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vidence for (Light) Higgs

Exhibit A: Precision Electroweak Observables
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Measurement Fit lO™as_Qft|/gmeas
0 1 2 3

Act) (m,)  0.02758 + 0.00035 0.02767
m,[GeV] 91.1875=0.0021 91.1874
[GeV]  2.4952:0.0023  2.4959
oo [Nb]  41.540:0.037  41.478

R, 20.767 + 0.025  20.743
AY 0.01714 + 0.00095 0.01642
A(P,) 0.1465 + 0.0032  0.1480
R, 0.21629 + 0.00066 0.21579
R, 0.1721 + 0.0030  0.1723
AP 0.0992 + 0.0016  0.1037
AL 0.0707 + 0.0035  0.0742
A, 0.923 + 0.020 0.935
A 0.670 + 0.027 0.668

A(SLD) 0.1513 + 0.0021  0.1480
sin’6°?(Q,) 0.2324 +0.0012  0.2314
m, [GeV] 80.404=0.030  80.377
r,, [GeV] 2.115 + 0.058 2.092

m, [GeV] 1727+ 2.9 173.3
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Exhibit B: CMS and ATLAS 5 fb-1 Searches
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A fairly strong hint of SM-like Higgs at 1 =~ 125 GeV

* Almost all statements in this talk will not depend on exhibit B being right
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Lagrangian and
Physical Parameters

The SM Higgs potential has two terms == two parameters:
o,

V =—=—h*+=h"
2 |
Higgs gets a vacuum expectation value, known from e.g. the W mass:
o gu C Sy
U = — ‘\j”' — — \"Jl (_1(‘\ —r UV = _)“) (.H"\
VA 2

The physical Higgs boson mass is

Ty — \/3}[

If we believe the 125 GeV Higgs, we know the whole potential!

=884 GeV, \=0.13
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100-200 GeV Higgs Needs
NEW PHYSICS To Survive!

. )
® The Higgs mass parameter — //~
is renormalized by radiative

corrections = loop diagrams:

® These loop integrals are "
divergent at high momentum et
(=short distance) == new '
physics must come in and

“regulate” them N

® Uniquely among the SM loop .
diagrams, the divergence is 2 2 , € A2
quadratic —H = T Hiree T AT

1672 \

new physics scale
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® Higgs mass parameter renormalization:
2
" C

2 2 \2
_/”‘ o _/['IL‘(*(* + » 9" + "
1674

® Two options:
® “Natural” Higgs with New Physics at [\ < dmp ~ 1 leV

® “Fine-Tuned Higgs” with \ > 1 "le\ and precise cancellation between
the tree and loop terms

® First option is much more appealing > search for new physics @ LHC!
® Two possible sorts of new physics:
® Strong coupling at /\ , perturbation theory breaks down!!!

® Weak coupling, but new particles with masses /2 |\, special couplings
to the Higgs to cancel the quadratic divergence
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® SUSY is the undisputed queen among the weakly-coupled candidate

models

® SYMMETRY ensures cancellation of quadratic divergence (valid to all loop
orders, not just one-loop)

® “Minimal” supersymmetric SM (MSSM): superpartner for each SM d.o.f., plus

2nd Higgs doublet and its superpartners

Names Spin | Pr | Gauge Eigenstates | Mass Eigenstates
Higgs bosous | 0| +1 |y 1 i 1y | w00 A0 ar* 34 new particles waiting to
ur, ug dp dr (same) .
squarks 0 -1 S, SR CL CR (same) be dlscove red!
ir ir by br i1 T2 by b
€1, €r Ve (same)
sleptons 0 | -1 L iR Uy (same)
TL, TR Vr TI T2 Ur
neutralinos 1/2 | -1 B Wwo I;TS ffg Ny Ny N3 N,
charginos 1/2 | -1 W+ H} H; ct Cy
gluino 1/2 | —1 g (same)
(iﬁ?ﬂgg) (;,/5) —1 G (same)

Table 7.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with sfermion
mixing for the first two families assumed to be negligible).

[table: S. Martin, hep-ph/9709356]
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Supersymmetry??
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Bottom line: gluino/squark mass bounds are around | TeV
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® Recall the “Two possibilities™:
® “Natural” Higgs with New Physics at \ < l-}"{'/{, ~ | e\

® “Fine-Tuned Higgs” with \ > 1 'le\ and precise cancellation between
the tree and loop terms

® Superparticle mass scale acts like the cutoff scale .\

® |s SUSY already being pushed from “natural” into “fine-tuned” territory?
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® Recall the “Two possibilities™:
® “Natural” Higgs with New Physics at \ < 1-7”1‘ ~ | e\

® “Fine-Tuned Higgs” with \ > 1| 'l e\ and precise cancellation between
the tree and loop terms

® Superparticle mass scale acts like the cutoff scale .\

® |s SUSY already being pushed from “natural” into “fine-tuned” territory?

EEE NEWS

SCIENCE & ENVIRONMENT

27 August 2011 Last updated at 02:41 ET

LHC results put supersymmetry theory ‘on the
spot'

B

By Pallab Ghosh
Science correspondent, BBC News

Results from the Large Hadron Collider (LHC) have all but killed the simplest version of
I
an enticing theory of sub-atomic physics.

Researchers failed to find evidence of so-called "supersymmetric" particles, which many
physicists had hoped would plug holes in the current theory.
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® This argument is a bit too fast. Recall Higgs mass parameter renormalization
formula:

, D nt
N+ ... c= RNy
® /iy = Higgs-X coupling constant, [\ = # of d.o.f.in X

® Most SM fields couple only very weakly, or not at all, to the Higgs!

TOP/STOP

SUG)

HIGGS Gluons/gluinos

SUQR)xU(1)

Gauge Bosons/inos

| st/2nd Gen. (s)quarks,
(s)bottom,
(s)Leptons
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I“

The real “one-loop naturalness upper bound” on the mass of SUSY partner
of particle X is not | TeV, but
1 TeV

22
(_\—

For Ist, 2nd gen. squarks, sbottom, sleptons, this bound is 10 TeV or more.

For stop, it’s in fact lower: ¢, — 60° ~ 6 =10 < 400 GeV s

required for (complete) naturalness

NB: since left-handed top and bottom are in the same SU(2) doublet, their
superpartners must be close in mass s> one light bottom is required.

There’s no one-loop upper bound on gluino mass: ¢, =

However two-loop naturalness requires 172, << 211; (Majorana gluinos)

q

my < 41, (Dirac gluinos)

Friday, February 17, 2012



This suggests the minimal SUSY spectrum consistent with naturalness:

(Soe T j’ _"é_
oo i %"J'R- IL. :é
l2e — \"b §

Nb M{lee, Yoo §
mefs sl'lar[(J 1@5“-& 'l"*'“U :(g

Disclaimer:We’ve been treating each superparticle mass as a free parameter.
“SUSY breaking models” relate them, and in models constructed pre-LHC
the three generations of squarks typically have roughly equal masses.All the
more reason to not take these models seriously.

Explicit light-stop models exist: e.g. Csaki, Randall, Terning, 1201.1293.
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® Flavor constraints are easy to satisfy (see e.g. Brust, Katz, Lawrence,
Sundrum, 1110.6670)

® | HC currently has no published bounds on direct stop production (much
work is in progress - more from Julia next week)

® Theorists’ estimate of the LHC bounds from published searches in | fb-1
(Papucci, Ruderman,Weiler, 1 1 10.6926): not yet constraining naturalness!
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with
a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the
strongest limits on this scenario come from searches for jets plus missing energy. For comparison,
we show the DO limit with 5.2 fb~! (green), which only applies for m w < 110 GeV, and has been

surpassed by the LHC limits.
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10 B Prospino?2.1

o, [lpb]: pp = SUSY VS =7 TeV

Stops have small cross
sections:

a(tt*) 2~ 30 fb

at 500 GeV mass

3 X210

100 200 300 400 500 600 700 800 900
mavcru"c [GEV]

+ more complicated final states (decayed tops = high
multiplicity =»> combinatoric issues, soft jets)
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ATLAS-CONF-2011-130 17 August 2011

g-g + t-t production, § — t~1+t, Y1—> b+)~(f I Ldt = 1.03 fb'\'s=7 TeV

L 600 _l LB ] L l L I LB I L l L L I LI L LI LI l_
3 - o ——— CL, observed limit =
5 w50 — ATLAS Preliminary ... CL, expected limit =
- - T Expected CL_limit 16 -
é~’ — 1-lepton, 4 jets ——— Observed ATLAS (35 pb") 3
>00 - >=1btag,m >600Gev Expected ATLAS (35 pb') =

L eff o -

450 == . . Rt =

- m(x)=60GeV,m(y)=2m(y) e 3

400 &~ . . Rt = =

- m(q, ,) >> m(g) A “, ]

350 - —

— ':' -

300 8 r —

e . -

250 [~ S , } =
N G ; E

200 - & Reference pgint Pl —

- : ¢ -

— o i -

150 .o ' =

R‘\I\NJ— L l Lol L L I Lad ol ool ke L l Ll E 1 l L1 1 1l l Ll 1 1 l Ll 1l 1 l .

300 350 400 450 500 550 600 650 700 750 800

m; [GeV

mg 2 500GeV  m; 27

® Bound about 100 GeV weaker than expected - what’s going on?

® Not-quite-minimal spectrum assumed: light chargino gives more leptons
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Boosted Tops from
Gluino Decays

Berger, MP, Saelim, Spray, | I | 1.6594




Assume minimal spectrum as described above (but ignore ]) for simplicity)

Focus on gluino pair-production to get higher cross sections, and consider
the decay chain G—oi+1f, I—tx°

) )

ms: +m; — ms

(First) top energy in the gluino rest frame: [, = )
21

For example: mg = 800 GeV, mj = 400 GeV =P [ v ~ 1.8]

Gluino velocity in lab frame: on average, about 0.5-0.7 in the relevant mass
range

In large part of parameter space, the tops are typically relativistic in the lab
frame!

Top decay products are boosted = hadronic top will show up as a single
jet, instead of three!=>Simpler final states (but potentially higher
background)

Friday, February 17, 2012



Top-Jet Tagging: Jet Mass
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Fig. 1. Jet invariant mass m; for £ (a,c) and dijet (b,d) events, for three grooming methods. Each groomed analysis begins with
anti-kr jets with R = 1.0. The solid curve (red in the online version) represents these jets without grooming. The distributions
correspond to ¢t or di-jet quarks or dijet samples with parton-level pr of 500-600 GeV (a,b) and 300-400 GeV (c,d).

[plots: BOOST-2010 report, 1012.5412]
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Top-Jet Tagging: Eff vs. Mis
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Fig. 3. Mistag rate versus efficiency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pr subsamples (a,b) and for the subsample containing jet with pr range 300-400
GeV (c) and 500-600 GeV (d)

[plots: BOOST-2010 report, 1012.5412]

Friday, February 17, 2012



Top-Jet Tagging: pI Dependence
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Fig. 4. Efficiency and mistag rate as function of jet pr for working points with overall efficiency of 20% (uppermost row) and
50% (lowermost row). Results correspond to the ATLAS and Thaler/Wang taggers (a,d), the Hopkins and CMS taggers (b,e)
and the pruning tagger (c,f). The mistag rate has been multiplied by a factor 5 to make it visible on the same scale.

[plots: BOOST-2010 report, 1012.5412]
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LHC, /s = 7 TeV, Lin; = 30 fb~!

Process oot |Eff(pr)|Eff(tag)|otag | Ef(Fr)|can cuts v | | | | E ifol
signal 615 | 37 6 |131] st | 1.06 nE .
Z+4j 2 x 10°| 0.2 0.1 (0.44| 66 0.29 = L
2t+2j [5x10* 3 | 03 |57 2 | 0.10 > |
W44;  [2x10°] 02 | 003 |0.12] 29 | 0.04 al |
Z 42t +2j| 50 4 1 oo2| 72 | 002 E |

TABLE I: Signal and background cross sections (in fb) and 8

cut efficiencies (in %) at the 7 TeV LHC. Acceptance cuts of

pr > 20 GeV, |n| < 5 for all jets are included in the total cross

sections. The cuts are labelled as follows: “pr”: requiring 4

jets with pr > 100 GeV; “tag”: requiring 2 jets to be tagged 100 200 300 400 o0
as tops with “loose” parameters; “Fr”: requiring Fr > 100 Er .

GeV. The signal is at the benchmark point, (m(§), m(t)) = FIG. 1: Signal at the benchmark point, (m(g),m(t)) =
(800, 400) GeV. Backgrounds not listed here are negligible. (800,400) GeV, and background rates as a function of MET,

at 7 TeV LHC. Four jets with pr > 100 GeV and two top-
tagged jets are required.

Simulation: MadGraph=»>Pythia=>Fast]et (anti-kT jets)+Hopkins Top-Tagger
No detector effects are included, physical BGs only (except mis-top-tags)
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Top-Tag Gluino Search:
Reach Estimates

(2 t-tags) LHC, V5 =7TeV, Liy =30 fb”!
800 T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T ‘ T T T T
W50

95 % CL expected exclusion

700 Iz = M7 = i

600

m; (GeV)

500
400 -

300 -

500 600 700 800 900 1000 1100 1200

mg (GeV)

FIG. 2: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 7 TeV LHC run with
30 b~ integrated luminosity.

LHC, Vs = 14 TeV, Ly = 10 fb™! (3 t-tags)

1200

L
gl B
| 95 % CL expected exclusion
|l - =
1000

800

m; (GeV)

600

400

600 800 1000 1200 1400 1600
my (GeV)

FIG. 3: The 95% c.l. expected exclusion and 5-sigma discov-
ery reach of the proposed search at the 14 TeV LHC run with
10 fb~! integrated luminosity.

Errors Stat.-only; S/B>1 @ 7 TeV, >10 @ 14 TeV
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Alternative to SUSY:
Same-Spin Top Partner

[MP, Peskin, Pierce, hep-ph/0310039;
Hubisz, Meade, Noble, MP, hep-ph/0506042;
Berger, Hubisz, MP, in progress]
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® A zero-mass photon does not require fine-tuning - mass is protected by
gauge symmetry

® Ina 5D theory, the gauge field Au(z) — A.(2), A5(2)

® |[f the 5th di

mension is infinite, 45 is naturally massless!

® After compactification, m(A;) ~ 1/R = good if 1/1~ My ~ M(W’)

® Higgs mass

® Quadratic c
purely 4D t

quadratic divergences are canceled by KK modes:

b v
/ g : N
7 N N
Ht 7 “H

, N
Y N
N
/ AN
7
, “H

Hf

ivergence cancellation by same-spin states can also occur in a
heory - Little Higgs (~ effective theory of the lowest-lying

modes in G

HU)

25
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Figure 1. One-loop Higgs mass renormalization in a model with a same-spin top partner,
such as the Littlest Higgs.

Cancellation is due to a relation between couplings, which can be traced
back to the global symmetries of the theory

Cancellation only works at one-loop, but theory becomes non-perturbative
at ~10 TeV = sufficient to restore naturalness

For same reasons as in SUSY, only top partner is required below TeV

26
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Higgs mass parameter is ZERO at tree level, due to global symmetry

At one-loop, the Higgs mass parameter induced by top loops is

A2 40 2

9 SAT M7 A°
— O = — log —
ST = - M

This automatically has the right sign to trigger ElectroWeak Symmetry
Breaking!

- S S
If (‘)/1.“/'1123, >> |, fine-tuning (accidental cancellation) in the Higgs sector
is required

If we assume |25 GeV Higgs, we can compute how much fine-tuning is
needed for a given top-partner mass

27
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15—

Ruled out by Precision EW
Constraints and theoretical
consistency

400

#

\K\ | | | | | | |
600 800 1000

Open for LHC Searches

Minimal fine-tuning about 25%
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o (pb)

1000 - ~ I OO fb at
. 600 GeV mass
ol

1
o

0.01;*

200 a0 660 - 860 T 00

Pair-production cross section @ 7 TeV

Decays: 17— wi, 504

. 7 HEC/ [The BRs are in the limit MT >> mt;
r'— Zt, 254 corrections easily calculated]
T — ht, 25%
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Search for production of: #/# — pIWtTHW —
In dilepton channels: ee, eu, uu with opposite sign

. . . = LI l LI I LI L I L I LI I L l LI :
Use M, (min): minimum value of four C CMS Preliminary .. ]
. L sl 47" at \s=7 Tev . -
pOSSIble Comb|nat|0ns 10 E Events with ee/u/en .ti(dileptonic) E
Select events with M,(min) > 170 GeV i [Joversscgrmes
3L —
to reduce ttbar background 107 [eem-sooovs 3
Backgrounds: ok N
Sample Yield Signal Region ;
Category I (data-driven) | 0.74 £0.79 »
Category II (data-driven) 005 10 3
Category IIT (simulated) | 0.99 +0.69 .
Total prediction 1.73 £ 1.12 |
1 |
Data 1 :
e Category I: events with mistagged b(s) and 2 real leptons 10" I wrerm s
e Category II: events with misidentified lepton(s) and 2 real bs 0 W 10 150 200 ::,3,, ( C-?g{)l /c?)
e Category III: events with 2 real bs and 2 real leptons b
e Category IV: events with mistagged b(s) and misidentified lepton(s). & neg | |g ible
Update on Searches for New Physics in CMS E. Halkiadakis 23
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CMS PAS-EXO-11-050

Limits on Heavy Top-like Quark Production

t’ excluded below 552 GeV

@ i CMS Preliminary 4.7 fb" at \'s=7 TeV |
I;’: ALEL R NNLO Theory
— 0= wweaas 95% CL, Expected Limits
']‘ - = 95% CL, Observed Limits
o B CL .+ 10 B
k=2 N B CcL =2
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But this assumes
/

BR(T — Wb) = 100%

10"
350 400 450 500 550 600
M., (GeV/c?)
M;. 350 GeV/e?2 400 GeV/e?2 450 GeV/e2 500 GeV/ez 550 GeV/e2 600 GeV/e?
Theory (pb) 3.200 1.406 0.622 0.330 0.171 0.092
Expected (pb) 0.560 0.309 0.256 0.219 0.187 0.166
Observed (pb) 0.503 0.278 0.230 0.196 0.168 0.149
Update on Searches for New Physics in CMS E. Halkiadakis 24
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp — TTX
process, as a function of the T-quark mass. The branching fraction of T — tZ is assumed to
be 100%. The solid line shows the observed limit. The dotted line corresponds to the expected
limit under a background-only hypothesis. The solid (hatched) area shows the 1 (£2) stan-
dard deviation uncertainties on the expected limit. The dot-dash line shows the value of the
theoretical cross section [27] for the TT process.

[CMS, 1109.4985]
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Figure 2: The 95% confidence level (CL) upper limit on the cross section of the pp — TTX

process, as a function of the T-quark mass. The branching fraction of T — tZ is assumed to

be 100%. The solid line shows the observed limit. The dotted line corresponds to the expected

limit under a background-only hypothesis. The solid (hatched) area shows the &1 (£2) stan-

dard deviation uncertainties on the expected limit. The dot-dash line shows the value of the
theoretical cross section [27] for the TT process.

Some Open Questions:

Can this search at MT>>mt be improved by applying top-tagging
techniques!?

Can a search for T -> th with top-tagging and Higgs-tagging be feasible?
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Warped (RS) Extra Dimension

® Original model had the SM on the TeV brane, solves the hierarchy

problem
SM+Higgs
(ds)? = e~ 2krelfly  datda” + r2d6*
ke~ Mpy, 0 = 0..7.
k~12 = natural EWSB: My ~ke "+
- w(5)
Planck TeV
e+
® New states: KK gravitons at the TeV scale ; Grx <
® Couplings: L ~ #T G I e
P g . (TeV)2 HY = KK g
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® |t was subsequently realized that models with SM gauge fields and
fermions in the “bulk” are more interesting;

4d graviton

f/

SU(2)L > SU(Z)R > U@)

Gauge fields and fermions in the bulk

Higgs or
alternative
dynamics for
EW symmetr

breaking

Planck
brane

y=0

N .
Slice of AdS 5

2 kalyl o,

ds =e dx +r2dy2

TeV
brane

| Elementa'ry Compoéite |

w,d, s t. by, G-

c,bp ARK Ak
ZL7 WL

10 20 30

- natural solution to fermion mass hierarchy problem

- natural suppression of flavor-changing neutral currents

- possibility of gauge coupling unification, as in the MSSM

figure credits: G. Perez, G. Servant
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® Good:all SM states now have KK modes!
® Bad: the KKs do not couple to light quarks and leptons much...
® Worse: PEWV constraints force KK masses > 3 TeV or so

® KK gluon is probably the easiest target at the LHC

o
— _
o) 4 X L Br{KKG — ft)
g 10 x 1 E_ -
& m -
K 10 3; pp — KKG _1- \
X g 10 & \
T B Fe—s—- ‘“*--.H___ Br(KKG — bb)
2 0% e
L 10 -
10 & Sl B(KKG — qq)
1 | PR AT RN R NN RO NS SO NN T ST S S S N 10 -3 L J| I T WA NN AN NN MR NN N SR N
1000 2000 3000 4000 5000 200 400 600 800 1000
Myyc (GeV) Myke (GeV)

Agashe et. al., hep-ph/0612015; Lillie et.al., hep-ph/0701 166

Final state: A pair of highly-boosted tops
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[MP, Spray, 0907.3496; 1106.2171]

“Regge excitations” are particles of same quantum numbers but varying spin:
s0,s0+1,s0+2, ..., with higher-spin states being heavier: /2 ~ ¢

Regge excitations at GeV scale have been observed in QCD bound state
spectra

Regge excitations at the string scale are predicted by string theory

In the RS model with 5D matter, expect all SM particles to have Regge
excitations, with ~TeV masses =>possibly within the reach of the LHC

As an example, we focus on spin-2 “Regge gluon”

Constructed a 5D field-theory model for this particle

37
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Figure 5. The Reggeon branching fractions in Model A: (left) The four leading decay
channels; (right) All channels with branching ratio above 1%. On the left panel, the blue
solid line corresponds to the g'g'(*) final state; the red dashed line to the tptp; the green
dotted line to g'g; and the orange dot-dashed line to two KK quarks (all flavors). The
additional thin lines on the right panel are: ¢ Lf}: + bLglL + tlLt_ .+ biBL (solid); quark + KK
quark summed over first two generations + br (dashed); t1t;,+brbr, (dotted); and tpth+thir
(dot-dashed).

Signature: pp — G* = ¢l¢*'™M — 44
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Figure 7. The Reggeon production cross section, as a function of its mass, in Model A:
(left) /s = 7 TeV; (right) /s = 14 TeV. We used the MSTW 2008 [23] PDF set at next
to leading order, with the factorization and renormalization scales set to the Reggeon mass.
In both panels, blue/solid line corresponds to the total production cross section; red/dashed
lines show the total rate of the four-top events; and green/dotted lines show the rate of events

for which all four top-jets are tagged.
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process Tt | Prob(4 top-tags) | Eff(pr > 250 GeV) | oy - Prob- Ef f
signal 147 3.66 x 1073 0.54
49 5.16 x 10° 6.25 x 107° 7.0 x 1074 2.3 x 1073
3 +1 1.35 x 10° 6.25 x 107° 1.0 x 1074 8.4 x 1074
27 +2t || 1.63 x 103 6.25 x 1074 4.2 x 1073 4.3 x 1073
17 + 3t 0.221 6.25 x 1073 6.8 x 1073 9.4 x 1076
4t 0.442 0.0625 7.7 x 1073 2.1 x 1074
Total Bg 7.6 x1073

Table 1. Signal and background cross sections (in fb), before and after cuts, at /s = 7 TeV.
The signal is for a 2 TeV Reggeon in Model B.

® Many disclaimers: No MC for the signal, use a rough model of phase space
for this estimates; No top-tagging MC, extrapolate efficiencies from other
studies; etc.

® However S/B is almost 100 - a more rigorous analysis seems worthwhile
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