‘ Sally Dawson, BNL
Standard Model and Higgs Physics
ENAL LLHC School, 2006

= Introduction to the Standard Model
o Review of the SU(2) x U(1) Electroweak theory
o Experimental status of the EW theory
a Constraints from Precision Measurements

= Searching for the Higgs Boson
= The Importance of the TeV Scale




Lecture 1

Introduction to the Standard Model
o Just the SU(2) x U(1) part of It....

Some good references:

o Chris Quigg, Gauge Theories of the Strong, Weak,
and Electromagnetic Interactions

a Michael Peskin, An Introduction to Quantum Field
Theory

o David Rainwater, Sally Dawson, TASI2006,
http://quark.phy.bnl.gov/~dawson/tasiO6



‘ Collider Physics Timeline

Tevatron ILC

2006 2007 2012

Intm‘l‘;ati(t:nil"]-.______ Linear Collider




What We Know

= The photon and gluon appear to be
massless

» The W and Z gauge bosons are heavy

1 M,,=80.404 + 0.030 GeV
1 Mz=91.1875 + 0.0021 GeV

= There are 6 quarks
0 M=172.5+ 2.3 GeV

(171.4 £ 2.1 GeV, ICHEP 2006)
o M >> all the other quark masses




What We Know

There appear to be 3 distinct neutrinos
with small but non-zero masses

The pattern of fermions appears to

replicate itself 3 times | ————
o Why not more? IES

1 I1 111
I'hree Generations of Matter



Abelian Higgs Model

Why are the W and Z boson masses non-zero?

U(1) gauge theory with single spin-1 gauge field, A,

L g

F,uv - av A,u _a,uAv
U(1) local gauge invariance:

A,(X) > A, (X)—0,1(X)

Mass term for A would look like:

L=—2p peylpea a
4 " 2
Mass term violates local gauge invariance

We understand why My =0

Gauge invariance is guiding principle




‘ Abelian Higgs Model, 2

= Add complex scalar field, ¢, with charge — e:

L :—%FWF‘” +[D, ¢ V()

= Where
D, =0,-1€eA, F,=0,A —0,A,

7

V(#)= 2l + g f

= L isinvariant under local U(1) transformations:

A, (X) > A, (x)—0,n(x)
p(x) — e " g(x)




‘ Abelian Higes Model, 3

m Case1: u>>0
a QED with Ma=0 and my=p
o Unique minimum at ¢=0
1 2
L:—ZFﬂvF”"+‘Dﬂ¢‘ -V (¢)

Vi)

D :aﬂ—ieAﬂ

U

V() = 2lgf’ + Al |

By convention, A >0




‘ Abelian Higes Model, 4

m Case 2: u><0

V() =g + Ao |

= Minimum energy state at:

_ MV
<= 20 2

Vacuum breaks U(1) symmetry

Aside: What fixes sign (u?)?




‘ Abelian Higes Model, 5

- 1w d hare the 2 d f
Rewrite ¢=—¢e vV (v+h ¥ and n are the 2 degrees o
] / J2 ( ) freedom of the complex
Higgs field
= L becomes:
1 e?v? 1

L=—JFL P —evA "+ = A'A, +§(8#h8”h+2y2h2)

7

+%aﬂ;(aﬂ;( + (h, y interactions)

= Theory now has:
o Photon of mass Ma=ev
o Scalar field h with mass-squared —2u? > 0
o Massless scalar field ¥ (Goldstone Boson)




‘ Abelian Higgs Model, 6

= What about mixed y-A propagator?

o Remove by gauge 1transformation
Allu = A,U _e_va'ul

1 Loevt o1
L= FLF +TA“Aﬂ+E(6ﬂh8”h)—V(h)

= v field disappears
o We say that it has been eaten to give the photon mass
a v field called Goldstone boson
o This is Abelian Higgs Mechanism
o This gauge (unitary) contains only physical particles




Higgs Mechanism summarized

Spontaneous breaking of a gauge theory
by a non-zero VEV of a scalar field
results in the disappearance of a
Goldstone boson and its transformation
Into the longitudinal component of a
massive gauge boson




R gauges

Mass of Goldstone boson y depends on &

&=1: Feynman gauge with massive y
£=0: Landau gauge
E—>00: Unitarity gauge
Gauge Boson, A H N —l w_ KKT o
’ VNV NV W kz—Mi 9 _kz WA( &)
i
Higgs,h - k? =M 2

Goldstone Boson, y,or - >
Faddeev-Popov ghost K* =M,




‘ Non-Abelian Higgs Mechanism

= Vector fields A%,(x) and scalar fields oi(x) of
SU(N) group

{ L, = (D"®")(D D) -V (),
I V(D) =’ O D+ A(DD)?
= L Is invariant under the non-Abelian symmetry:
¢, — (1_i77az-a)ij 9,
D,¢=(6,—igr*A%)p
= 1, are group generators, a=1...N2-1 for SU(N)
For SU(2): t8=c2/2




Non-Abelian Higgs Mechanism, 2

= In exact analogy to the Abelian case

(D@7 YD D) —  ..+g%(z*¢") (°9) ALAY +...

¢

>0 )i () ALAY

s A = Massive vector boson + Goldstone
boson

s 2g=0 — Massless vector boson + massive
scalar field




Non-Abelian Higgs Mechanism, 3

= Consider SU(2) example Dﬂ¢:(aﬂ —ig 02 Ajqu
= Suppose ¢ gets a VEV:1 0
# :ﬁ[ |

= Gauge boson mass term
0,4 > Sarlone! |

= Using the property of group generators, {t2,t°}=53°/2
= Mass term for gauge bosons:

V

2, ,2

_gV apa
Ly = 2 AZA

mass
8




Standard Model Synopsis

» Group: SU(3) x SU(2) x U(1)
SRV N
QCD  Electroweak

= Gauge bosons:

a SUQR): G, i=1...8

o SU(2): W, i=1,2,3

o U(l): B,
= Gauge couplings: g, g, ¢
= SU(2) Higgs doublet: ®




SM Higgs Mechanism

Standard Model includes complex Higgs SU(2)
doublet

®:1(¢1+i¢2j:(¢+j
\/5 ¢, +14, (00

With SU(2) x U(1) invariant scalar potential
V = 1’0" D+ (D D)?
If u2< 0, then spontaneous symmetry breaking
.. . 1 (0
Minimum of potential at: <®>:ﬁm

o Choice of minimum breaks gauge symmetry
a Whyis n?<0? .




More on SM Higgs Mechanism

= Couple @ to SU(2) x U(1) gauge bosons
(W, i=1,2,3; BY)

L, = (D*®)" (D*®)-V (D)

Justify later: Y ,=1

-9 i 9
D,U:8,U_IEGW ﬂ—|?Y®B#

= Gauge boson mass terms from:
+ MU 1 a__a ' bu _b oy O
(D,®)'D (D—>...+§(O,V)(gW#G +9'B,)(gW o + g'B¥) o

2

V !
e...+§(gzw,i)2+gzwj)z+(—gvv5+g B,)?)+...




More on SM Higgs Mechanism

» With massive gauge bosons:

Mumgv2
W= = (Wulfr sz) N2 Mz=N(gZ+g'A)v/2

Z 0= (g W_2-gB )/ V(g?+g?)

s Orthogonal combination to Z is massless photon

A 0= (g' W, 3+gB )/ V(g?+g?)




More on SM Higgs Mechanism, 2

= Weak mixing angle defined

J sing,, =
/g2+g12 g2_'_gr2
= Z=-sin0,B + cos6,,W?
= A= cos0,B + sin,W?

cosf, =

Mw=Mz cos O




More on SM Higgs Mechanism

s Generate mass for W,Z using Higgs mechanism
o Higgs VEV breaks SU(2) x U(1)>U(1)em
o Single Higgs doublet is minimal case
= Just like Abelian Higgs model
o Goldstone Bosons Y > @, Z
= Before spontaneous symmetry breaking:
o Massless W;, B, Complex @
= After spontaneous symmetry breaking:
o Massive WHZ; massless vy; physical Higgs boson h




Fermi Model

Current-current interaction of 4 fermions
LFERMI - _2\/§GF‘];JP
Consider just leptonic current

_ — _ (1-
J/'fpt :vej/p(l 27/5je+1/#7/p( 275jﬂ+h0

Only left-handed fermions feel charged current
weak interactions (maximal P violation)

This induces muon decay

Ll
! < e |Gp=1.16637 x 105 GeV-2

Ue
This structure known since Fermi



Now include Leptons

= Simplest case, include an SU(2) doublet of

left-handed leptons
. VL:%(]'_}/S)V

1
€ :E(l_?/s)e

= Right-handed electron, egr=(1+ys)e/2, IS
SU(2) singlet

a No right-handed neutrino

*Standard Model has massless neutrinos—discovery of non-zero
neutrino mass evidence for physics beyond the SM




‘ Leptons, 2

= Couple gauge fields to leptons

. g
I—Ieptons - ele/ﬂ(aﬂ —1 EYBy jeR

—I—LPLi)/”(@ﬂ i %YBﬂ i gaiwi“j\{g




‘ Leptons, 3

= Write in terms of charged and neutral currents

— (kinetic) + g(W, 3" +W 3 +Z J4)+eA I/

Ieptons Y em

Ji =—-Q,. e
JH = %(@L)/ VL)
J4 = ! (vLy v +8.y [ 1+23|n2<9w]e +8.y [Zsm a ]e )




Muon decay

Consider v, e—pu ve
Fermi Theory:

« EW Theory:

Vu 2 Vu K
W
e : » Ve
e Ve
_ (v (1o ig” 1 u(l—_%sj . 1—_75]
|2\/§GFgWuﬂ7/( 5 )UVﬂUve?/ (—2 Jue T 0,07 =52 00,7 =5
G g° 1
<< =02 2 - =
For | k| << Mw, 2¥2G¢ g-/2Mw J2 8m,?2 2V

For |k|>> My, o~1/E?




Parameters of SU(2) x U(1) Sector

= (, g,u,A= Trade for:

0 a=1/137.03599911(46) from (g-2) and
guantum Hall effect

0 Gg=1.16637(1) x 10~ GeV-? from muon lifetime
0 Mz=91.1875+0.0021 GeV
o Plus Higgs and fermion masses




‘ Now Add Quarks to Standard Model

= Include color triplet quark doublet

uiL
QL :(diLj i=1,2,3 for color
o Right handed quarks are SU(2) singlets,
Ur=(1+ys)u, dr=(1+ys)d
= With weak hypercharge
a Yur=4/3, Yar=-2/3, Yo, =1/3

Qem=(l31Y)/2




‘ Quarks, 2

= Couplings of charged current to W and Z’s take
the form:

g _
s =~ Foosq 17 ILa=79) + Ro0+ 72,

Lo = —%(ﬁy”(l— Y )AW.* +dy“ (L— yg)uW, )

L, =1, +2Q,,sin’ 4§,
R, =2Q,,sin’ 8,




‘ What about fermion masses?

= Fermion mass term: Forbidden by
SU(2)xU(1) gauge

L=m¥V¥ = m(?L‘PR +?RLPL) . invariance
= Left-handed fermions are SU(2) doublets
-(q).
m Scalar couplings to fermions:
L, =-1,Q,@d, +h.c.
n Effective Higgs-fermion coupling

L, =-4 (U, ,d, )( Oh]dR+h.c.

f

s Mass term for down quark: |, =-




Fermion Masses, 2

s My from O=ic,d* (not allowed in SUSY)

7)o
—¢ ﬂ’u -
L=-2,Q,®.u, +hc !

s For 3 generations, a, =1,2,3 (flavor indices)

(V+ h)
V2

L, =—

Y (aeul + 2dedf )+he.
a,p




Fermion masses, 3

m Unitary matrices diagonalize mass matrices

u’ =uu™” d? =ud™
ug =vVur’  dg =v7>dr”

o Yukawa couplings are diagonal in mass basis
o Neutral currents remain flavor diagonal

o Not necessarily true in models with extended Higgs
sectors

« Charged current:

T CKM matrix



Basics

= Four free parameters in gauge-Higgs sector
o Conventionally chosen to be

= 0=1/137.0359895(61)
= Gp=1.16637(1) x 105 GeV =
= Mz=91.1875 + 0.0021 GeV

= My
0 EXxpress everything else in terms of these
parameters
G 9° V201 :
72 Mz MZY = Predicts My
21— M2
I\/IZ




Inadequacy of Tree Level Calculations

= Mixing angle is predicted quantity
o On-shell definition cos?0w=M,,4/Mz?
o Predict My,

i = & fo b A ) G’ =
=7 ( \/ \/*G I\/IZJ GFMZZ

o Plug in numbers:
= M, predicted =80.939 GeV
= M,(exp)=80.404 +0.030 GeV

2 Need to calculate beyond tree level




‘ Modification of tree level relations

_ o 1
J2M 2 sin? g, (1—Ar)

GF

Ar Is a physical quantity which incorporates 1-
loop corrections

dContributions to Ar from top quark and Higgs

loops —
3G m/ Extreme sensitivity of

At — (cos2 a, ]
8272 | sin® g, precision measurements

11G.M2 (. M2 5 o m
Ar" =——F W(In h ]

T 2272 M2 6




Where are we with /’s?

= At the Z pole:
0 2 X 107 unpolarized Z's at LEP
0 5x10° Z's at SLD with Pe ~75%
= What did we measure at the Z?
a0 Zlineshape = o, 'z, My
2 Z branching ratios
o Asymmetries

= W*W- production at 200 GeV
o Searches for Zh




2M\ 2
49 (e £ )= X (g 52y yerchange

dz 25
I_\IcanMZZ(S_MZZ)_

) [(S— M2)? + M ZFZJ [(Re + Le)(Rf +Ly )(1"' 2°)+ 2(Re B Le)(Rf -L )Z]

v-Z interference

N ] N.GZMs ] (Re + L)(RY + L)1+ 2°%) Changes sign at pole
64x|(s—M2)? + MZT2|| + 2(R2 - L2)(R? - L2)z
™~

Z=Cco0s6 Z exchange



ete > ff (#2)

Assume energy near the Z-pole, so include only Z

exchange
do - N GZM s
—(ete” > ff )]=—F—CF 2 H(RZ+L2)(RZ +L2)(1+2z%)+2(R? - L%)(R? - L)z
| )= carlis—mt oy ] (R + LR+ L)@ 27+ 2R - LR - L)2)
1E=msg...,...,...,...,...,...,...,...,...,...,...E /
i_ z A ] Contributes only to asymmetries if
%‘2"'4_. ;'|, e'e —hadrons E acceptance is symmetric
10°F \ E _ VL
N/ \ L oy oo > )= eBEMz (pa oy )
102 - o ‘1\_. _ ﬂrZ
T sl i
10 F LEP LEP 11
] ' .2|“. ' I-llll ' 'ﬁlnl ' 's-':ln' I Illfl ' llzll}l ' II-;u' ' Ilurlrn' ' IFIII ' Izllml ' I:zn

Centre-of-mass enerey (el



/. cross section

:Esu' ALEPH [ » O : :
DELPHL i\ Requires precise
ob oraL /Y calibration of energy
T | - _’i'-rz .
! o e | of machine
m:— | N\
..f"}..{“
) e NS A E—

Number of light neutrinos: N =2.9840+0.0082




Tevatron

Tevatron running pp at Vs=2 TeV
Scheduled to shut down 2009-2010

Year 2002 2003 2004 2005 _ 2006
Monthl 4 7 10 1 4 7101 4 7 14710

(pb™)

Total Lllp_l.'lﬂl;l_ﬂsit
2 2 =2 B £ 2
R B S B

=
S

Delivered
To tape

S
S

1000 1500 2000 2500 3000 3500 4000 4500
Store Number




/s at the Tevatron

= Z-production 40 > Z — e'e”
= Amplitude has pole at Mz

Invariant mass distribution of

ete-

1

(Pe + Pe)’

Number of Events

700 |-

500 —
400
300
200]

100

- D@ Run |l Preliminary
- 177 pb~’
600 -

* Data

— MC sig + bkgd

Total bkgd

— QCD bkgd

i

IIJ_l

g
II lIllJ

80

1 OOI 120 140
Mee (GeV/c?)




W’s at the Tevatron

Consider W—ev
Invariant mass of the leptonic system

2 2

2 . )2
mev = (Ee T Ev) _(peT + pVT) _(pez + pvz)
Missing transverse energy of neutrino inferred from
observed momenta

Can’'t reconstruct invariant mass
Define transverse mass observable

mT2 - (EeT +E,; )2 _(rjeT + P )2
=20 Py =2E+ E; (1-COS9)




W Mass Measurement

=
o 1500 W
S Py ‘hﬁﬁ
: T,k
v 4.4.1"’ ' H‘ J‘
o #
1000 i)
S %
i ‘mi' ¥
i *!"— CDT Run T Preliminary 8
500 I ‘,1"+ hh
W Adof = 64 /58 "
i e
i o= S S o "'W..w_h
&a &a 100
m () (GeV)

Location of peak gives M,,

Shape of distribution sensitive to I'y

Statistics enough to best LEP 2



‘ World Average for W mass

_ W-Boson Mass [GeV]
= Direct measurements

(Tevatron/LEP2) and indirect TEVATRON 80.452 + 0.059
measurements (LEP1/SLD) LEP2 80.388 + 0.035

In excellent agreement Average 80.404 +0.030

= Indirect measurements N i
assume a Higgs mass LEP1/SLD - 80.363 + 0.032
LEP1/SLD/m, - 80.363 + 0.021

80 802 804 806
m,, [GeV]

LEPEWWG home page, 2006




Data prefer light Higgs

6
- T AOL:—F)a)d =
=N L i —0.02761+0.00036 B}
_ I % % - 0.027490.00012 M ]
= Low Q2 data not included 4 b % eincllowQidata MY
o Doesn’t include atomic parity L ' k| i
violation in cesium, parity < |

violation in Moller scattering, &
neutrino-nucleon scattering

(NuTeV) i

o Higgs fit not sensitive to low Q2 w .
data 30 100 500

= M,< 207 GeV m,, [GeV]

o 1-side 95% c.l. upper limit,
Including direct search limit

a (Mh< 166 GeV ICHEP 2006) Direct search limit from
ete—Zh




Top Quark mass pins down Higes Mass

= Data prefer a light Higgs

&« ]

{1 —LEP1 and SLD
80.5 -~ LEP2 and Tevatron (prel.)
68% CL




‘ Understanding Higgs Limit

M,, =80.364-0.05791In M, —0.008In? M,
100 GeV 100 GeV

(5) 2]
_0.5008 2%a1_(Mz) 1| o505 [ M _1
0.02761 172 GeV

—0.085 ,(Mz) 1
0.118

Mw(experiment)=80.404 + 0.030




sin“0_ depends on scale

= Moller scattering,
ee—ee
= v-nucleon scattering

= Atomic parity violation in o=
Cesium

/
48
c

0.242

ylll"llllllll
/m
&
_—

Z
=
>
-«

0.238

\

0.236

0.234

?

0.232

PDG2004
IIIIII 1 IIIIIII

17 10
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'III|III|III
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o E
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-
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o




FElectroweak Theory 1s Precision Theory

2006 _

m, [GeV] 91.1875+0.0021 91.1874
I, [GeV] 2.4952 £ 0.0023  2.4959

oo lnbl  41.540+0.037  41.478

We have a model.... R, 20.767£0.025  20.743
And it works to the 1% level | A% 0.01714 £0.00095 0.01643
A(P.) 0.1465+0.0032  0.1480

R, 0.21629 + 0.00066 0.21581

R, 0.1721+0.0030  0.1722

] ; ASP 0.0992 +0.0016  0.1037
Gives us confidence to A 00707+00085 00742
predict the future! A, 092340020  0.935
A 0.670 +0.027 0.668

C

A(SLD) 0.1513+0.0021  0.1480
sin®0°?(Q,) 0.2324+0.0012  0.2314
m, [GeV]  80.404+0.030  80.376
ry[GeVl  2.115+0.058 2.092
m, [GeV] 172.5+2.3 172.9
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