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e Standard Model

* LHC & Higgs Discovery

* Beyond the Standard Model:
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STANDARD MODEL




SM is built on the principle of gauge invariance

e U(Il): Electromagnetism

Au(z) — Au(z) + dua(z)
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SM is built on the principle of gauge invariance

e U(Il): Electromagnetism

Au(z) — Au(z) + dua(z)
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e SU(N): Yang-Mills theory
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SM gauge group:

SUB).®SUR2)r U((1)y

gs >~ 1.2
ga ~ 0.65 @ 100 GeV
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SM gauge group:

SUB).®SUR2)r U((1)y

g3 = 1.2

@ 100 GeV
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Unbroken symmetry forbids mass terms:
vacuum must respect a smaller symmetry

SU3).@U(1)o >
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Unbroken symmetry forbids mass terms:
vacuum must respect a smaller symmetry

SU3). ® U(1)g > T
fafmy 7Pe ups downs leptons
3rd =175 i =4.2 =]
2nd mczlz mS:OI mﬂ:()l

I'st m,=3%x10>lmy;=5%x10"3|m, =5x10~*

mw — 80.4 GeV

my —

91.2GeV

(GeV)

Tuesday, October 22, 2013



Mass for spin-1 means new degrees of freedom

m1:O mlyé()

n n

—
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Mass for spin-1 means new degrees of freedom

m1:O mlyé()
4 4
—
v \/

The longitudinal polarizations are Goldstone Bosons

SU2), xU(1)y

U(l)g > 3 GB

Conceptually identical to superconductivity.

Tuesday, October 22, 2013



In SM electro-weak symmetry broken by scalar doublet

vH

=

- ( hy + ihs ) .

hs + thy

2

V(H) = A(H|" = v°)
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In SM electro-weak symmetry broken by scalar doublet

<3

R Gt T ey S—

hz + thy /’

V(H) =X (|H?> —v?)’ \é
|

H(x)zU(x)( v+%(x) ), v=174GeV

Physical scalar 1s the Higgs boson

mh:\/XU

Tuesday, October 22, 2013



In principle Higgs boson not even needed

W+ W+ W+ W
+ -
W= W= W~ W=
E2

AWLWL = WIW) ~ —
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In principle Higgs boson not even needed

W W+ W+ W
+ +
W™ | W= W=
E2

AWLWL = WIW) ~ —

SM without Higgs does not make sense above

A =4nmv ~ 3TeV
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Interactions similar to QCD could break the electro-weak
symmetry. This is known as technicolor.

No Higgs boson but techni-resonances (spin O, 1/2, 1, ...)

m, < 3TeV

mwyw — 80 GeV
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Interactions similar to QCD could break the electro-weak
symmetry. This is known as technicolor.

No Higgs boson but techni-resonances (spin O, 1/2, 1, ...)

m, < 3TeV

mwyw — 80 GeV

Ruled out!
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In the SM:
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In the SM:

W+ W+
h AWEWp = WIW) ~mj,
W W

(E > mp)

SM with Higgs boson can be valid up to large energies.
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Can SM be the whole story?

dA 1
2 4
p— = 24\ — 6y, + ...
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Can SM be the whole story?

dx 1
e = 163 (24X* — 6y +...)

Scale document down
- - - ' 1 | L) ] . LJ LJ ' | | | ] L L4 LJ l | | \J l L L L l

& 45 T Stability bound
= [ ] Finite-T metastability bound

= 40 - M Zero-T metastability bound
Shown are 10 error bands, not including theoretical errors

125 LEP exclusion
a1 >95% CL

8
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Flectro-weak scale Is the analog of the sea

mw — 80 GeV
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Flectro-weak scale Is the analog of the sea

mw — 80 GeV

Waves are the "Higgs”

« -

- —

SM sea Is ‘‘calm”
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Flectro-weak scale Is the analog of the sea

mw — 80 GeV

Storms can be
unpredictable...
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Higgs Discovery
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Main goal of LHC:
discover the force that breaks electro-weak symmetry

ot =

e
UL
-

pp Q8 x TeV v = .99999997 c

10! protons/bunch 6 x 10° collisions/s
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Higes production at LHC:

U LA B BN BN LR UL B B
102 o(pp — H +X) [pb]
: Vs = 14 TeV

— H (NNLO
58 ( : NLO/NNLO

| | | ] |

500 600 700 800 900 1000

My, [GeV]

~ 10° Higgs bosons/year
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Higgs decay:

L

Branching ratios
LNC NIGGS ;S WG 2000

Decay
10-3 \‘A J
100 200 300 500 1000
z M, [GeV]
Higos @ |25 GeV:
BR(h — bb) = 58% BR(h — WW*) = 21.6% BR(h — 7777) = 6.4%

BR(h — ZZ*) = 2.7% BR(h — gg) = 8.5% BR(h = vv) = 0.22%
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July 31,2012  Phys. Lett. B/ 16

-t
o
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ATLAS 2011-2012 mm- 1
\s=7TeV: fLdt=4.6-48f" 20
\s=8TeV: [Ldt=5.8-5.91b"

—e— Observed
8 Expected (68%)
Expected (95%)

L1 lllllll‘

4

95% CL Limit on p

—
—
—
4
—

CL¢ of SM Higgs hypothesis

10' = (a) CLs Limits =
110 150 200 300 400 500 10 | !
m,, [GeV 110 115 120 125 130 135 140 145
: | m, (GeV)

mp ~ 125 GeV

With 125 GeV Higgs SM can be valid up Mp.
SM sea Is as calm as it can belll
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h— ZZ* = 1717171

4 Lepton Mass
Spectrum

ATLAS
> [ > LI B
(3 40+ e Data2011+2012 ATLAS ® - N
o [ SMHiggs Boson HsZZ*—4| O 30} Vs=7TeV:L= 51" -
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e m,, [GeV]
Significance 6.6 o (4.40 expected) Significance 6.70 (7.10 expected)
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2e2y candidate with m,,, = 124.3 GeV

pr(e*, e, u,u)=415,26.5,624.7,18.3 GeV
m(ee)= 76.8 GeV, m(u'y) = 45.7 GeV

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 182796
Event: 74566644
2011-05-30 07:54:29 CEST
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W.ZH - bb
\s=7ToV: [Ldt w47 10"
\s«8TeV: [Ldt 131"

H—- 1t
\s=7TeV: [Ldt « 461"
\s=8TeV: Lt = 13"

H— WW'" = viv

\vs=7TeV: Lt =46’
\s«8TeV: |Ldt« 20710’

H— vy
\s = 7 ToV: {Ldl-4.8'b'
\s =8 TeV: an.zo.ﬂb‘

H—)ZZ”—>4I
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I | I
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Combined
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l | l

W =1.30 +0.20

-1 0 +1
Signal strength (u)
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H- 1t
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H-vyy
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H- WW
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H-ZZ
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0
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-
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Spectacular agreement with Standard Model
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* Implications:
V(h) = m*h*/2 + \h*/4
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Quartic almost zero at high scale for 125 GeV Higgs
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With 125 GeV Higgs SM vacuum likely unstable:

v
\\
\

\\A J""

\ /
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87T 2

P oxe 3>

Lifetime larger than age of the universe.

Tuesday, October 22, 2013



BEYOND SM




WHY?

* SM s iIncomplete: no quantum gravity, no dark matter

e Matter-anti-matter asymmetry

* Why 3 generations! Why fermion masses so different?
e Unification

e Strong CP problem

* Hierarchy or naturalness problem
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We don't understand why gravity I1s so weak:

Y e?
e ———@ —
F@l TZ
g Tm11M9
o ———— For = —81Gn 2
F@R 10—40
FP

Gravity and other forces unify at:

M, = (87Gy)~2 = 10" GeV
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Hierarchy (naturalness) problem:

"h 10—34
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Hierarchy (naturalness) problem:

"h 10—34

Electro-weak scale I1s unstable

om

2 95m
" 1672

A2
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m; = 1000000000000000000000000000000.01 TeV*
— 1000000000000000000000000000000.00 TeV*
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m; = 1000000000000000000000000000000.01 TeV*
— 1000000000000000000000000000000.00 TeV*

Natural theory:

A~ TeV
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No obvious experimentalist:

9 Q%M A2

T T2

New physics expected to be seen at the LHC
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No obvious experimentalist:

9 Q%M A2

T T2

New physics expected to be seen at the LHC 'II(\//}

Worked In the past:

(m~N~m_ , Am ~ G N ~G.m? Am_~ aA am_, ...)
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Two paradigmes:

* Weak Coupling:
Supersymmetry
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Iwo paradigms:

* Weak Coupling:
Supersymmetry

h 3 \ '
---------------- —_— h ‘s I’
...... PO ~ 100 GeV

e Strong Coupling:
Tec%olor, Composite Higgs, Higgxess, Extra-dipgensions ...
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COMPOSITE HIGGS




Higgs Is light because It Is big:

1 1
m, TeV

Compositeness scale acts as cut-off

Sm2 ~
"h ™ Ter2 e
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iggs could be an approximate Goldstone boson

Georgi, Kaplan ‘80s

EX' 80(5) q ACB = H Agashe , Contino,

SO (4) Pomarol, ’'04
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iggs could be an approximate Goldstone boson

Georgi, Kaplan ‘80s

EX' SO(S) > ACB = H Agashe , Contino,

SO (4) Pomarol, ’'04

Fach SM particle has a heavy partner:

Asyy ——>  p!" € Adj[G] 9

fsMm ——> FeG
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e 5D Models

UV |

0

(Randall-Sundrum '99)

Higgs

W O W Y Y Y O Y Y v v

SM fields propagate in the extra dimension.
Different profiles generate hierarchies.
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* 4D Models

5D models are dual to 4D strongly coupled theories

J-cdimensional S-climensional
Minkowsla Anti-cde-Sitter-
spacetune spacetume (AdS)

conformal | gpavitational theory
field theory (string theory)
(CFT)

Sth diumension  ———=

>th dimension dual to energy scale
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SUPERSYMMETRY




Supersymmetry relates fermions and bosons

r

Particles ‘
L o
& QIF) - |B)

<€ Supersymmetric
‘shadow ' particlﬂ

Q|B) = |F)

_
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Supersymmetry relates fermions and bosons

Particles ‘

ﬂ Ne nin

‘ ' \ Q|F) = |B)

«Supg rsymmetric
"shadow ' p1mde§‘

i

[t Is a space-time symmetry

{Qom Qd} — O-gdP,Ua

Supersymmetry cannot be exact in the real world

Qal|0) # 0
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Relevant for naturalness:
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Relevant for naturalness:

I' t \\
h h ': :
---------------- h ‘s~’->\ "O’
9 3yt2 2 Sm2 — 3A
omy, = —o—5 A Th = g
SUSY:
A = th

Scalars behave as fermions and can be light

0 log —
m s o< mylo
/ / gmf
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SUPERSYMMETRY

Guarks ’ Leplons . Force particles Squarks W) Slepions - g:msz ‘;grce
Standard particles SUSY particles

Fach SM particle must have a partner of different spin.
Half still missing...
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Squark-gluino-neutralino model

;‘2800 . I | | I | \: I. ) 1 I U_: 1 | I I I I I :0 1 I I I | | l | | I SUlsv_
8 :_ A LAS a re“m a E— m(;fg)) = 0 GeV Observed |.lm.lt (+1 Gmeo«yz
=2600 . ' '._.‘ . mEe= m(x1) = 0 GeV Expected limit (+1 oexp)__
§ - dt = 20.3 fb \\ s=8 i.lev . m(i?) = 395 GeV Observed limit _
- 2400 — . O\ m(io) = 395 GeV Expected limit -
X ~ O-leptpneembined 3 oV Obeerved i -
@ 2200 —. N — m(xé) = 695 Ge served limit 7
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1800 |— =
1600 [— S —
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1000 |— e =
= ) .
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How Natural SUSY would look like

TeV
/ ti[. (} L :
ta bo
R ’ilx' -
by
— e el e e = == = _Mz_
Ny ( =
— {1
N3
\ (-,1 [1 T
U, v
Ny e —=

By G.Villadoro
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SUSY 1s tuned!

Pre-LEP

TeV

Post-LHCS

Y

dy, iy,

uRpdp

-" l}l l~l I
upR 1!
N Co
N3
‘\.2 ('1 l~1 f'-)
17' I’,’
Ny . =

Ny Co
V-
Vo Cy
Ny

1
e, )
% Ur
e R T1

By G.Villadoro
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Still ways out:

Large A-terms

Natural SUSY :
R-parity

NMSSM Violation
Compressed Split SUSY

Spectrum o, tial SUSY
Tuning
PMSSM

None terribly convincing...




ANTHROPICS




Cosmological constant problem:

/ d*z\/g [M2R — A] A~ 1071 M,
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VWeinberg argued that galaxies would not form if c.c. was
slightly bigger.

(Weinberg '88)

Anthropic principle: environmental selection determines
(some) of the parameters.

VWe may live in a corner of the "multiverse’:

Ultimate
Copernican Revolution:
our universe not unigque
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“Atomic principle’”:

‘ Periodic Table of Elements

3 4 5 8 9 10 1" 12 13 14 15 16 17 18

—

Metals || Nonmetals |

=

g - |

T T —
'IIIIIIIIIIIIIIII'
2ieleieisait (NNEENEE

BEIIE GG B

BlaiaiEiEiEis - B z&in— JOJDMC

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

N

i
e

nnnnnnn

w

W

g et iee et ifE e et

Heavy elements require:

v < 5 X 246 GeV
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For LHC focus on the lightest degrees of freedom

A
10" GeV - String theory?
10Y° GeV + Unification?
10° GeV =+ LHC
102 GeV + Standard Model
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For LHC focus on the lightest degrees of freedom

A
10" GeV <+ String theory!?
10'° GeV Uniﬁcation?\:e\c
: k0"
: S@X\l
o’
O
e

10° GeV =+ LHC
10 GeV Standard Model
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For LHC focus on the lightest degrees of freedom

10 GeV 4 String theory?

10'° GeV =+ Unification? C
W

103 GeV =+ LHC

10 GeV Standard Model

GOAL: Find an effective theory compatible with
experiments (and predicts new testable phenomena).
Not the full theory!
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Fffective field theory:
Physics at a scale A largely independent on shorter distances.
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Natural SUSY:

Stops not so light:

m., (GeV]

8

g

8

stops

i

L.l production
vvttlvrlvlllll'liil'VIllll:'-ﬁﬂ_T—rr
- ATLAS Preliminary )

- S 0L Lt

- —a ’L't-l*t?:

. Mvwhmlts p—{ 2‘-.5 -t‘[‘ »

3 Lt -WDhY

- v Observed limits (-10,,, ) —— O =m. 3 5Gev

3 A D m =106 GeV
p ®0® Ewwm S 1L_b-b~L,m = 150 GeV
= S 2Lt —~bE.m «mg - 10 GeV
- . AL, =0, =2xm

- - - ") 0

- [ by W7

- ' ="\

" F —_4" S

_

| 7

L

p—

Newtralino mass In CeV

natural SUSY

., Delgado, Giudice, Isidori,

19 20 250 M0 ¥ W & W
Lightest ssnp wamns i GV
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CHMS5: De Curtis, MR, |

MR, Tesi,’ |2

f = 800 GeV

Partners around ~ | eV
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