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Yesterday:

e Theoretical introduction
Today:

e Constraints on the Higgs

e Supersymmetric extension
Tomorrow:

e Higgs boson signals at LHC




C Constraints on the Higgs Boson Mass )

We had found that the Higgs boson mass is related to the value of the quartic Higgs coupling A:

L= (D,®) (D*®) — A (cDTcD - %2>2

leads to
2 _ 9y
my = 2Av
So far we have measured neither mpy nor A = no direct experimental information

This raises several questions

e Can we get rid of the Higgs by setting m; = co and A = 00? Can we eliminate the Higgs
from the SM?

e Does consistency of the SM as a renormalizable field theory provide constraints?

e [s there indirect information on mp, e.g. from precision observables and loop effects?
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C The perturbative unitary bound )

A very severe constraint on the Higgs boson mass comes from unitarity of the scattering
amplitude.
unitarity <= QM probability < 1

Scattering probability bounded from above!

Considering the elastic scattering of longitudinally polarized Z bosons

Z1Z; — 72171
m%{ S t u . 2 g .
=—— 5+ 5+ 5 in the s > m7 limit
vt |s—my  t—my uU—my

where s, t and u are the usual Mandelstam variables.

The perturbative unitary bound on the | = 0 partial amplitude takes the form

2
3 m? 167
2 H
_ 1 ~ 1TeV
| M| [1671 2| < — mp <4/ 30 e
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( Unitarity of WW scattering )

Partial wave amplitudes are bounded by a constant

— M~ ﬁ violates unitarity at sufficiently high energy

Without the Higgs contribution, the | = 0 partial wave violates unitarity for y/s > 1.2 TeV

Destructive interference between Higgs exchange amplitudes and gauge boson scattering
amplitudes works for s > m?,; only

— my S 1TeV
or new physics at the TeV scale

or both
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C Running of A )

The one-loop renormalization group equation (RGE) for A(u) is

dA(p) 1
dlogu? 1672

3 3 2 3
2 Y4 2 12 a4 2 v 2 12 2
[12)\ +8g +—16 (g +g ) 3hy — 3Ag 2)\(g +g >+6}\ht]
where

_ o

V2

This equation must be solved together with the one-loop RGEs for the gauge and Yukawa
couplings, which, in the Standard Model, are given by

2

my and m3; = 2A0°

dg(p) 1 19 ,
2 T a2\ g8
dlogu 3271 6
dg/(u) — 1 4_1 /3
dlog p? 3272 6 §
dgs () 1 3 1 ( 2 3>
— _—— (=73 = _— [—(11-Z%2
dlog p? 32 72 < gs) 32 772 ( 3”f)8s
dhy () _ 1 9 3 > 9 5 17
dlog u? 3272 th 885 + 4g + 12g hy

here ¢; is the strong interaction coupling constant, and the MS scheme is adopted.



C

Solutions for A(u)

Solving this system of coupled equations with the initial condition

A(w)

1.00

0.756

0.50

0.25

0.00

—0.25

m; = 175 GeV

my = 210 GeV

|

K (GeV)



C Lower bound for mpg: vacuum stability )

It can be shown that the requirement that the Higgs potential be bounded from below, even after
the inclusion of radiative corrections, is fulfilled if A() stays positive, at least up to a certain
scale u ~ A, the maximum energy scale at which the theory can be considered reliable.
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[J This limit is extremely sensitive to the top-quark mass.

The stability lower bound can be relaxed by allowing metastability
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C Upper bound for my: triviality bound )

1.00 | T T | T T |

For large values of the Higgs boson mass, the coupling . — 175 Gev

07sf my = 210 GeV —

A(u) grows with increasing p, and eventually leaves the :
perturbative domain (A < 1): the solution has a singular- 3 oo
ity in i, known as the Landau pole. 0,25:

For the theory to make sense up to a scale A, we must ask

0.00

Aln) S 1 (or something similar), for u < A.

Neglecting gauge and Yukawa coupling, we have ass}

800

600 | For any value of A (m%i) the theory has

an upper scale A of validity.

400

my (GeV)

A—o0 for pure scalar theory possible

sool only if A(u) = 0, i.e. no scalar self-

S R N N R coupling = free or trivial theory
108 109 1012 1015 1018

A, (GeV)




( Higgs boson mass bounds )

Renormalization group constraints on the Higgs boson mass, my = v/2Av

Riesselmann, hep-ph /9711456

Notice the small window
140 GeV < mpy < 180 GeV, where

— 600 my = 175 GeV

> the theory is valid up to the Planck
2 a (Mg) = 0.118 1/2
—_ scale Mplanck = (hC/ GNewton ) ~
0 1.22 x 10! GeV.

not allowed

200 allowed For a cutoff scale of A > 1000 TeV
f-m the Higgs boson should lie in the mass
SRR = window 110 GeV < mpy < 300 GeV

103 106 109 1012 1016 1018

A [GeV]
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( Constraints from precision data )

. 1 ng/2 B 1
T 4w g2+ 137.03599976(50)
1
Gr = = 1.16637(1) x 107> GeV 2

V202

1
my = E\/gz +¢"?v =91.1875(21) GeV ,

where the uncertainty is given in parentheses. The value of « is extracted from low-energy
experiments, Gr is extracted from the muon lifetime, and 71, is measured from ¢ ¢~ annihilation
near the Z mass.

We can express myy as
1 T

sin2 QW \/EGF

2
myw =

where

2

) m
SlIlZQW:l——gv
m
Z
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C Clues to the Higgs boson mass )

From the sensitivity of electroweak observables to the mass of the top, we are able to measure its
mass, even without directly producing it

t t
W W Z Z

ol
—

These quantum corrections alter the link between W and Z boson masses

sin? By (1 — Ap) V2Gr (top) 87m2y/2 tan2 By |

mly =

The strong dependence on m? accounts for the precision of the top-quark mass estimates derived
g aep t P P9

from electroweak observables.
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The Higgs boson quantum corrections are typically smaller than the top-quark corrections, and
exhibit a more subtle dependence on my than the m? dependence of the top-quark corrections.

H
H s
Co) ].].Gpﬂ’l% cos? Oy m%{
\/\/\/\/v\/;vvvv\\‘A/vvvv\ + Uvarth Ap(HiggS) — \/_ 2 log 3
24\/271 m3,

Since my has been determined at LEP to 23 ppm, it is interesting to examine the dependence of
my upon m; and mpy.

{1 —LEP1 and SLD
80.54 LEP2 and Tevatron (prel.)
68% CL

Indirect measurements of my; and m; (solid line)

Direct measurements of my; and m; (dotted line) 3 50 4_‘
m; = 170.9 £ 1.8 GeV >
my = 80.398 + 0.025 GeV E
80.3-
both shown as one-standard-deviation regions. 1 :
150 175 200
m, [GeV]

The indirect and direct determinations are in reasonable agreement and both favor a light Higgs
boson, within the framework of the SM.



CSummary of EW precision data)

Measurement Fit |O™2-0"|/g™Meas
o 1 2 3
m,[GeV] 91.1875+0.0021 91.1875
M, [GeV] 2.4952 + 0.0023 2.4957
on. [Nb]  41.540£0.037 41477
R, 20.767 £ 0.025 20.744
o, . .
At 0.01714 £ 0.00095 0.01645 Better estimates of the SM Higgs boson mass
A(P) 0.1465 +0.0032  0.1481 ] o .
R, 0.21629 + 0.00066 021586 are obtained by combining all available data:
R, 0.1721 + 0.0030 0.1722
v 0.0992 +0.0016  0.1038 S (ol K o
po¢ 0.0707 +0.0035  0.0742 ummary of electroweak precision measure-
Ao 0.923+0.020  0.935 ments (status winter 2007) as given on LEP-
A, 0.670 £ 0.027 0.668
A(SLD) 0.1513 + 0.0021  0.1481 EWWG page:
+ 2nlept
SN (Qp) 0.2324£0.0012 0.2314 http:/ /lepewwg.web.cern.ch/LEPEWWG/
m,, [GeV] 80.398 + 0.025 80.374
My [GeV] 2.140 £ 0.060 2.091
m, [GeV] 170.9+1.8 171.3




C SM Higgs mass fit to EW precision data )

my = 765, GeV

Including theory uncertainty
mpy < 144 GeV  (95% CL)

Does not include
Direct search limit from LEP

my > 114 GeV  (95% CL)

Renormalize probability for
my > 114 GeV to 100%:

my < 182 GeV  (95% CL)

m =144 GeV

6 I._imit'1
y ul 1
5 Do, = .
— 0.02758+0.00035
---- 0.02749+0.00012 .
4 - -+ incl. low Q” data -
3 ] |
2 ] |
1+ . —
0 | Excluded \*: Preliminary_
1 1 1 1 1 1 | 1
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A SM problew : Higas self enecay
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( The MSSM Higgs sector )

The SM uses the conjugate field @, = io, ®* to generate down quark and lepton masses. In

supersymmetric models this must be an independent field

['Yukawa — _rdQLq)ldR - re[_JL(DleR + h.c.
—FuQ_LCI)zuR + h.c.

Two complex Higgs doublet fields @1 and @, receive mass and VEVs vy, v, from generalized

Higgs potential. Mass eigenstates constructed out of these 8 real fields are

Neutral sector:
_ Charged sector:
2 CP even Higgs bosons: 1 and H

1 CP odd Higgs boson: A
1 Goldstone boson: X0

charged Higgs bosons: H*
charged Goldstone boson: x*

Dieter Zeppenfeld
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C Higgs mixing and MSSM parameters )

The Higgs potential leads to general mixing of the 2 doublet fields

O, — 1 V2[H™ sin 3 — x~ cos 3] RS V2H™ sin f3
V2 \ 0+ [H cosa—h sina] +i[A sin 3 + xo cos [3] V2 \ 0+ +iAsinp
(Dzzi vr + [H sina+h cosa +i[A cos 3 — xo sin f3] _)i Uy + @p + 1A cos f3
V2 V2[HT cos 3+ xT sin 3] V2 V2H* cos 3
The angle [ is determined by the VEVs:
U1 =70 cosf3, Up =0 sinf3, — Z—?:tanﬁ

The mixing angle o between the 2 CP even scalars and the masses are determined by

tan 3, my , 0= /v + 05 =246 GeV
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( SUSY Higgs mass relations )

Higgs potential in the MSSM produces distinct mass relations at tree level

1
me,mi, = > [mi +m% + \/(mi1 + m%)z — 4m?%m?% cos? 25]
- _ 2 | 0
H: = \/mA +my, > my

Pseudoscalar mass m 4 sets scale for H and HT mass, but & must be light

2m24m% cos? 2
A 2 B < m% cos* 23

2
mh —
2
2+ i 4 (4 m2)? — dmm? cos? 2B
because quartic coupling is proportional to g2, g2
Problem: m; < my is ruled out by LEP data! = need to include radiative corrections
Behaviour for my4 > my:

me ~my ~my, my, = my|cos2p|

my, is largest for tan 3—0, co.
Later: i has SM couplings in m 4 — oo limit (decoupling limit)



Include radiative corrections

Lkmgje AW mass mateix
R 2 2 2
My, = M, + SWM
of'u'ﬂ..%a vn_oxU-EE ..-::-.-> m;”m:;) m:IX('n:] vatrJLQ ol
Consider special case: m,>>m, tunB > |
¥ A )

L\?WE,S“’,‘ (;*&"iv‘Lt,—-r': m“‘ﬂ.‘: m_E L:'PLPPr,-r l:.lfzvlvuil
2\ biax SAA Lﬁ\’t—Plllngj';

P

> 'L'I:E', yte Lovps biminate
Strong dependence on stop mixing:

Xe = Ag =M@ erlsl?;
governs %'L’ﬁ‘t’ﬂ &> ?UE,_ M ULsS efawsfu“h

D drnt e a\{VLraLnLies cancel at scal

T 2 2
Mg = _é(m;—a + mgga)



Wpy e~ l:JGv'Lndl. L"f‘?.&ck&al. 4,91' Lq.:r'ae '&lnﬁ)
3 4

& Z
3 2 . 3Iwm¢ M Xe f1_ Xe
My € my +21'r‘ L ms +-—-i(i

M
.'.
lnr_,LuoL& ull I~ BWP + Etn.vl.l:na Z*Evmp coriections:

30 hep-ph/0010338 = TunT report
I 1 | 1 | I 1 |I E 1 T T I ] L] 1 Li T T T T
120
=
b
S 110
)
g
100 — —
tﬂﬂﬁ = 30 ( ) MSUSY = mh = 1 TeV
| tanf =83 (———- ) u = —200 GeV |
90 1 L 1 1 I [ i 1 1 [ I 1 1 1 l [l | 1 1 | 1 1 1L [ | I 1 1 [
=] -2 = 0 1 2 3
X, (TeV)

mu.)Cfmml_. mfxfw.a : X‘l": JZ-‘ MS

i v el mfxfwa :



‘EL‘LY‘L@ ULEpmdLMLe v% WL‘k

uafe.t.w \om.v\.rl: ‘m.‘t = 130.... 190 BeV

140- I T T |1|||| I T 1

120 -
: LEP

m;, (GeV)

M, = 17545 GeV ;
g = —200 GeV &

(] i I 1 1 g I | 1 1 ]
- 1 2 5 10 20 50

tan f

80

LEY fimmt U‘L Mk} 14 GeV ‘i_vo*r SM th{c,s

L ‘F'VLLEL owt 'fctﬂrg ~

® Srnvg-rs E:u-aq Sfﬁ? Mi’(““ﬁ'



250 T | T ! ! ! | ! ! ! ! | T T T T

maximal mixing
uw = —200 GeV

[V}
o
o

Higgs Mass (GeV)
o
o

100

100 150 200 200

Lightest Higgs mass mj, S 135 GeV since quartic coupling is given by gauge couplings,

/ 2
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C Higgs mixing and MSSM parameters )

The Higgs potential leads to general mixing of the 2 doublet fields

O, — 1 V2[H™ sin 3 — x~ cos 3] RS V2H™ sin f3
V2 \ 0+ [H cosa—h sina] +i[A sin 3 + xo cos [3] V2 \ 0+ +iAsinp
(Dzzi vr + [H sina+h cosa +i[A cos 3 — xo sin f3] _)i Uy + @p + 1A cos f3
V2 V2[HT cos 3+ xT sin 3] V2 V2H* cos 3
The angle [ is determined by the VEVs:
U1 =70 cosf3, Up =0 sinf3, — Z—?:tanﬁ

The mixing angle o between the 2 CP even scalars and the masses are determined by

tan 3, my , 0= /v + 05 =246 GeV
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( Coupling to gauge bosons )

L = (D*®y)'D,®;+ (D ®,)' D, ®,

8 -

= 210ubr P+ mloual? + 827,74+ & wiw [(v+ )2+ (02 + )2}
A R z i 1+ @1 >+ @2

The v] + v5 = v” term gives same masses to W, Z as in the SM

2.2 2 2\ .2 2
S m2:<g +g”%) 0 _ My
w Z 4 cos? Oyy

The couplings to the gauge bosons arise from

201¢@1 +20,¢pp =20 [ H cos(B —a) + hsin(f — «) |
—> extra coupling factors for h’VV and HV'V couplings as compared to SM

hVV ~sin(f3 — «) HVV ~ cos(f — «)

Dieter Zeppenfeld

EW and Higgs

27



At +tvee level
mﬁ [m;-m:;)

g { M=o )

cos*(f-o) =

o B
=2 Ty o1 q—p- ?‘W‘T' Em_'rag m
4 my §" A

= cos (B-ot) > 0

Sin [ﬁ-—&.) ==}

M ulttnwple_s £T‘ﬂm W,E‘z( -
s cowples fike SM

Z {)—G‘T‘ P.Lﬂf‘“qﬁ W‘IA

m, —» 0

A

Ruo‘.{af{ve COTTQI';‘" fons: no ﬁiﬁnif.[m:i
C\’\C"-“-",}ﬂ Uf- tvee Etvaf ﬂ.mﬁf £.c~r
ol.ttﬁu.xot{wa.



}

i

sin®(f—a)

sin?(8-a)

‘ative corrections imelwded
1*0 -liillllillilllilllll T I ™ |—'—-
|  tang = 3 - 1 Ton ]
0.8 __ - —_ ""‘E,P\af "t-
0.6 — -
: - :
0.4 ;’ —
E Mm = 1 TeV :
F @ = —200 GeV ]
DE= maximal mixing ( 3
[ minimal mixing (———-- )
00 IIII;IIIIIHI‘I!H!I 1 L 1 L I L 1 1 1 J f P R I"
70 100 200 300
m, (GeV)
1.0 l_r_‘IIJ‘I Ilil..lll‘!ll L ’.I I T L] T T l L L T l'
= 4 o
[ tang = 30 f’ i
0.8 = =]
0.6 i ]
0.4 & =]
L = —200 GeV -
02— maximal mixing ( A
i minimal mixing (————— ke
U'G -l Lll!a_n. L L 1 I = e L L 1 | L L Ll
70 200 300

m, (GeV)



( Coupling to fermions )

Lyuk, = —FbELCD(be — thLCDQuR + h.c.
- vy +Hcosax—hsina+ 1A sin 3
= —Dybr

V2

The v, > terms are the fermion masses

v+ Hsina+hcosa+iA cosﬁt
V2

br — it r +h.c.

V2 mt_% — \/Ezvcosﬁ V2  usinf

Expressed in terms of masses the Yukawa Lagrangian is

[ 01 |ﬂ}2 [ m I t my
b b b
mpy = ——= —

—1y5A tanﬁ) p— Uy (Z)—I—Hs?na +hC98(X
v sin f3 sin /3

COoS & sin «
—h
cos f3 cos 3

Lyuk = —%E (v + H —1v5A cot /3) t

— coupling factors compared to SM hf f coupling —i 1, /v
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