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Supersymmetry and MSSM

SUSY transforms Fermions into Bosons and vice versa: QF)=|B) and QB)=|F)

Duplication of Particle Spectrum : Every SM-Particle obtains a Superpartner

Superpartners : ¢  carry the same quantum numbers
o (differ by spin 1/2

MSSM = Minimal Supersymmetric Extension of the Standard Model (SM)

Chiral Multiplets Vector Multiplets

J :% J=20 J =1 J = %
Quarks qy,,qr Squarks gy, qr Gluon g Gluino g
Leptonen ¢;,¢p | Sleptonen 7;,7p W= w3 Wino W=, W3
Higgsinos Hy, H> | Higgs Hy, Ho B Bino B




Supersymmetry and MSSM

Coupling of Gauge Bosons and Gauginos to Fermions and Sfermions
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g3 = (gs

In order for the Theory to be invariant under SUSY
couplings to Particles and Sparticles must be identical.

Invariance under SUSY also requires masses of Particles and Spatrticles to
be degenerated.

Mass-degenerated particles not observed — SUSY must be broken

Supersymmetry Breaking through explicit soft-breaking terms in Lagrangian

These soft-breaking terms parametrise all possible
soft SUSY-breaking mechanisms.




MSSM Higgs Sector

Electroweak Symmetry Breaking (EWSB) in MSSM requires 2 Higgs doublets

MSSM Higgs Potential :

vV = ( 1| +m%) | Hy |? +< | erg) | Hy | —pBey; (Hle’T +h,(;,>
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After EWSB 5 physical Higgs Bosons remain in the theory :

2 neutral scalar : h, H , 1neutral pseudoscalar: A , 2charged: H*

1y %[@1 + Hcosa — hsina +i Asin 3 — i G” cos ]
Hy - H sin3 — G~ cos 3

Hy \ _ , H" cosf+ G sing
H 8 a % [vo + Hsinaw+ hcosa+1 Acos 3+ GO ¢in 3]

3 remaining Goldstone bosons G°, G* can be removed by a gauge transformation

Higgs Potential depends on 2 parameters : My, tg3 = %2
01




MSSM Yukawa Couplings

Higgs couples to Fermions and Gauge Bosons via modified Yukawa couplings

f 4 g = myg/v
B --ooo ~ggf B ~ Gy 9y 9y = My/v
f 1% v = \/v% -+ v%
® 97 gq 9v
SM H 1 1 1

MSSM  h || cosa/sinf3 —sina/cos3  sin(f — a)
H || sina/sin 3 cosa/cos3  cos(ff— a)
A 1/tan 3 tan 3 0

Decoupling Limit : lim My — o0 = f—a=m/2
giv =1, 9/ = —cotB, g = tan, g/ =0

In the decoupling limit the light MSSM Higgs boson h couples to fermions and
gauge bosons like the SM Higgs boson.

— experimental distinction between SM and MSSM difficult




Higgs Mass Bounds

Radiative Corrections to Higgs Masses :
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Maximal Mixing Scenario : most conservative bound on the light Higgs mass




Bottom Yukawa Coupling

Bottom Yukawa Coupling at Leading Order (LO) :

bR
O —_
Hy -=-»-- X Ay L =—X\ bgp H} by, + h.c.
b,
Next to Leading Order (NLO) :
bn A F T
Ry i L4 Py
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Dominant Contributions : large tg/3 — large corrections < 100%

. Y A _
ﬁeff = —\p bR [Hlo + Ang | by, + h.c. —|my = \/—%Ul[l—FAbtgﬁ_

:Amb

Higher Order corrections lead to a modification of the relation between
bottom mass and bottom Yukawa coupling




Effective Lagrangian

We use |my = \/—% v1 [1+ Amy) to replace the bottom Yukawa coupling
by the bottom mass.
- Am
Lepr=—Nobr [HY + = HY by, + hec.
tgf
mp /1
Ny — V2
b 14+ Amy
my/v1 - o Amy 4.
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Effective Lagrangian

This defines effective couplings :

Eeff:_? D[ gy h+3y H—gi ivs ALD
ith - gy = 1 +gimb [1 A tg(yltgﬁ }

g = #iw) [1 + Amb%}

git = #imb [1 — Ambt;[j]

Without corrections Ay we would have g;}’ = ggb

Higher orders are automatically resummed :

1
14+ Amy

Carena, Garcia, Nierste, Wagner
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Low Energy Theorem

Amy, calculated in the limit of vanishing external momenta

This corresponds to an expansion in heavy loop masses

Low Energy Theorem : serve to calculate loop amplitudes with external Higgs

bosons which are light compared to the loop particles Ellis et al.
K_n_iehl, Spira
Effective Lagrangian can be derived by means of the replacements Kilian
v — V2HY |, vy — V2HY
in the bottom mass operator
- 0 Ab Amy,
brmybr, + h.c. my = my + Eb(Tnb) = — | v1 + V2
V2 tgs
This yields the same effective Lagrangian as the full calculation with external Higgs
— Am
Eeff — —)\b bR [H? + t—ﬁb Hg*] bL + h.c. Guasch, Hafliger, Spira
g

— For the derivation of the effective Lagrangian it suffices to calculate Self-Energies




Bottom Quark Self-Energy

Dominant NLO contributions to bottom quark Self-Energy stem from the diagrams :

—Ap [ V2
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NLO results : ry, = tgB, 1 = cot 3
Qcp(y _ Cras 0 a0 o -
Amb = 5 Mg ptg3 I(M'gl, AJBQ, J\/[g) te = v2
EW (1) )\? 2 2 9 | vl
A{m‘b - (47T)2 At ft tg;j I(wafl’ A/{fz’ H ) Carena et al.
Hall et al.

_ablog% +bclog% + calog £

Carena, Garcia, Nierste, Wagner

I(a,b,¢) = (a—b){—0c)(c—a)

Guasch, Hafliger, Spira




Validity of Low Energy Approximation

The quantity Am,; has been calculated

in the Low-Energy-Limit M2, M2, m? < M2 ¢y

Question:

How reliable does this approximation work in phenomenological applications?

Compare full 1-loop result Co with approximate result CCIL)E ~ Am
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Validity of Resummation

. 1
ﬁeff resums automatically all terms —— — =1 — Amy + Am% + -
1+ Amy
This Resummation is valid, because it contains all leading terms.
—Ap 1 V2
7T ted
br, " bR as Ao g1 va My Co(0,0; My My Mg) ~ ay my My —27
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— No terms of order O (u%gﬁg) are produced.

Due to the Kinoshita-Lee-Nauenberg theorem, irreducible diagrams do not
develop power-like divergences in the bottom mass for 1, — 0

. ' ! 1 1 m te 1
— Any further mass-insertion my i tg,

EEN — My fotg 3 ~ = :

Is suppressed by another power of mb/MgUgy and is therefore non-leading.

Hence, given a diagram with n loops, the leading contributions will be of order
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Novel NNLO Corrections

Typical Diagrams at NNLO :

RN
I L

br

Self-Energy can be decomposed into a scalar, pseudoscalar, vectorial

and axial vectorial part :

X(p) = mEs(p) + mys Xp(p) + pXv(p) + pys Xa(p)

The pseudoscalar vanishes and the vectorial and axial vectorial parts are non-leading

— Only scalar part contributes : Y ¢(my,) o< Amy = Aml()l) -+ Aml(f)

Ay QCD (2)

my, ~ O (agﬂtgﬁ/MSUSY) , AmbEW(Q) ~ O (oas)\%Attgﬁ/MSUgy)




Novel NNLO Corrections — Calculational Details

2-loop integrals in NNLO corrections can be reduced to products of 1-loop integrals
and one 2-loop master integral :

Ak d" q 1

2y (2m) (k2 = md)((k — a)? — m3)(¢? —m3)
Berends, Davydychev, Tausk
NNLO corrections are divergent and need to be renormalised

T1:34(m11 ms, m4) = ]

8Amél

Amb:Amé)( )+Am£)( 0y = Amb +Z 5p+Am§))()+O(oz )

= A”fnb( )‘|—O Oé ()42/\t . 2 2 2 2
(a5, i) p= {00 M A M2 A2 M2 M2 M)

All masses and the trilinear coupling are renormalised in the On-Shell scheme :

2 2 2 2 -
At, M81, M827 M’El’M‘EQ, Mg

The stronqg coupling constant and the top Yukawa coupling are renormalised in the
renormalisation scale dependent Collins-Wilczek-Zee scheme with 5 active flavours :

s (N%%) At (N%%)




Results — Renormalisation Scale Dependance

Due to the couplings «(u%) and \,(u%) , the corrections Am;, depend
on the renormalisation scale upr
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At the 2-loop order (NNLO), the renormalisation scale dependence is reduced
and a plateau appears at ~ 1/4 of the central scales

QUD _

aop_ Ty M £0MG) e (M M+
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3 Ho 3




Results — Partial Decay Width T'(® — bb), ® =h, H, A

Partial Decay Width with QCD corrections :

Braaten et al., Sakai, Inami et al.,

- BGF ]\‘fq) ; Gorishny et al., Drees et al.,
FQ()‘D((I) — bb) = — mﬁ(]\[@) (g <I>)2 11+ AQ(* ] Kataev et al., Surguladze,
4\/27? Chetyrkin et al., Vermaseren et al.

Partial Decay Width with SUSY-QCD corrections : gz()b I §z§b

i - 3G A[() ‘ - b NLO :
F((I) — bb) — Lmﬁ (ALI)) ( I) [1 + AQC* ] Carena et al., Hall etal.,
4'\/57? Carena, Garcia, Nierste, Wagner,
Guasch, Héfliger, Spira
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Results — Branching Ratios of the neutral Higgs bosons & = h, H, A

r. T
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Blue and red bands indicate the renormalisation scale dependence at 1-loop and

2-loop order when varying prp between 1/3 and 3 times the central scales

ocD (‘A[Bl + ]\[52 + J\[g) EW (]\[fl + ]\[fg + ,(L)
Hq = 3 Mo = 3

The renormalisation scale dependence and therefore the theoretical uncertainty
Is reduced from O(10%) at NLO to O(1%) at NNLO




Conclusions

We have calculated the NNLO corrections to the
effective bottom Yukawa couplings in the MSSM.

- Significant reduction of the theoretical uncertainty from
0(10%) down to O(1%)

- This reduces the theoretical uncertainty of all processes
and parameters that involve the bottom Yukawa coupling,
as e.g.

bbP associated Higgs production
gg — P gluon fusion with b-loops

tbH - associated charged Higgs production

- The obtained results can be |mplemented easily in the
corresponding programs (g;" — §i’)
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