before ATLAS was
closed. The number of non-working channels was measured to be small (0.3%).
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1.3 Calorimeters

The calorimeters went down into the cavern beginning in 2006 and have been operating under
stable conditions for a long period of time. For example, the lignid argon calorimeter was
cold (B8 K) with a measured temperature variation of 10mK for over a vear. The degree of
understanding of the detector response is well illustrated by cosmic rays. Large signals as in
Fig.1l are frequently observed, interpreted as muons emitting a bremsstrahlung photon in the
calorimeters. These events have allowed timing studies (channel intercalibration at the level of
2ns) as well as improving the description of the pulse shape. In general, muons are minimum
ionising particles and deposit energy according to a Landan distribution. By analyzing these
distributions, the uniformity of response across EM readout channels conld be cross-checked to
the 2% level'. Taking advantage of the several months of commissioning running, many problems
were identified and corrected, leaving only a small fraction of defective channels (~ 0.1% in the
case of the LAr calorimeter).
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Figure 1: On the left is shown the trajectory of a cosmic muon reconstructed in the inner detectors. No zero

suppression being performed, this display reveals that only a fraction of the TRT was recording data. The

right plot shows a large amplitude signal (~ 13GeV) in the LAr calorimeter which was also recorded during the

commissioning. Compared to the predicted pulse, the residual in green s showing good agreement at the percent
level

1.4 Muon spectromeler

The commissioning of the muon spectrometer was aimed at testing its complex alignment system
using optical sensors. The alignment is of crucial importance as a 1 TeV muoon is bent only by
500 gm under the magnetic field produced by the toroids. In order to reach 10% accuracy on
the momentum measurement, the chambers must be aligned with a precision of 50 pm. After a
calibration of the system by moving and rotating modules, the reconstructed cosmic tracks have
shown that the misalignments can be well monitored.

2  Early physics with leptons

With the first collisions, the main goal will be to calibrate the detectors in sifu using well-
known physics samples. Table 1 summarizes the expected performances at start-up and those
expected to be ultimately reached. The rediscovery of standard model at /s = 10TeV will
be followed by an effort to validate and tune the MC generators. Leptons will play a crucial
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role in paving the way to new physics, taking half the trigger rate of the foreseen menu at
L = 103 em™2s7!. Assuming 3 months of operation in 2008 and an integrated luminosity
around 100 pb™!, calibration procedures and possible early measurements are described in the
following.

Performance Physics Physics signals
@ start-up nominal goals tools

. . ATLAS <1-2% 0.7% isolated e, Z — ee
EM energy uniformity ars %2_ A%, 0.5% H —ryy -symmetry
EM energy scale ~ 2% 0.02% | W mass 7 — ee
Inner detector alignment 50-100 um <10 pm | b-tagging | isolated pu, Z —pup
Muon system alignment <200 pm 0um | Z' —puu 7 —
Muon momentum scale ~1% 0.02% | W mass Z —uf

Table 1: This table summarizes the detector performance concerning leptons which are expected at start-up.
The values, mostly given for the ATLAS case, are compared to those ultimately reached using the physics tools
mentionned in the last column.

2.1 First peaks: (J/, X, Z) — pp

Assuming a 30% overall detector and machine efficiency at 103! cm~2s~!, around 16000 .J/%)
and 30007 in dimuons are accumulated per pb—!, useful to perform checks, tracker alignment
and momentum scale determination. After all cuts, ~600 Z —puu events are also recorded. As
shown in figure 2, the measured Z boson mass is sensitive to misalignments of the tracker or
the muon system as well as uncertainties on the magnetic field (distorded B field): a misaligned
tracker would affect noticeably the shape of the Z peak.

Marmal condiions
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- Mann = B08T £ 0,03 e Muon Bysem misaigned @ “L=10pb’ .
= W= 3742 00 I E GuT, CMS Preliminary
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E‘m'_ Width = 1= 0.1 ] - E
& | Mdann = 51,00 + 0,03 J 'E 10E
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8001 Mesn « 2001+ 003 : F
Widh= 377 =008 -’ P
= 107
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Figure 2: A peak of ~6000 Z obtained with 10pb~? is the starting point of many studies of the muon system
as shown on the left in the case of CMS (the same effects exist in ATLAS). A clear W peak is obtained as well
(right). A cut at 50 GeV on the transverse mass (Mr) gives a clean W sample that can be used for Er studies.

2.2 Z — ee calibration and enerqgy scale

Simple analysis cuts are used to obtain the first Z and W samples with low background levels
as in figure 2 (right). For example, they can be done without the tracker or restricted to the
barrel region if required. The Z-mass constraint is a key tool for the commissioning of electron
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reconstruction and will also be used to correct residual long-range non-uniformities. From the
design of ATLAS LAr calorimeter, relatively large regions (0.2 x 0.4 in 5 x @) are exected to he
locally uniform and this was demonstrated from testbeam data®. In order to interealibrate them,
~30000 Z — ee events will be sufficient to achieve the desired response uniformity of ~ 0.7%
(see Fig.3). The situation in CMS? is different due to the crystal-to-crystal response which
varies by = 2%. Higher statistics (~10fb~") are required to perform a similar intercalibration.

Integrated luminosity (pb)

0 50 100 150 200 250 300 350 T .

B LR R e e e e e e e
0.016 E_ A _E gﬂ'“ FJL'ﬂTerIflclll.:lf:ll?'ﬂllull efficieney

Fy I i & (£ = 50pb~t)
0.014 :-" 2 _': na +
a02E o 1 oss -r'*“*'+*q: :t=+= -
[Xv) N - s ==

- . 3 08 o= o with tagheprobe methoed 5
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F . 3 0.75 — from MC generation
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Figure 3: The ATLAS EM intercalibration as a function of the integrated luminosity (left) reaches 0.7% at about
100 pb~t In the right plot, the efficiency of selecting clectrons in ATLAS is accurately evaluated using the
tagh:probe method described in the text (1% agreement w.rt. MO generation),

23 Z and W eross-secltions

The expected precision for ATLAS and CMS in the measurements of the Z and W cross-sections
(table 2) are limited by statistical uncertainties. Theoretical uncertainties remain at 2%, mainly
due to acceptance determination and PDFs. The luminosity uncertainty of 10% will dominate
until the dedicated detectors I refine these measurements in 2000. Systematics are kept to
the 1% level with efficiency precisely determined using data-driven methods (tagdprobe) as
illustrated in Fig.3 in the case of electron identification. In simulated Z events, an electron
candidate is tagged by fulfilling stringent isolation and reconstruction requirements. A simple
object is then looked for on the opposite side, either a track or an EM cluster. If the invariant
mass of the pair falls in the mass window of the Z (M. =Mz=20GeV), the latter is known to
be an electron and the efficiency can be computed in this way.

[ process as
arLas | 0.004(stat)£0.008(sys) .
2’ El — :t X .
M+ X = ems | 0.004(stat)£0.011(sys) 002(th) =01 (lned)
W — ev atras | 0.002(stat)+0.050(sys) 1" |

Table 2: The various contributions to the uncertainty of cross-section measurements are given for 50pb~! of
integrated luminosity. Higher systematic uncertainties are expected in the case of ow, especially from the Ky
measurement.
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Figure 4: The electron rapidity distributions in W decays can be used to constrain PDF distributions (left).
Dielectron resonances at the TeV scale could be seen with a fraction of the statistics shown here for 17" (right),

2.4 Constrain PDFs with W —{p

A region of the  — % plane becomes accessible at the LHC with a higher centre-of-mass
energy (x12 = %e*”}. For instance, the W production would involve 1079<x; 2 <0.1, a region
dominated by sea-sea parton interactions. At these low x values, the current PDF uncertainties
remain large (4-8% ). By adding LHC data into global fits, it would be possible to constrain
further the PDFs. With a 5% experimental precision, e* angular distributions could be used
to discriminate between different PDF parametrizations. The principle is demonstrated by
generating 10° W — ew, equivalent to 150 pb~" of data. These simulated events are generated
with the CTEQG.1 PDF and full detector simulation. Statistical uncertainty being negligible,
only a 4% systematic error is introduced by hand, a level already attained with the 2 — e
sample. These pseudo-data are included in the global ZEUS PDF fit in order to asssess their
impact. The uncertainty on the low-x gluon shape parameter A [xg(x)~x""| is reduced by 40%.

2.5 Leptons for early top

The easiest channel to consider at the beginning is one lepton plus jets (H — birbjj) with ¢f
combinatorics, Wjets and QCD as main backgrounds. The b-tagging will not be available at
start-up and Fy might be problematic as well. For these reasons, early top analyses are lepton-
triggered. Nevertheless, a signal can be quickly seen with only ~10pb™?', even with limited
detector performance and a simple analysis. With 100pb~!, these early measurements of de,;
will reach ~20% and dmy,, at <10GeV. It will be an excellent sample for light jet calibration
and b-jet efficiency determination.

2.6 Early discoveries with leptons?

The discovery of a narrow resonance decaying to ete™ (Fig.4) is accessible with as few as 70 ph~!
if M~1TeV. At these energies, ultimate calorimeter performance is not needed. Early searches
in the case of dimuons decays would be less straightforward since the resolution worsens as py
increases. However, the generally lower instrumental background may make dimuons a discovery
channel along with dielectrons.

83



Rencontres de Moriond 2008

84

3 Conclusions

ATLAS has been commissioning its detector with cosmic rays and is eagerly awaiting the first
LHC collisions in 2008. The clean signatures involving leptons will have a major impact in
the initial understanding of the detectors. Summarized in figure 5. the early physics program
involves several activities with possible surprises along the way.
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Figure 5 Summary of the physics program with the first year of LHC data taking.
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