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Why Higher Orders?

linear collider is precision machine

@ Higgs mass
Amy = 50MeV (ILC), Amy = 0.2GeV (LHC)

@ Cross sections
o(HZ),o(vvH): Ao =2 — 10% for my = 120 — 160 GeV.

@ branching fractions and couplings
ABR(bb, cc, 77,99, WW) = 2 — 6% for my = 120 GeV
Agyn ~ 10% for my < 200 GeV

— need higher order corrections
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Standard Model Higgs sector

_ ot
1 Higgs doublet ¢ = (¢o) = <%(V+H+ix)>
@ Lagrangian
ﬁhiggs = (D/ch)T(DNcb) - V(CD)
D,® = (0, +igT2G2)d
V(®) = —plofe + A(<1>T<1>)
['Yuk = —)\eL(DeR — )\dchdR — AUQ(D*UR
@ EW symmetry breaking: VEV v # 0
Goldstone bosons ¢, x: give massto W™, Z
1 physical Higgs state H, 1 parameter my
@ Higgs couplings
Ohtt = Me/V Onvv = 2m§ /v Onrwy = 2m§ /v?
Oan = 3m3 /v Oan = 3m3 /v?
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SM Higgs production

main production channels Diouadi'05 .
oete™ — HX) [fb] ofete™ = HX) []
/s = 500 GeV/

T

100

5 =350 GeV T 100 .., Hve

@ Higgsstrahlung
low /s

ete” - HZ

@ Weak Boson Fusion

high v/s

. HHZ

— - HHZ
e+e — I/el/eH 01 L 1 0.1 L L .
100 130 160 200 300 500 100 130 160 200 300 500
— — My [GeV] My [GeV]
ete— — ete H 1 [GeV] 1 [GeV]
1000 T T T T ),[ : 1000 T T — —
. olete” > HX)[B] ] E...... p
couplings o Aoy G o3 TV
s 4 g T
@ top Yukawa
+ — He'e
eTe” — ttH 1.l i
@ Higgs self coupling L iy
_ .4 i F T
e+e — ZHH Hivo \ N
- _ Hitt .
e'e — VeI/eHH o maz v, R ey
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SM Higgs production

status of higher order corrections

ZH [Fleischer, Jegerlehner '83] [Kniehl '92] [Denner, Kublbeck, Mertig, Bohm '92]
vvH [Belanger et al. '03] [Denner, Dittmaier, Roth, M.W. '03] [Jegerlehner, Tarasov '03]
ete~H [Boudjema et al. '04]

ttH

QCD [Dpawson, Reina '99] [Dittmaier, Kraemer, Liao, Spira, Zerwas '98]

EW [Denner, Dittmaier, Roth, M.W *03] [Belanger et al. '03]
[You, Ma, Chen, Zhang, Sun, Hou '04]

ZHH [Belanger et al. '03] [Chen, Hou, Ma, Sun, Zhang '04]
vvHH [Boudjema et al. '04]
WWH [Song, Ma, Zhang, Guo, Wang '08]

typical size of EW corrections = O(5 — 10%)
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SM Higgs decays

Djouadi '05
1 W T »

dominant decay channel
® my < 140GeV
H — bb
@ my > 140GeV
H— WW/ZZ — 4f

H — ~+ channel
BR = O(1073), but exp. clean
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SMH — bb

@ 1-loop exact
O(as) [Braaten and Leveille, '80]
O(GE) [Kniehl, '92]
@ higher orders in large m; limit
O(ag) [various '91-97]
O(ag’) [Chetyrkin and Steinhauser, '97]
O(asGgM?) [Kniehl and Spira, '94]
O(agGF mtz) [Chetyrkin, Kniehl and Steinhauser, '97]

calculation of O(G2m¢") 2-loop corrections in large m limit
[Butenschoen, Fugel, Kniehl '07]

@ asymptotic expansion technique

2 4
o result "GE™) — 10.047%
larger than known r(a%;mtz) = —0.022%

Marcus Weber Higher-order corrections to Higgs Pheno at the ILC



SMH — 4f

PROPHECY4f MC generator fa

[Bredenstein, Denner, Dittmaier, M. W.] v fo
W

@ O(a) and O(as) to H — WW /ZZ — 4f y fo

f4
e Com.pIeX m.ass S(.:heme for W/Z Bredenstein, Denner, Dittmaier, Weber '06
all kinematic regions 8 [%] H - veet 17,

partial widths and distributions L
corrected
NWA

12

non-collinear-safe observables possible

leading 2-loop from Higgs self interaction

weighted events

@ code now public here
HDECAY update [Spira]

@ IBAto H — 4f decays L L1

P 120 130 140 150 160 170 180 190 200
I accurate within 1%
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http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prophecy4f.html
http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prophecy4f.html
http://people.web.psi.ch/spira/hdecay/

SMH — vv/gg
Y Y
Y Y
loop induced: W and top loops

@ LO [Ellis, Galliard, Nanopoulos '76] [Vainshtain, Voloshin, Zakharov, Shifman '79]

@ NLO QCD my < 2m
[Zheng, Wu '90] [Djouadi, Spira, v.d.Bij, Zerwas '91] [Dawson,Kauffmann '93]
including 3 loops [Steinhauser '96]

@ NLO QCD all my
[Melnikov,Yakovlev’'93] [Djouadi,Spira,Zerwas’93] [Inoue,Najima,Oka,Saito’94]
analytic form [Fleischer, Tarasov, Tarasov'04] [Harlander,Kant'05]
[Aglietti,Bonciani,Degrassi,Vicini’06]

partial EW NLO (2-loop)

@ O(Gg mtz) asymptotic expansion [Liao,Li’96] [Djouadi,Gambino, Kniehl'97]
[Fugel,Kniehl,Steinhauser'04]

@ light fermions analytically [Aglietti,Bonciani,Degrassi,Vicini’04]
@ top/YM below WW with Taylor expansion [Degrassi,Maltoni’05]
similar size as QCD corrections
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SM EW NLO H — vv/09

complete EW & QCD NLO (2-loop) corrections to H — vv/gg
[Actis, Passarino, Sturm, Uccirati '07]
method

@ numerical approach
— Generation of Feynman diagrams
— Algebraic manipulations
— Map different topologies on form factors
— Extract UV-pole part analytically
— Check their cancellation with counter terms
— Finite remainder evaluated numerically in parametric space

@ treshold singularities
regularized by complex W/Z masses
covers all kinematic regions including thresholds

@ complete mass dependence my, mz, m¢, my
no expansions
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SM EW NLO H — vv/09

H — ’Y’Y Actis, Passarino, Sturm, Uccirati '07
. H— vy
@ QCD corrections S .
§=+18...+0.9% /

@ EW effects
0=-19...+35%

@ Cancellation between dgcp and
dgw below threshold —0.1%(120
GeV)

@ dominant O(Ggm?) corrections
large but not dominant

E I I | |
0 10 120 130 140 150 160 170
M, [GeV]

@ complete 2-loop:
0=-01...4+4% o

" g : \/\/

L Il Il | Il |
100 150 200 250 300 50 400 450 500
M, Gev]

By [%]

@ corrections —4...4+6%
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MSSM Higgs Sector

constrained 2 Higgs Doublet Model type Il
b (1t (¢1 ix1) Ho — qbz
! —¢1 27 V2t (2 +ixe)

V =m2H;H; + m3HyHy — (M2, c05HTHS + he)

9f+93 . - a2 95
+ = 3 2 (HyHy — HaH2)? + 72 IHiH, ?

@ 5 physical Higgs states: hg, Hg, Ag, H*
@ 2 parameters: tan § = 2 and mp,

@ 5 Higgs masses
calculate my,, my,, my+ from tan 3 and ma,
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complex MSSM (cMSSM)

MSSM with complex parameters
@ additional CP violating phases from soft breaking terms
Ar = |Afle' = |ple'%n M; = [Mj[e?
@ Higgs sector

no CP violation at leading order
CP violation enters through loops at NLO

@ h, H, A mix — mass eigenstates hq, h,, hs
Mp, < Mp, < Mpy,
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MSSM Higgs masses

higher order corrections to mass matrix

2 2 S-e00 -e00 <00
q° —my + X1p5 hH hA
$-e00 2 _m2 + iooo ioo -0
Hh q H T ZHH HA v ZHH-
<00 <00 2 2 s-e0
Ah AH q° —my + Xa

e leading O(atas) complex MSSM 2-loop
[Heinemeyer, Hollik, Rzehak, Weiglein '07]
i 2 i 2
e leading O(af) + subleading O(apas, arap, af) 2-loop real MSSM
[Degrassi, Slavich, Zwirner '01] [Brignole, Degrassi, Slavich, Zwirner '01, '02] [Dedes,

Degrassi, Slavich '03]
o full one—loop [Frank, Heinemeyer, Hollik, Weiglein '02]

3-loop LL and NLL O(ata2, adas, af’) [Martin '07]
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MSSM Higgs masses

impact of radiative corrections on masses
@ LO:mp, <Mz
@ NLO: 435 GeV shift

@ residual uncertainty 2 — 3 GeV [Allanach et al '04]
much larger than ILC error dmy ~ 50 MeV

= need higher precision
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MSSM my, at 3-loop

3-loop SUSY QCD corrections O(ata?) to my,
[Harlander, Kant, Mihaila, Steinhauser '08]
SPS2

Harlander, Kant, Mihaila, Steinhauser 09

@ full calculation not feasible
use expansions in mass ratios 120
— one-scale integrals

—— O(aa), exact

118 F o), expansior

My, [GeV]

@ all sps points covered ek

@ automatic: QGRAF, Q2E, EXP, sl ]
MINCER, MATAD, FORM " o o - o

@ check: expansion accurate within iy a[GeV]
O(100 MeV) for known 2-loop
results

@ code public: H3m

3-loop corrections about 0.5 — 2 GeV
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http://www-ttp.particle.uni-karlsruhe.de/Progdata/ttp10/ttp10-23/

MSSM my, at 3-loop

remaining uncertainty scale dependence
116 l‘-ia‘rland‘er‘, K‘an‘t, M|r‘1a|‘la,‘ S‘telnh‘au‘se‘r 99

@ scale uncertainty reduced to ‘ ‘ " SPSla

O(100 MeV) 114F. ]
. S -

@ theory uncertainty S 12¢ - - - — — _]
conservative estimate <110L ]
50% of Amy, (3-loop) el
— 6mp, = 0.1 — 1 GeV for o Tl
my,, =100GeV — 1TeV 250 500 750 1000

H, (GeV)

@ parametric uncertainty as, my, ...
about O(500 MeV)
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MSSM Ag — 77

F(Ao — 77)
@ LO loop induced: heavy quarks, light leptons, light charginos
@ NLO QCD O(as)

[Spira, Djouadi, Graudenz, Zerwas '93]
[Harlander, Kant '05] [Aglietti, Bonciani, Degrassi, Vicini '07]

@ NNLO QCD O(a2) for m; — oo
[Chetyrkin, Kniehl, Steinhauser, Bardeen '98]

dominant EW NLO (2-loop) O(Gfm?) ) Brod, Fugel, Kniehl 03

; ) F T T E
[Brod, Fugel, Kniehl '08] 1.5; ST [%] A0 v 7
@ susy particles decoupled 0; 3 SCY E
@ all Higgs particles light of E
. . . 05F 3

@ asymptotic expansions in mass E o(x)

ratios P - :
L. i _2! \\\\\\té}nﬁi

dew Similar size as dgcp 2 3 4 5 6 7 8 9 10

cancellations between EW and QCD
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MSSM fermionic Higgs decays

[Mihaila, Reisser "10]
O(a?) corrections to fermionic Higgs decays

@ 2-loop sqcd to H — bb and H — 77 in MSSM

@ effective Lagrangian approach: assume my < m¢, mg, Mg
result

@ scale dependence reduced

@ light my,

large NLO of about 50%
NNLO about 8%
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MSSM H* — W Thg

full NLO to H™ — W Thq [ Bejar, Lopez-Val, Hollik '09]
H* decay channels
@ dominantH* — 7, Ht — tb
@ gauge boson channels Ht — W*Z /v
@ HY — Wthg
can be dominant, test CP
study different scenarios

scenario | mp, max  nomixing small aey  low Mgysy  large tan 8
tan g 35 3.5 3.5 3 55
My« (GeV) 450 425 420 320 850
Msusy 2000 2000 800 300 970
“ 200 200 2000 300 1800
M, 200 200 500 300 200
A —p/tan g 2000 0 -1100 -300 1000
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MSSM H* — W Thg

NLO main contributions

@ top (stop) and bottom (sbottom)
diagrams
from the H*tb and hott (and bb)
Yukawa couplings

@ wave function hg — Hg mixing
terms

results

@ corrections large > 100% in all
scenarios

01p

r[GeV]

0.001

Bejar, Lopez-Val, Hollik '09

maximum m o

001

T T
Y E W)
— [ (H - WY
)
— P W

10

600

-1 s50
] w00
<o 450
“ 400

) am

300

Mg+
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MSSM CP asymmetry for Ht — W Th;

Cp violating observable diagrams contributing to CP asymmetry
— — _ + + 'A w- % -~
5o — T(H™ = Why) — F(H* — Wthy) le/f ww/f fﬂf LT
FMMH= —W~—hy) +T(Ht — W+h;) e - Tore N
only at NLO, not present at LO ’ ' : '
kS - 'N",»NXV“” i‘,y\'ﬂw
- % - -” ; i - -’, i 1,
D N T S T SN

[Christova, Ginina, Stoilov ‘03] CP asymmetry from phases of A, and M;
— least sensitive phases

[Dao, Hollik '10] CP asymmetry from all cMSSM phases
@ masses up to 2-loop using FeynHiggs

@ threshold singularities regularized using complex masses in singular
loop integrals

@ study impact of phases separately
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MSSM CP asymmetry for Ht — W Th;

M= 200 GeV, M, = 200 GeV, M3 = O'SMSUSY GeV, ‘A-,—| = |At| = |Ab‘7
Mg = Mg = Mg = Msusy = 500 GeV, M; = 200GeV, Mg = 150GeV

Dao, Hollik '10
|A|=800 GeV, tang=5 My-=400 GeV, |A =800 GeV
T T T T

bep %
101

bee 1%

200 400 600 800 1000 1200 1400 1600
My [GeV]

@ ., ¢ impact small § < 1%

@ ¢, impact moderate § < 8% near tb thresholds

@ ¢, effect largest: up to for large tan 8
@ strong dependence on A;, my+ and tan 3
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MSSM H*tb production

NLO SUSY-QCD corrections to ete~ — H~tb [Kniehl, Maniatis, M.W. '10]

@ complements QCD (gluonic) corrections [Kniehl, Madricardo, Steinhauser '02]
use numerical method [Ferroglia, Passera, Passarino, Uccirati '03]
@ start from Feynman parametrization

@ transform integral to smoothe integrand
use Bernstein-Tkachov theorem [Bernstein '72] [Tkachov '97]

@ combined numerical integration of phase space variables + Feynman
parameters

@ no inverse Gram determinants, numerically stable

resummation of tan 8 enhanced contributions in tbH* Yukawa coupling
[Carena, Garcia, Nierste, Wagner '00]
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MSSM H*tb production

Kniehl, Maniatis, M.W. '10

)]
5% ol _ 1
v SPSla, /s = 800 GeV SPSla, /s = 800 GeV
! ' ' ' " nonres — —0.00026 ;uml\ﬁ'!f, ]
resum ﬂ —
-1 / ~0.00028 |- , i
20 4 —0.0003 | 4
—0.00032 +
—0.00034 -
—0.00036
—0.00038 -
—60 . . . . . . . —0.0004 S S
10 15 20 25 30 35 40 45 50 50 100 150 200 250 300 350 400 450 500 550
tan 3 mg [GeV]

@ O(10 —60%) SUSY-QCD corrections
@ bulk from tan ¢ enhanced contributions, absorbed by resummation
@ remaining corrections O(10%)

@ numerical method works, agrees with analytical loop integrals
errors numerical method
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2 Higgs Doublet Model (2HDM)

2 Higgs doublets, both Y = +1

+ o + ot
¢ = ( :z%) ) = < vl+¢?1+ix2 ) &, = ( :))% ) = ( v2+¢§+ixg )
1 — 2 R

V2
v2\? vz ? v2 vz\1?
V =\ <4>Id>1 - 71 + 2 | Ple, - ?2 + 2z || @log — 51 + (oo, - 72

Y [(¢I¢1)(¢§¢2) . (¢I¢2)(d>§d>l)] s [Re(cbjcbz) - Vlzl]z e [|m(¢{¢2)]2

@ 3H, 4H coupling unconstrained

@ 7 parameters: My, My, , Ma,, My, a,tan 3, As
As can be large
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2HDM: Higgsstrahlung ete~ — Zh/H

[Bernal, Lopez-Val, Sola '10]
full NLO calculation for Higgsstrahlung ete™ — Z* — Zhg/ZHg

@ LO coupling fixed by gauge structure

esin(8 — a)M v
Lz0z0m, = 7(&“% Nz g 2029,
ecos(B8—a)Mz .,
L0704, = #g# ZSZSHO

same as in MSSM
@ NLO enhanced contributions
— hoZ~ loop induced vertex O(eaewA3y)
—hoZZ vertex corrections O(a2,,, €cewAan)
— ho/Ho wave function renormalization O()3,,)
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2HDM: Higgsstrahlung ete~ — Zh/H

corrections Bernal, Lopez-Val, Sola '10
- lati i oa=03—m
@ large and negative up to —60% re?“ Vi
@ dominant contribution: hg/Hg Z ,
wave function renormalization 5 = os -
@ gauge boson and fermion B
. - -6
(including Yukawa) loop R
subleading
. 1 2 3 4 5 6 7 8 9 1011
® gg;?ep:t:‘gn,v-lfrsoiMlefanxgant 0 relative cédr"rgctions
interaction
-20

0 500 1000 1500 2000 2500 3000
Vs [GeV]
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2HDM: neutral Higgs pair production

[Lopez-Val, Sola '10]
full NLO for neutral Higgs pair production ee~ — Aghg/AgHg
@ LO coupling fixed by gauge structure

ecos(3 — a)M —
Lpgzhy = —(vaCw Mz Z,A0 0 "hg

esin(8 — a)M —
Cnany = SO 7,005 g

@ NLO contributions
O(aew)\%H): thoHo, WF ho, Hoho, AoZo, AoGo
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2HDM: neutral Higgs pair production

Lopez-Val, Sola '09
Aghg, /S = 500 GeVset It
2

corrections

@ large, positive for large As,
small tan g8

@ dominant corrections from
AghgZ vertex

@ effects generic

L

s

no strong dependence on 0|

— Higgs mass spectrum L2 s 4 s
— pattern of Yukawa couplings L A—

— which channel Aghg, AgHg 100k

® MSSM only 20% corrections
from Yukawa-like couplings

large radiative corrections sl
distinguish underlying model

S
=

R P DR R R
100™ 5061000 1500
Ecm [GeV]
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Other Work

| did not talk about

@ tan § resummation at 2-loop in MSSM
see talk Michael Spira

@ Higgs masses in complex MSSM
see talk Sven Heinemeyer

@ radiative corrections to NMSSM Higgs masses
see talk Florian Staub

@ ~~ collider
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Conclusions

@ radiative corrections to Higgs physics needed for ILC precision
@ SM predictions in good shape

® MSSM
— push for higher orders
— exploration of CP violation in cMSSM

@ BSM (MSSM/2HDM): radiative corrections important for
distinguishing underlying Higgs sector
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