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Standard Model(SM): Interactions
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Standard Model(SM): Interactions
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Theory: QFT & QED
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Charge current Weak interaction
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» Charged current Weak interaction: nuclei f-decay

P
N \;]ﬁ el
dud(-1/3) N duu(+2/3)
MR
\\
-- Solar fusion E~O(keV) p.k. M,,~80GeV N
1 v _
A~(eJﬂ). EZ—I\/IVZV g -(ed,) v,
e.g. ABHHRGS €

4 + +
p+p+p+p—> He+e +e +v +v +y



& 78 40 24 A (1): SU2)xU(1) 4. 7 2%

SU2) @U(1)y

—

sSU@L — W, W, Wi, | Massless!
Uly — B,. In theory

—

SU©2)r, @ Uy — U(1)em

1 A cos @ sin 6 B
L1 ) 0 p _ w W M
W# \/E(Wp, :FW#) ( Z, ) ( —sin Oy cos Oy ) ( W;? )

sin Oy = J

\/g2 e e=gsiné, =g cosé,,;




M EAEH
e

@

N/

HAER AT @
e

@ Last missing piece: m=f/a?
® Higgsiu4|:

10l

SU(2)wxU(1)ey

m(y) =0

m(2) = 91.187Gev
m(W)= 80.403GeVv

m(g) =0




Higgs mechanics
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A glance at the feature of the Higgs

> A Higgs scalar directly coupled to “everything” with mass

> A light Higgs, if the theory weakly —
coupled up to the Plank scale

Higgs Boson Mass Range
{The cuteff scale = Planck scale)
100 150 200 250 (GeV)
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pre-LHC: LLEP (Large Electron Positron collider)
> 90 GeV > Z line shape
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Results of direct search @ LEP
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Fundamental constants of the SM

> Gauge theory : SU(Z)LX U(l)y + Higgs‘ 2 SU(Z)W>< U(I)em

» Parameters : weak {, hypercharge g' and vacuum expectation V/ﬂ
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State of the art

a = 1/137.035999679(94) (et g,)
Gr = 1.166367(5) x 107> GeV~—2  (u* lifetime)

Mz = 91.1876 & 0.0021 GeV (Z line-shape)

My [GeV] = 80.428 £ 0.039 (LEP)
80.376 £ 0.033 (Tevatron)

sin%6,, = 0.23152+0.00014 (Z line-shape)
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Weak charged current V-A couplings
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Weak charged current V-A couplings
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Parity violation in Weak interaction
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@, 75 40 Z 1€ A (I1): Electro-Weak ¥ 4+ &

» ete>utu predicted by the SM and test
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For example, what observed at LEP/SLC v’ Cross section
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Effective mixing angle

» Defined at Z-pole as, flavor specified
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> AFB Observable: AFB
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Indirect measurement @ LEP/SLD

PDG: R BEHWBEAE sin’g, WBER
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Bounds on Higgs Mass

* Direct searches @ LEP . « Indirect constraints: e.g. precision of M,
; M/\QVW AVAVAVAV:VAVAVAVAV

Nz Bl Theory uncertainty
By 5
% k Mlﬂd_
% — D.0275840.00035
----- 0.02749+0.00012
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Energy Frontier Physics at FNAL: Tevatron
2TeV - RA T




DZTZCTOI", which we use to "see” particles:
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Constraint of direct searching Higgs

H->yy @ DO
Ewoo;— DD, 9.6 fb” (@ | 2 4 DG, 961" (a)
il = -
10 1600; 5?: e £ —Observed
@ 1400; y+iet = 35;— - Expected
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o0 o
400F 10F
200" e 5E
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105 <my < 145 GeV @ Tevatron



AFB @ Tevatron

> Drell-Yan process: PP —» qq —> Z /Q/* —>e'e”

e
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What can be achieved @ Tevatron

» Calorimeter and electron energy/resolution calibration

¢- intercalibration 0.,<< 1GeV @ Z-pole

DO 5.0 fb! ‘

rrr — PYTHIA

--- ZGRAD2
Z-pole . _
b Statistical uncertainty
T |-‘ Total uncertainty
“- 1 L 1 L I L L L L L 1 L L
S0 70 100 300 500 1000

M, (GeV)




The latest D@ result 0.2309+ 0.0008 =+ 0.0006

(stat. dominated) (systematic)

«—— Average 0.23153+0.00016

A —e— 0.23099 + 0.00053
o ittA S IEHAYEE TN
A(P) —o— 0.23159 + 0.00041
A, (SLD) o 0.23098 + 0.00026 .y s .
’ o GIHREMATRRIRE
Ag" = 0.23221+ 0.00029
Ag° algp —e—\ 0.23220:0.00081

had combinations
qQhe G——e——> 0.2324 + 0.0012

A, (DD), 5.0 fw@? 0.2300 + 0.0010
| | | | | J
0.228 fzr/ 0232 0.234 0236 0.238

. 2 e
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Indirect constraints on Higgs

February 2012
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o(pp—> H) <
1

[l619.9, > H @ x5, JHf (%) (%) -ix,dlx,

0

« f£%: high signal event yield @ LHC

LHC Tevatron
MALENE, e.g.
S ML TH (pb) ~ 20 ~1
BR(H=>yy) ~ 0.1%
EEFE (cm?st) ~7E33 ~4E32

* [i&R: high QCD background pileup production

Impracticable for H>bb




The Discovery of Higgs

=) g : - . = 1E ; ——— -
;' 10~ ATLAS Preliminary 2011 + 2012 Data J 3 10'E — =\ — =R
g 10°F —oObs. s=7TeV: [Ldt=4648%" 3 o N ——20
= 10 ----Exp. VE=8TeV: |Ldt =5.859 " 3 &T10°E [
1 B S A B e LI 400 = 10° = e ~—7 =
107 T “Hlo 810k ‘~-._\\ // 4o
102 A 320 — 40k N~ ]
10 o 430 of \\/ E
10* ' o e N .. 350
wsE YT e 0F E
10° - 10%F =
107 Ny e = 107 — CMS Preliminary —
E 3 = ombined obs. E
10-8 e \ . = 10’10 E~| == == Exp. for SMH Higgs | H—ZZ +yy =
e L — F— E T U 66 L —nsy Vs=7TeV.L=5.11f" 1
5 i R ‘ . - 100 2 is=8TeV,L=531" 2
100 200 300 400 500 600 ok e | /S
m,, [GeV] 116 118 120 122 124 126 128 130
G Higgs boson mass (GeV)

The last missing piece was found
The great success of SM self-consistency




Events / 2 GeV

Events - Fitted bkg

NEW- Higgs particle at LHC (ATLAS, CMS)
H = Al 2011+2012 Data.
ATLAS CMS
K AR SRAASR AL SR I~ v nanna AR A s RaS
3000 — e Dala 201142012 ] 0 [ ts=TTeV,L=511f" (MuA) — S-BFt
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- e, Hen . L
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Both experiments expect around 4o significance

CMS (2013-01-01): m,=126.2+ 0.6 (stat.) + 0.2 (syst.) GeV

ATLAS (2013-01-13): m,=126.0+0.4 (stat)+0.4 (sys)GeV
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| «—— We are here

Current Universe Composition:
B Other elements 0.03%

Neutrinos 0.3%
H Stars 0.5%
B Free H and He 4%
Dark matter 23%
Dark energy 2%

Need to study it in controlled experiments,

l.e. @ Collider Physics




% b vs. #,T: Dark Matter

Astronomical observations :

mM V2 M

-- Gravity lensing : G —m_ -- Galaxy rotation V? #G —

R’ R

But its properties do not fit any of the standard particles.
Dark Matter is a new form of matter
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 Exercise :
* What really happens:

T 1 I | | 1 | |
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T 05 ] [ ! l | 1 ] ]
1 2 3 4 5 6 7 8

DISTANCE FROM NUCLEUS (kpgc)

Rubin, Thonnard, Ford

“Such a velocity implies that 94% of the mass
is located beyond the optical image; this mass
has a ratio M/L greater than 100.”

Vera Rubin



The Alpha Magnetic Spectrometer (AMS) Experiment
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M.C.Escher, Relativity (1953) M.C.Escher, Mobius Strip II (1963)



& pia st 34 or 3HNHE?

3d space a compactified Il-torus with

eg “1+1™:
(xy.2) 9 R radius G
1\
o 1n ﬂgﬂ
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[ 1 : <<
F!rr) — — mi’j‘i: " for r R
M r
. 1 m,m, I mgm,
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The Eot-Wash
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n=2 extra

] al £
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a large number

of excitations

Real Graviton Emission
Monaojets at hadron colliders

Signal: monojet+missing ET




Universal written in a piece of paper
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