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LHC discovery A\KIT
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LHC discovery A\KIT
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Gluon fusion

m largest cross section

®gg —H-—=9y
g9 - H—=72Z = 4u
g9 - H = WW — Ivlv

t BN
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Il. SM: gg — H at LO and NLO T

Karlsruhe Institute of Technology

LO

NLO

complete dependence on §, M, My

[Dawson'91; Spira,Djouadi,Graudenz,Zerwas'91'95]
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Effective theory AT

Karlsruhe Institute of Technology
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Effective theory

ffgﬁﬂ“

{L 2

m 1. step: C(M to NNLO 3
p: C(M, as5) 00,

a 2. step: real and virtual corrections within
effective theory
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Gluon fusion to NNLO ﬂ("‘

o(pp - H + X) (pb)

0\\\\\\\\\\\\\\\\
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NNLO Mt —> o0 [Harlander,Kilgore'02; Anastasiou,Melnikov’'02; Ravindran,Smith,v.Neerven'03]
NNLO finite M effects: < 1% [Harlander,Ozeren'09; Harlander,Mantler,Marzani,Ozeren'10;

Pak,Rogal,Steinhauser'09'11]
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Beyond fixed order: (T

Karlsruhe Institute of Technology

a soft-gluon resummation to NNLL [Catani,de Florian, Grazzini,Nason'03]
[O is “simulated” for ;1 = My /2 in NNLO]

a soft-gluon resummation to N3LL [Moch,Vogt'05; Ravindran'05'06; Idilbi,Ji, Yuan'06]

a "r2-Resummation™ [Ahrens,Becher,Neubert, Yang'08]

all based on approximation for My — oo
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l1l. Decoupling of heavy masses from

CEOUPIng Y T
runnlng Of &S Karlsruhe Institute of Technology
as(p) for 4 GeV < 1 < 30 GeV; 4-loop analysis

Hdec = 13 GeV

as(u)oj\

0.20

0.18
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[1l. Decoupling of heavy masses from
Png Y AT

running of as
as(p) for 4 GeV < p < 30 GeV; 4-loop analysis

Hdec = 13 GeV
as(u)o_z\\
0201 no contribution | does contribute

0.18

Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM 9



l1l. Decoupling of heavy masses from

CEOUPIng Y T
runnlng Of &S Karlsruhe Institute of Technology
as(p) for 4 GeV < 1 < 30 GeV; 4-loop analysis

Hdec = 7 GeV

as(u)o_z\\

0.20

0.18
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[1l. Decoupling of heavy masses from
SeotPng Y ST
running of as

as(p) for 4 GeV < p < 30 GeV; 4-loop analysis

Udec = 7 GeV and figec = 13 GeV

as(u)o_z\

0.20

0.18

Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM 9



lll. Decoupling of heavy masses from

running of ag

[ ¢

IT

Karlsruhe Institute of Technology

as(p) for 4 GeV < 1 < 30 GeV; 4-loop analysis

Udec = 7 GeV and pigec = 13 GeV

as(u)o_z\

0.20

0.18

agnf Y = Cas «

Cas known to 4 loops

(nr)
S

[Bernreuther,Wetzel'81; Larin,van Ritbergen,Vermaseren'94]
[Chetyrkin,Kniehl,Steinhauser'97]
[Schroder,Steinhauser'06; Chetyrkin,Kiihn,Sturm’06]

[Grozin,Hoschele,Hoff,Steinhauser'11]

= ()
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Decoupling of SUSY particles A\K"‘

agS)(Mdec) = Cozs (Ndec) agSQCD)(Ndec)
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Decoupling of SUSY particles g\(IT
agg’)(udec) = Cas (Mdec) agSQCD)(MdeC)

o (Mz) M M (ugee) aeg- ¥ (o) = ¥ (M)
-1
x 10
0.39% — ] _
- — — = n-loop running
%0.389 AN and
0388}/ . \.\NT-: (n — 1)-loop
?0.387} l./ — 4I00[.J§. ] decoupling
[ e *= = 3loops
0.386F/ e
7 V. N
0.3855 3 ]
10g;(Mge (GEV))

[Harlander,Mihaila,Steinhauser'05; Bauer,Mihaila,Salomon’08; Kurz,Zerf,Steinhauser'12]
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IV. Low-enery theorem in the SM AT

Karlsruhe Institute of Technology

| naive:

a works at 1 and 2 loops

[Ellis,Gaillard,Nanopoulos'75; Shifman et al.'79; Kniehl,Spira'95; .. .]
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LET: all-order result A\KIT

t

ff _ H a 2 t ---H
Lot =1te (G3) [
[ consider all dim.-4 operators (containing 2 external gluons) (spiidonovsa)
Ga )2
01 = (G},)

Oy = Ga (Vabiuu + gs Z wO A2 ngi) _ au(—:aauca
05 = (Viborch)c?

il ruw — Cq1,Cy4
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LET: all-order result A\KIT

t

ff _ H a 2 t ---H
Lot =1te (G3) [
[ consider all dim.-4 operators (containing 2 external gluons) (spiidonovsa)
Ga )2
01 = (G},)

Oy = Ga (Vabiuu + gs Z wO A2 ngi) _ au(—:aauca
05 = (Viborch)c?

.

(6 = i w = Ci,Cs
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LET: all-order result A\KIT

t

Leff — ﬂcl (Gzy)z t 1 —

\2
[ consider all dim.-4 operators (containing 2 external gluons) (spiridonovss]
a \2
O, = (G;w)
Os = G (VGO + g2 Y1, 09 54708 ) — B,6%00c?
Os = (Vzbé?“éb)ca
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LET: all-order result &K"

Karlsruhe Institute of Technology

t

£ __ H 2 t ---H
£t = ¢y (G]) t
[ consider all dim.-4 operators (containing 2 external gluons) (spiidonovsa)
2
01 = (G)

O4 = 63 (VG + g0 S0, 90 ¥77 0 ) — 9,8%0%c?
05 = (VD reh)ce

<C — . = C4,Cs
N
Cog = wnd — Cs
L g e
|:| SOIVe fOI’ Cl: C]_ = —r'ntaimt |n C(ls [Chetyrkin,Kniehl,Steinhauser'97]
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C, from LET (SM)

Ca, 10 3 l0OpS

o)
Cl - —mtath In C_:Oés

Ca. t0 4 loops

o)
Cl - —mtath In C_:Oés

Cas (M1, my)
(3 loops)

[ ¢

IT

Karlsruhe Institute of Technology

Cl tO 3 |OOpS (NNLO) [Chetyrkin,Kniehl,Steinhauser'97]

C, to 4 loops (N3LO)

C; to 4 loops (N3LO)
[Schréder,Steinhauser’06; Chetyrkin,Kiihn,Sturm’06]
C, to 5 loops (N*LO)

(up to n¢-dependent coefficient in 5-loop 3 function)

C; for “many heavy quarks” (NNLO)

[Grozin,HOschele,Hoff,Steinhauser'11]

(4th generation; see also [Anastasiou,Boughezal,Furlan’10])

Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM

13



LET and the MSSM IT

0 _ o 0
Cl - Dh In COés [Kurz,Steinhauser,Zerf'12)

0 2 0
DY = DO+DO+V‘E) g (A2) 5 (o)
£

0 vhL+vh o
D; —V
womz TV 228m~ 2(m? —m?) 96,

a NLO (2 IOOpS): [Degrassi,Slavich'08; Mihaila,Reisser'10]
a “0": bare quantities
a check of 3-loop ggh vertex calculation (L] later more)
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V. Gluon fusion in SUSY AT

Karlsruhe Institute of Technology
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V. Gluon fusion in SUSY AT

Karlsruhe Institute of Technology
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V. Gluon fusion in SUSY AT

Karlsruhe Institute of Technology

B s P NLO
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V. Gluon fusion in SUSY

Karlsruhe Institute of Technology
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ll
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TGy SN T (55T, oo
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+ 57936 more Feynman diagrams
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V. Gluon fusion in SUSY
t T, !
H o+ ?%, + s NLO

s L W 0N & LT
I3 [N > .
£ B U I NNLO
pe - I A
\ S F/ﬁy,
9998987 wasaseer” 09098 LR,
a NLO SUSY—QCD, My < Msysy, (t, f) sector [Harlander,Steinhauser'03'04; Degrassi,Slavich’08]
m NLO squark |OOpS [Aglietti,Bonciani,Degrassi,Vivini'07; Muhlleitner,Spira’08]
m NLO SUSY—QCD, (b7 6) sector [Anastasiou et al.07; Degrassi,Slavich'11; Harlander,Hofmann,Mantler'11]
a NLO SUSY-QCD “full theory” [Anastasiou,Bucherer,Daleo’07; Miihlleitner,Rzehak, Spira]
a NNLO SUSY-QCD, My < Msusy, (t,'f) sector [Pak,Steinhauser,Zerf'10'12]
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o(gg — h + X) in the MSSM to NNLO IT

Karlsruhe Institute of Technology
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o(gg — h + X) in the MSSM to NNLO IT

Karlsruhe Institute of Technology

8 8

® mass scales: my, mtl, Mgy, Mg, Mg
m exact calculation not possible
m consider hierarchies

R mg, A Mg > my :
(h2)  mg =~ m; ~mg > m; > my

L

(h3)  mg=my = mg>m; ~my

® requirements:

a good approximation at 2 loops 1’
m h.o. expansion in m; /m; and (m; — m;)/m; “small”
yf q2 | SO0 ) T g L saary JUUL(W Tl
8 \;, 5 'f, g < g
2

Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM 16



Some comments ... A\KIT

DR scheme
Dimensional Reduction (DRED), € scalar
Lo=—1(M2)?e3207 — ¢0 (A2)? £92<52

€
renormalization of M. and /\E

integrate out M. together with m; and SUSY particles
O M. # 0 but small
0 match: MSSM (DR) — SM (MS)
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C, at 2 loops AT

 of Technology

6
r A=100GeV [ exact
\ Hsusy=100GeV I~ hyvbm
g5l g, =500GeV e Dy fom ]
\ m=155GeV “I- hyvbm
+ =10 e hy fbom
a \ a=-01 —— hzvbm
4 r=M=173.3GeV hy fom
-
200 400 600 800 1000

m(GeV)

[Pak,Zerf,Steinhauser'12]
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C, at 3 loops AT

 of Technology

20
A=100GeV ~T- hyvbm
Hsusy=100GeV vy fom
Mg, =500GeV I hyvbm
: M=155GeY  eeeeeerens hy fbm
50 % tan3=10 T hgvom ]
: @=-01 hy fom
Hr=M=173.3GeV
) \
© 100 IS 1
.
]y = .
Hlzm e "}'IEEEI-E@,EQEsI??E--
sl il
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[Pak,Zerf,Steinhauser'12]
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o(gg — h+ X) &K"

o(pp = h+X) = (1 +6"WV) x

[Utb(MS)

- Ut(ﬂs)
NLO

+ UI(M57Nh)

NLO NNLO]

SEW: NLO electoweak corrections: iacis passarino swurm eciraiioe]

. NLO top and bottom contribution (pegrassisiavich'11; Harlander, Hofmann Mantier11]
NNLO: top/stop/sbottom (my = 0)

separate hard (up) and soft scale (us):

~ ~ 5
01— 0O = %Ol RG invariant 0 C; = %Cl RG invariant
O
0 O1 <> ps, C1 <> pin

O resum In(p2/M2) terms
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Numerical setup

Karlsruhe Institute of Technology

QL data base

loading/saving spectra

ObtainLesHouchesSpectrun

T

ObtainSecondaryData

=
i

E—
h —

CalcSfermionMixing

RUNDECSUSY

DR

6).0%
m}

CalcXsection <€———— CalcEFTXsection

—

@

@

diagonalizing sfermion mass matrices

(alf S My, M;,

AutomaticCiNumerics <€— —— RO

)

Representation 1
esentation 2
Representation 3
Representation 4

o
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mp*: o(pp — h + X) inpb

t /t (NNLO)

Karlsruhe Institute of Technology

t/t (NNLO) + b/b (NLO)

10|

1511/

- »l
j a'm(pb). NNLO
w | owo
; ! \/— BTeV
| - w we
/ X "ﬂ"’ (+)
y u 167 165-
us=Mn/2 uH— M
= e
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w w w
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W owsws
\q == 1
s WT~_ w6
w  w ow| 5
W w ws we
W wm oums we
s e
1586 RLESITTIN

[Pak,Zerf,Steinhauser'12]
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mp*: o(pp — h + X) inpb

Karlsruhe Institute of Technology

o(SQCD, t/1)/o(QCD,t), NNLO

Ma(GeV)
Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM

[Pak,Zerf,Steinhauser'12]
«0O>» «(Fr» «E» «

>

na



mp*: o(pp — h + X) inpb

o(NNLO) /o (LO)
TR —

Karlsruhe Institute of Technology

o(SQCD, t/1)/(QCD,t), NNLO

10

140

160
Ma(GeV)

Ma(GeV)
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modified max AT
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1200

10001 mod myr=(+)

A=15Tev  ______ m,
tanB=20
800F  Ma=1TeV — M 4
600| ]
400¢ =TT ]
20 1 1 1 1 1
500 350 400 450 500 550 600

[Pak,Zerf,Steinhauser'12]
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modified max AT

Karlsruhe Institute of Technology

130
mod mi™(+) 129GeV
128t  A=15Tev  ——mm——- Mp(SOFTSUSY) ]
tans=20 _— Mn(H3m)
Mp=1TeV _ 123GeV

s 1267/’_\

124¢ ]

122 . :
350 400 450 500 550 600

m(GeV)

[Pak,Zerf,Steinhauser'12]
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modified m;**
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22

g

X 16 1

% mod = (+) —  SQCDEFT s

iy A=15TeV

%’ W tang=20 === ——-——— SQCD EFT pp=ps |
12+ MaslTeVo QCD EFT uy= g

EFT: t+i HA=Hs
iy VL2 (VA vmeree
350 400 450 500 550 600
m(GeV)

[Pak,Zerf,Steinhauser'12]
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modified mg**

25

IT
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ai(pp—h+X)(pb)

-+ QCD, NNLO

B s QCD, NLO

SQCD, NNLO
SQCD, NLO

H/Mn

Matthias Steinhauser — Low-energy theorem and Higgs boson production in the MSSM

M _1TeV EFT: t+

5| A=l5Tev Vs=8Tev ]
M=400GeV My~125 GeV

020 030 050 070 100 150 200 300

[Pak,Zerf,Steinhauser'12]
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Conclusions A\KIT

3-loop corrections to C; in the MSSM
all-order LET (C1 < (q,)

renormalization of evanescent operators
NNLO corrections to gg — h in the MSSM
flexible numerical setup

calculation easily extendable (NMSSM, ...)
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