the
el Rt
educatilg:;le, sz?l::?lfr:zs: abdus sal am

and cultural

mpiion international centre for theoretical physics

international atomic

SReBrRaslS X T A0 £l A wiversa Yy

H4.SMR/1574-7

"VII School on Non-Accelerator Astroparticle Physics"

26 July - 6 August 2004

Standard Model and Beyond - 11

A. Bartl

University of Vienna
Institute for Theoretical Physics
Vienna, Austria



Higgs Boson Search

LEP, Linear ColLZdﬁr;z

Byorken process
“Hig gsstrahlung

e'e™—> 7 h ~ —
L>T*T7, 47 (masnly bb)
Yy, t't, g
Expect L LC
xpected mass rea ch mh,s;lg_mOGev

TEVATRON:

x T
Pp —> W L _~_>.E, qﬁq/pf most promising
L ) qq (mauntybb) chonnel
ey

Mass reach depends on luminosity:
for 10 f5' : m, £ 120Ge V

(Main Ir‘wjectm*/ detector upgrades)



Higgs search at LEP, Linear Collicer

ete—=hZ—>hvv, ht't, hqj, qg¢'c’, T 4g

BR= 20.0% 6.%% 64.6% 347 5.3%

BR.(}')—-?bB) ~ 85% b-ta—gging Ls Empor‘i’a.ni‘"

G} B channel:
2 chQMnar b—J*e‘.tS/ [a,rgae,,@.’r/ m;SS‘:ﬂQ mass «my,

(i) Lepton channel : €- em
2isolated Leptons with M- Mz , 2 b-jets

(iic) 4-jet channel:

h jets 20rk of them b-jets one jet pair withmassam,

(iv) € channel:
hjets, 20f them with Low mml.t‘lpLCci‘t-y)%‘/ 2 b-jets
Met OF Mgy My

Background : e*e™>qq, ZZ WW, 4-fermcon processes,
processes with pg

No signal found : m, >M4Gev LEP



Linear Collider; ee™—>7 H , e*e"—» Ve Ve H
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Figure 2.1.3: The Higgs-strahlung and WW fusion production cross—sections vs. My for
Vs = 850 GeV, 500 GeV and 800 GeV.
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N con contribute
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Figure 2.2.4: The predicted SM Higgs boson branching ratios. Points with error bars show
the expected experimental accuracy, while the lines show the estimated uncertainties on
the SM predictions.
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SM Higgs Search at

Teva,t ron

W+Higgs Signal and Backgrounds in 10fb™ (Nominal Jet Resolution)
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Figure 5.13: Same as the last figure but only the highest two masses.
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SM Héggs at LHC

MHiggs (GeV)

£ required
Higgs mass - rea
ag ch at LHC (cm? sec™)

1 ,
-
4 LEP (89/30) :m, > 44 GeV Z—»Z"H
2 lda- LEP I Z* > ZH
N +
A 11 N 33
o IR H - 2z~ 4f 10
R g 107
1

1
2 :: — H%Z'Z'-bz;ei 1034
Zhn
R s Ho zztty 0%
K i 10
Zht
; 1 H 34
Zieniadt 10
Z 'h'-+ WH withw—>2v  H 34
2 4 wi V,H=+ 7YY 10
2 :I‘ — ) H a3
- ot H T7T,atlarge p, ? 10

!
zZ i qq H-» 2z 8] (qq) 10%

N el R R T | SPRY

b ____qqH—+wWw-»{vjj (qq) 10

W meeescmeemcsceac--c-se- >

:J' 1 ] [l | i { 1 i i
0 200 400 600 800 1000




Grand Unification GUT

SM gauge group SU()xsU(2) xU(1) has rank 4
SU(5) LS “SMQ,U_BSt“ Lie group weth ra.nk 4L a..nd
SD(5) D SU(3)x SU(2)x V(1)
(Pati, Salam)

Other possible cholces: SU(2)xSURIkxSU(]e,
$0(10), E(6); v

SU(5) : 24 Eenera,i’brs 5 A\* ca=1....24

P

‘0
.0..21----’3 . /\a'-__: ( ?la : °
g iy

! ) A% . Gell-Mann malrices

st 'Pa,u,!.i maltreces

a=1222%; A% (e( ;00)

[

°s

1
1 1 ©
Diagonal: N¥=L( 1 01 a1 | 1
La-gen T 5 1‘5 , = 0 )

0 - A
AN .'*‘0)
- = = A ok
A Tr (N“N) = 2.9
O : ( | ‘so*)
S 3
Q=T2+Y -

‘ n A 15
0=-TF A% 13=%(vio N-78 N°) , Y=-3(RN"+TeA )

R is generator of group
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PVC FREI

Fermions: 15 helicii‘y states per famcly:

Ix3+2x3 +2+1 =18
r

colour Yy massles
Put into 5 and 10:
— | df
5: {Q,vq)‘. = /d.c qz1---5_
g- colour
3~ tndex
(o
lve L
0 u§ 7S
"Msc 0 us  -uy

NB: (e._)c-_- eR

Gener‘af(ws Ln, i"hese represent&,fb;‘@ﬂf

FOP B—

T—a , ¥
T%% 3 A

e g1+ 104" for 10

? A
t}d:s on acts on
index o index q

@ is SU(5) generator = Tr(R)=0
> 5 :
= 10

~dg p19*

—304+0c=0 > Qua=30Q.
3Qa-Qe=0 > Qq=%0Qe



Gauge in terac tion of ferm.ons:

Le=i(Va), g¢Dulta), +i X0 gD, X°°
DA‘P.),_ = dpftal. -¢ gg Bke (), 43
Dy X 9,.x"“+z¢g6f\pr X744

gs: SU(5) gauge coupling constant

Assume SU(5) symmetry is exact at
scale Q=Mg and higher energies.

SU(3)x SU()x U(1) ¢s embedded cn SU(5) at
scale Mg

® + - -
G a.nd Wl;,, interaction term s

> 9= 9‘6/ 9 =9 at Mg

By interaction terms = g’aV_g;. ge at Me

= sin*Bw =% atr Mg

X:;, and Yci couple to leptons and quarks;
/i ﬂj\y
E* d. ?é:;* )

Proton d.ecay ‘ W e




7
Spontaneous breaking SU(5)—> Ul)en,

Result of brea king mechancsm mast be
1 16
Mx, My & Mg »10"-10%Gev , m,, m, ~ 100 Gev

Higgs mechanism: Higgs multiplets weth very
CLLHeY‘EY)t VEV’S are Ylecessar‘y ('FQ,CtOP 1012_ 10 ,(,)

SSB ¢n 2steps:

SU(5) > SU(@)XSU(Z)"U(")‘—)SUC(5)"U(1)6&1
24 & (x) 3:Hx)

24 :
¢ (x) = Z ¢ aéc) T® T a_ A% SU(5) generators

2
Q=1

H )= | Ha(x)

i‘p = Tr (’1)(4,41)) l“”' Tr ¢ : *?&1(Tr‘¢l) "7\21"’¢"’

R0 55
A — s

Dud = dud +ige [Au, ]
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Loy = Lot TN = 2 FUE - 2 H H
. ¥ . JL o 3 " L4
‘w,(" .

Minemize Viiges = Vg + Vi + Von -
1% step of SSB SU(E) —> SU(3)xSU(2)x V()
is achceved by |

7 kY

;4 %

Loldp {o)? =% | ) |
ng | ‘s _ & ]

Xv 2 2 P

géves moss t‘erms 'f0*r' X a,nd, Y bosons;

TF(D&A—CP)Q-
X, =Zgivg Z(x XL Yi. )

Laf

My =My ‘*Ms =§> q);P mw"“'@ev
2"* step of 3SB SU(3)x SVE)xV(1)—> SV (3)x V() em

Le achieved b_y

1)“-—-#70)"
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How large cs VMG t

gs (Q)/ g(Q), g'(R) depend on scale & )Couowing

the renormalization group equations:

From QCD and QFD:

e s = 2b, B &
) “gie) - L0

1 a
@) " gy - P2

1 1 &
g E) " grimg) ste”ﬁ;

= - =] 22 _4ne

Ne— number of fam.lies

exp.input
wP P
-é',-i Do 3lines meet in 1 pount?
|
| /
| 1
4 | - ~
T : %
1 i
qs ! 11
) — e o
Moy Mg Q

start with tnput for gds (Q) and g (R) at R=m,.
Calculate M from Qs(Ms)'-' g(M&). Scale
q'(&) from R=Mg to Q=m,

qt(my)

—Tﬁ"_ = 0.12 ) o(_(mz_) =

L (M) = a
s(Ma) 12€.88.
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Unification of gauge COup[(:ng
Amald. et al. 1991 Cian o]
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Unification of gauge coupling s
Amalde et al. 7991
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Results:

y B
Mg = 5x 10" GeV «, (Mg)= ?';m‘-)_—':z.quo’l
stn*Bw (mz) = 6.20 ¢.§;_ |

This value of Mg leads to proton decay
with proton lifeteme (myr»my)
o h

~ A My 30
Te =z =~ 3x 10 %years

en contradiction weith expercmental lower
bound Tp> 6x10%years, |

Also Sin®Bw (m2) ¥0.2 is in disagreem ent wi Eh
present experimental volye |

E{I"" SUSY GUT [su(s),so@_good agreement chz ke
acheeved ],

NB: A(B-L)=0 ‘

sin*Ow =0.2315020,00016 €xp
ein’O, = 0.2100 £0.0026  without SUSY

sintB., = 0.2355+0.001% ovn MSSM
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Gauge sector of Standard Model

extremely well tested by expercments
ot TEVATRON and LEP,SLD

Experimental accuracy «0.1%-1%,
eq. Qmm;”:. v 1@'5' A’}- o 10~

z

Theory: most T-loop corrections colculated,
also some 2-loop corrections

Central Problem;

What is the mechanism of
electrowea k symmetry brea,king?

In SM: Higgs mechanism

Higgs mass constrained by precision datat
my < 250 GeV
D;f"eCt Search: m”a}11£, Ge‘/

Precise nature of electroweak

symmetry bw@aﬁmg 1s expected
to b@ ciamh@d at an

~ lenear collider

Higgs will be found at LHC(Temtron?)
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Open questions un Standard Model

Origin of electroweak Symmetr'y brea king
Scalar Higgs field

Origin of masses (M, =80 GeV)

Unification of gauge couplings (M-wr“W“G&V)
GUT => how to stabilize mass of Higgs ?
fdlne-tunl,ng problem
how to relate hughly duffent scales &
ME&UT o }v!vv

hierarchy problem

SUSY sclves fine-tuning problem and
hierarchy preblem in GUT

If scalar Higgs field is elementary, then

SUSY may be only consistent framework
in a GUT (Ln 4

~dim Space- ,£m€§

Radiative symmetry breakeng
Electroweak U(2)x U (1) spontanecusly
broken s»mwltan&msly with SUGRA -

Note: Mu; o0, < 1TeV | Unitarity

19



Possible ways to solve hierarehy problem:

Higgs field is

(i) elementary (i) not elementary
SUSY Compositencss
large compactified

Strong electroweal
symmetry breakung

Lettle Higgs model Technicolour

extra dimensions

H alggstess
extra. dem. models
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