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It IS the LHC era |
T he collider and detectors all perform superbly!

Experiments reached the crucial step:
The Standard Model has been re-discovered,

marching to the discovery!
Congratulations to the LHC accelerator physicists!
Congratulations to the detector designers/makers!

Congratulations to the HEP community!
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The SM re-discovery:
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e Beautiful confirmation of the discovery history;
e Powerful experiments for future discovery.
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Some results have gone BEYOND the Tevatron

ATLAS jet distributions: m2(jj) = (p;; + pj2).

Dijets and multi jets

*Count jets with p,>60 GeV

*One event with 8 jet
*Leading jet p,>60 GeV, HSSVERUAILS]CES
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ATLAS jet distributions: m2(jj) = (p;; + pj2).

Dijets and multi jets

*Count jets with p,>60 GeV
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We are in the stage of discovery at the Tera-scalel
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Theoretical Expectations |

Despite the tremendous success of SM,
there are more questions than answers.

e [ he origin of masses and their hierarchy?
e Flavor mixing, new sources of CP violation?

e Baryon-Antibaryon asymmetry?

e Dark matter particle(s)?
e Unification of strong-electro-weak interactions?

e Space-time property, gravitation, extra-dimensions?

But theorists are not short of ideas (imagination)!
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#1 . "Most-wanted” New Physics:
e Electroweak Symmetry Breaking and Mass Generation

B

<=Superconducting phase
Q E2 = p2c2 4+ m2cA
gap leads to ~ exp(—r/A)

)\ ~ m~ ! penetration depth

Normal phase=

F2 = p2c2

LLong-range force

T :>TC T'(Tc

In “‘conventional” electro-magnetic superconductivity:

In “electro-weak superconductivity’ :
1

mw ~ G2 ~ 100 GeV, T¥ ~ 101°K!

What at work?
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° A “No-Lose Theorem”

Recollection: In Fermi’'s weak interaction theory
M(ev — ev) ~ GpE=.

Due to Lee and Yang (1960):

Partial-wave unitarity (probability conservation) demands

New Physics to enter for rescue, before F, < 300 GeV.

W
E< My E> My
@ (b)
= My ~ 80 GeV!

W=/2z9 discovery (1983)!
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Consider the massive gauge boson scattering:

W W W W
wW W W W
E<m, E>m,
@ (b)

E2 /v? no light Higgs,
MWL Wi, — WWp) ~
m2/v?  with a SM Higgs.

Partial-wave unitarity demands

1 2 E2?
v — m; or im < g
167 2

= my Or Eon S O(1 TeV).

We thus expect
Higgs or alike: h©, HO A9 H*. .
Or related new dynamics: e, pro, Vi, -
to show up below O(1 TeV)!
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#2 : “Most natural” New Physics:

A lonely Higgs boson is NOT enough!

Due to quantum corrections, the Higgs mass is quadratically sensitive
to the new physics (cutoff) scale: ~ AZ.

(a) (b) (c)

3 1 1
2 2 22 22
my =mpo g Vil T 1629 N 1672

If A? > m?;, then unnaturally large cancellations must occur.
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Put the "“fine tune” in perspective:

tree loops
,,,,,,,,,,,,,,,,,,,,,,,,,,, L] =
2
mh"" ,
(200 GeV)
top| gauge higgs

2
(200 GeV)? = miy + [~(2 TeV)? + (700 GeV)? + (500 GeV)?] (1??&)

If believing A — Mpy, then the cancellation IS ... !l 7?77

“Naturalness requirement” : less than 90% cancellation on m%{

At <3 TeV Ay <9 TeV Ag <12 TeV

= Need SM-particle “partners’:
Supersymmetry: t« &, W «— W, G« G, ...
Little Higgs: ¢t < T, W «— Wy, v« Agg, ...

to keep the Higgs “naturally” light my ~ 200 GeV.
= Oftern the new symmetry leads to a light DM particle.



#3 : "Likely” New Physics:



#3 : "Likely” New Physics:

— (Gauge extensions:

Z', for U(1)y, B—L, KK



#3 : "Likely” New Physics:

— (Gauge extensions:

Z', for U(1)y, B—L, KK
Wi, for SU(R)R. 1. KK



#3 : "Likely” New Physics:

— (Gauge extensions:
Z', for U(1)y, B—L, KK
Wj-{t, for SU(2)r, v, KK;
g, for SU(3) 4z, KK



#3 : "Likely” New Physics:

— @Gauge extensions:
Z', for U(1)y, B—L, KK
Wj-{t, for SU(2)r, v, KK;

g, for SU(3) 4z, KK
Associated exotic states, such as lepto-quarks [...



#3 : "Likely” New Physics:

— @Gauge extensions:

Z', for U(1)y, B—L, KK

Wi, for SUQ)R. . KK

g', for SU(3) Ay, KK

Associated exotic states, such as lepto-quarks [...
= Fermionic extensions:

Heavy leptons: NO, T=... for neutrino masses:



#3 : "Likely” New Physics:

— @Gauge extensions:

Z', for U(1)y, B—L, KK

Wi, for SUQ)R. . KK

g', for SU(3) Ay, KK

Associated exotic states, such as lepto-quarks [...
= Fermionic extensions:

Heavy leptons: NO, T=... for neutrino masses:

ath family: NO L*, U, D;



#3 : "Likely” New Physics:

— @Gauge extensions:

Z', for U(1)y, B—L, KK

Wi, for SUQ)R. . KK

g', for SU(3) Ay, KK

Associated exotic states, such as lepto-quarks [...
= Fermionic extensions:

Heavy leptons: NO, T=... for neutrino masses:

ath family: NO L*, U, D;

Exotic (vector-like) quarks: X5/3, =4/3
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#4 :"Most exciting” (unlikely) New Physics:

— Low scale string resonances
Mp=+n Ms, J=0, 1, 2...; 1/2, 3/2....
TeV-scale black holes, string balls
to light up the detector.
Monopole that leads to large missing energy.
A hidden (valley) sector?

A new dynamical sector, weakly coupled to us.

Unparticles?

T heorists have a first thought.
Experimenters have the last words.
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Phenomenology

IN The Discovery Era

Traditional phenomenological approach:
For a favorite theoretical model (of yours):

LLay out the particle spectrum and their interactions;
Propose uniqgue observable signatures;

Estimate the experimental sensitivities: S/B
Game change: For a given data set,
Provide adequate (theoretical) explanation;

Search for deviations from known physics;

Identify new physics.
“Lamp-post approach.”
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Event rates dictate the search:

Jet inclusive or di-jet events 122
= search for colored exotics. A
Single photon 4+ jet F 10t
— search for colored exotics. 2 12:2
Lepton + X \E*: 10~
= charged leptons, lepto-quarks, W'. 12:2
High-mass DY lepton pairs 10~

= color-singlet resonances J =1,2 102

Jet, ¢'s+missing Er

= g, ¥59 models with DM candidates.
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Event rates dictate the search:

e Jet inclusive or di-jet events
= search for colored exotics.

e Single photon + jet &
= search for colored exotics. X

(o}

(o N

e Lepton + X
= charged leptons, lepto-quarks, W".
e High-mass DY lepton pairs
— color-singlet resonances J =1,2
e Jet, {'s+missing Er
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This is likely the order of experimental (and thus theory) publications.



In contemplating on early discoveries:

(a). TeV scale new physics with largest rate:



In contemplating on early discoveries:

(a). TeV scale new physics with largest rate:

e Strong interactions: g = 4mas ~ 1, or Ay ~ 1.



In contemplating on early discoveries:

(a). TeV scale new physics with largest rate:
e Strong interactions: g2 = 4rwas ~ 1, or Ay ~ 1.

e High partonic luminosity: wuy, dy, g.
dL;;
o(S) Z%:/dT de oii(s)

differ from the Tevatron, a pp collider:
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(a). TeV scale new physics with largest rate:

e Strong interactions: g5 = 4mas ~ 1, or Ay ~ 1.

e High partonic luminosity: wuy, dy, g.

Parton Luminosity
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(b). TeV scale new physics
with simplest topology/cleanest signatures:

e Resonance production, with simple decays:
R — jj, ¢Te—, 05, 0*v, ..

e Large energy release:
heavy pair or exotic states production,
gg, qq, TT, BH... — Fpr+multiple jets, leptons ...

Plenty of Examples (in well-motivated theories).
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Example I. colored resonances:
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Mstringy > 2.5 TeV (CMS);

Contact interaction A > 3.4 TeV (ATLAS), 4 TeV (CMS).



On The Verge Of Discoveries |

The SM processes above will be soon observed, analyzed, and published.
Although only bounds on BSM so far, we are on the verge of discovery!

Example I. colored resonances:
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Reconstructed m' [GeV] Dijet Mass (GeV)

Mg > 1.53 TeV (ATLAS), 1.58 TeV (CMS);
Mstringy > 2.5 TeV (CMS);

Contact interaction A > 3.4 TeV (ATLAS), 4 TeV (CMS).

First BSM physics search beyond the Tevatron reach!



*TH,

Colored resonances: Theoretical extension

Particle Names J | SUc3) | |Qe|l | B Related models
(leading coupling)

E% s (uu) 0,1 3,6 s | -3 scalar/vector diquarks
D5 ¢ (ud) 0,1| 3,6 s | —5 | scalar/vector diquarks; d
Ul (dd) 0,1| 3,6 £ | —£ | scalar/vector diquarks; @
uj s (ug) s 2| 3,6 £ 5 excited u; quixes; stringy
ds ¢ (dg) =, 2| 3,6 - : excited d; quixes; stringy
Ss (99) 0 8s 0 0 Trc, NTe
Ts (g99) 2 8g 0 o) stringy

Ve (uu, dd) 1 8 0 0 | axigluon; g, prc; coloron
Ve (ud) 1 8 1| 0 pr

Ian Lewis, Zhen Liu, arXiv:1010.4309 [hep-ph].
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Mass bounds (coupling constant and BR of unity):

2.5 TeV (CMS) Es 2.1 TeV

2.3 TeV (CMS) Ds 1.9 TeV

0.8,0.9-1.1,1.4 — 1.6 TeV (CMS) Us 0.5 TeV

1.9 TeV (CMS) Ds 0.8,09-1.2,13—-1.7 TeV
1.7 TeV (CMS), 1.6 TeV (ATLAS) dr 1.1 TeV, 1.2 TeV

1.7 TeV (CMS) Ve 1.6 TeV

0.8 TeV (CMS) Ts 0.7 TeV ,

This is NOT our goal. This is for preparation.

Hopefully, this preparation will be paid off for discovery!



Example II: W’/ Search: ¢* 4 ¥y channel
W’: Hint for Extra Dimensions

-1
Search for W —-ev @10° ,,.,...,...,...,......3.5,?.".
Very massive W’ Boson % CMS Preliminary 2010 [llw—ev
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dimensions ki [ Other Bigs
10°
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959% CL mass limit 1 PN

mw<1.3 TeV for W’ 10
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model-like couplings 1

and branching
fractions 101
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Example II: W’/ Search: ¢* 4 ¥y channel
W’: Hint for Extra Dimensions

Search for W'—ev g k.

L} I LI ' LI I LI | I LI l

Very massive W’ Boson % CMS Preliminary 2010 [llw —ev
would indicate the >10* f Ldt=349pb’ B Vutti-jet
existence of extra 8] Ge?T B
dimensions 10° s=rTey [ Otner Bkgs
* Data
1 b W’ (M=0.9 TeV)
102 - — W' (M=1.1 TeV)
959% CL mass limit i e 10 PRASTNY
mw<1.3 TeV for W’ 10
Bosons with standard
model-like couplings 1E
and branching i
fractions 10K
102 Rt h R
0 200 400 600 800 1000 1200 1400
M; (GeV/c?)
ﬂ(l'l: e L Philipp Schieferdecker (KIT) 19 !%

Already way beyond the Tevatron bound (~ 900 GeV)!
The Z’ bound is slightly weaker.



T heoretical extension

Name SU(3). |Qe| J Partonic processes
Vv 1 0 0,1,2 vu — 00, dd — ¥4, gg — 00
1744 1 1 0,1,2 ud — v, du — (v

TABLE I: Summary of the s-channel resonance particles:
their color representations, electric charges, spin quantum
numbers, and the processes they contribute to.

*Cheng-Wei Chiang, G. Ding, N. Christensen, TH, arXiv:11xx.xxxx [hep-ph].
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Name SU(3). |Qe| J Partonic processes
Vv 1 0 0,1,2 vu — 00, dd — ¥4, gg — 00
1744 1 1 0,1,2 ud — v, du — (v

TABLE I: Summary of the s-channel resonance particles:
their color representations, electric charges, spin quantum
numbers, and the processes they contribute to.

U,u~->e+,e-
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0.05 i 1 1 1 1 1 1 1
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Once observed, we will need the details studies.

*Cheng-Wei Chiang, G. Ding, N. Christensen, TH, arXiv:11xx.xxxx [hep-ph].



Example III: MSUGRA exclusion in Fpr-+jets channel:
First SUSY Result at the LHC!

‘ Sea or hh ass sgu vg & . g‘ iging prto ‘nre‘ht o

large mlssmg transverse energy and two or more ]ets
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Expanded the excluded range established during the last 20 years (!)
by ~factor of two with only 35 pb-!!
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Example III: MSUGRA exclusion in Fpr-+jets channel:
First SUSY Result at the LHC!

Search for h:gh mass sgua & glumg productlon in events w:th
large mlssmg transverse energy and two or more jets ,

sesiadice ORDTER e it ’ it i VT ’

CMS preliminary 2010, L =35pb™',\s =7 TeV

450 —

< T et T Gor 752
5_5‘1 400 e=ise % E 0 %, 11 2.1 fb"
= | tanp=3,A,=0, sign(u>0 C_Jiep2 7
g 350 I oo v
300
250
200
150
100|
0 100 200 300 400 500
m, (GeV)

Expanded the excluded range established during the last 20 years (!)
by ~factor of two with only 35 pb-!!

NIT HiC Ena-of-Vear Jamboree Philipp Schieferdecker (KIT) 20

%‘
More results will come in the near future.
We are marching toward discoveries!
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Recap: |

We are in the "discovery era’l
LHC will fully explore the Tera-scale: a “No Lose theorem’ .
The rule of game changed: “data-driven phenomenology”.

Many theoretically motivated scenarios

will be put in test one by one.

Powerful theoretical tools available, and being developed.

Real excitement for discovery and thereafter
yet to come |



