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Outline & Motivation ﬁ

Tests for the scalar sector

Needed:
Accurate experimental measurements & precise theoretical predictions
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Outline & Motivation ﬁ

Tests for the scalar sector

Needed:
Accurate experimental measurements & precise theoretical predictions

T

our contribution
Q Type I/1l Two-Higgs Doublet Model
- Define parameters at higher order
© Renormalization
- Consistent set of renormalization conditions
© Implementation

- Automatization to be able to calculate many processes in an efficient
way

© Outlook & Application

- Higgs decay into 4 fermions
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Type 1/11 Two-Higgs-Doublet model ﬁfﬁi

Bare Higgs Lagrangian:
LHiggsybare = (Ducbl)T(D#cbl) + (Du¢2)T(D#¢2) -V,
with
V =mp®]®1 + mp®id, — [mpdld, + hcl
FA(B[01)7 + Ao + Aa(0]01)(0162) + Ma(6]02)(0])
£3Xsl(@]02)? + (0]01)7]
Constraints:

» CP conservation
» No FCNCs at tree level

. o o
Expand the fields around the vevs: ¢; = ( %(T]i i ic,-o) tu
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Type I/1l Two-Higgs-Doublet model

LO Mass eigenstates:
¢\ _ [ cosBLo —sinfro Go
e ) \UsinfLo cosfLo Ao
¢f \ [ cosfLo —sinBro G*
é5 ) \ sinBro  cosBro H*
H
h

m \ _ [ cosaro —sinaro
m ) \ sinaLo cosaro

tanf=w/v

with

Mass mixing terms occur at O(«):

Emass :5MHh Hh + 6MAG AO GO + 6MHiGi(H+G_ + G+H_)
+ ordinary mass terms
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Type I /Il Two Higgs-Doublet model ﬁ

Tadpole terms do not vanish in O(as):

oV

oV
aH = 0t,

- =0ty
Fields=0 oh

Fields=0
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Type 1/11 Two Higgs-Doublet model j}’\ﬁi

Tadpole terms do not vanish in O(as):

oV

ov
oH = dtw,

- =0ty
Fields=0 oh

Fields=0

Yukawa Couplings to Fermions:

e So far: Neglect CKM-mixing

—L

Downtype fermions: Lyukawa = V2me/vip F fR®1,
. —L .

Uptype fermions: Lyukawa = V2me/vio F fR®;,

uj d,' [H
Type | b, b, ®,
Type I b, b, ol
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Content of the Higgs sector at LO ﬁ

THDM

Fields:

H, h, Ay, H:, G, G*

parameters:

"input” parameters:

mu1, Moo, M1z, A1, A2, A3, Ag, As

In terms of " physical parameters”

My, Mp, Ma,, My+, Mw, tan 3, sin a0, As
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Renormalization of the Higgs sector j}’EC

» Method 1: Renormalization of the "input” parameters and fields
pi = pi+0pi, P =& +0Zy®;, vy — 02 (v —0v))
» Method 2: Renormalization of the " physical parameters”
Pp — Pp + 0pp, StH/h, IMup(023), 0Mag, My g+
and fields

HE\ L ((1430Zw 30Znc: H*
G* %5ZGH+ 1+ %52@4— G* ’
» Both approaches are equivalent for the parameter renormalization

» Second approach allows for on-shell scheme in the field
renormalization
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Renormalization conditions ﬁfﬁi

As in SM:
» Masses §M;: Poles of the propagators have to be at the mass

(k2 = M2) = L----~ =0

k2=M?

» Fields 6Z;: The residuum of the propagators have to be i

(k) 1 .
R TR ey
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Renormalization conditions ﬁfﬁi

As in SM:
» Masses §M;: Poles of the propagators have to be at the mass

(k2 = M2) = L----~ =0

K2=M2

» Fields 6Z;: The residuum of the propagators have to be i

(k) P
ey v vy v 7

=0
k2=M2 or M2
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Renormalization conditions j}’EC

As in SM:
» Masses §M;: Poles of the propagators have to be at the mass

(k2 = M2) = L----~ =0

k2=M2

» Fields 6Z;: The residuum of the propagators have to be i

im etk - lim — a@a
k=M k2 — M2 e—m2 k2 — M2
> Field mixing dZj;: The mixings of the fields have to vanish on-shell

Pab(k2 = M2 or M2) = 22l L =0

k2=M?2 or M2

> Tadpoles 0ty 4: All tadpole terms have to vanish
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Renormalization conditions

» §dtanf3: MS scheme
Cond|t|on fOI’ the VEVS:[Sperling, Stéckinger, Voigt 13]
dvi/vilyy_aiy = 0v2/Valuy _aiy

= dtan 3 includes only contributions from the field renormalization
= UV-Divergences can be calculated from field renormalization
constants:

Z
Stan 6—# tan g
sa 2 Juv_aiv
> d)A3: MS-Scheme
03 = (5)\3((5/\/],‘-/;7, {(5}) with
__ SaCa 2\ _ sHh(pg2
O M Uv—div  tan 6§ta n B(Mf; — M;) — 2" (My) UV—div’
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Renormalization conditions jJﬁ

> 6)A5: MS scheme

\
. H
fHAoAo _ @.--- -0
UV —div )

4 UV —div
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Implementation

» MATHEMATICA code to calculate the counterterm potential in
dependence of " physical” parameters and renormalization constants

» Implemented the whole Lagrangian in FEYNRULES
[Alloul, Christensen, Degrande, Duhr, Fuks 09], fOI’ generating Feynman Ru|eS and a
FEYNARTS Hann 0o model file at NLO level

» A MATHEMATICA routine, which includes the renormalization
conditions consistently into the FEYNARTS model file

» Generation and Calculation of amplitudes and squared matrix
elements with FEYNARTS & FORMCALC fHann o9)

= Applicable to arbitrary processes! NLO EW & QCD corrections in
general possible
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Application: The Higgs decay into 4 fermions ﬁ

Higgs decay into 4 fermions:

Significant effects in the THDM with a SM like h?
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Application: The Higgs decay into 4 fermions

Higgs decay into 4 fermions:

Significant effects in the THDM with a SM like h?

For SM calculation: Programm PROPHECY4F [sredestein, Denner, Dittmaier 06]
» Computation of EW & QCD corrections
» Arbitrary light final states
» Subtraction and Slicing method for the cancellation of IR divergences
> Full off-shell effects
» Complex mass scheme
S

Generation of unweighted events
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Application: The Higgs decay into 4 fermions jﬂ’ﬁi

Implementation in the THDM
» Use as much of the PROPHECY4F code as possible!
» LO & photon/gluon emission: Change of the HVV coupling

» virtual corrections: New diagrams

HY H
JEEEEEE « JAESEEEE «
H- h

= Calculation with FEYNARTS & FORMCALC

v

Interesting observable: Agj;, azimuthal angle of the momenta of the
fermion pairs
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Application: The Higgs decay into 4 fermions jﬂ’ﬁi

Implementation in the THDM
» Use as much of the PROPHECY4F code as possible!
» LO & photon/gluon emission: Change of the HVV coupling

» virtual corrections: New diagrams

HY H
JEEEEEE « JAESEEEE «
H- h

= Calculation with FEYNARTS & FORMCALC

v

Interesting observable: Agj;, azimuthal angle of the momenta of the
fermion pairs

We expect results soon!
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Thank you for your Attention!
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Renormalization conditions ﬁfﬁi

renormalization conditions: On-shell scheme whenever it's possible,
otherwise MS scheme

parameters
Electroweak sector: Mz, 0M3;, de
Fermion masses:  dmy ;, f=1ud
Higgs masses:  dM7. 6MZ, 6M3 . 6M7.
Higgs potential:  0A3(0Mpyp), 05, 0 tan 8
Tadpoles:  dty, ot
fields

Electroweak sector: 02w, 0Z77,0Z74,0Zp7,0Z77
Left fermions: (5Z,-f’L., f=uv,l,ud
Right fermions: 02/, f=1Iud
Higgs: (SZH.,(sZHh.,(SZhH.,(th
Zp,,6Znc,0Zcn, 0 Zc
5Z+.6Z1ice 6 Zes 0 Zcs
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Renormalization conditions ﬁfﬁi

» Masses §M;: Poles of the propagators have to be at the mass
Fo(k? = M?) = _a___@___a_

» Fields 6Z;: The residuum of the propagators have to be i

=0

K2=M?

im etk - lim — a@a
k=M k2 — M2 M2 k2 — M?
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Renormalization conditions ﬁfﬁi

» Masses §M;: Poles of the propagators have to be at the mass
Fo(k? = M?) = _a___@___a_

» Fields 6Z;: The residuum of the propagators have to be i

=0
k2=M?2

oo k) Ly
k2— M2 k2 — M§ k2—M? k2 — Mg k2= M2
a

> Field mixing Zj;: The mixings of the fields have to vanish on-shell

Fob(k? = M2 or MR) = 2t =0

k2=M2 or M2
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Renormalization conditions j}’EC

» Masses §M;: Poles of the propagators have to be at the mass

(k2 = M2) = L----2 =0

K2=M?

» Fields 6Z;: The residuum of the propagators have to be i

oo k) Ly
k2— M2 k2 — M§ k2—M? k2 — Mg k2= M2
a

> Field mixing Zj;: The mixings of the fields have to vanish on-shell

Fob(k? = M2 or MR) = 2t =0

k2=M2 or M2

» electric charge de: Corrections to vf f-vertex in the Thomson limit
have to vanish

o

" = ieti(p)y.u(p)

op p=p’,p?=p?=m?
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