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Introduction

Introduction
The MSSM Higgs sector

@ 2 Higgs doublets, 5 physical Higgs bosons
=n

@ 2 input parameters at LO: M4 and tgls = "
@ couplings of the Higgs bosons:

! 3 I e 8 gy |
SM H 1 1 1
MSSM h || cosa/sing —sina/cosf  sin(f — )

H || sina/sin  cosa/cosf  cos(f — a)
A 1/tgf tgf 0

@ For large tgf the down-type Yukawa couplings are enhanced

@ Higgs decay to bb and Higgs bremsstrahlung from b quarks are dominant
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Introduction

Introduction
Yukawa couplings in the large tg( case

@ Down-type Yukawa couplings are enhanced
@ LR mixing terms in the squark mass matrices can be enhanced

@ Soft SUSY breaking: —\,Aub2iif, Q1 —AgAghrd) Q1

M2 — M; M\ M% + m; me(Ar — pure)
£ Mfu ME?R N me(Ar — purs) M?R + m%

with rg = 1/r, = tgf
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Calculation

Effective Lagrangian

Lr = — D A@r[(1+8q1)¢) + Ag2¢9"] i + h.c.
q=b,s
. GO mgq/v h Ag )
- G |1 Zlg- g 1— 29 g
gb:smqq[ ey } I 1+Aqq[g ( tga 138

q
A .
ey (1 A gﬂ) H-g (1 - tg;ﬂ) %A} 7

1-loop contributions for the bottom:

Cr as(er)
Npy = Y ST mg Ap I(mgl,mgz, mé)
cD y A — Aq2 tgf
Dpp = AQ + A% T T AL,
q
Cr as(ur)
QCD _ ~F s\MR . 2 2 2
AbZ - 2 T Mg 1 I(mgl’mgzymg) ablogiercIogl—)JrcangE
At (1r) ko) = — e
Aelw _ R Al 2 2 7 2 a_ IRV
b,2 (471_) t ( t mt2 M )

Carena, Garcia, Nierste and Wagner, Nucl.Phys. B577 (2000) 88
Guasch, Hafliger and Spira, Phys.Rev. D68 (2003) 115001
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Calculation

Resummation

The corrections Ay, ¢ induce a modification of the relation between the mass my, (ms)
and the Yukawa coupling Ap (As):

)\ 1%
mq = \"/5 [1+Ag1+ Ag.2 tef] (q=b,s)
Resummed couplings:
m - ~ ~ ~ .
Lr=—Y —glalh+el H-givsAlq
q=b,s v
h
g = = [1 _ B }
q 1+ A, tgatg
H
- g tgo Ago tgB
g = 2144, Ay = =22 57
1+ A, tgB 1+Agn
A
3 = &q [ _ Ag }
7 1+ Aq tg?

Carena, Garcia, Nierste and Wagner, Nucl.Phys. B577 (2000) 88
Guasch, Hafliger and Spira, Phys.Rev. D68 (2003) 115001
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Calculation

Low Energy theorem

@ Calculate the self-energies at vanishing momentum

@ Substitute:

i — V269
v V2¢3
Ab(Azﬂh - HU2) AS(ASUI - HU2)
b @ b 5 O 5
b I ,’I “, b R Sr, ,’I “, SR
- » rooosooy o » o » OB 000 >
g g
_ g 2 2y _ b
mg = —Zvi + Xs(mq) Ts(mg) = —=wvi [Ag1 + Agotgh]

V2 V2

Ellis, Gaillard and Nanopoulos, Nucl.Phys. B106 (1976) 292
Shifman, Vainshtein, Voloshin and Zakharov, Sov.J.Nucl.Phys.30 (1979) 711
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Calculation

Bottom Yukawa coupling at NNLO

b b
+ T U U U U U
g 7
Extract leading terms for large tgg:
_ M A
mp = %w + Xs(m») Ys(mp) = 7% vi (A1 + Apotgf)

Mihaila and Reisser, JHEP 1008 (2010) 021
Noth and Spira, JHEP 1106 (2011) 084
Crivellin and Greub, Phys.Rev.D 87 (2013) 015013
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Calculation

Top-induced corrections

NLO
(a) =X g O A Ar v
- B- LB~
br,,” Sbg tn.” N7
by, ! ! br by N N br
5 5 f
g h*
NNLO
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Calculation

Calculation: technical details

@ dimensional regularization in n = 4 — 2e dimensions

@ reduction to master integrals:

Ak 1

2m)" k2 — m?

dk d"q 1

(2m)" (2m)" (k2 = m])[(k — q)* — m3](g® — m})

Ao(m) =

Tiza(my, m3, ma) =

@ dimensional regularization violates SUSY = anomalous counter terms

A C Cr\ as
gs”s[”(f‘%)?]

Cr as 3Cr as

Abe = )‘HEE (1 + TF%) = )‘I:Il;b (1 + TF%)

Martin and Vaughn, Phys.Lett. B318 (1993) 331-337
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Calculation

Renormalization

@ 1-loop corrections are finite
@ 2-loop corrections are UV-divergent

@ Counter terms:

02 __ 2 2
mg- = Mg, + 5m?1i
mg = mz+ 5m§ @ my, mg, mg: on-shell
= M) o ® A ovshl
A = a (1R) + da @ «s, A\e: MS with 5 flavours
s - S S

AV = A+ A
@ Anomalous counter terms (restoring SUSY)

Noth and Spira, JHEP 1106 (2011) 084
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Calculation

Bottom Yukawa coupling at NNLO

@ After renormalization the SUSY—QCD corrections to the Ap 1 terms are
the same as for the Ap:

AQCD ANLO [1 + (5 ]

utgB ANLO [1+ 6]+ A tgB[L + &)

A
b= — A0 ANLO1 4 4y]

@ Renormalization of AY:

A}

Ab(,U/%?) + 0Ap

2\ € ...
cru+9 () 2 o)

R

0Ap

Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555
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Calculation

Strange Yukawa coupling at NNLO

@ Same calculation as for the b, as both b and s are considered massless
@ absence of sizeable SUSY—electroweak contributions, since A\c = 0

@ resummed terms:

o O(as ptgB), O [ar*! (utgd)"]
o O[(asAs)", O [altt AT

_ Asotgf [1 + 55]
° 1 i As,l [1 + 65]

Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555
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Calculation

Resummation

_ Ay tgB
I 1+ Aq,I

@ Resummation of tgf-enhanced contributions:

o O((asptgf)")@NLO
° O(a;’*l(utgﬁ)")@NNLO
@ Resummation of top-induced tgS-enhanced contributions:
° O[(A%Attgﬂ)"]@NLO
o Ofas(A2A.tg3)"|@NNLO
@ Resummation of A s-induced terms (can be important when Aq ~ utgf):
o O((asAps)")ONLO
° O(a?*l(Abﬂs)")@NNLO
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Phenomenology

Partial decay rates

Neutral Higgs bosons decay to bb

3GFM¢i2 S| ~d | ~D rem _
o my(Mo) [1 + dqcp + 6; ] &» [gb + 5SQCD] ®=hHA

Mo — bb] =

Charged Higgs decay to ¢5 (and production...)

3GF MH:E
427

MH* = cs]= |Vesl? [ (M) (2)° + (M ) ()| (1+3cp)
@ dqcp: QCD corrections, N*LO

@ 0 top-induced correction, NNLO

° gg‘js: resummed Yukawa couplings

® J5gcp: remainder from the &2 resummation
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Phenomenology

Benchmark scenarios

m7°4 scenario:

tgf =30, Mg=1TeV, M;=1TeV, M;=15TeV,
M, =200GeV, A,=A, = A =1607TeV,  pu=200GeV.

T-phobic scenario:
tgs = 30, Mg =1.5TeV, MZ3 =500 GeV, Mz =1.5TeV,

M, = 200 GeV, Ap = A = 4.417 TeV, A =0, u=2TeV.
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Phenomenology

Scale dependence of A,

0.14 08
A A
b —— NNLOW/ A, b —— NNLO W/ A,
013 F m 4075 | -phobic
tgh =30 —— NNLO w/o A, 1 =30 —— NNLO wio A,
07 R i
0.12 --- NLOw/ Ay | --- NLOw/ Ay
--- NLOw/oA, 0.65 --- NLOw/oA,

Mg/t He/tty

Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555
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Phenomenology

Scale dependence of A,
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Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555

Margherita Ghezzi

Bottom and strange Yukawa couplings at the NNLO in the



Phenomenology

Partial decay widths of the neutral heavy Higgses
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Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555
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Phenomenology

Partial decay width of the charged Higgs
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Ghezzi, Glaus, Miiller, Schmidt and Spira, arXiv:1711.02555
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Summary

@ In large-tgS MSSM scenarios the down-type Yukawa couplings to the
heavy Higgs bosons receive large corrections.

@ These tgB-enhanced corrections can be resummed in effective Yukawa
couplings.

@ They can be extracted from the calculation of self-energies with
contributions from the off-diagonal terms of the squark mass matrices
(LET).

@ As the off-diagonal terms of the squark mass matrices are proportional to
Aq — ptgf, the resummation of tg/-enhanced corrections and Ag-induced
corrections go hand in hand.

@ The calculation has been performed up to NNLO.

@ The scale dependence was O(10%) for the NLO predictions and is
currently O(1%) for the NNLO.
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