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Standard Model

relativistic and causal quantum field theory
described by Lagrangian £ (¢, )

explains kinematics and interactions of known matter and energy

based on conservation of symmetries
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Standard Model

relativistic and causal quantum field theory
described by Lagrangian £ (¢, )

explains kinematics and interactions of known matter and energy

based on conservation of symmetries:

global symmetries local (gauge) symmetries
translational invariance hypercharge, U(1)y
Lorentz transformations isospin, SU(2)y
= Poincaré invariance color, SU(3)c

implementation in theory:
Lagrangian (more general: action) must be invariant under
applications of symmetry transformations 7 to quantum fields

L () = L(Tdp, TW)
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mass terms

Standard Model particles:

type origin  name spin
Ul)y B, 1
gauge bosons  SU(2)w W7 1 ae{1,2,3}
SUB) G 1 ae{l,....8)
1
2

"
matter P
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mass terms

Standard Model particles:

type origin  name spin
Ul)y B, 1
gauge bosons  SU(2)w W7 1 ae{1,2,3}
SUB) G 1 ae{l,....8)
1
2

i
matter P

explicit mass terms forbidden by symmetries:
o mqb“Tqbu forbidden by gauge invariance
o mu)) forbidden by chirality of SU(2),, invariance

— particles have no mass
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Higgs field

+
introduce a scalar SU(2)-doublet ¢ = <§0>
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Higgs field

+
introduce a scalar SU(2)-doublet ¢ = (?;0)

corresponding Lagrangian:

Lrvges = (D0)! (Du6) + 12610 — 2 (610)”
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Higgs field

+
introduce a scalar SU(2)-doublet ¢ = (?;0)

corresponding Lagrangian:
i)t 20t — X (o1 8)
Lhiggs = (D"6) (D,0) + w616 — 7 (90)
for u > 0 and X\ > 0 the potential has a non-trivial minimum,

2
defines stable ground state at ¢min = % (3) with (%) = %

Re(4)

Higgs potential paraboloid

Sebastian PaBehr (MPP Munich) Higgs in the MSSM Corfu, 06.09.2011



Higgs boson

consider excitations of ¢ out of the ground state:

1 G+
¢_ﬁ v+ H+iGP

Sebastian PaBehr (MPP Munich) Higgs in the MSSM Corfu, 06.09.2011 6 /23



Higgs boson

consider excitations of ¢ out of the ground state:

1 G*
¢_ﬁ v+ H+iGP

elimination of GT, G° by gauge fixing

1 0
== 35 ()

H is the Higgs boson
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Higgs mechanism

couplings of Higgs field and fermions at ground state:

1

va (UL @) ¥R = 5 mav v
o (V- 01) v = S mutud

— mass terms for fermions
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Higgs mechanism

couplings of Higgs field and fermions at ground state:

1

va (UL @) ¥R = 5 mav v
o (V- 01) v = S mutud

— mass terms for fermions
kinetic term of Higgs field at ground state:
1 1
(D#6)! (Do) = S Miy (W W, + WHWE) + - M3242,

— mass terms for gauge bosons
massless photon
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SM-Higgs: tree-level mass

from Lagrangian: m? = 2u? = %"2

no restrictions on \ or u

— Higgs mass is a free parameter
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SM-Higgs: tree-level mass

from Lagrangian: m? = 2u? = /\T"Q

no restrictions on \ or u
— Higgs mass is a free parameter

general constraints:

800 T TT TT 1 T
R RN upper bound:
_ m, = 175 ¢V —J dependence of A on the cut-off
= ]
3 a,(Mg) = 0118 T scale A
] ]
= C not allowed ]
r ] lower bound:
200 [— allowed I — . . .
[ el stability of Higgs potential
TN AR AR VO IO stability of the vacuum
203 106 109 1012 1016 1018 y
A [GeV]
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SM-Higgs: experimental bounds

constraints by direct search from LEP:

6
Mlop
5 — Run-| average ; B
-+ Run-I/Il preliminary ;
4 H -
lower bound:
qu 37 i
2 : mp, > 114.4GeV (95% C.L.)
14 ' |
o [Excluded " N
30 100 500
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SM-Higgs: experimental bounds

constraints by direct search from LEP:

6
Mlop
5 — Run-| average ; B
-+ Run-I/Il preliminary ;
4 H -
lower bound:
sz 3] ]
2 : mp, > 114.4GeV (95% C.L.)
1 ) R
o [Excluded " N
30 100 500

m,, [GeV]

indirect constraints from precision measurement and calculation:

TR upper bound:

W mp, < 186GeV (95% C.L.)
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SM-Higgs: experimental bounds

constraints by Tevatron (combined CDF- and D@-data):

Tevatron Run Il Preliminary, L < 8.6 b’

= " LEPExclusion . Tevatron
210 :""/ & s Exclusion|
J e LLELE xpec 1 i
3 I mm Tio Expected :/
| t20 Expected
(&)
a2
T3]
o
1
________ e..ﬁfﬁ TevatmnExclusmn e
100 110 120 130 140 150 160 170 180 190 200
mH(GeV.-'c )
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Supersymmetry

another symmetry with relation to spin:
e every fermion has a bosonic superpartner
e every boson has a fermionic superpartner

e symmetry conservation forbids trilinear couplings of
fields with hermitian conjugated fields

— Yy (1/)._ . ¢T> Y (like in the Standard Model) not allowed

— (at least) two Higgs doublets needed
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Higgs fields

two Higgs doublets in the MSSM:

1 0_:.0 +
B =5 (vi + 63 —17) _ o
hy = (\/5 P ) and hy = (12 (va+ ¢ — i’Y%))
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Higgs fields

two Higgs doublets in the MSSM:

1 0_:.0 +
_ (vt —in) _ ¢3
e (50 =\ a0y

mass eigenstates:
H° [ cosa  sina o G° [ cosB  sinp ~?
)] \—sina cosa) \¢5)’ AP ) T \—sing cosB )\ )’
G\ [ cosB sinB\ (¢ G*\ [ cosB  sing\ [(of
H™ )~ \—sing cosB) \¢, )’ H*) 7 \—sing8 cosB ) \¢F
G7, GO eliminated by gauge fixing
five physical Higgs bosons:
e neutral CP-even h% and H°
e neutral CP-odd A°
e charged H*
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MSSM particles

Standard particles SUSY particles

! Quarks . Leptons . Force particles Squarks Q Sleptons o SUSY force
particles
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MSSM-Higgs: tree-level masses

from the Higgs potential
mihihy + m3hihy — miy (hy - by + h] - hY)
1 5

+ % (g%, —+ gv2v> (h;hg — hihl)z + §gwhih1h£h2

we get the tree-level masses

1
m%-ﬂh == <m,24 + mZZ + \/(m/24 + m%)2 — (2mzmA COSQB)Z) ,

2
2 2 2
My = My + My,
Vo
tanfg = —
vi
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MSSM-Higgs: tree-level masses

from the Higgs potential
m2hl by + m3hLhy — mdy (hy - by + ] - )

+ % (g% + g\,zv) (h;hg — hih:l)2 + gWhThlhThz

we get the tree-level masses

1
mf_hh =5 (mf\ + m% + \/(mf\ + m%)2 —(2mzma c0526)2> ,

2 2 2
My = My + My,
V2
tan g =
vi

two free MSSM parameters: tan 3, my
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MSSM-Higgs: one-loop contribution

main contributions come from t and t loops; proportional to mf:

//-:\\\ (%)
Sph= - T R S S
h h h .’ h h ok

additional parameters: i, mz, my , a;
mass contribution: ca. 40%
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MSSM-Higgs: one-loop contribution

0 T e R RARRARA S 0 120 T
] F M, = 200 GeV 10 A r 1 L M, = 200 Gev
r 1a) L ., = 50O Gev 1 r 2 4 r My = 200 GaV 2
120 - | " L ] L ot
L tam § = 30 i L = 100 GeV 115 — m, = 175 Gev
E - 0 W = 400 Gey r M = 400 Gel
L [ F tan B = 30
00 — I iom # =30 ] L g
F E - 10—
— 80 s 4 [ = F7 7 A-aocev
2 E - -4 > -1
8 [ 1 & - 8 8
= s - = r B = =
¥ 1 T T
40 — — e 05
r 1 80 =~ -7 — r m, = 175 Ge¥ 4
[ m = 175 Ge¥ ] L -2 1 B0 |-, M= 200 Ge¥
20 r, = 500 Gev - - k& 4= 100 Gev E
t %= 100 Ge¥ 1 E 1M =400 Gy R
M =400 Ge¥ 1 E e L i
[ SR I A, ol bl PP I I N IR B - Ch bl
0 100 200 200 150 180 170 180 180 200 200 400 BOO 80D 1000 400 0 100 200
My [ Gev ] m [ eV | my [ Gev ] rloev]

from left to right: My-Ma, Mp-my, Mp-mge, Mp-p1

[A. Dabelstein, Zeitschrift fiir Physik C 67 (1995)]
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MSSM-Higgs: two-loop contribution

most important parts:
corrections to my-enhanced one-loop contributions, e. g.

t - - t t ~ t /7
// \\ \\ f\fl‘,\\
----4 8 et il Sl it CForooo- e
h\.§ , h b  h h <’ h
[ t N

; 6
proportional up to m;

further corrections of 1 to 10 GeV
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MSSM-Higgs: experimental bounds

LEP constraints:
NAIGO
= 140
@120 =

tanB
tanf

3

Theoretically
Inaccessible

3

E:( 100

Excluded

1 by LEP

q Theoretically
Inaccessible

20 40 60 80 100 120 140
m. (GeV/c?)

20 40 60 80 100 120
m. (GeV/c

200

400
m,. (GeV/cz)

tanf}
tanp

F (No Mixing ]

=5
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5

L Theoretically
! Tnaccessible !
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20 40 60 80 100 120 Z140 200
my, (GeV/c

my, (GeV/c?)

400 5
m,. (GeV/c)

limits in the maximum-mixing and no-mixing scenarios, m; = 179.3GeV
[ALEPH, DELPHI, L3, OPAL Collaborations. The LEP Working Group "for Higgs Boson Searches" (2006)]
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MSSM-Higgs: experimental bounds

Tevatron constraints:

_ -1
100 D@, L=7.31b

(b) m_max, p=+200 GeV
gb — bo

.
o
-----

-t
-

" wae wie1 D@ expected
I D2 exclusion

= CMS obs. 36 pb'[10]
----- CMS exp. 36 pb ' [10]

100 150 200

250 300
M, [ GeV/c?]

CMS 1 fb?* 95% CL limit
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LHC search channels

different channels for Higgs search:

g
g

%0 \Js=7 TeV ?g
q q T 33
1 ]
W,Z --h a 1 —
o2 3
q q/ ® 3
, ’ |
q ,h 10 E
’ 3
W,z \

q 102

t ! . . .

& 100 200 300 400 500 1000
N M, [GeV]

g t
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recent LHC results

CMS Preliminary 2011 1.1 fb"

,r'!'q 95% CL excluded regions
[ cMS observed
------ =1o theory

. CMS expected

N po7.3fb!

[ LEP

= CMS 2010 observed
------ CMS 2010 expected
MSSM m;"™* scenario, M_ . =1 TeV

500

m, [GeV]
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recent LHC results

& [ ATLAS Preliminary ~ CLs Limits
€ °f .
5 i — Observed i
= --- Expected 4
E 1ok W+ 1o det:1.0-2.3fb_z
3 o = 3
d r [J+26 Vs =7 TeV ]
&

wy -

[s)] pl

'1 | | 1 L | 1 1 L | I 1 1 1 ' | 1 | 1 | 1 1 1 1 |
10 200 300 400 500 600
m, [GeV]

Sebastian PaBehr (MPP Munich) Higgs in the MSSM Corfu, 06.09.2011 22 /23



conclusions

e Higgs mechanism is an elegent method
to generate mass terms for fermions and gauge bosons

e applicable to supersymmetric models

e strong constraint on the lightest Higgs mass in the MSSM,
exclusion of mass region between 114 GeV and 155 GeV
would be the doom of the MSSM

e if no signal is found at all up to the TeV scale,
then we would have to think again
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Thanks for your attention!
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