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Outline of the Lecture

Lecture 1 ¥ Theory of the SM Higgs boson
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The phenomenological need for a Higgs mechanism

T
|

T
i

¥ Gargamelle bubble chamber discovers neutral current interactions in 197

¥ massive vector bosons discovered at UA1, UA2 in 1983

my ! 8042 GeV mz ! 9119 GeV



The SM, the Higgs potential and gauge boson masses
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¥ the SM Is a renormalizable relativistic chiral guantum Peld theory based ¢
the gauge groupU(3)c ! SU2). ! U(1)y

¥ particles ardrreducible representatiohthe Lorentz group ¢° = m? )

L -state SU@B)c# SU(2)L # U(1l)y || U(1)oep || m-state || SL(2, C)
B (U, d). (.23 G!H [Wd | (G0
%, | (W (81! 3 BT O O (A
0 (@ (8,1,3) ; (d) || (O3
(%. €)L (1,2,! 3) 0,''1) || (% €)L 5, 0)
(€)f (1,1,1) 1 (€)f 0,3
6 g& ..... 8 (8, 1,0) 1 ngl ..... 8 %,%
G, | Wi (1,3,0) t1 ; 23
%% | B, (1,1,0) 0 Z0& | (33
. 1 +1 *
- ( 1y 2) (1’2’ §) 0 h,' 0 (O, O)
spontaneously breaksSU(2),. # U(1)y $ U(1)oep
local Inner symmetries lorentz  gr oup




The SM, the Higgs potential and gauge boson masses

¥ particles ardrreducible representatiohthe Lorentz group ¢° = m? )

N

scalars ,chiral fermioris_.r , vectofs, (d=4, renormalizability)

¥ |left-handed and right handed chiralities have different gauge quantum
numbers: explicit Dirac mass termis! ! 1, violate gauge invariance

¥ explicit vector masses break gauge invariance as well (e.g. abelian trafos

1
Al At 1y () = AARY ALAH

¥ the Higgs mechaniames an interaction to introduce masses dynamically
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The SM, the Higgs potential and gauge boson masses

Lhiggs = D! DHI L V(1)

Potential V(' 1) ! isa2undeSU(2).

misalign the vacuum from the symmetry-preserving direction in peld spac

V(I D= p?l 1+ 1@ o2

M T

local extrema

——9%UH%[%-

! —%UH%V%-

" 2 V
Lol =0 ! [tol= = #

symmetry - u? > 0

local max SVRRetTy u? < 0




The SM, the Higgs potential and gauge boson masses

Lhiggs = D! DHI L V(1)

kinetic term D! D*! | isa2undeSU@2).,Y()=1
| ) .
| gauge boson masses da! o= !, ig?Wj‘! ig!QBp | o
S3

%% N all vacua are physically identical
globalSO(4) ! SU(2). " SU(2)g

_ — u 2 2 L 2 2
=’ vi 2=l o] = 17+ #17+ " 15+ #15

To apply perturbation theory, we have to expand the theory about the
true vacuum! o| = v/ 2 . We need to OpickOO a vacuum from the
physically equivalent ones. (Ospontaneous symmetry breakingO)

In fact, this is slightly inaccurate: The vacuum is always gauge-invariant,

but we can choose a gauge condition with a bxed directioh of
I



The SM, the Higgs potential and gauge boson masses

Lhiggs = D! DHI 1T V(1)

kinetic term D! DWH! ! isa%undeBU(Z)L,Y(!):1
| a .1
| gauge boson masses Wa! o= ! ! i97W§! |g!§Bpl I o
! 11

choose! o = v/?i =1 5+

| AP I
: S gWS+ By gWi! igw? ‘T o

D,! oDVl g = V_(O’l) 14 i\ 2 3, A
38 gW; + 1gW ¢t ! gWy+ gBy, 1



The SM, the Higgs potential and gauge boson masses

Lhiggs = D! DHI 1T V(1)

kinetic term D! DWH! ! isa%undeBU(Z)L,Y(!):1
| a .1
| gauge boson masses Wa! o= ! ! i97W§! |g!§Bpl I o
! 11

choose! o = v/?i =1 5+

| AP I
: S gWS+ By gWi! igw? ‘T o

D,! oDVl g = V_(O’l) 14 i\ 2 3, A
38 gW; + 1gW ¢t ! gWy+ gBy, 1

V2 | | | !
= 5 (QWh)* + (gW?)? + (gW?®)* +(gB)?! 2ggBH*W;



The SM, the Higgs potential and gauge boson masses

Lhiggs = Dyu! DHE L V(1)

kinetic term D,! DH1 | |sa2undeISU(2)L, Y()=1

1
I gauge boson masses Wia! o = 'u' lg—Wa' ig’ B I o
|

choose! o = v/?i =1 5+

| "
V2 S gWS+ By gWi! igw? ‘T o

Dut oDt 0 = 5O gW + igWg | gW; + g'By, 1
2| "
5 (GWH2+(gWH)? +(gW3)2 + (g'B)? ! 29gBHW;
L A $1 1y
g° O o f quf
0 @ lgg &F we
0 !'gd ¢ B ¥

2 I
V I
& (W, WE WL BY) 4



The SM, the Higgs potential and gauge boson masses

| |
T g> 0 O 0 1 WlPl$
2 . 0 g> O 0 Y. W2H ¥
| DM o= — (W31 w2 w3 B Yo 0
DH OD 0 8( U H “)# 0 O 92 | gg g# VW 3H é)
0 0 !gg 0?7 BH

diagonalizationelds gauge boson masses and mass squared eigenstate

eigenvectors eigenvalues
g2V2
(1101 0, O)T | Wl m\2N1 — T
. 2V2
(0,1,0,0)" ~ W3 S5 | mhe= T
209 2.+ g?)V2
(0,0,cos! ,,! sinly)T | cosl,W3" sinlyB=2 | m2= Y 89
(0,0,sin!y,cosl )" ! sin!l,W3 +cos!,B = A m2 =0



The SM, the Higgs potential and gauge boson masses

(1,0,0,0)"

(0,1,0,0)"

(0,0, cos! ,,! sin!,)?’

(0,0,sin!,, cos! )"

¥ the massless gauge boson signalizes an unbkokerep
¥ the generator of QED iQ = t> + Y

¥ since QED is an apparent symmetry at scaleg
write the lagrangian in terms of QED eigenstates

I it

~ W2

l cos!,W3" sin!,B

| sin!,W?3+cos!,B

2.0
> _ gV
msa,, = ——
W 8
2,2
m\2/V2 — —98
2 _ (0% + g?)v?
m —
z 8
mz =0
gauge grou

It IS convenient to

¥ the W' transform in the adjoint representation, for whi¢tg)i = ! 1! 3j
IS not diagonal. In the diagonal basis the generators & gauge belds are

t* = th+it?

1 .
J.—é(wj " iw?2) andw;

10



The SM, the Higgs potential and gauge boson masses

¥ the gauge-covariant derivative In this basis becomes

g9

-..g + ¢+ . . 1 " .
D,=1!," |—§(Wut +W,t ) i 7 +g"22“(92t3 1 g4Y)! il 7 +g"2A“(t3 +Y)
¥ Higgs doublet iunitarygauge = €

would-b&lambu Goldston Bosons:iggs | Mz Z, ! " °

! " \ .
= g 0 _ 1 ! +
| 3 "2 v+h+il® 7

/ 2

SU(2). gauge transformation remove NGBs and deal
only with massive

vectors and physical
Higgs !

11



The SM, the Higgs potential and gauge boson masses

- : 1 " i ]
Dp="1u1 %(Wt + W, th)! i 7, (P31 g2y i

g%+ g* g2 + g2

AL +Y)

12



The SM, the Higgs potential and gauge boson masses

- : 1 " i ]
Dp="1u1 %(Wt + W, th)! i 7, (P31 g2y i

| g% + g* g2 + g
S /
'S yh
§ | " # $
1 | 1, h™ 2

AL +Y)

12



The SM, the Higgs potential and gauge boson masses

AL +Y)

D=1y %(W Wt )1 i _Z, (P31 g?Y)1 i

| / g°+9° 9 +9

| 1
iggs | Dyt D= Lo mwebwy ¢ Imeziz, 4 14
W H ®/ yAs (Q$%\$
h 7 (]/I h > 00
T = igmw g~ T = igmz g"
W!! Z!
h W+p- h Z“

12




The SM, the Higgs potential and boson masses

9 |l : 1 ' : g9
D,=1!,! —§(W W, 1) =7, (g°t°! g?Y)! il 92ng|,2A,¢L(t?”+\()

| g% + g*
) /

1 |
V(I D= p?l 1+ 1 ) 2= Zm2h?+ Emhh?’+'zh4
ly 2
2_ .
m -
o2
" N ’
3 g°m¢ h s 3gm?
<o T Tme =< T''2m
ho \ h W \‘\h W

these vertices are direct probes of the symmetry breaking potentie
13



Fermion masses

L-state || SU@B)c # SUQ2). # U(Q)y || U(Q)oep || m-state || SL(2, C)

(U, ). B.2.1) GrD [W.d)y | G0
(u); (81! 2) 'z Wy || )
(d)¢ (8,1.%) ! (@) | 03

(%, €). (12! 1) ©!'1) | ©en | (0
(&) (1,1,1) 1 € | 03

Lterm = {gauge interactiong! Y;YQ ! dy+ Y;Q il 2 'uk +h.c.
I 1 I 11

"y (D) o oy (W) o
= {gaugég ! "”z (v+ h)d; d.+h.c. ! "”2 (v+ h)u’; u}, +h.c
| | [ 1)
L — ( Ld)kdllf ' d) i . ] : d : ]
. . d Y.\ = ¢ (L)Y IRy d
u:_ :(Lu)lkullf L] R L ( d)k| ] ( )I R
| | choice of bi-unitary(' 5 (D)
ur = (Ry)} &5 transformation = v S
i i 4 matrices
R — ( Rd)kdtl 14



Fermion masses

L-state SU@B)c # SU(2)L # U(Q)y || UQ)gep || m-state | SL(2, C)

(u', d')L (3,2, 3) (5.! 3) [ (u,d) | (30
(u")f (81! %) | £ (u")f ©,3)
(d)f (8,1,3) 3 (d)f ©,3)

(%. €)0 (1,2,! 3) O0,'1) | (%.€) || (3,0)
Gl (1,1,1) 1 ()¢ 0, 3)

Lterm = {gauge interactiong! Y;YQ ! dy+ Y;Q il 2 'uk +h.c.
I 1 I 11

"y (D) o oy (W) o
= {gaugg! "”z (v+ h)d, d>+h.c. ! '“*72 (v+ h)u’; u}, +h.c
=1 .\ AKX ! "
N d . . . d . .
.m . o
h = j— choice of bl-unltary(! 5m ()
L f v transformation = Vk Ly
matrices



Fermion interactions and the CKM

. g + 4+ - : 1 ! ' gg
D,=1!,! |—§(Wut +W,t)! il gz+g"zzﬂ(92t3! g2yY)! il gz+g"2AH(t3+Y)
! 11 ! 11 - . .
tT = 01 ! = 00 L = (La)jdf
)0 Lo u} = (Lu)kel
!
. S U
L term kin = (U, ,d )18"Dy, q + ...
L ! .n2 11
g N g 1 2sin"y,
= ..+ =y "W ' d + ...+ - u "z, u. + ...
2 b SR cos"y 2 3 L= enEL
O TMWY Ly Lg d e B

¥ the charged weak bosons couple to down states rotated by the
Cabibbo-Kobayashi-Maskawanatrix Vekw = LyLyg

¥ there are no 3avor-changing neutral currents at tree level.

Glashow-lliopoulos-Maianiz{M) mechanism
15
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Parameters of the theory

¥ 9 fermion masses breaking of accidental

- global symmetries
¥ 3 CKM mixing (Euler) angles

only source of CP
¥ 1 CKM Phase (Jarlskog invariant)‘/ violation in the SM

Sakharov criteria
¥ 1 electroweak coupling \

| Thomson scattering
¥ 1 strong coupling s \
¥ 1 weak couplingGg 2 Vs 3 jetrates @ LEP
¥1 Z mass \

muon decay
¥ 1 Higgs mass

18 free parameters
16
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Recap

¥ we started with a theory without explicit mass terms

¥ the SM Higgs mechanism serves to introduce gauge boson and fermion
masses

¥ we started with a perturbative theory, I.e. all couplirgg, large couplings
can be traced back to the Higgs vev, and are a result of symmetry breakin

¥ In the SM all parameters in the Higgs potential are determined by
measurement of the gauge boson masses and gauge boson couplings.
The only free (undetermined) parameter Is the Higgs mass prior to 2012

mp, | !

17



Higgs mechanism a brief review

Purpose: explain existence of massive particles consistence with gauge invariance

Symmetry of the vacuum
U(1l)em

Symmetry of the Lagrangian

SU@2)L " U@)y

P vacuum expectation value
Higgs doublet e # 0 $

H $=

couplings to Higgs mass: my = 2'v Higgs selfcouplings

gauge 2m?
QvvH = Y S ! _nalH S o
bosons Vv * HHH = v I

fermions Oy — —

18



Implications of the Higgs mechanism

¥ massive (massless) vectors have three (two ) degrees of freedom

|
kM =( m2+k2,0,0,k)T

("D =(0,1,0,0)
112 =(0,0,1,0)7
kM =0, 12=11 . 1O =(k/m, 0,0,E/m)T
L ky/m (k|" m)

W+ AH# WYW*) =1 gMw#HW™) &4(W™")
M

AM

AH# W;W?)= gMy

- - - - A(H# WIW)=g
"

Longitudinal interactions between Higgs and gauge bosons enhanced
for large p?> = M3

19



¥ probability conservation in scattering processes (unitarity) potentially problematic:
(Ocannot get out more than you put inO)

-1
ss=1=! a-= il dcos"M (cos")P,(cos"), |a|! 1
320,
s H.o. |
1 = kM mw + O(my /E ) # -
| E4
# | E?
H
| E4 ]
" _
W e + crossed <#$
H W
W _

20



¥ probability conservation in scattering processes (unitarity) potentially problematic:
(Ocannot get out more than you put inO)

-1
ss=1=! a-= il dcos"M (cos")P,(cos"), |a|! 1
320 4
$—  — H#.. i

2 (....+ loops)
W

unitarity requires
mp ! 700 GeV

21
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Stand

. MHiggs
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Constraints on New Physics from unitarity sum rules

Feynman Ru|es for Scdlar Aa Ab Ac: igabc[(pa P )yga/3+ (pb —Pe )agﬂy

and gauge boson interactions +(Pe —Pa)p8val »
A Apdi: 1808 af} » Jabc  real anti-symmetric
A.®id 184i(pi—P;)g 5 Oabi symmetric under
A, A,,¢,-¢j: igab,-jgaﬁ , Gaij anti-symmetric underi $ |
" Calculate scattering diagrams Jabij ~ symmetric undera$ b
' requiring cancellation of bad E and underi $ |

behaviour
[Gunion, Haber,Wudka O85]

J

— 2 —
Zgaa-gm(Mu +.M,3+M(.2 +M¢3 o 2M¢,2)— E nk(gubkgcdk_f ~ 8adk8pck ) 3
¢ k

Three master sum rules:

(MZ—MZ)(M2?—M?)

M2+ — (MZ—M})M2—M})
‘ M}

M2+ —2

AaAb # AcAd 2'

gabcg(-({‘? _gad('g(b(‘-

M?—M}+M? M?}—M?*+M?

Achp # AcSi Ec' Babe8i 2M¢~2 " 8ace8zpi 2M? T 8Bbce8si | T ;nk(gcikgab[- ~8bik8ack)
vy SeeiBa B
AAv# $i$ %mgamgba 78abij :20 M2 2 Zgabcg;,,—o analogously for @.fn # AaAp

23



Sum rules are a powerful tool to constrain new physics

e.g. specialising to SU(2) x U(1) with arbitrary Higgs multiplets, i.e. doublets, triplet:

We bPnd for A Ap# AcAq With a=d=W*' b=c=W" .

| |
92(4m\2/v n Bc\zj\/m%): gw+Wl|(k) gW+W+|L' gW|W||-l:+
k k
Note, higher charges than 2 not present. Larger coupling of Db[bs

to gauge bosons can be compensated by contribution frofin'*

See [Georgi, Machacek O84]

24



Bounds follow from the analysis of the Higgs potential beyond leading order

¥ beyond tree level all parameters become scale dependent

VIR )= w2 A Ve g T mR()! 2 + () 4?"@1)! ()

for! $ pu% v
A A’ \Y?2 ) g g v
d" 1 o 4 s .
— +24-||2+ " 4N Y2|| 9 2 n 3 "2\ 1 2N Y4+ ~ 4+ > "4+ et 2 "2+ é_é_é_
dln |J~ 16#2 ( C't g g ) c't 89 89 49 g
dominates if M|, large dominates if M, small
"(u) > 1 Landau pole "(W) & 1

25



#

d’ 2 2 2 "2 4, 9 3w, 3
= +24"% + " (AN Y2 " " 2N YA+ =gt + =gt + = +
dinp y ARV 50 30N ‘\89, 8g g g* + aaa
triviality bound vacuum stability bound
800 11 T T [T T[T T[T ][]
600 —
= _
O
O, _
= 400 —
= _
200 |-
0




SM couplings

IS our vacuum stable or metastable?

Metastability only problem if transition probability $ €' 3"

gl 2

Into false vacuunharge over lifetime of universe

Full stability lost at 1 Gev
but” never too negative

27

[Buttazzo et al O13]
180 |

' Instability = - - Y]
178 F . PR
! g—_-- 101
8 176 = 1“-,-1.-.4
5 ] - . L 10
= L | - 1gh
a 174}~ | AL L R
2 - Meta—stability. - 123»0.
o o’ . ¢ 4o “ ©
~Er ol SUPEA W VT 109
8. 172} 1
= - ‘.

":’:_., ‘ 7
OrF.- 2 g8 ‘
1) e Stability -

68 PURT T TR (N SR WY S N S SN SN SN SHN SN T SN S S S W S W'
120 122 124 126 128 130 132
Higgs pole mass M;, in GeV
SM with current parameters in metastable vac



Radiative generation of vev (Coleman-Weinberg Mechanism)

VC|aSS(n) — m2! 2+ #1 4 %% Ve! & m2(“)| 2(”)-'— #(U)l 4

Question: Can V@SS(""# have minimum for" #=0 but

V® has minimum for'" #$0 (radiatively generated SSB)

Heuristic argumentation using massless real scalar Peld theory:

1 # 1 1 1 .
L= Z(1,")%1 =4+ EA(! )2 ZB"2L =C"*  with counterterms A, B, C

2 4! 2 4
Summing over all possible insertions of couplings and
propagators gives for the one-loop correction bose factor,

/ exch. of two
* ext. lines
! $

n" #
4 g2 P
- VTG T R

(2%)% _2n K2+ i%

combinatorial factar
rotations and refldections

28



Wick-Rotation | " " R divfori#. 1 0
pov=t ke ey Ly .
2 (@219 J ReT e UV div. regulated with cut-off
) # $ # v
) 1 1 " #2 " 244 "4 2 1
—_ 4 2 4 2 C C n
Ve (#c) = m#c + QB#C + mC#C + 6 2 He + SEq 2 log o2 5
With the renormalization conditions
! # N)) s 4
dZVe! g ~ . "#2 d4ve! % e o 3"2 HZ 11
gz & O # B=" gnoand cpag =T # CElgm il o T3
LR c Q = H
) " 244 #2 25
—_ 4 C C n
one Dn Va (#¢) = m#c + SEq 2 [Iog (F) E]
! ) 2
(o
Minimum at ! log —— = # 12# + %1! though fore.gl = o' /2 - ' (") $ 50

(non-pert)

Radiative generation of veg possible, but for SM beld content and symmetries the CW
mechanism predicts a too low Higgs mass of a few GeVE in contrast with observation

29



Constraints from electroweak precision physics

¥ LEP2 performed precision measurements of electroweak phenomenology

¥ over-constrain the system of 18 free parameters by measurements and
perform a global fit

measured parameters at the Z pole

b = 1/1370359895(61)
G = 1.16639(1)$ 10 °GeV ?

@, = 91.1875* 0.0021GeV
iy = 80.426+ 0.034 GeV
& = 0.23150+ 0.00016

0., = 83.984+ 0.086 MeV

30
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measured parameters at the Z pole
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iy = 80.426+ 0.034GeV 5 = €
& = 0.23150+ 0.00016 ) 4$1
. = 0~
0., = 83.984+ 0.086MeV Or 2
02 = e°v?
7 4822
e°v?
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Constraints from electroweak precision physics

¥ LEP2 performed precision measurements of electroweak phenomenology

¥ over-constrain the system of 18 free parameters by measurements and
perform a global fit

measured parameters at the Z pole

b = 1 1370359895(61) use measurements to extract
O = 1.16639(1)$ 10 °GeV * /\A fundamental parameters and
M, = 91.1875+ 0.0021GeV predict other measurements
By = 80.426% 0.034 GeV 5 = €
& = 0.23150+ 0.00016 tree-level is ®
’ 3/,F ' I @F = Y
0., = 83.984+ 0.086Mev 74BL0 sigma off ! oV
- ) w e°Vv?
Prediction of @y, = 80.939% 0.003 GeV m;, = 120
Prediction of & = 0.21215+ 0.00003 5 V2

Prediction of Bj.;, = 84.843+ 0.012 MeV

=3 etc.

S
=
1
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¥ LEP2 performed precision measurements of electroweak phenomenology

¥ over-constrain the system of 18 free parameters by measurements and perfor m a
global fit

¥ loop corrections are relevant!

¥ usually theorists rather estimate these effects than perform the full one-loop
renormalization

¥ simplification when

¥ the electroweak gauge groupis  SU(2), ! U(1)y

¥ new physics couplings (except for light Higgs) has dominant couplings to
gauge bosons

¥ the Iintrinsic scale of new physics is large compared to the Z pole

¥ then we have only 3 Peskin-Takeuchi parameters which determine the influence of
new physics at low energies
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¥ then we have only 3 Peskin-Takeuchi parameters which determine the
Influence of new physics which are related to the gauge boson vacuum
polarizations

= M lzzmz)! 1720, ot silaz(mz)! P az(0), ! aa(m3)

f m3 CuwSw o ms m?2
T = l | WW(O) | ! Y4 (O) | ZSWI AZ (O)
u= s Lwwm@) ! ww(0) qu!ZZ(m%)! | 5 (0)
| mg, ' m?2 )
| an (M2) | a7 (M2) ! 1 A, (0)
| A 20 9 Z
w m% Sw Cw m%
| Hi 27
/’\\\ G W
/ | /’F\\
I | N , W M
W W B2V NS YU NP ~~@ o~
W W W \\I\—/// W \\I\_///
Hi 927 Hi 27

32 32



accidental (but important) symmetries

¥ T measures the departure of the W/Z mass ratio

Q0 . .
m3, , U0 need to identify a weakly
m2 cog | B broken symmetryoét Hooft, ...]

Custodial symmetry (global) protects mass ratio at leading order

Custod. sym. is a symmetry of Higgs and EW part of Lagrangian.To see this, let us

rewrite the Lagrangian using the bi-fundamental
%

s R
& 1 1 1
" % Tr (Du!) DH! (+ ueTr 1| (+ "Tr 11 0
- . 1 .
with  D,! = %! " |ng‘§$a! +ig B! $3
% U ! U,

If g =0 hasglobal SU@) xSUE) invariance withh, 406% U, (¥, 48U,

= 1043
33 UL,R exp[l /bao/&R ]



!
the vev "o#

NI =

\é 8 breaks both su@), and SuU(@2)x
individually, i.e. U. " #$ "l # and "! #U; $ "! # but symmetry of

Lagrangian restored ifL "! #R |L-=gr = "l #, 1.e.if "L ="R
In other words: global symmetry was broken to diagonal subgroup

SU@)L $ SUR)r % SUR2)L+r
Three massless would-be goldstone bosons eaten by Higgs mechan

Mg _ : g
=1 with P+ cos? Oy

M2 co2 $w

1
M‘%V = Z-gzvz and MZ — %(QZ_I_ g!Z)VZ N #:

SU(2)L+r explicitly broken by g #0 and mass-splitting within isospin multiplet

Corrections to rho parameter proportional to
hypercharge or fermion mass effects
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1 lleMg SiIl2 9W

24+/272

2 _ .
n % vanishes fol ¢’ — 0 (sin* 8y — 0)
Z
mims? m?

s In 2) vanishes in limit

my —my My
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11GpMZsin® Oy . m? : , . 9
har 1 — n—~ vanishes fol g’ — 0 (sin®fy — 0
3Gr 0 0 mimg . m? . .
1+ —— —9t 0 Jnt
PRl e s a Mt = 2 s vanishes in limit
0.4
Uu=0
o3 T
0.2
0.1— m, =115 Gevx

additional chira

-0 fermions
-0.1
m, =200 GeV
-0.2 m, =300 GeV
m_= 1TeV
_O 3 I ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] I ]
"~ -0.2 -0.1 0) 0.1 0.2 0.3



R
Ay

Ay’

Ab

AC

A(SLD)
sin’$:7(Qy,)
mw*

| *
"W

Qu(Cs)
sin“$%e"e")
sin’%,,(&N)
gr(&N)
gr(&N)

—

July 2010

—e—
._
*preliminary
——rr — > -
10 10 10
M, [GeV]
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Measurement Fit  |O™eas) QM| meas

o 1 2 3
m,[GeV] 91.1875+0.0021 91.1874
% [GeV]  2.4952+0.0023  2.4959
D [nb]  41.540+0.037  41.479
R, 20.767 £0.025  20.742
A 0.01714 + 0.00095 0.01645
APy 0.1465 + 0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AP 0.0992 + 0.0016  0.1038
ASC 0.0707 £ 0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 % 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin” *P(Q,) 0.2324+0.0012  0.2314
m, [GeV] 80.399+0.023  80.379
%, [GeV] 2.085 + 0.042 2.092
m, [GeV] 173.3+1.1 173.4

July 2010 0 | 1 2 3

Higgs boson should be very light:

Based on combination of many indirect measurements the

70 GeV# mp # 140 GeV



The Hierarchy Problem

Setting the mass of the Higgs boson to zero, jie- 0 does not restore

any symmetry of the modeHence, Higgs mass Is not protected against
large radiative corrections. e

Fine-tuning of bare parameter " fca'e

Most general form including all loop comg® = P+ #2 ¢ (') Iog”(;zt/Q)

_ ~ Mmax "= NP scale
no bne-tuning problem if & ('1)log"#M 1) =0 (veltman condition)
0
a2 |
| . at 1 loop 32%\/2(2m\2,\,+m§+mﬁ m?) (0
Pne-tuning condition:
omyy | |6v*| _ |p*| _ |dmi|  2A°
= = [— log"(A
F= g | = o | = [ | = [ | = g |2 o 087 (A )
F & 1 no Pne-tuning F =10 corresponds to 10% Pne-tuning

[Kolda, Murayama O00
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Higgs mass (GeV)
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