Aspects of Searches for New Particles at the LHC

In this last lecture, I will apply some of the knowledge we have gained about
collider physcis to discuss the search for new particles at the LHC. The main purpose
for building the LHC is, after all, to discover new interactions beyond those of the
Standard Model. So far, no new particles—aside from the predicted Higgs boson—
have been found. But there is still a long future in which we can hope to break
through to physics beyond the Standard Model. The LHC will start up again this
year at a center of mass energy of 13 TeV and, by the 2030’s, will accumulate a data
set about 100 times larger than the current one. This corresponds to a factor 3-4
increase in the masses of new particles that can be discovered.

There are many arguements why there must be physics beyond the Standard
Model. Here, I will only note the most obvious one: To describe the symmetry
breaking of the electroweak interactions, we invent a Higgs scalar field and write for
it a potential
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To give the qualitative behavior of the Standard Model, we must have
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But all aspects of this field—the form of its potential, and its couplings to quarks
and leptons—are totally ad hoc. In the Standard Model, neither the Higgs potential
nor the Yukawa couplings can be computed. But it is just not scientific to stop here
and claim that we will never be able to learn the explanation for the properties of the
Higgs field.

Ansser to the questions of why the Higgs field has its defined properties lead to
proposals for the existence of new particles. In this lecture, I will not systematically
review these proposals. Rather, I will concentrate on the methods that are used at
the LHC to search for new particles, using a number of these proposals as illustatiive
examples.

Let us start with the easiest case. In lecture 2, I presented the theory of the
Drell-Yan reaction
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We saw that the Z boson appears in this processes as a prominent peak in the
spectrum of m(utp~). If the Standard Model gauge group is exetended, for example,
by an additional U(1) factor that is spontaneously broken at TeV energies, there
would be an additional massive U(1) gauge boson. If this boson couples to qg and
to ™, as is usually the case, it will appear as another resonance in the Drell-Yan
spectrum.

To test for the presence of such a boson, we would collect events containing ete™
or 4 p~ pairs and plot the rate of such events versus m(£+t¢~). The results from the
ATLAS experiment at 8 TeV are shown in Figure 1. Notice that the cross section
falls over many decades as m(£*¢~) increases. Eventually, we run out of events at
dilepton masses above 2 TeV. In the figure, the data is compared to Standard Model
expectations. Note a surprisingly large contribution from #¢ production.

It is worth saying a few words about the data collection. The events enter the
ATLAS data stream by passing the trigger conditions: for electrons, two clusters in
the EM calorimeter with pr > 35 GeV and pr > 25 GeV; for muons, a muon in
the outer tracker with pr > 36 GeV, or with pr > 24 GeV and a requirement on
the isolation from other tracks. The final event selection criteria are more stringent.
For electrons, there must be tracks and EM energy deposition that are consistent
and satisfying some quality checks, and the two electrons must have Ep > 40 and
Er > 30 GeV. IN polar angle, the electroins must lie within |n| < 2.47, with the
region 1.37 < |n| < 1.52 where one passes from the barrel to the endcap calorimeters
excluded. For muons, the event must contain a well-defined opposite sign muon pair,
with both muons having pr > 25 GeV and || < 2.4. The efficiency for collecting
events in a simulated sample is shown in Figure 2. These are very high efficiencies
for particle searches. More typically, the efficiency is about 10%, and smaller for very
complicated selections.

If no signal is seen, as is the case here, the exclusion is plotted as shown in
Figure 3. The plot sohws the maximum excess cross section allowed by the data at
95% confidence, from simulations of the data (“expected limit”) and from the actual
data points (“observed limit”). This can be compared to the predictions of models.
Typically, for Drell-Yan, the test case used is the “sequential Standard Model”, that
is, a boson with the couplings of a Z boson but a higher mass. But, obviously, a new
neutral gauge boson in a real model will have couplings different from that of the Z.
In the figure, you see the predictions from two possible bosons in a model with an Fg
gauge group. Note that the iimits are less stringent that those in the SSM. You can
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equally well put the predicitons from your favorite model on the same plots.

A somewhat more involved, still purely leptonic, search is that for a massive boson
W' that decays to WZ

W' 20— A Ly

Here can look for events with 3 leptons and Er. I will describe the search carried out
by the CMS experiment. The events are triggered by high-pr leptons in a manner
similar to that for Drell-Yan events, with electrons and muons collected in the regions
In| < 2.5, |n| < 2.4, respectively. The 3 leptons in the event are required to have

T Z(halnd)  Z (v ) W

e 3S 30 20

(

and the event is required to have

54 v 30 GV

A pair of opposite-sign, same-flavor leptoins is required to have

o< mU) <N Gy

This is the candidate Z boson. The third lepton is required to be isolated from the
Z.

Finally, we need to combine The third lepton and the £7 to reconstruct the W
boson. It is not so obvious how to do this, even assuming that there is only one
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neutrino emitted in the event, because the £ gives only the transverse momentum
of the neutrino. If pj is the longitudinal momentum of the neutrino, we have the
whole neutrino 4-vector satisfying
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But notice that this constraint is a quadratic equation for it If we solve this equation,
there are two solutions. We choose the solution with the smaller value of Py which
typcally corresponds to a larger value of the product of the pdfs. In simulation of
the signal in this example, the smaller value of pjf is the correct choice in 70% of the
cases.

We now have 4-vectors for the Z and the W, and we can combine them to compute
m(W Z). The resulting spectrum is shown in Figure 4. It is well accounted for by the
Standard Model process
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with no apparent resonances. The limits on the cross section are shown in Figure 5.
Notice that the data point at 850 GeV is (probably) is an upward fluctuation generate
a weakening of the observed limit near that point.

Similar analysis methods can be applied to searches for new heavy quarks. Here
the decay products will include jets, and QCD reactions of various types will be
backgrounds. The search for a heavy top quark that decay to Wb will give a good
example. I will follow the ATLAS 7 TeV analysis.

The strategy of this analysis is to look for events consistent with
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The basic requirements impose on these events are: (1) an e with py > 25 or a y with
pr > 20 GeV; (2) Er > 35 GeV for e events, > 25 GeV for p events; (3) at least 3
R = 0.4 anti-kr jets with |n| < 2.5 and pr > 25 GeV; and (4) at least one jet tagged
as having a secondary vertex consistent with a b quark decay.

The b-tagging algorithm gives a score, with a higher score indicating higher prob-
ability to be a b jet. By adjusting this threshold value of the score, the algorithm
can be tuned for greater efficiency (inclusion of b jets) or greater purity (exclusion of
c and light quark jets). At the operating point used in this analysis, the probability
of tagging was, for a b jet, 70%, for a ¢ jet, 20%, and for a light quark or gluon jet,
0.7%. Once an event is selected, the two jets with the highest scores are assumed to
be the b jets.

Now we have the basic objects. The next task is to combine them. The leptonic
W momentum is obtained as below, using the algorithm described earlier to solve
for the neutrino momentum, and then combining the lepton and the neutrino. It
is required that the lepton and the neutrino have AR < 1.4. For the hadronically
decaying W, there are two possibilities. The W may be reconstructed as a single
jet or as a pair of jets. A single jet is a candidate W if it has a mass in the range
60-110 GeV and pr > 250 GeV. A jet pair is a candidate W if it has a 2-jet mass in
the range 60-110 GeV, a jet-jet separation AR < 0.8, and py > 150 GeV. The mass
distributions of the two candidate sets, before the selecton on jet mass, are shown in
Figure 6. In each event, the candidate closest to the actual W mass is selected.

Finally, we can try to pair the Ws and bs to form the heavy quarks 7" and T.
There are two solutions for the ¥ momentum and two possible pairings of W's and bs.
The option is chosen that makes the reconstructed masses of the T and T as close
as possible to being equal. In addition, the analysis imposes that the total Ep of the
event is large. Define

Wy = lpheops| + | 851 *2'; [l 40)

where the jet prs are summed over the b and the W jets, and insist that
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This gives the event sample shown in Figure 7. The events on the right in the figure
satisfy the further requirement that AR(Wb) > 1.4 and AR(bf)  1.4; this favors T'
candidates that have masses much larger than the top quark mass. The final results
are in good agreement with the expectation from pp — ¢ and fall far short of the
expectation for a T of 500 GeV (with 100% branching fraction into Wb) produced
with the QCD cross section. The limit plot for the production cross section is shown
in Figure 8.

It may be that the T has decays into multiple channels. Models in which the
Higgs boson is composite often contain T' quarks with the three decay modes

T— Wb ~ 5o]
2t ~ 257,
ht  ~ %

The search I have described excludes such a quark, but only up to smaller values of the
mass. To cover the range of possibilities, ATLAS has carried out four complementary
searches, for T' quarks with 100% branching fraction to

T — Wb
T = 2t &« 26 (2-00)

T — ht (k= bb)
T LA+ 7

The latter searches do not require full reconstruction of the T' but only an excess of

events with large energy deposition and the required characteristics. The exclusion
for a series of T masses, on a plane that allows arbitrary branching ratios for the
three modes about, is shown in Figure 9.

Next, I will discissu searches with invisible particles in the final state. It is very
common in models of supersymmetry (SUSY) that the lightest supersymmetric par-
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ticle is stable, neutral, and very weakly interacting. This is usually considered as an
advantage, since in this case the lightest supersymmetric particle is a candidate for
the particle that makes up the dark matter of the universe. On the other hand, this
is a problem for collider searches, since this lightest particle, which I will call ¥, is
invisible to collider detectors. Pair-production of supersymmetric particles leads to
two xs in the final state, both invisible. There are two strategies for searching for
particles in such models. The first is to look for an excess of events with large Fr.
The second is to use the intuition about these events that is available to partially
reconstruct the invisible particles. I will discuss analyses of both types.

The first LHC strategy to search for SUSY particles was to search for an excess
of events with Fr. It is not difficult to find events of this type. A candidate event
from ATLAS is shown in Figure 10. Rather, the difficulty is in showing that some
of these events cannot be due to Standard Model processes. Different backgrounds
appear for different numbers of leptons in the final state, with decreasing background
(and signal) cross sections as the number of leptons increases. I will describe here the
ATLAS 7 TeV analysis for 0-lepton events.

ATLAS seleced events with

and examines the event samples as a function of

My, = E;hm + L]

where the sum runs over the highest-pr jets in the event (numbered in order of pr).
Since the background sources depend on the number of jets, a different analysis was
done for each value of N from 2 to 6. Events were triggered by the presence of
Fr > 45 GeV and one jet with pr > 25 GeV. The criteria for an event to enter to
final sample after full selection were quite complex. Here are some examples:
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The variable my will be explained below. The criterion on A¢ controls for the fact
that Zr parallel to a jet can be generated by the fluctuation in the enrgy measurement
of the jet. So, the Z vector shoujld be at as lareg an angle as possible to all jets.

Many Standard Model reactions contirbute to these samples. The ATLAS collab-
oration measured these reactions in a series of “control regions” that were expected
to be relatively free of SUSY signal. The results of these measurements were use
dto estimate the contributions of the processes in the SUSY signal regions. Control

processes used were: B ﬂ w °\ - S{ _\-idl‘t\;

Z+\ds BV R-L! 3&5 ol
Z2yyds By Zads 2o emite
\WE: ‘]ds "2"’27 \\H"\ds W-a,Qv 30<'k-,-<|oo?
= bvets
'L'{; - QV L 'L'k b) ‘L"“.’,Q‘J‘l) 30(\"}1- <109,
miantand 80 wiyds  &D  aP(3fy) o2
Using a detector simulation to estimate the effect of these processes in the signal
region, and carefully transferring the normalizations from the above measurements,
one can build up plots such as those shown in Figures 11 (for the 2 jet analysis) and
Figure 12 (for the 5 jet analysis). Notice how the background composition changes,
from being dominated by Z and W decays to neutrinos in the former case to being
dominated by ¢t in the latter case. The event rates fall exponentially with m.;y,

down to a level at which we have 1 event per bin. Unfortunately, the Standard Model
processes account very well for the observed distributions.

In addition to an analysis of the type I have just described, the CMS collaboration
has performed searches using some special varialbes that are intended to discriminate
the signal and background processes. To introduce these, I should first define a
very effective variable for hadron collider analyses, the “transverse mass” mg of a



L I | I L I L L I L [ ¥ 1 7§ I LI L I

E : f Ldt=4.7 b

= 104,5_ e Data 2011 (Vs =7 TeV)

S = — SM Total

o = —— SM Total (scaled)

— | [ W+jets

@ 1 03 L Bl Z+jets

= - C=1tt and single top

g : @ Diboson

2 s ) multijet
..... sM+SU2500.570,0,1 0)
- SM+SU(2500,270,0,10)

ATLAS

10°E
10
1

ool L Coonl vl Conl vl umu] 111l

1 l L | 1 1 I 1 1
2 E TS TS PP TP I TP SUTY PP CPPTS SRR STPPOTR FRPR TP SRR TR R YT F };;‘;}._{J
~ — scaled MC / unscaled MC P
1 .5 """""'"""""""'"""""""I_"“_""'._..'_";.'_r'__'.__'_."-'.."-'-'.".'."‘f“-"-"—".:"'-'i.'.’."'. Lt

-------------------------------------------------------------

llllIllIl IIIII

Illlllllll

........................................................

DATA /SM

500 1000 1500 2000 2500 _ 3000
my,(incl.) [GeV]
(’(_t;a_ \\ &-’\\df ‘D-M'/Q w‘.n_ 5/‘ olrbwl lb(ﬂ\ -‘ATL&S
-Lf\])w:r, ?lo*]«i%«gblr\ (L mc\L. 'Ti'.e_b.ﬁr Wn
Cuz wv?w-\ b addio Kom %LAMM Plohak.
oMy L 0€.094a ) “PhaToy DA ©1R008 (o),

o



> 103 :'_l 1 LI l || | L I ' | I DL I I L L I 1 | L l I | L l_:
5 g f Ldt=471" E
Q) L o
o L ® Data2011 (Ys=7TeV) -
o = — SM Total -
~— —— SM Total (scaled)
~ 1 02 = E W+jets -
@ = I Z+jets 3
% = (] tt and single top p
> - I Diboson -
UJ = ) multijet A
- SM+SUESOO,570,0,10) -
_k e o SM+SU(2500,270,0,10)

10 gF ATLAS E
= | SR-D ]
U3 =
i [ ! | ]
(i) 1.5 é_ ..... ikt Lot ”nsce”::ﬁ LoP =
I | T e Tt = o - =
e 05 E s Mot WY - E

O - B L, \

~500

’R—ES 12 5"36*0'&»9‘9 vl %

s Pd e« Amdn

"'- _%;‘ . RS . gosse
1500 2000 2500

O Liil

300
m,4(incl.) [GeV]

sbewnd byl ATLAS

MWNM\L b Gt Lm Shdd Mold procine,
oAV ¢ 1900949 Phe D DY onwog (013)



composite system. The variable mr is useful for descibing 2- or multibody systems
in which we have incomplete information about the longitudinal momenta.

For example, in the process ’

—

p—> WHE — ', X

we can measure the full momentum of the €+ but we can measure only the transverse
momentum of the v, which is given by the ET vector. However, from this information,
we can construct

ol < [0 2= BBy’ ]

If the total longitudinal momentum of the W were zero,

:r?-‘m + Tﬁ.r( v)

would be the total momentum of the W, and we would have mr(€v) = my. If the
fv system has nonzero longitudinal momentum,

"\’0("‘) & ’F(.'?n ®). 0951’\‘8 » ’P )

and so

YY).T(aQV) < My



In fact, when collider variables have an upper bound, the values of these variables
often cluster at the upper end. Figure 13 shows the distribution in transverse mass
of W bosons measured by the CDF experiment at the Tevatron in Drell-Yan events.
Note that the figure runs only over the interval

GO < my < 90 (<V

THe my distribution peaks just below the W boson mass and it cuts off sharply,
extending above my only by virtue of measurement errors and the W width. This
distribution was used by the CDF and DO experiments to measure the W boson mass
to high precision, obtaining the result

m,, = ?0-.38’4 T 0l RV

Randall and Tucker-Smith suggested that this variable might be applied to dis-
criminate events with real 1 from events in which Fr arises from jet mismeasure-
ment. THey defined, for a 2-jet event with pr(j1) > pr(j2), a variable

Trlye)
M (12

where mz(12) is the transverse mass of the 2-jet system.

2 — ~ 2 li
me02) = (G pda) — Gy Pty ]

For a balanced 2-jet event, ar = 1/2.

Imagine that /7 were generated by a fluctuation that lowered the measured energy
of the jet 2 by a factor f. TMen
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Events with ar > 1/2 must be of the form

N e
/

with Fr generated by emission of invisible particles. As shown in Figure 13, a cut
at ar > 0.55 gives a factor 10° suppression of QCD background, though it is less
effective against Standard Model events with neutrinos in the final state.

Another set of analysis variables was introduced by Chris Rogan, a Caltech grad-
uate student in the CMS collaboration. Rogan’s idea was to take advantage of the
fact that, because parton distributions fall of rapidly, pair-production of a heavy par-
ticle (2 would most likely be near threshold. Just at the threshold, there is a frame
in which the Q and @ are simultaneously at rest. If Q and @ decay to a massless
particle and an invisible heavy particle,

—

&_9 ll*’xl Q'—J‘ CL'L\/X‘L

then in this frame the momenta of the ¢; and ¢,, which I will call p; and p,, are equal.
Call the frame where p; = p; the R-frame. It is also true that, in this frame, the
momenta of and xo are equal. The momenta of the xs are invisible, except that
they sum to the Ep.

Define
l

Mp = [(m *VJ" (P *?'“Oﬂi

This quantity is invariant under longitudinal boosts and equals
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Q? L - Q\’) L
in the R-frame. In the idealized case in which the production is at threshold,

. o

Mg = My,
Mp_ = —_
Mg

If we, crudely, split the ﬁ'T into equal amounts for y; and x2, we can compute a
transverse counterpart to this variable

1
— S 4
Mar = [ EIYBSE) - g B (i) |
<
Finally, let the “razor variable” R be defined as

R - Mo
For signal events, My should have a peak at the value above, and R shoud be peaked
at R ~ % For events in which f'r arises from W, Z, or t decays, Mg should peak
near the masses of those particles and R should be small. The fact that the signal

appears as a peak rather than an excess is a big advantage for recognizing that the
signal is present.

Rogan created this method for models in which the Q and @ have simple 2-body
decays, but CMS has also used the method for more complex situations, by clustering
the high-pr activity in the event into two large jets and applying the formulae above.
Figure 15 shows two projections of an analysis in the (R, Mg) plane. Unfortunately,
there is no peaking in either projection. The distributions decrease exponentially, as
expected for the Standard Model, and indeed they are fit well by ¢f production.

The situation of pair production and decay to a light Standard Model particle
and a heavy invisible particle can also be studied with another variable based on

12
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transverse kinematics. This variable turns out to be extremely useful in many SUSY
(and other) analyses. This is the variable mry, introduced by Lester and Summers
(arXiv:hep-ph/9906349; Phys. Lett. B463, 99 (1999)). Consider again the process

TP Q. — %) G&ﬂh}

If we knew the transverse momenta of x; and x, separately, we could construct two
transverse masses,

2 b ol - ‘L(L
M) = My + (?»\T+’P’XI'T) - (?W*le'a)

by,

n

| Q’P?T ’P:L\T - Q;P:T \'_Tim

and similarly for mz(2), and these would both be bounded above by M. In reality,
we do not observe either p) 7 or pyor but only their sum, which equals Z. But, we
can split £ in any arbitrary way and define

", = —‘m'lY: ~ gmof (mT(D)mThD
P t Parr =

This quantity must also be bounded above by M. In typical cases, this variable has a
smooth distribution up to the endpoint Mg, with a sharp falloff there. We do not know
my, but we can put m, = 0, and the resulting mz, also has a smooth distribution
with a shoulder at its endpoint, giving a signal for a new particle discovery. The
distribution of mpy defined in this way can also be used in particle searches as in
Figure 16, or to estimate the momentum vectors of invisible particles for more complex
searches.

Finally, I would like to describe one o tht emore sophisticated searches recently
presented by the LHC experiments. After SUSY particles were not found in generic
searches for jets and Fp, many people shifted their attention to models in which
the third generation SUY particles are lighter than the others. After all, only these
particles couple strongly to the Higgs boson. Then a “natural” theory of the Higgs

13
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potential needs only light ¢ and b, while the other colored SUSY particles can be
much heavier. The production cross sections for t and b are about 50 times smaller
than those for ¥ and d, so this poses new challenges.

Among a large number of searches for ¢ and b, I will pick out one, a search for

~ N

PP 44 Lo g

by the ATLAS collaboration. The basic idea of this search is to use final states with
1 lepton and F7, corresponding to one leptonic top decay. The lepton and the £
vector are required to satisfy

m.]. S M w

so that the missing energy cannot simply be due to a W — £v decay from direct W
production or from ¢ — Wb. The analsysis selects on a number of variables designed
to suppress the dominant background

PP — +L o+ ds

In particular, an mp, variable, applied to the top background, should cut off at the
top quark mass. A particular analysis stream (out of four presented) is

A L
TaEs P> %0 €0 40,28 (o
\ Hﬁ&d"iek

B > 200 GV

™M 2 Ho =V
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The last criterion insures that, after all of the complexity, the Er is well measured.

The final distribution of events in Hf%* is shown in Figure 17. No signal is seen.
The composite of ATLAS constraints on the production of ¢ pairs is shown in Figure

18.

I hope that these examples give you a taste for the amount of effort, care, and
ingenuity that has gone into the search for new particles at the LHC. New colored
particles of most types are now exclude up to masses of 600-700 GeV, and above 1 TeV
for the cases with the largest cross sections. St#mll, the search is just beginning. I
hope that these lectures have given you some tools to understand the LHC results
that will be coming from the next run, and perhaps to contribute methds that will
lead to a discovery.
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