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Particle Physics has established that all khown
natural phenomena can be described (in principle) by a
local quantum field theory which is invariant under:

e 341 dimensional Lorentz transformations and translations

e SU(3)c x SU(2)w x U(1)y gauge transformations

broken by the VEV of the
Higgs doublet (H D Wi, Zy,h°)

—> all elementary fields have certain spin, color,

and electroweak charges.
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Spin-1 fields:
{ G* (8,1, 0)

WHE (1,3, 0)
B* (1,1, 0)

Spin-0 field: H (1,2, 4+ 1/2)

Spin-1/2 fields:
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Spin-1 fields: Spin-1/2 fields:
(

GVt (8,1, 0) ar, (3,2, +1/6)
WH (1,3, 0) up (3,1, +2/3)
B* (1,1, 0) 3x4q dr (3,1, —1/3)
lL (1927 _1/2)
Spin-0 field: H (1,2, +1/2) L er (1,1, —1)
N .

Spin-2 field: graviton with Mp,,ck-Suppressed interactions
(effective theory breaks down near 1016 TeV)

Y masses require:

S HHIpl; interactions, suppressed by M/c ~ 10'* GeVv
or

additional spin-1/2 fields: 3 X vr(1,1,0) which together with
the SM v acquire Dirac masses.
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Y masses require:

Spin-2 field: graviton with Mp,,ck-Suppressed interactions

(effective theory breaks down near 1016 TeV)

S HHIpl; interactions, suppressed by M/c ~ 10'* GeVv

or

additional spin-1/2 fields: 3 X vr(1,1,0) which together with

the SM v acquire Dirac masses.
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Dark matter requires particle(s) beyond the SMvgG I

DM particle can be a fermion (Majorana or Dirac)
or a boson (spin O or 1).

DM particle may be part of a large hidden sector (taik by R. Foot)

There can be several particles contributing to the DM density
(talks by K. Dienes and B. Thomas)

WIMP miracle: relic density o« m?/g4 is correct for
m =0.1—-1 TeV and g = O(1).

= this suggests that DM may be produced at the LHC

(complementary to searches based on direct detection or indirect detection)



If DM has contact interactions with quarks:
(Bai, Fox, Harnik, 1005.3797; Fox et al, 1109.4398)
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Competitive with limits on spin-dependent cross section on

nuclei up to higher DM masses.

Also limits set by ATLAS (talk by D. Salek) and CDF.

Various other DM searches at the LHC: e.g., t't' — tt +Fr (talk by W. Reece, CMS)



Hierarchy problem |

Quantum fluctuations tend to increase the vacuum expectation
value of the Higgs doublet.

Stability of the electroweak scale requires a modification of SM
at scales not far above ~ 1 TeV, or fine-tuning.

Solution #1: Supersymmetry

No quadratic divergences because loops with superpartners can-
cel the SM loops:

H,W
: O
H ~H H_ \_J/ H  Additional structures required
to explain why p ~ (H),
t and to break supersymmetry

dynamically.

H,W

Prediction: H=*, HY, t;, t have masses < O(1) TeV.

(review talk by R. Sundrum)



Solution #2: A warped extra dimension

Randall, Sundrum,
hep-ph/9905221

wave function of
graviton 0-mode

/

Planck
“ ” Standard Model
brane N “brane”
® " -
0 TTre =<

Interaction of the graviton O-mode (the massless 4D spin-2 field)
with SM particles is suppressed by its exponentially small wave

function at the SM brane — (H) < Mpjanck-  (talk by A. Soni)

Prediction: graviton KK modes = s-channel spin-2 resonances.

New limits from £7£~, v~ resonance searches at CMS & ATLAS
(talks by C. Wulz, X. Anduaga, ... )



Solution #3: Composite Higgs models

Higgs boson may be a bound state of top quark with a new
(vector-like) quark x: “Top seesaw model’” (chivukula et al, hep-ph/9809470,...)

Binding may be due to some strongly G/

interacting heavy gauge bosons: @m‘o'mv@

Scale of Higgs compositeness 2, 5 TeV.

Solution #4: Higgs doublet as a (composite) pseudo
Nambu-Goldstone boson

(Georgi, Kaplan, 1984, ... ; Agashe, Contino, Pomarol, hep-ph/0412089, ...)

(talk by M. Redi)



(Partial) Solution #5: “Little Higgs”

1-loop quadratic divergences cancelled by same-spin partners
H, W (Arkani-Hamed et al, hep-ph/020602, ...)

u o ow O

Effective theory valid up to

scales of order ~ 5 TeV,
H', W'

X .
where some unspecified new
H _Q_ _H h _@_ _H dynamics takes over.

(Partial) Solution #6: “Twin Higgs”

(Chacko, Goh, Harnik, hep-ph/0506256)

1-loop quadratic divergences are cancelled if a parity interchanges
each SM particle with a particle transforming under a twin group.

Unlike other known solutions, where t squarks or a x quark or KK
gravitons are at the TeV scale, Twin Higgs does not include colored

or strongly coupled new particles.



(Potential) solution #7: Large extra dimensions (ADD)

Graviton only in flat extra dimensions
We may live on a wall in extra dimensions

1Mo
(Msr)2+n

Newton’s law in extra dimensions: F, —

New limits from monojet, mono-v searches at CMS and ATLAS (talks by ....),
and from searches for new macroscopic forces.

(Potential) Solution #8: approximate scale invariance
(C. Hill, hep-th/0510177, ... )

Solution #9: 777

Hierarchy argument for new phenomena: naturalness requires new
physics at the TeV scale, but there are many possibilities.
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Quark and lepton masses: 10 b
(at 1 TeV) 10 |
> f b -
Any explanation for the hierarchy ¢ 1 c "
of Higgs Yukawa couplings 1071 s K-
(proportional to fermion masses) 1072
requires physics beyond the SM: 10-3| d | u .

e discrete symmetries — ((¢)/M)™ suppressions

o Ioop suppressions Scale of fermion-mass generation
may be large: need to study rare
e grand unification K, D, B decays, LFV processes, ...

e wave function overlaps in extra dimensions

Other theoretical reasons to expect phenomena
beyond the SMvgG:

strong CP problem, baryogenesis, inflation,
successes of GUTSs, why 3 generations, ...
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T he hierarchy problem, the pattern of quark and lepton masses,
and other theoretical arguments suggest the existence of struc-
tures beyond the SM, but leave room for many manifestations.

Furthermore, there might be novel phenomena that are not
related to these.

Let’'s not search only
under the lamppost ...

“I'm searching for my keys.”

What kind of new particles may exist?

12



Discovering particles one at a time |

It may very well be that our first glimpse of physics beyond the
SM will be due to the production of only one new particle.

New spin-1 particles — results presented at ICHEP2012:

e qf — Z' wete ,uTu—, 77 ,tt, jj, bb (CMS, ATLAS, DO, CDF)
e ud - W' — ev, uv, tb, WZ, j5 (ATLAS, CMS)

¢ q@ — G}, — jj (CMS, ATLAS)

¢ g9 — GG, — (3j)(Ji) (cms)

® qg — Xt — (tj)j (ATLAS)

e leptoquarks: ep — L(Q — ej (H1, ZEUS)
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“Gluon-prime” (or ‘“coloron’): a heavy spin-1 color-octet particle

SU(3)1xSU(3)2 — SU(3). spontaneously broken by the VEV
of a scalar transforming as (3, 3)

E.g., SM quarks transform as 3 of SU(3)

G% - massless gluon of QCD, with gs; = hahy hio are SU(3)1.9
I s \/@ ; (_ )1,
gauge couplings.

G:? - massive gluon (*“coloron”) with couplings: gs% G:f" gyH*T%

Particular types of colorons: axigluon (opposite sign couplings to qr,qRr)
topgluon (larger coupling to 3rd generation)

Other models with GZL: QCD in extra dimensions, UED, ...
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Dijet resonance

Very important signature:
(;l

Any new particle produced in

the s channel at hadron colliders g j

can decay into a pair of jetsl!
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ATLAS & CMS jj resonance searches start typically at M;; > 1 TeV.
For ij < 200 GeV, limits only from UA2 & UAL.
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ATLAS & CMS 77 resonance searches start typically at ij > 1 TeV.

9> B(G'—> jj)

For ij < 200 GeV, limits only from UA2 & UAL.
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CMS low jet-trigger thresholds for
low m;; < 1 TeV (new for ICHEP).
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W'’ — e + Er resonance

ATLAS & CMS searches start
at My > 500 GeV.

105 GeV < My < 200 GeV:
limits only from UA1l & UA2

o x gu, B(W' — ev)

= gw' ~ 0.1gsny IS viable for any
My < 500 GeV.

Particles of masses near the electroweak scale should be searched for in more detail.
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One new particle at a time: spin-0 |

More results presented at ICHEP2012:

leptoquarks: ep — L(QQ — ej (HERA, ZEUS)

LQ LQ — (£5)(45), (£5)(v3), (Tb)(Tb), ... (CMS, ATLAS, DO, CDF)
color-octet: gg — GgGpgg — 43 (CMS, ATLAS)

color-octet: gg — Ss — gg (ATLAS)

gauge singlet: gg — A? — putu= (ATLAS,CMmS)

doubly-charged scalar: gg — ¢+ — £T¢1T (ATLAS,CMS)
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Leptoquarks coupling to the 2nd and 3rd generations

T

CDF, DO, ATLAS, CMS have searched for (uj)(pneg) and (7b)(7b)
but not for (uj)(77).

(1g)(pj) is likely to have a smaller rate due to small B(d — pc).
(77)(73) has large backgrounds

(png)(73) is a useful leptoquark search.

Strong limits from ,u,J\/' — eN transition on leptoquarks which couple

to both eq and uq.
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Higgs boson — a tool sensitive to new scalars

Standard-Model gluon fusion + non-standard production

. KO
GH: ,,:" """"
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4 g.9000000,° Gy
hO
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g __-_GH
t
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g ] Gg

kG4 GY4LHTH portal

The cross section for gluon fusion is reduced (increased) for kK < 0 ( kK > 0).

2
o(gg — h) 14 3k v? (1112.2208, 1112.1964, 1205.4244)
o(gg — h)sm SMCZ;’H
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Scalar octet

G spin O, transforms as (8,1,0) under SU(3): X SU(2)w xU(1)y

SU (2)y forbids renormalizable couplings of Gy to SM quarks.

Renormalizable couplings of G to gluons are fixed by SU(3)c
gaugde invariance: =- production of G occurs in pairs.

Gy — gg decay occurs at one loop.

Signal: a pair of narrow gg , CMS Preliminary jum‘é
o~ I Pair-Produced Dijet Resonance
resonances of same mass f._’ - . Observed Limit (95% CL)
o [ IREITIETEY Expected Limit (95% CL)
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Also: coloron pair production — 83 Resonance Mass (GeV)
(talk by C. Kao) (talk by A. Hinzmann)
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Nonstandard Higgs decays

Standard model 4+ a gauge-singlet complex scalar S:

§ — 1 (pg + (S)) A% /(S) . A0 is a CP-odd spin-0 particle

V2

2 42 2 1/2
C7R0 4040 coupling = T'(hY — A%4%) = 1— 4—
2 327 M,

For 2M 4 < M; = 125 GeV:

)

B(h—> AA, bb, ..

It is essential to measure the

hWW and hbb couplings. 000 001 002 003 004 00
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Very light new bosons

AY — a spin-0 particle.

Searches for ¥ — 7A0 decays at Belle & BaBar:

(talks by D. Kim and Y. Kolomensky)
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Vectorlike quarks |

All Standard Model fermions are chiral: their masses are not gauge
invariant, and arise from the Higgs coupling.

Vectorlike (i.e. non-chiral) fermions — a new form of matter.
Masses allowed by SU(3). X SU((2)w X U(1)y gauge symmetry,
= naturally heavier than the t quark.

A vectorlike quark which transforms as (3,1,+4+2/3) under
SU(3)e X SU(2)w X U(1)y would mix with the top quark.

LO - 7
0.8 :
Branching fractions of t/: £ N to>Wh |
af] * ]
(M = 125 GeV, sinf; = 0.1) 047 t S>ht g
0.2 e mm ==
P e tt—>27t ]
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QCD production of t’t’ pairs, followed by t’ decays, leads to
various final states:

(WTb) (W ~b) usual “t’ search”
(Zt)(W—b) or (Zt)(WTb)
(ht)(W™b) or (ht)(WTb) , with h - bbor h - WTW™

Example:

Higgs boson could show up in the WTW — + 4b final state!
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SMvG 4+ DM describes well a large array of data.

Same is true for any model with a decoupling limit
(i.e., effects of new particles are suppressed by 1/ My OF Gpew K 1),
including larger gauge symmetries, vectorlike quarks,
or new scalars.

Models without a decoupling limit are likely to be ruled out:

e Higgsless models Z  CMS preliminary CLy: jets (4607, etjets (4.700°)
-E- —fi:TTé? | | | I | ! | |
_ B —a— observed 95% CL. _
e SM + 4th generation [ ol
B I -lo expected |
1 =2 expected |
IS tllm‘i' E
Fermion coupling to Higgs is y
proportional to mass: ]
perturbative limit m; < 600 GeV
107 |-
(talk by G. Hou) g . . . |
400 350 500 600
Talk by S. Khalil: sS[T M, [GeV]

Observed limit: m¢- > 560 GeV/c2 @ 95% CL
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One new particle at a time: spin-1/2 |

More results presented at ICHEP2012:

e gg — t't' — (Wb)(Wb),(Zt)(Zt) (ATLAS, CMS)
e gg — b’/ — (Wt)(Wt),(Zb)(Zb) (ATLAS, CMS)
o ud — t't/ — (Wb)(Wt) (cms)

e ud — t'b — (Wb)b (CMS)

o ud — b't — (Wt)t (Cms)

® qq — Qq — (Wj)j,(Z3)j (ATLAS)
e g9 — Q — jj,jv (ATLAS, CMS)

® g9 —> QQ — (W3)(Wj) (ATLAS)
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Discover two (or more) new particles at the same time

Resonant t't’ production:

b

u pt
W/
W+
d VR
W-

talk by J. Hirschauer — CMS

jj resonance +W 4 softer jets (bc)

and also a W + 43 resonance. q

W'’ decay to a heavy RH neutrino:

_RE

Q|

Resonant pair production of a scalar which is a o w
singlet under SU(3) x SU(2) x U(1): b
a A Qb,,’, C
g

Many other final states arising from SM -+ 2 new particles.
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Various unsolved puzzles:

jj + W excess — CDF
A%, — DO & CDF
ptut asymmetry — DO

Cosmic ~ line @ 130 GeV
talk by J. Wacker

Muon g — 2

MiniBoone low energy data
B — D®ry — BaBar

CPV in D decays — LHCDb
(bb)b final state — CDF & DO

phdcomics.com/higgs

JORGE CUAMM B 2012

WE HAVEN'T SEEN ANYTUING CRQ > aal N\

YET, BUT THERE CoulLD <TILL BE
STRANGE PINK ELEPHANTS IN
THERE, WAIMNG To PoP ouT.

EVERY TIME You OPEN
YOUR E-MAL, OR EVERY

// TME eimglf:rf MAKES
= oT...
k //

THAT COULD BE 'mE\‘
TIME YOU HEARD
SOMEONE SAY, "OO0M,
WE CEE SOMETHING...”

4

WHATS IN THE DATA?
WHATS IN THE DATA?
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Large deviations from SM in various kinematic variables mea-
sured by CDF in the W3jj final state

(http://www-cdf.fnal.gov/physics/ewk /2011 /wjj/kinematics.html)
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CDF W ;5 — Background-subtracted data (SM = 0):

4~ 150 Mg = 340 GeV,Mg = 160 GeV | go Mo =340GeVMo = 160 Gev —— 7
o . ; ) GeVMo =160
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Blue lines: G' — ©© — (Wbb)(jj) 1104.2893

If the deviations from the SM are due to some background mis-modelling, it is a

remarkable coincidence that simple new physics models fit well the kinematic distri-
butions in the W33 final state.

It is imperative to sort out the origin of these large deviations.
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Forward-Backward Top Asymmetry, %

Reconstruction Level
mg < 450 GeV
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Monte Carlo mis-modelling
or physics beyond SM:

flavor gauge bosons (talk by K. Babu),
axigluons, ... ?

New DO lepton-based A%?B

measurement:

2.20 away from the SM

talk by A. Grohsjean (see also 1207.0364)
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talk by C. Hays
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Svynergy between physics probed at colliders
and in searches for rare decays or DM

Neutrino masses require the coupling of v’'s to the Higgs doublet.

The origin of quark and lepton masses (arising from physics at
a high scale, between vz and the GUT scale) is likely to induce
various flavor-changing processes involving mesons, muons, ...

Dark matter particle is likely to have a mass of the order of the
electroweak scale (WIMP miracle).

Whether new very light particles exist is probably determined by
the symmetries of the underlying theory at a very high scale.
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Conclusions |

Many possible new particles:

e New gauge bosons (Z/, W/, G’, v/, ...)

e Vectorlike fermions, Majorana fermions, ...

e Various scalar particles, extended Higgs sectors, ...

Discovering such particles at colliders, or observing
their effects in rare processes at low-energies, would
point to new symmetries or deeper organizing principles.

More exotic phenomena (strongly coupled sectors, deviations from field

theory, etc.) could be uncovered. We need a ‘wide-net’ approach, using

diverse experiments and many searches.

Bogdan Dobrescu (Fermilab) — ICHEP 2012



