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The Two-Higgs-Doublet Model (THDM)

THDM = SM with two complex scalar SU(2) doublets ®; and ®, with Y = +1;
Renormalizable Lagrangian, invariant under SU;(2) x Uy (1):
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The Physical Degrees of Freedom

@ The most general CP-conserving scalar
Z>-symmetry):

potential (additionally respecting a

V (01, ,) = m%lq’;rq’l + m§2d>;d>2
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The Physical Degrees of Freedom

@ The most general CP-conserving scalar potential (additionally respecting a

Z>-symmetry):

V (01, ,) = m%lq’;rq’l + m%zq’;q’z

2

- m%z (¢I¢2 + 4’5“’1)

M 2 x 2
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o Diagonalization of the mass matrices:
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What have | done?

@ Full one-loop electroweak corrections to the decay

HY = W* h/H

~N

wt

~N
~

N h/H

Figure 1 : Tree-level Feynman diagram for the decay H™ — W™ h/H.
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What have | done?

@ Full one-loop electroweak corrections to the decay

H* — W* h/H

wt

~N
~N
~

N h/H

Figure 1 : Tree-level Feynman diagram for the decay H™ — W™ h/H.

@ Study of different renormalization schemes for the THDM:
What are the differences?
What are the intuitions behind them?

Is there a universally preferable scheme?
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Which Parameters to Renormalize and How?

o Complete set of 12 independent parameters:

/
{ ma, m2, mo, \i—Xs, vi, v, g, g}
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Which Parameters to Renormalize and How?

o Complete set of 12 independent parameters:

/
{ mu, my, mo, A —2s, vi, v, g, &}

o Different renormalization schemes lead to differences of the angles with respect to:
> numerical stability
> gauge independence

> process independence
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Which Parameters to Renormalize and How?

o Complete set of 12 independent parameters:

/
{ mu, my, mo, A —2s, vi, v, g, &}

o Different renormalization schemes lead to differences of the angles with respect to:
> numerical stability
> gauge independence

> process independence

o Freitas et al. [hep-ph/0205281] establish a no-go-theorem for the MSSM.
— What about the general THDM?
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Scheme 1: The Kan Scheme

The ‘Kanemura approach’: [Kanemura et al., hep-ph/1502.07716]

VZ: = R(0) R()\/Z, R(0) (1)
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Scheme 1: The Kan Scheme

The ‘Kanemura approach’: [Kanemura et al., hep-ph/1502.07716]
VZ: = R(60)" R(0)"\/Z, R(6) (1)

da and §8 can be fixed by imposing on-shell conditions on the inverse propagator:

ﬁf(p2) = \/Ziff [p2]l2x2 — (Dr +6Df) + ):f]\/z, (2)
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Scheme 1: The Kan Scheme

The ‘Kanemura approach’: [Kanemura et al., hep-ph/1502.07716]
VZ: = R(60)" R(0)"\/Z, R(6) (1)

da and §8 can be fixed by imposing on-shell conditions on the inverse propagator:

Fr(p®) = VZ! [P2]12x2 — (Dr+6Dr) + Z;]\/Z, (@)
which yields
o = gt [ZHh(m%) + Tun(miy) — 25THh} ®)
2(mfy — my)
1
0B = ——5— [25+H+(mf_,i) + Xeru+(0) — 25TG+H+] (4)
2mg,
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Scheme 1: The Kan Scheme

(+) =)
@ physically intuitive
renormalization conditions

@ all scalar fields are renormalized
on-shell

@ numerically stable
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Scheme 1: The Kan Scheme
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@ physically intuitive @ gauge dependence of 3
renormalization conditions

@ all scalar fields are renormalized
on-shell
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Scheme 1: The Kan Scheme

(+) =)
@ physically intuitive @ gauge dependence of 3
renormalization conditions

@ all scalar fields are renormalized
on-shell

@ numerically stable

In order to circumvent the gauge dependence of 3, Kanemura et al. suggest:

1
0B = - |:ZG'+H+(m;2.Ii)* 5T(;+H+]

HE G.l.
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Scheme 2: The Min Scheme

What is the minimum number of required field renormalization constants?
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Scheme 2: The Min Scheme

What is the minimum number of required field renormalization constants?

O = VZ b = (1 + %52,-) o; for i=1,2. (6)
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Scheme 2: The Min Scheme
What is the minimum number of required field renormalization constants?

O = VZ b = (1 + %52,-) o; for i=1,2. (6)
For the Z, this implies

: 1+ 16z 0
V2 = : (7)

0 1+ 362
which feeds into

\/ZM = R(86)T R(6)T \/ZMn R(0) . (8)
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Scheme 2: The Min Scheme

What is the minimum number of required field renormalization constants?
O = VZ b = (1 + %52,-) o; for i=1,2. (6)
For the Z, this implies

: 1+ 16z 0
\ Zin = 7 (7)
0 1+ 362

which feeds into

\/ZM = R(86)T R(6)T \/ZMn R(0) . (8)
The renormalization conditions for the scalar sector:
~ 2 ! £y 2 ! .
{Formi(min) £ 0, Re(Flpe(min)) = 1} = fix 62 and 62, (9)
Sty = %‘*(522 —571) (10)
T hn(miy) L0 = fixes bor (11)
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Scheme 2: The Min Scheme

Only 4 independent parameters for the renormalization of all scalar fields.

= Not all scalars can be renormalized on-shell.
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Scheme 2: The Min Scheme

Only 4 independent parameters for the renormalization of all scalar fields.

= Not all scalars can be renormalized on-shell.

= Wave-function normalization matrix Zy needed

to restore on-shell relations after renormalization:
An An

i = Zn (12)
Ah Ah
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Scheme 2: The Min Scheme

Only 4 independent parameters for the renormalization of all scalar fields.

= Not all scalars can be renormalized on-shell.

= Wave-function normalization matrix Zy needed

to restore on-shell relations after renormalization:

Ay Ay
(12)

I
=

Ah Ah

(+) )

@ numerically stable @ not all scalars renormalized
on-shell

@ gauge dependence of 5 7
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Scheme 3: Process-dependent Schemes

@ Along the lines of the electric charge renormalization: Use a physical process to fix
da and 6.
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Scheme 3: Process-dependent Schemes

@ Along the lines of the electric charge renormalization: Use a physical process to fix
da and 6.

@ Can the decay H" — W™ H be used to fix §(8 — a)?

Mo _ o [1 + 2Re (FS-4) + 0Zww + 6Zuene + 0Zun
_ S (57 + 6Zm) + 228 + 29058 — q)
SB—a g SB—a
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Scheme 3: Process-dependent Schemes

@ Along the lines of the electric charge renormalization: Use a physical process to fix
da and 6.

@ Can the decay H" — W™ H be used to fix §(8 — a)?

Mo _ o [1 + 2Re (FS-4) + 0Zww + 6Zuene + 0Zun
_ B0 (5Zgs + 6Zw) + 2% 4 299258 — a)
SB—a g SB—a
Lo
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Scheme 3: Process-dependent Schemes

@ Along the lines of the electric charge renormalization: Use a physical process to fix
da and 6.

@ Can the decay H" — W™ H be used to fix §(8 — a)?

PO _ o [1 4 2Re (Fﬂiﬁ,,,H)  5Zww + 6Zuens + 6Zim

0 (5Zgpe + 6Zu) + 2°8 4 297055 — a)
SB—a g SB—a

Lo
Mh

@ Problem: IR divergent virtual corrections, e.g. from:

P3
A W
by /: Ma—ps
HY = — = | i m
|
~
q—p1 < _ _ _
ms -5~ H
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Scheme 3: Process-dependent Schemes

@ Along the lines of the electric charge renormalization: Use a physical process to fix

da and 6.
@ Can the decay HT — W™ H be used to fix (8 — a)?

FNo _ Lo [1 + 2Re (Fﬂk‘.}vw) + 6Zww + 6Zyins + 0Zun
cg— é cp—
— S (5Zgip + 0Zum) + 228 4 2552958 — a)
Sg—a g Sg—a
+ s
N
@ Problem: IR divergent virtual corrections, e.g. from:
D3
a.A wt
n Uiy
HT — — — 7 1 lqmlpi
|
q*%\ DU
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Scheme 3: Process-dependent Schemes

@ Suggestion to circumvent this issue is to use the decay
Al — [Freitas et al, hep-ph/0205281]

to fix 35.
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Scheme 3: Process-dependent Schemes

@ Suggestion to circumvent this issue is to use the decay
Al — [Freitas et al, hep-ph/0205281]

to fix 35.

The virtual photon corrections form a UV finite subset,

MO = 1% 4 Miken + Ninres + Meat (13)
and one can therefore require
!
ryill'_t?'est =0 (14)

to fix the angle counterterm.
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Scheme 3: Process-dependent Schemes

@ Why not using a vertex which satisfies the following requirements?

@ Involves only neutral external fields.
@ Depends on « and/or 8.

© No external Goldstone bosons are involved.
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Scheme 3: Process-dependent Schemes

@ Why not using a vertex which satisfies the following requirements?

@ Involves only neutral external fields.
@ Depends on o and/or .

© No external Goldstone bosons are involved.

@ Couplings meeting these criteria:

> Yukawa couplings: none
> 2 scalars - 2 gauge bosons: none
. — e e
> 2 scalars - 1 gauge boson: Appoz = 25y, 0y B0 Apaoz Temyen Sg—
ieM
> 1 scalar - 2 gauge bosons: AHZZ = eWc‘g‘/ CB—a > Ahzz = C‘gv‘"/ SB—a
> Trilinear scalar couplings: AHAOA 5> ApA0A0 > ARHH » AhhH > Akhh 5 AHHH
> Quartic scalar couplings: AL0A0A040 » AHHAOAD 5 ARhAOAD + AHRAOAD >

AHHHH > Ahhhh 5 AhhHH 5 AhhhH > AhHHH
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Scheme 3: Process-dependent Schemes

@ Couplings with only neutral fields are either kinematically restrictive and/or very
hard to be actually measured.
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Scheme 3: Process-dependent Schemes

@ Couplings with only neutral fields are either kinematically restrictive and/or very
hard to be actually measured.

@ The THDM has two independent mixing angles, hence two processes are needed.
Apart from A° — 7777 to fix 68, one could use H — 7777 to fix da.
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Scheme 3: Process-dependent Schemes

@ Couplings with only neutral fields are either kinematically restrictive and/or very
hard to be actually measured.

@ The THDM has two independent mixing angles, hence two processes are needed.
Apart from A° — 7777 to fix 68, one could use H — 7777 to fix da.

(+) )
@ gauge independence @ process dependence

@ numerically stable e technically involved (especially
beyond one-loop level)
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Scheme 4: The HybMS Scheme

@ Hybrid scheme with:

> on-shell renormalized scalar fields

> MS condition for the angles
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Scheme 4: The HybMS Scheme

@ Hybrid scheme with:

> on-shell renormalized scalar fields

> MS condition for the angles

(+) =)
@ gauge independence o numerical instabilities

@ process independence
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Real Corrections
The IR finite decay width is obtaind by adding corrections from real soft photons:

M7 = T(H" > W h/H) + T(H" =y W* h/H)| (19)

—soft
7r’yh/H
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Real Corrections
The IR finite decay width is obtaind by adding corrections from real soft photons:

M = T(H" = W* h/H) + T(H" =5 W b/H)| .,

—soft
7r’yh/H

where %0, reads schematically

peoft - _ 1 /dl‘l Z / d3Pw 1 Z
RA T g (2m)? 2E, £
w | E,<AE il

<A

w wt

H* /C/\/\/ w el Gt /(7&7

-~

T ~wH + g _ + g <7

e M
5 T~ <wH T~<wm
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Numerical Results

0.55
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Figure 2 : Partial decay width I (upper part) and Al = (TNLO — LO) /TLO (jower
part) of the decays H — W™ h (left) and HY — W™ H (right) at LO and at NLO
in the Kan and Min scheme for the scenarios of the class C;.
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Numerical Results

— LO
NLO Kan
NLO Min

270 280
my [GeV]

5250 200 290 300

Figure 3 : Partial decay width I (upper part) and Al = (TNLO —

310

part) of the decays H — W™ h (left) and Ht — W™ H (right) at LO and at NLO

in the Kan and Min scheme for the scenarios of the class C,.

The Decay H" — W™ h/H @ NLO
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= NLO M
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The HybMS Scheme

Il — 1o )
251 — NLO Kan S/
2.0t — NLO Min /

—— NLO HybMS y

I [GeV]

250 300 350 400 450 500 550 600
mp= [GeV]

Figure 4 : Comparison of the NLO partial decay width of the decay H™ — W Hin
the HybMS, Kan and Min scheme for the scenarios of class C; .
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The HybMS Scheme

I— 1o y,

251 — NLO Kan S/

2.0l — NLO Min /
——  NLO HybMS e

250 300 350 400 450 500 550 600
mp= [GeV]

Figure 4 : Comparison of the NLO partial decay width of the decay H™ — W Hin
the HybMS, Kan and Min scheme for the scenarios of class C; .
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Figure 5 : Al = (M(p) — M = my+))/T( = my=x) in the Kan scheme for the

scenario of class C; with my+ = 340 GeV, where 1 was varied from my+ /2 to 2my+.
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Conclusion

@ NLO corrections are of the order of a few percent to ten percent for parameter
regions which are allowed.

@ The difference between renormalization schemes suggests that the two-loop
calculation is needed to reduce the uncertainty.

@ The differences between various schemes became clearer, but so far, no scheme
seems to be ideal in all respects, each one of them has its drawbacks. More

investigations are needed.
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Outlook

o Implement a process-dependent scheme using the decays A° — "7~ and
H— 71",

@ Redo the calculation in general R¢ gauge and check Kanemura's suggestion to avoid
gauge dependence of tan(3)

@ Check gauge dependence in the Min scheme

@ Check gauge dependence of the NLO amplitude? How to be sure that one hasn’t
made a mistake?

@ Use extended Slavnov-Taylor identities to examine relation between gauge
independence, numerical stability and process independence for the THDM. Is there
a universally preferable scheme?
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Thank you

for your attention!
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Backup: THDMs and FCNCs

Ly = — Q (Fi’qbl + I‘quz) Dr — Qo (rfli;l + r5<l~52) Ur

- L (rl1¢>1 + F/2¢2) Er + h.c.

e Model I:

All quarks couple to ¢»
Er couple to ¢»

e Model II:

Ur couple to ¢»
Dr and Eg couple to ¢

Backup Slides

@ Lepton-specific Model:

All quarks couple to ¢»
Er couple to ¢1

o Flipped Model:

Ur and Egr couple to ¢»
Dgr couple to ¢1
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Backup: On-shell Conditions

@ The real part of the pole of the propagator is given by the physical mass m.

@ The mixing with other fields of the same quantum numbers vanishes on the

mass shell, which is defined by p? = m?.

© The field is properly normalized, i.e. the residue of the propagator at the pole
is equal to i.

G(s?) VZ' 7, / d'x €™ (0 TH(x)H(0)|Q)

_ / d*x €™ (9| To(x)b0(0)| )

o 4 __ + __+

]

p2fm(2)+z+ie
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Backup: On-shell Conditions

Fr(p?) = VZi [pzﬂm — (Dr +6Df) + zf] VZr

Re (ﬁfﬂ%(fﬂ%)) ; 07 Re (|cf1f2(m,2r2)) ; 0 s
Re (fﬁﬁ(m%)) =0, Re (ffzfz(m%)) =0,
Re (C?fﬁflng)) = 1, Re <aff2f2(2p2)> 1.
LA P o )]
fi f
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Backup: On-shell Conditions

omp = Re(Zfiﬁ.(m%) —6Txs ) fori=1,2,
Yir
§Z% = Re (a ’j) for i=1,2,
ifi op Pt
fi
s 2 2 for i,j=1,2
T w—m [Zetm) = oTae] oy L
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Backup: Tadpole Conditions

The matrices with tadpole parameters are defined as

6Ty

6T = R(O)" (8 (;°T2> R(0) ,

V2
where the relation to the physical tadpoles is given through

—V(¢1,¢2) = — T1p1 — TQPZ

|Iin. terms

(7Ca T1 — sa T2) H + (7Ca T2 + sa Tl) h.
— N———

=Ty =Ty

These Ty/y are then fixed by the following conditions

[
h/H
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Backup: The Kanemura Approach

<f1) — R(O)T <%> > RO+0) VZ, (
H V2 v:

NLO

fi

:@<f2

Backup Slides

VZr

)

Robin Lorenz
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Backup: The Kanemura Approach

H 1+ %5ZHH 0Ch + 0 H
'_> )
h 5Ch 7(5& 1+ %(52/1/, h
GO 1 + %(52@060 ECAO + 6B Go
'_> )
AP 6Cao — 68 14 26Zup AP

Gt 1+ %6ZG+G+ 0Cy+ + 00 Gt
— .
H* 6Chy+ — 08 1+ %JZHJrH* HT
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Backup: The Min Scheme

@ The field renormalization matrix in the Min Scheme:

R(30)" R(6)" \/ZMin R(6)

/Z’{Vh'n

Il
=
_|_

|

1 Cg 07y + Sg 02> CoSp (522 — 621) + 2460
2 CoSp (522 — 521) — 200 Sg 071 + Cg V)

-6z
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Backup: The Min Scheme

@ The entries of the wave-function normalization matrix

( 2y 2y Zyy, >
v =
VZn Zns Zp,

are given by

7 Sa5(m7)
i = & )

’ m —mi + Xpp(m7)

. 2 1174
Z 1+ R (f’ ()) - R (Zﬁc(pz))
i = e\ &nr\P ) - Re =
p> — mi + X (p?)
p2=m?
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Backup: Definition of Scenario Classes

Only scenarios respecting

myx > Mw + my,

were considered. With the help of ScannerS [Santos et al, arXiv:1301.2599] the following
classes of scenarios have been scanned:

Name | Type | my+ [GeV] | my [GeV] | my [GeV] | mip [GeV] | tan(B) | s«
G | | | [240,400] | mys -110 | myx -50 | myx -250 | 5 | 038
G | I | [240,310] | my+ - 110 | my+ -50 | myx -250 | 15 | 0.95

Table 1 : Definition of two classes of type | scenarios with my+ as only free parameter.
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