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NoN-SUSY MODELS WITH
EXTENDED HIGGS SECTORS

Spectrum calculation at tree-level /OS
» Use physical observables to define interesting parameter regions:
masses and mixing angles

» Use tree-level relations between observables and Lagrangian
parameters: parameters are output
Example: THDM, benchmark of LHC Higgs XS Working Group

mH[GeV] mA[GeV] mHi[GeV] lg Cp—a MEQ[GQVQ] ‘ A1 Ao A3 A4 A5

500 500 \/m%—U? 2 0 —9887.6 ‘7.49 059 196 -—1.70 -3.68

» Problem: Handle of the model parameters is lost

» Assumption: On-shell renormalization can always be performed
which keeps the spectrum as it is

can we be certain that the perturbative series is behaving well?
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PERTURBATIVITY

How to ensure that the perturbative expansion of a model works?

Easy requirements at tree level:

v" In a model with quartic couplings A;, require A\; < 47

v' Compute the 2 — 2 scalar field scattering amplitudes, require
perturbative unitarity: |[M| < 87

However

already for the SM these conditions fail: A <22 <47

[Nierste, Riesselmann ’95|

In principle, one would need to calculate processes at different loop
orders for being able to judge whether perturbation theory works
or not...

. obviously that’s not what one wants to do for studying a BSM
model
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PERTURBATIVITY AT LOOP ORDER

Braathen, Goodsell, Staub "17:

< automated two-loop mass corrections in generic (also
non-SUSY) models

— Corrections to the Higgs mass do not always converge.
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Requiring \(mi)gL — (mg)m\ < \(mq%)Tree - (mq%)lL\ leads to
non-trivial constraints on studied models: THDM and
Georgi-Machacek model

Can we define a set of loop-level but still easily-accessible rules for
deciding/indicating whether a parameter point is perturbative or
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TESTING DIFFERENT CONDITIONS

» MS scheme: )\; input, mg)z — quﬁz + A(l)mi + A(Q)mgi
» On-Shell scheme: masses input, A; = A; + 0\;
What can we do?

» promote the tree-level rules to the counterterms/renormalized
couplings

» set up rules for the size of the loop corrections to
parameters,/masses

[oNi| <c-m, ec=1...4
[OAi| < [Ai

‘M()\z — X + (5)\1)‘ < 8w
A2 | <|aWm? |
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o = —
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APPLYING THE CONSTRAINTS:
THE GEORGI-MACHACEK MODEL

Triplets contribute to sizeably to EWSB, doubly-charged scalars
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THE GEORGI-MACHACEK MODEL

Potential with custodial symmetry:

2 2 9
V(®,A) = %Trdﬂda + %TrATA + M\ [TrdDTdD] + A Trofo TrATA
2
+aTratAATA 40, [TrA*A] — ATy <¢T0“¢0b) Tr (ATt“Atb>

— M Tr <¢T7-a¢7'b) (A UT)ab — M>Tr (ATt“Atb) (va U]L)az7

Potential without custodial symmetry:

1
V =u3(670) + i T ) + S Tr(n ) +431(676)° + 2(679) (2220 T X) + A2 Tr(n )
+ 23, Tr ((n*n)2) +2X3p (Tr ((XTX)2) + 3TT(XTXXXT)) +4axa. Tr(x xnTn + xTnTxm)+
+ Aa (TY(nTn))z +4Xgp (TY(XTX))Z + 4 Tr(n ) Tr(x'x) — Asa(dTxTxd — TxxT9)

1 1
+vV2rsp (o oxt o + hoc) + ﬁMlmep + oMy (¢T(i72)x¢ + h.e) +3vV2Ms (mxfxn) + h.c.)
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THE GEORGI-MACHACEK MODEL

Mass spectrum (at tree level):

» 3 CP-even neutral scalars. Masses my,, my, ms

» 1 physical CP-odd neutral scalar. Mass mg

» 2 physical singly-charged scalars. Masses mg and ms
» 1 doubly-charged scalar. Mass mj

Input parametrization:
mp, My, «, AQ? )\3a A47 )\5a SH

> A\, My, Ms are derived from tree-level relations
» 13 and p3 are derived from tadpole equations
At one-loop

not enough parameters in custodial case to renormalise scalar
sector on-shell!

T — T+ 0y
z € {\1, A2a, A2b, A3as A3, Ase, Mas Aabs Me, Asas Asb, Mia, M1y, Ma, p3, m2, m2}

2 2
91 mg
1672 512{ v2

For instance, e.g. 03, — dA3. =~ for ms > v and sy small

MANUEL E. Krauss HEIDELBERG, NOVEMBER 2017



= 0.5, \y = —0.02, \s = 0.1, a = 0.35

0.1, A3

Ay =

A A As i s

myg = 300 GeV; A\ < 0.1

~

myg = 800 GeV; A\ ~ 0.2

A Ao Ag As As

4
= =
3 S
g 3
8 8
_af i
015 020 025 030 035 040
s s
2 T
Ai Az g A As IS A Ao Ag As As
~
S
~
~
= _ 2 o
S 3 F
s 0
-2
—~\'\~ ’/' IR
-4 ~ W/
010 015 020 025 030 035 0.40
s s
Vi¥2Y3YaYsYe
g g
g €
8 8

i 0 DL T
-0.5 - TN ——
015 020 025 030 035 040 010 045 020 025 030 035 040
SH SH

MANUEL E. Krauss

HEIDELBERG, NOVEMBER 2017



sl
WA
Shalhs |
Aol

SMIM

6As -

O

Sha b
A

2%

hy
he

hy -

0.10

MANUEL E. KRAUSS

0.15

0.20

0.25

0.30

0.35

0.40

COMPARISON

SAslAs
[N
SAslAs

SholAs

OA1/A

Shs |-+

OAx

OAy

L L
0.15 0.20

L
0.25

SH

L L I
030 035 040

HEIDELBERG, NOVEMBER 2017



COMPARISON

Yo [~
Y5 ver
¥ yor
4o s
ol ¥
nr ;T :
Bhsfs [ ShslAs |
Oiha ShalAs - —
OAolAs - SAalAs
el Shalra
SMilAs SA/A
s [ SAg [+
SAs el -e-
Sha - Sk - . .
A2 [
6Ay 6A
hy hs
hy hy
hy - h -
\ \ \ \ \ \ \ . . . . . . .
010 015 020 025 030 035 0.40 010 045 020 025 030 035 0.40
Sy SH

MANUEL E. KrAauss HEIDELBERG, NOVEMBER 2017
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=01, \3 =
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Dependence on heavy scalar mass:
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CONCLUSIONS

Promoting non-SUSY models to higher loop orders:

» perturbative series can break down well before naive tree-level
estimates

» set of loop-level perturbativity checks to improve on tree-level
rules

» MS condition yields similar constraints as using |\;| or

Caution:
Neither of the defined rules should be considered a strict bound on

a model — but they should help indicate when problems with the
perturbative expansion are expected
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THANK YOU
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INPUT PARAMETRIZATION

s :3sH, /2 — 252 (t2 +1) v2(2X2 — As5) — 2v3m2ta + 2v/3mF ta 7

3y/1—s4 (12 +1)v
1
Mo = X [v(mgta (—31/2 — 2312{31{1%& +2\/§s?{ — 2\/5) R
9s% /1 — s2 (2 +1)v?

—3s4/2 =252 (t2 + 1) v% (2X2 (2 — 1) + s%(=(A3 + 3\41)) — Ass% + A5
H (e H H H

+ mflv (72\/33%15& —34/2— 2512_13H + 2\/§ta) ] s

m,QL +m21t§
8(s% —1) (12 +1)v2’

A =—

where t, = tan . The full list of input parameters for this choice is

My, My, @, A2, A3, A\, A5, SH -
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TESTING THE PERTURBATIVITY

T — T+ 0y
z € {\1, A2a, A2b, A3as A3, Ase, Mas Aabs Me, Asas Ash, Mia, M1y, Ma, p3, m2, m2}
Tree-level unitarity conditions: Eigenvalues of scattering matrix
£8(2A3p + A1p)
+4(2A4p + A3p)

£2[2050 + 2(\aa + Aap) + 3Aas £ 1/ (2As0 — BAap + 20 — 22ap)2 + 8N ],
+£8(2X3¢ + Aac),

+4(2M4c + A3e)

+(4X20 — Asa) s

+2(2X24 + As5a),

+£2[201 + 245 — Azp £ \/(2/\1 +Asp — 2245)% + AZ,1,

£2[221 + 2hac — Age £ /(201 + Ase — 22a0) + A1,

1
5[40 — 4hap = Asa £ \/(4han — Ahap + Asa)? + 83 ],

£[2220 + 2225 — Asa £ 1/ (~2A20 + 2A2p + Asa)? +8AZ,].

+ 3 more complicated eigenvalues
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VACUUM STABILITY

Criterion for exclusion: Potential is unbounded from below.
Custodial case: Broken custodial symmetry:
A1 >0,

A3a + A4a >0,
Azp +2Agp >0,

Ao > 0, Agp + Agp >0,
Ase + VY (za + Asa)Pap + 2X1p) + 22a0 >0,
—1lxg A3 >0
3 ’ = Y
Ao> { —X3, A3 <0, \/5\/(/\.% + Ada)(A3p + 2X4p) + 2X4c >0,
A3a + Ada)Azp + Aap) + Aae >0,
;-2 Al(%A3+>\4), A5 > 0ANg >0, \/( 3a T Aaa)(Azp + Aap) + Aac
e wi(ONs — 2V/A@8 T20),  As 2 0AA3 <0, Ase+1/(Aaa + Aaa) Ay + Aap) + Aae >0,
w_ (A5 — 23/ A1(CA3 +A4), A5 <0,
Ao, +4V2\ /A1 (A3p + 224p) — A5e >0,

4X24 +4V24 /X1 (Agp + 2X4p) + Asa >0,
1/2

1 V2 1
we(© = - =2 o=@ (5 +50)] " A2a +2y/21 Oy + A) >0,
B(():WA A2b+2\/m>0,
2 3 A3a + 2A35 + Ada +4Agp +4Xge >0,
2X24 + Agp + 2\/>‘1(>\30 +2X3p + Ao + 4(Aap + Aac))

—(X5a/2) = A5p >0.
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VACUUM STABILITY
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VACUUM STABILITY

A2 =-XAs=X5 =0.1, a = 0.35, sy = 0.33

Tree-level potential: One loop potentlal
T logip(AV) ‘ logip(AV)
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