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e MSSM Higgs Sector at Tree Level

— masses, couplings, and the approach to decoupling

e MSSM Higgs Sector at One-Loop (and beyond)

— hY mass bound, radiatively-corrected couplings, and the

decoupling limit revisited

e Precision Higgs physics at future colliders

— phenomenology of the decoupling limit

This talk is based on work that appears in: M. Carena, H.E. Haber,
H.E. Logan and S. Mrenna, hep-ph/0106116 [Phys. Rev. D65 (2002),

in press].



‘ Challenge of the Decoupling Limit I

e Given a non-minimal Higgs sector, the decoupling limit corresponds
to the parameter regime in which all but one CP-even Higgs scalar
is significantly heavier than the Z. The properties of the lightest
CP-even Higgs boson are nearly indistinguishable from those of the
Standard Model (SM) Higgs boson.

e The decoupling limit is very general. Many models with non-minimal
Higgs sectors possess a decoupling limit. The MSSM Higgs sector is

one such example.

e Discovery of the SM-like Higgs boson is not sufficient to reveal the

underlying electroweak symmetry breaking dynamics.

e It is crucial to find evidence for Higgs physics beyond the SM Higgs
boson. Either one must directly discover the non-minimal Higgs
states (perhaps difficult, if they are too heavy), or one must detect

deviations from SM Higgs predictions.

e In the latter case, precision Higgs measurements are essential for
detecting deviations from the SM of branching ratios, coupling

strengths, cross-sections, etc.



‘ MSSM Higgs sector at Tree-Level I

Five physical Higgs scalars:
e H=: a charged Higgs pair
o h? H°: two CP-even Higgs scalars (mj < mp)

o AY: a CP-odd Higgs scalar

All Higgs masses and couplings can be expressed in terms of
two parameters usually chosen to be m 4 and tan 8 = v, /vg.

The CP-even Higgs mixing angle, a, is given by

2(0 02 _ 2
cos?(B — a) = m2h(m2z mg)
mia(my —mp)

When my4 > my, the h® couplings are identical to those
of the Standard Model Higgs boson, while the other Higgs
states H°, A and H* are all heavy and roughly degenerate

in mass. This is called the decoupling limit.



Decoupling Limit of the MSSM Higgs Sector

In the limit m 4 > myz, tree-level Higgs masses are given by:
2 2
m;, ~ my,cos” 23,
2 2 . 2
my ~ my + my,sin” 23,
2 2
Myt = My + My,

mé sin® 47

2
Cos — o) ~ :
(B —a) gy
2m’ 4 , 4
cota +tan B = —— tan S cos 28 + O(m,/my,) .
m2

Thus, ma ~ mpg ~ my+, up to corrections of O(m?3/my), and

cos(B — a) = 0 up to corrections of O(m?3,/m?).
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The effective low-energy theory below the scale m 4 is a theory with an

effective Higgs sector consisting of a SM-like CP-even Higgs boson, h°.



‘ MSSM Tree-Level Higgs Couplings |

Higgs couplings to gauge bosons: suppression factors
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CP-even Higgs couplings to fermion pairs [relative to m ¢ /v]

BObh : — (S;I;g _ 1sin(8 — a) — tan B cos(3 — a) |

ROt - Zig — 1sin(8 — ) + cot Bcos(f — a)
HOb - zzzg = cos(B — a) + tan 8 sin(8 — a),
HO zizg — cos(B — a)— cot 3 sin(8 — a)

In particular, tree-level couplings of h® are precisely those of
the Standard Model Higgs boson when cos(8 — a) = 0.



Radiatively-corrected MSSM Higgs mass

bound

Due to supersymmetric relations among couplings, one finds
that mp, < my (a result already ruled out by LEP data).
But, this inequality receives quantum corrections. The Higgs
mass can be shifted due to loops of particles and their
superpartners (an incomplete cancelation, which would have

been exact if supersymmetry were unbroken):

3g?md [ (MZ\ X2 X7
2 < 2 t 1 S t 1 — t
Th S 2T gnme, [n (mg Tz em2) )
where X; = A; — jicot 3 governs stop mixing and M32 is the

average stop squared-mass.

End result: mj < 130 GeV [assuming that the top-squark

mass is no heavier than about 2 TeV].
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LEP 88-209 GeV Preliminary

LEP 88:200 Ge\ Preliminary
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Present status of the LEP Higgs Search [95% CL limits]

e Standard Model Higgs boson: my > 113.5 GeV
e Charged Higgs boson: m+ > 78.5 GeV

e MSSM Higgs: my > 91.0 GeV; m4 > 91.9 GeV

At large tan (3, supersymmetric radiative corrections can also
have a significant impact on the Higgs branching ratios.
Example: the dominant decay mode h — bb is suppressed in

some regions of MSSM Higgs parameter space.



Leading radiative corrections to h” couplings

For Higgs couplings to vector bosons, the dominant corrections arise

from corrections to cos(f — «).

For Higgs couplings to fermions, in addition to corrections to cos(8— ),
one must also consider Yukawa vertex corrections, which modify the
effective Lagrangian that describes the coupling of the Higgs bosons to

the third generation quarks:
— Lot = €35 [(ho + 6h)brHQY + (hy + 5h)ErQ) H |

+AhbrQYHY + AhtrQYHY 4+ hic.,

resulting in a modification of the tree-level relation between h; [hp] and
my [mp] as follows:

hyv ( dhy Ahy tan B) hyv
mp = —— COS 1+ + = ——cos[3(1 + Ay),
=5 B ™ ™ 7 B( b)
I’Lt’U . ( (Sht AhtCOt/8> ht’U .
my; = —— sin 1+ + = —sinG8(1 + A,).
=R, h vz P+ A

The dominant contributions to A; are tan S-enhanced. In particular,
for tan 8 > 1, Ay ~ (Ahy/hy) tan B; whereas dhy/hy provides a
small correction to Ayp. In the same limit, A; ~ dh;/hs, with the

additional contribution of (Ah;/h;) cot 8 providing a small correction.



Explicit expressions

For tan B8 > 1,

2

20 2 2 2 h 5 5
A - 2OésA M-I M2 M2 M2 hi 21 M2 M2 5

and the function I is defined by:

abln(a/b) + becln(b/c) 4+ caln(c/a)
(a —b)(b—c)(a — c) ’

Note that I is manifestly positive and I(a, a,a) = 1/(2a).

I(a,b,c) =

The 7 couplings are obtained by replacing my, Ay and dhy with m.,
A and dh, respectively. At large tan 3,

A, ~ | ZEMypr (M2, M2
41 1

a2
797 M12) — EMZU’I(M;J M227 :u2) tanﬁ)

where oy = ¢°/4m and a; = ¢*/4m are the electroweak gauge

couplings. One expects that |A,| < |Ay].



Radiative corrections to cos(5 — a) and

implications for decoupling

Writing the CP-even Higgs mass matrix:

2 2 2 2 2 2
M2 — mySz + mycy —(m7 + m7)sseg N SAL
o —( 2 4+ 2) 2 2+ 2 .2 ’

and noting that 5/\/1% ~ O(m?%), and m?, — m2 = m? + O(m?%),

one obtains for m4 > my»

2 4
cos(B—a)=c [mZSH; s + O (m—4Z>] :

UL m 4

where ) ) )
B 2m?, cos 203 m?, sin 23 .

These formulae exhibit the expected decoupling behavior for m 4 > m .
But, they also allow for an unexpected m 4-independent decoupling
corresponding to ¢ = 0. Assuming large tan 3, a solution to ¢ = 0

arises for:

2m?3, — SM3, + SM3Z,
S M2, '

tan 8 ~



Leading corrections to Higgs-fermion

couplings

0.+ sin o 1
h bb : — 1 — Apcot acot 8
cos (3 1+ Ay
dhy
+— (14 cotacot B)| ,
hy
_ 1
H°bb : coRa ( > [1—|—Abtanacotﬁ
cos B \1+ Ay
oh
—|——b(1 — tan a cot B)] :
Py
0. — COS & 1 Ahy
h'tt : — — 1 — (cot B8 4+ tana)|
sin 1+ A hy
0. — sin a 1 Ahy
H'tt : . 1 — (cot B — cot )| .
sin 1+ Ay hy

where Ay ~ agtan 3 f(Mg), and f(Mg) is a dimensionless function

of supersymmetric masses.



‘ The Decoupling Limit Revisited |

Working to first order in cos(8 — «), and using
tan atan § = —14(tan S+cot B) cos(B—a)+O (COSQ(B — a)) :

it follows that

1 4+ (tan 8 + cot 3) cos(B — )

X (cosQB — Lt 5hb/hb>] :

ghvb = Ghgprbb

1+ Ay

Note that (tan 8 + cot B) cos(B — a) ~ O(m?%/m?), even if tan 3
is very large (or small). Thus, the deviation from decoupling limit

- 2 /. 2
vanishes as m7,/m? for all values of tan 3.

Similarly,

1+ cos(B — a) ( t5 v s )]
~ cos(8 — «) | co — .
ghtt Jhgntt 1+ A; h; sin? I5]

The deviation from the decoupling limit is suppressed at large tan 3.



‘ A SM-Like H' I

If sin(B8 —a) = 0, then guvy = gngyvv [V = W or Z]. Expanding
about sin(8 — a) = 0 yields:

gHby = ghSMbb [1 — (tanB + cot B) sin(ﬁ — Oé)

1+ 6hb/hb>] |

2
X (cos I6] T A,

In this case, gy = gngyop Only if [(tan B+ cot B) sin(B—a)| K 1,

which need not be satisfied if tan 3 is very large (or small).

Similarly,

1 — sin(B )( bp— — )}
~ —sin(p —«) | cot b — '
gHtt = Ghgystt 1+ A; hy sin?p

The parameter region where sin(3 — «) ~ 0 corresponds to large
tan 8 and ma < (Mp)max- In this region, H" has SM-like couplings
to vector bosons and up-type fermions. However, tan 8sin(8 — «)
need not be small in this regime, and so the Hbb couplings deviate from

the corresponding SM value.



‘ Summary: the Approach to Decoupling I

If we only keep the leading tan S-enhanced radiative corrections, then

2. 4 . 2
givv ~1_ c“m, sin” 43
2 — 4 ’
IhgpVV Amy
2 .

gitt ~_ cmy, sin 43 cot 3

2 — 2 ’
Ihgprtt Mg

gibb 4cm2Z cos 23 0 1
— =~ 1 4 5 cos” (B —
Ihgprbb ma 1+ A

The approach to decoupling is fastest for the h" couplings to vector

bosons and slowest for the couplings to down-type quarks.

If ¢ = 0O, which can occur at large tan 3, then we have m 4-independent

decoupling.

For loop-induced Higgs decays, such as h’ — gg or 4~ there are two
decoupling limits of relevance: m4 > myz and Mgygy > myz. If only
the former holds, then squark-loops can generate a small deviation in the

loop-induced partial widths from the corresponding SM values.



Maximal Mixing

Maximal Mixing
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Maximal Mixing

No Mixing

M0 N

S Qi 4

~ OO0O0O0OO0O —

P i

2e] | i

| J

el

i I - I T R P I ]
o O o o OO N O n < (2]

n < ™ N —
gJuey

or(9)
0
0
0
0
--0

02040608 1 12141618 2

02040608 1 12141618 2

M, (TeV)
5 TeV

M, (TeV)

1.2 TeV, My=.5 TeV

A=

“:—A:

-u=1.2 TeV, Mg

i Y |‘-\| L1 Ilt P T I.;_i-;-l--;.r-l--l-1'1'1'1‘14'}-}-;-

02040608 1 12141618 2

m900765 < o™

Juey

i B B ||1 i T B |“|_-|“|.'|"|"|‘1'|'r'r-r-|~-r-|--|..

02040608 1 12141618 2

M, (TeV)

M, (TeV)

Part of the

Deviations of the partial width I'(g) from its SM value.

effect shown is due to supersymmetric loop contributions to h° — gg.



Precision Higgs Boson Measurements

The LHC will provide the first set of Higgs boson

measurements, and will achieve some degree of accuracy.
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In the decoupling regime, only hY will be discovered for

moderate values of tan .



However, a robust program of precision Higgs physics requires

a lepton collider.

Expectations for precision of LC measurements of branching
ratios (BRs) [Battaglia and Desch]

final state  experimental theoretical
bb 4.4% 3.5%
WW 2.4%
47 2.4%
cC 7.4% 24%
7T 6.6%
qg 7.4% 3.9%
tt 10% 2.5%

Expected uncertainty of measurements of squared couplings
(equivalently partial widths) for a 120 GeV SM-like Higgs boson
assuming 500 fb~! at v/s = 500 GeV, except for the measurement
of g7,, which assumes 1000 fb™* at v/s = 800 GeV.



Implications for the MSSM Higgs sector

Contours of 0BR = [BRyissm — BRsw|/BRgy in the

ma—tan 8 plane for different MSSM parameter scenarios.
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Contours of x? for Higgs boson decay observables. The contours
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‘ Extracting the SUSY parameter A, I

Consider the ratio of couplings

Ay — A~ 5hb+ <1—|—Ab> dh,

gnbo — Ghrr _ GHOb — JHrr 14+ A hy, 1+ A,/ h-
Ghtt — Ghvb GHtt — Ghbb 1 _ (1 + Ab) Ahy cot B 4 dhy
14+ Ay hy hy

where Gorr = gorr/Ingy st [ = h, H]. If desired, tt couplings can
be replaced by cc couplings. Keeping only the leading tan 3-enhanced

one-loop terms, and assuming |A,| < 1,
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= ~ ~ Ay,
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‘ Conclusions I

e The decoupling limit presents a severe challenge for future
Higgs studies. A program of precision Higgs measurements
will begin at the LHC, but will only truly blossom at a
future high energy ete™ collider.

e It is essential to find evidence for departures from
Standard Model Higgs predictions. Such departures will
reveal crucial information about the nature of the

electroweak symmetry breaking dynamics.

e In the MSSM, deviations from the decoupling limit
provide useful information about the non-minimal Higgs
sector and can yield indirect information about the MSSM
parameters. At large tan 3, there can be additional
sensitivity to MSSM parameters via enhanced radiative

corrections.

e Precision Higgs measurements can provide critical tests of

the supersymmetric interpretation of new physics beyond
the Standard Model.



