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So far: discovery of one scalar particle at the LHC
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what's
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what's

» Standard Model Higgs-boson only? More to follow?
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-
MSSM: low-energy SUSY predictions for LHC

» Supersymmetry is still a prime candidate for extensions
beyond the Standard Model

» Particles of the MSSM are within reach in run Il of the LHC

» We want to be prepared for the day when supersymmetric
partner particles are discovered

» Accurate predictions at scales currently accessible are
necessary

> Assessment of theoretical uncertainties important
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Higgs sector of the MSSM with real parameters

» The Higgs sector of the MSSM has two scalar doublets

i+ 5 (¢0 ix9) o3
= < —¢1 1 ) = (V + (‘/)0 +1X2)>

= 5 Higgs-bosons: h, H, A, H*
» Potential of the Higgs sector (incl. soft SUSY breaking terms)

V =m1|Hi|* + ma|Ha|? — mia(eanHf H3 + h.c.)

1 1
5l + g (IF — |F)® + Sgi | Hi Hol?

g1, &: electro-weak gauge couplings,

vi, vo: the viev.'s in tanf3 = "f

mio: soft SUSY breaking term in M2 = m2,(tanf3 + cotf3)
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The neutral C’P-even Higgs-boson masses in the
MSSM

» Feature in the MSSM: Light Higgs-boson mass can be
predicted!
> The tree-level neutral CP-even Higgs-boson masses

2tree [ M32sin? B+ M2cos? 3 —(M3 + M2)sin Bcos 3
Higgs = \ —(M2 + M2)sin Bcos B M3cos? B + M2sin? 3

are limited to my, < min(Mz, M4) |cos(2/3)|

» Higher-order corrections shift the Higgs-boson masses

considerably
hO HO ___@___ hO HO

» These lead to maximal values for my,~ 135 GeV
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-
Status: Radiative corrections in the real MSSM
Higher-order corrections to the Higgs-boson mass in the rMSSM:
1-loop  2-loop  3-loop  RGE approach

» Ellis, Ridolfi, Zwirner '91; Okada, Yamaguchi, Yanagida '91; Haber
& Hempfling '91; Brignole '92; Chankowski, Pokorski, Rosiek '92
'94; Dabelstein '95

» Hempfling & Hoang '94; Carena et al. '95 '96; Espinosa et al. '95
'00 '01; Heinemeyer, Hollik, Weiglein et al. '98 '99 '99 '00; Zhang
'99; Degrassi, Slavich et al. '01 '03; Brignole, Degrassi, Slavich,
Zwirner '02; Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '05 '13; S.
P. Martin '02 '03 '04 '05; SB, H* '14; Degrassi, Di Vita, Slavich
'14; Hollik, PaBehr '15

» S.P. Martin '07; Harlander, Kant, Mihaila, Steinhauser '08 '10

» Binger '04; Giudice, Strumia '11; Hahn, Heinemeyer, Hollik,
Rzehak, Weiglein '13; Draper, Lee, Wagner '13; Bagnaschi, Giudice,
Slavich, Strumia '14

Many more contributions...
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-
Computation of the MSSM Higgs-boson masses

» Self-energy corrections are included in the inverse Higgs-boson
propagator matrix

Fr=A;L =i pr—m; +Z¢1( 22) ¢1¢2+z¢1¢2(P)
a8 ¢1¢2+Z¢1¢2( ) PP —md, +%4,(p?)

with renormalized self-energies >

» The neutral CP-even masses are the real parts of the poles of
the propagator matrix Apiggs

» Strategy (in FEYNHIGGS): Find complex solutions to
Det(I') = 0
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-
Public codes implementing the MSSM corrections

FEYNHIGGS Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '00 '03 '07 '14
SOFTSUSY Allanach '02 SPHENO Porod '03; Porod, Staub '11
CPsuPERH Carena, Choi, Drees, Ellis, Lee, Pilaftsis, Wagner '04 '09 '12
SUSPECT Djouadi, Kneur, Moultaka '07

H3M Kant, Harlander, Mihaila, Steinhauser '10

Summary of the implemented real MSSM self-energy corrections:
1-loop complete
2-loop O(asar), O(a?), O(asap), O(aras), O(a?) at p?> =0
O(asay) at p> #0
3-loop O(a2a;) at p> =0
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-
Estimation of uncertainty of available corrections

1) gather the most dominant corrections:
1-loop O(at) + 2-loop O(asar)

2) pinpoint strong parameter dependences: as, m;

my =173.34 £ 0.76 GeV (world av., Mar '14)
as(M32) =0.1185 4 0.0006 (world av., PDG '14)

experimental uncertainty of m; is still very large

» variation of the top-quark mass renormalization gives a good
estimate of missing non-logarithmic higher-order corrections
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Higgs boson self-energy diagrams for O(asa;)

p = 0 result: Heinemeyer, Hollik, G. Weiglein '98
p =# 0 result: SB, Hahn, Heinemeyer, Heinrich, Hollik Apr '14; Degrassi, Di Vita, Slavich Oct '14

» Tensor reduction with
TwWOCALC Weiglein et i
al. '93 & FORMCALC (a)-TD;). 1 (b) Top. 2 (c) Top. 3
Hahn et al. '99 '08

» Numerical evaluation

with SECDEC

SB, Carter, Heinrich '12;
SB, Heinrich '13;

SB, Heinrich, Jones,
Kerner, Schlenk, Zirke '15

— see talk by Johannes
Schlenk on Friday
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Renormalization at the two-loop level

Choosing BPHZ renormalization we have

» 1-loop subrenormalization:
counterterm insertions enter 1-loop diagrams, ( )
are of 1-loop order and independent of p?;

field renormalizations (top, stops) cancel in the sum

5AM  smY smM)  sm®

o t
» 2-loop counter terms:
counterterm insertions are two-loop diagrams ; é
and independent of p?; here: gaugeless limit

oM, 5T, 6T}, 6247), 627), stanp®

X: = At — pcotf3, with A; a soft SUSY breaking parameter
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Two-loop renormalization for neutral CP-even

Higgs-boson self-energies
hO HO ___@___ hO HO

» Renormalization procedure consistent with other higher-order
corrections in FEYNHI1GGS
Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein '06

» Parameter renormalization in the OS scheme:

SMRD, 6T, 6T, omy), om), 6 AL
» Field and tang renormalization: only divergent terms
(poles in ¢)

1

523, 62, stanp® = 2 (62 — 52)

N |
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Renormalization scheme choice for the top mass

» When renormalizing the top-quark mass on-shell, we use

1 .
(5m£1) =omdS = gémglv+5m§n+€5m§+... (1)
» Alternative renormalization
1 .
omp™N = - Smi 4 §miin (2)

» Argument in favor of the first:
e corresponds to the definition of the pole in the D-dimensional
top-quark propagator when performing a complete expansion
in the dimensional regulator € in a D-dimensional calculation

» DR renormalization

omPR = z Smdt (3)
» All different scheme choices are valid
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Impact of top mass renormalization scheme choice:
OS scheme vs. FIN scheme

The two renormalization schemes yield different results for p? # 0:

max

my
0 T T T T T T T T T 100,
10 t E o=
A
A \
20 | 1 o — —tanB=5, aa.p®
< = - \
3 Z ~10op — tanf=5, aap™raay
L wl By p {2 z
§_: = § " - —tanf=20, aasp
2 3 -200 " N
a0 L 1 \ \\ — tanf=20, qap +aa,
\\ N
AY
~300] \ S
50 | * \ <o
\ Tt -
Seo T
-60 L E e e e e e e e e e e e e e e e e e e e e e e e —400
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SB, Hahn, Heinemeyer, Heinrich, Hollik Apr '14 Degrassi, Di Vita, Slavich Oct '14
Y P g
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Impact of top mass renormalization scheme choice:
OS scheme vs. FIN scheme II

» Difference in the self-energies when performing the transition
from the SmI'™ to §m®S renormalization scheme

2)0S 2) FIN
Z((]bu) (p2) — Zt(bu) (p2) + 5ZU(P2)
2)OS 2)FIN
T (%) = T2 (P%) + a(p)
with

3oy L 6m;
6222(/72) = Tﬂ_t —t

a(?) = 32tpcos2ﬁ E10A0),  Gra(p?) = 65, 0)

+ 5222( ) 5211 (P2) = 6211 (O)

» Diagrams contributing to p? ;é 0 terms are
i g

. t s ot t " t
with . J .
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Vanishing of O(¢) terms in p>=0 MSSM calculations

» Explicit calculation shows the vanishing of the O(¢g) terms
from 6mPS when p? =0

&(2) . a2 e 20

Xy 1 0=—sin Ba(0) — Wi cos“fsin BIT,
&(2) L on e 3
246, 0=sinfcosB5a(0)+ e cos® BT,

25 0= 05,(0) — cos’304(0) + 57— sin B(1 + cos”5) o,

2M
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-
Non-vanishing O(c) terms in p? # 0 calculations

» Lifting the p? = 0 restriction, momentum-dependent divergent
and finite parts appear in the unrenormalized self-energies

» The non-vanishing p?>-dependent divergent terms are cancelled
by the field renormalization constants 527(_[21) and 527({22)

» Whether the additional p?-dependent finite terms are
cancelled depends on the renormalization scheme choice

» We make the choice

@) _ cmPS| 12)] 4
5Z’Hi - 5Z'Hi div. [Re Z¢i :||p2:0 ’
1 1 130 dmin
52(2) _ 525’"95 _ Qsap (L Ly 130y t
Ho Hao gy 272 \e2 ¢ €2m m:

therefore the additional finite p>-dependent terms in the
unrenormalized self-energies do not cancel during
renormalization
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Analytically: Non-vanishing O(c) terms for p? # 0

» For each self-energy non-vanishing O(¢) terms from ¢m®5
remain

$-(2) .
Y,

32(—;[: (— cos® B sin® B M3)

) ms

—sin’g [(5A(M,%\) —04(0)] =

(2) .
z¢71<752

sin 3 cos B [6a(M3) — 64(0)] = 32 (cos® B sin 3 I\/IA)

m¢

om;

[05,,(p?) — 8%.,(0)] — cos? B [6a(M3) — 6a(0)] =

3at

5 g
5 (p? — cos BMA)(mt

mg
» 64(p?) appears as shift in 5M2(2)OS (5Mf\(2)FIN + 6a(M3)
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Numerically: Non-vanishing O(¢) terms for p? # 0

Numerical difference in the self-energies:
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m'® scenario: Variation of mass shifts with M,

0 . . . . . 200 . . . . . .
100 - 1
ol i
> smSTEs — | S
é sm ™, TB=5 oo \ﬁ‘i 100 |
- 5m S TB-20 —— E
i sm ™, TB=20 E
-200 | i 4
-300 1
sm™, TB=20 -----
; ; ; ; ; : -400 . . . . . ;
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
M, (GeV) M, (GeV)

> light Higgs-boson mass: differences are large for higher values

of MA

» heavy Higgs-boson mass: large differences for low values of
Ma

> Using 6mfIN, the results of Degrassi, di Vita, Slavich '14 are
reproduced
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light-stop scenario: Variation of mass shifts with M,
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» light Higgs-boson mass: large differences for higher values of
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» heavy Higgs-boson mass: large differences for low values of

Ma
» Using 6mi N
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Impact of top mass renormalization scheme choice:
OS scheme vs. DR scheme

Numerical value for the DR top-quark mass

mPR () = me - [1 + 52?1 +0 <(a.?R)2ﬂ

smi™  §r 5 1 2,2 mg%* 2, 2
Ti =a () | =3 + —log(mz/u) + 3min (=1 + log(mz/p?))

+ g (7 (L= ToB(r, /) + (1~ log(m? /1)

+ (m +m? — m — 2mzmy sin(26;)) Re[BE"(m?, mé, m? )l
+ (mz; + mf — m%z + 2mzmye sin(26;)) Re[ (mt, mé, m2 )])>
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My dependence in m;®* scenario

4
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-
M, dependence in light-stop scenario

TB5 1L —— 1
TB 5, 1L+O(ayctg) ------
TB 5, 1L+O(p0y0g) -
TB20, 1L —— |
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100 200 300 400 500 600 700 800 900 1000
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- ________________________________________
mz dependence in m;"® scenario
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E 10+t 1
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-
mz dependence in light-stop scenario

My(mPS)-M, (mPR ) (GeV)
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X: dependence in m;'®* scenario
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-
X; dependence in light-stop scenario

My(mOS)-M,(mPR) (GeV)

-10
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-
Summary and Outlook

Summary

» Variation of top mass renormalization gives good estimate of
missing non-logarithmic higher-order corrections

» Differences in the predicted Higgs masses with m?s vs. mPR

decrease drastically with the inclusion of two-loop corrections
» DR calculation included in FEYNHIGGS2.11.1

» Cutting the top-quark renormalization constant at the O(£°)
coefficient is also a valid choice

» Differences between using dm>S and dmI'™ point towards the

size of missing higher-order momentum-dependent corrections

Outlook

» Improve on the theoretical uncertainty stemming from the
non-logarithmic higher-order corrections
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Backup
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Evaluation of neutral CP-even MSSM Higgs-boson
masses in DR scheme

p* — M} ree + ihh(Pz)} [P2 — M}y tree + iHH(P2)} - [ZhH(PZ)] =0

Three steps:

1 Compute My and My o from the 1-loop + 2-loop O(ascrt)
self-energies

2 Compute momentum-dependent renormalized O(asat)
self-energies for p> = Mj ; and p> = Mj

3 Include new self-energy contributions as constant shifts into
FeEyNHicas and find poles My, and My

» corrections available since FEYNHIGGS 2.10.1

The mass shifts are AMy, 1y = Myp iy — Miqn01.4H,01}
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Analysis of 2 benchmark scenarios

Carena, Heinemeyer, Stal, Wagner, Weiglein '13,

Bagnaschi, Harlander, Liebler, Mantler, Slavich, Vicini '14

max

my'® scenario light stop scenario (updated)
my = 173.2 GeV my = 173.2 GeV

u =200 GeV u =400 GeV

Xe =2 Msysy Xe =2 Msysy

MSUSY =1TeV MSUSY =0.5 TeV

— my, = 826.8 GeV,
mg, = 1173.2 GeV

— my, = 326.8 GeV,
m;z, = 673.2 GeV

mz = 1.5 TeV mg = 1.5 TeV
mp = 250 GeV mp = 250 GeV
tan = 5,20 tang = 5,20
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My dependence in m;®* scenario
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-
M, dependence in light-stop scenario

My(mOS)-M,(mPR) (GeV)
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max

mz dependence in m;"® scenario
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mz dependence in light-stop scenario
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X: dependence in m

1'¥ scenario
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-
X; dependence in light-stop scenario
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.
Numerical verification

(GeV?)

<
2
&

» Additional finite parts from §4(M3) and dx,,(p?)

-300 T T ;: ;: T T T T -9000 T
-400 - J
-10000 [
500 - 1
600 - {4 11000 |
o<
3
700 - TB=55M) — ] 2
. B 5, 54(0) £ 12000
TB=20,55(Mp?) —— S
N A
900 | TB=20, 34(0) -------- 1 = .13000 |
e
-1000 { &
14000 |
-1100 1
“1200 | J 15000 -
1300 . . . . . . . .
0 100 200 300 400 500 700 800 900 1000  -16000
o 100

Mj (GeV)

S. Borowka (University of Zurich)

Higgs-boson mass predictions

200

300

400 500 600 700 800
p(GeV)

900

1000

40



-
Renormalized two-loop self-energies

Renormalized self-energies in unphysical ¢1-¢, basis

sO(p?) = £0(p?) +6280 (02— m2) —om2? . (4)
&(i) () 2 () 2()

Z¢1¢2(p) ¢1 ( ) 5Z¢1¢2 ¢1¢2_5 d192 (5)
£00(p%) = TU(p?) +023) (p* = m3,) —om3) . (6)

Rotation of the unphysical ifﬁz.gty self-energies into the physical

h — H basis
f(2) = Ccos az;{ﬁ -+ sin aZ( )¢ + 2smozcosazg))¢
ig}z) = sin’a Zr(;)dn + cos’a Z(Z) — 2sinacos aZ((m)@
iﬁ), = —sinacos« (fgi)@ - Zg)zz)(z)z) + (cos?® o — sin? @) ig{bz
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Two-loop parameter renormalization

(5m2(2) = 5M coszﬁ+5l\/l 2(2) g2 g (7)
(2) .2 (2) 25
—0T; Wryss cos (1 +sin“B)+ 0T, Mon cos“f3sin 3
+26tan ) cos?Bsin?f (M3 — M2),
5"755(1?2 (5M2(2) + 5/\// )sm Bcos 8 (8)
_ 57 <35 2) 3
0T TS sin°f3 (5T2 TS cos’f3
— 6tan 8@ cos Bsin B cos 28 (M3 + M3),
6m§5§2) = 5M§(2) sin?f + 5Mf‘(2) cos® (9)

2M 2M
—26tan B® cos?Bsin?B (M2 — M2).
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Two-loop counterterm of the A-boson mass

The two-loop renormalization constant of the A-boson mass needs
to be defined as

SMEP) = Re S (M3), (10)

in order to cancel divergences entering with the terms proportional
to the ¢ tan 3(?) renormalization constant (see previous slide)
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Diagrams for sub-loop renormalization

Q _______ w b w
(a) (b)
.

H @ " . { . H

________________________ et M
(d) (e)
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Counter term insertions for sub-loop renormalization

- G
g g
ST
. S 2. . N - ~ P
GE 36 __93_&&_ LI
q q
(a) (b) (c)
g g
LRl sgﬂm%a\
) )
q . q q é(’, 24
— TP
g q

(d) (e)
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Tadpole diagrams needed in the renormalization

i
- .
AAAAAAAAAA H Y
q;
(a)
i,y 2 A
=R, Ve o { L y
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@ % N3 S
9
(b) (c) (a) (b)
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