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Outline of the talk

- Why study the trilinear Higgs coupling A .. (overlap with Martin’s talks)

hhh

- Two-loop corrections to A, In extensions of the SM

* An aligned scenario of the 2HDM [JB, Kanemura ‘19, ‘19]
* Classical scale-invariant theories [JB, Kanemura, Shimoda ‘20]

- New constraints on BSM models from A __ [Bahl, JB, Weiglein 22], [Bahl, JB,

hhh

Gabelmann, Weiglein, WIP]

= Aword on automation @ 2 loops [Bahl, JB, Gabelmann, Pal2ehr, WIP]
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Why investigate A, ?

hhh
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Probing the shape of the Higgs potential

~ Since the Higgs discovery, the existence of the Higgs potential V(O)
Is confirmed, but at the moment we only know:
- the location of the EW minimum:
v = 246 GeV
— the curvature of the potential around the EW minimum:
M =125 GeV

However we still don’'t know the shape of the potential, away
from EW minimum - depends on A,

2 2
> |In the SM: Vs(l(\)/[) — %m%h2—|— 1 (Smh> h3_|_i <3mh> h4—|—

3! v 41\ v?
N—_——
_ =\
> In general: _ = .
1 1 3m? 1 3m? — 246 GeV
0) _ ~, 2712 = h 3 = h 4 o v €
VT = gmih +3!’“( v )h +4!’“\4( 02 )h i

with Ky = A /(A2 )5M
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The Higgs potential and the Electroweak Phase Transition

Possible thermal history of the Higgs potential:

V 15 TC VEV is discrete V T>T VEV Is continuous

- 1% order PT C - 2" order PT

Existence
of a
- potential
barrier
depends
onA.

Figure from [Cline ‘06]

- H
A . determines the nature of the EWPT!

= 0O(20%) deviation of A from its SM prediction needed to have a strongly first-order EWPT

[Grojean, Servant, Wells '04], [Kanemura, Okada, Senaha '04]
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Distinguishing aligned scenarios with or without decoupling

e.g. for Two-Higgs-Doublet Model (2HDM) variants

Expected exclusian; Type-| Expected exclusion; Type-ll

No concrete sign of BSM Physics so far +

i
R

Sp-a=1 e |

] ] ] | — ﬁc:ﬁu- ' ﬁ_c::su
Higgs couplings are SM-like § =T i i
—. favours aligned scenarios, i.e. scenarios 5 e ke
where Higgs couplings are SM-like at tree-level if» i wesi| i

< T o

Synergy of direct searches (LHC, HL-LHC) ) . 1. . N
500 1000 1500 2000 500 1000 1500 2000

and indirect searches (- ILC) strongly

constrain non-aligned scenarios (see e.g. for

MSSM [Bagnaschi et al. ‘18], for 2HDM [Aiko et al.
20])

-~ In some models, aligned scenarios could be
almost entirely excluded in near future!

Sp—q=0.895, Cg_g<0 |

500 1000 1500 2000 EUD . 1000 1500 2000

Mg [GeV] mg [GeV]
[Aiko et al. 2010.15057]

Deviation from alignment
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Distinguishing aligned scenarios with or without decoupling
Energy Energy

A

- If alignment is favoured, how does it occur?
— Alignment through decoupling? or Mpsm 1
alignment without decoupling?

- If alignment without decoupling, Higgs
couplings like A can still exhibit large

deviations from SM predictions because of

non-decoupling effects from BSM loops
BSM states near

EW scale, but

- A, could be a prime target: not very well Mpsnm -+ hidden somehow
measured yet but with prospects for drastical Higgs with SM-like
Improvements in the future! (O = EWscale U - coup. atOL (due to

e.g. sym.)
Decoupling Alignment without

decoupling
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Accessing A experimentally



o=l

Experimental probes of A_

- Double-Higgs production — A

4 3

A T

)

- Single-Higgs production — A_

= S q q
h
ve ~-----h
h
-~ = q q

- Electroweak Precision Observables (EWPOs) — A

h‘h

W h ’ h
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Accessing A via double-Higgs production

- Double-Higgs production — A enters at LO — most direct probe of A__

g - ———-h  TOOCO0000)
A Y A t __}E__
4
g - ————h OO

> Box and triangle diagrams interfere destructively
— small prediction in SM

— BSM deviation in A can significantly alter
di-Higgs production!

HH production at 14 TeV LHC at (N)LO in QCD
M,,=125 GeV, MSTW2008 (N)LO pdf (68%¢l)

.......
~~~~~
oy

[Frederix et al., ‘14]

> Upper limit on hh-production cross-section — limits on
/()\ (0))SM
hhh hhh
. . Bmi 3
- K, as an effective coupling — L D —k\ X —5= - h™ +
v
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Accessing A via double-Higgs production

- Double-Higgs production — A enters at LO — most direct probe of A,

Recent results from ATLAS hh-searches [ATLAS-CONF-2022-050]
yield the limits:

-0.4<x, <6.3at95% C.L.

- Box ~ factor ~2 improvement compared to

sy pre-2021 best ATLAS limits (from single-h prod.)

Y -3.2 <K, <11.9 at 95% C.L. [ATLAS-PHYS-PUB-2019-009] 3w

hh-p (CMS recently gave -1.2 <k, < 6.5 at 95% C.L. [CMS "22]) '
> Uppe g

K:;p -~ Can k, now be used to constrain the parameter space of BSM models? [|._—
- K, as an effective coupling — £ D —k) X —5* - h® + - 10° — L

(V)

[Frederix et al., 14]
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Future determination of A_

Higgs@FC WG September 2019

LI I LI I LILLEL I L I | fr—— I LI

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

30 40 50
68% CL bounds on «, [%]

see also [Cepeda et al., 1902.00134], [Di Vita et al.1711.03978], [Fujii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al., 1901.05897], [Chang

et al. 1804.07130,1908.00753], etc.

DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

di-Higgs single-Higgs
HL-LHC HL-LHC
...... 80%. .o 2.50% (47%)........
HE-LHC | HE-LHC
...... [1.0.-.2.01?/9...........5.0.“@.(40."191.....
FCC-eeleh/hh FCC-ee/eh/hh
5% L_J 25% (18%)
LE-FCC § LE-FCC
15% § n.a.
FCC-eh,,, FCC-eh,,
-17+24% n.a.
S —— 'iféé-'éég'g """
24% (14%)
FCC-ee365
33% (19%)
FCC-ee240
............................... 49% (19%).....
ILC1000 ILC1000
10% 1 36% (25%)
ILC,,, <JILC.,,
27% 38% (27%)
NG, .
............................... 49% (29%)......
CEPC
............................... 49% (17%).....
CLIC3000 CLIC3000
7%+11% L1 49% (35%)
CLIC CLIC
1500 1500
36% 49% (41%)

] CLIC,
- 50% (46%)

All future colliders combined with HL-LHC

[de Blas et al., 1905.03764]
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Future determination of )\hhh

E 1 1 I I I I 1 I 1 1 1 I I 1 L] 1 L] l I I I I I 1 1 1 1 .! L] 1]

w B Higgs selfcoupling projections : 7 J LISt et al ‘21]
5- 3 | . HLLHC (singl coupl ansiysi) s S T [J. :

% — ==% = cross-section-level extrapolation l ‘ '

GEJ : === |LC 500 GeV ZHH (full coupl. analysis) : E
(< 2 | =g |LC 500 GeV + 1 TeV vwHH combined

—e
I 1T 1T 1 | | L L

-0.5 0 0.5 1 1.5 2
}“true/}\‘SM

See also [Durig, DESY-THESIS-2016-027]
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Calculating A in models with

extended scalar sectors

Based on
arXiv:1903.05417 (PLB), 1911.11507 (EPJC) in collaboration with Shinya Kanemura



The Two-Higgs-Doublet Model

- 2 SU(2), doublets @, , of hypercharge 72
CP-conserving 2HDM, with softly-broken Z, symmetry (¢.—-®., ®,— -O,) to avoid tree-level

FCNCs ;
VA s = m3|®1 |2 4+ m2| s> — m2(hd; + 0] dy)

\4

A A A
S Z21 @2+ X0 [2|0a ) + Ag|@F 1 [? + 2> (95 @1) + e )

v% + v% — p? = (246 GeV)2

Y

Mass eigenstates:
h, H: CP-even Higgs bosons (h — 125-GeV SM-like state); A: CP-odd Higgs boson;
H*: charged Higgs boson

Y

BSM parameters: 3 BSM masses m , m,, m_ , BSM mass scale M (defined by M*=2m_*/s
angles a (CP-even Higgs mixing angle) and 3 (defined by tanf=v_/v,)

o)

\4

BSM-scalar masses take form m2 = M? + \pv?, ® € {H, A, H*}

Y

We take the alignment limit a=B-1t/2 - all Higgs couplings are SM-like at tree level
— compatible with current experimental data
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One-loop non-decoupling effects

- Leading one-loop corrections to A _, in models with extended sectors (like 2ZHDM):

hhh

SM top quark loop BSM scalar loops ,
---------- ] — Y
\ / ' (A
N \\\ 'l<\ ‘\‘ 'I’ \\\
A . 4 5 o Firstfound in 2HDM.
[Kanemura, Kiyoura,
5( ))\hhh D L — 48mt i E 472(1)777/(1) 1 — M Okada, Senaha, Yuan ‘02]
1672 v3 = V3 ms

_/\/l : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : # of d.o.f of field P

: : : 2 2 \ .2
- Size of new effects depends on how the BSM scalars acquire their mass: Mg 7~ M + A\v

M2\’ (O, for M2 > \v?
1 -2 ) —

mgb 1, for M2 < 5\@2 _ » Huge BSM
\

effects possible!
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One-loop non-decoupling effects

> i - ative
Leading one-loop ¢ Plot from [Kanemura, Okada, Senaha, Yuan '04] NB: Rf;ﬂ;bnot
uni
300 — violated.
2HDM 7
M=0 (Max. Non—Decoupling Case) '
sin’(a—PB)=1 m,=100GeV /
s I £ 1 B First found in 2HDM:
S 200 m *=m,=m. (=m,) [Kanemura, Kiyoura,
5(1) )\ D p=s i s * Okada, Senaha, Yuan ‘02]
b~ Vi'=2m, /" /20
<-'.: : ;
| =~ 100 | A
M : BSM mass: & 160
N :#ofd.ofof =
> 5 % o
- Size of new effects e 4\
0 S T ] | . L A
100 200 300 400 500
mg, (GeV) Huge BSM
P effects possible!
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Our two-loop calculation

Goal: How large can the two-loop corrections to A . become?
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An effective Higgs trilinear coupling

-~ In principle: consider 3-point function ',
but this is momentum dependent - very difficult beyond one loop

> Instead, consider an effective trilinear coupling

N 0°Vert N
hhh =~

min
entering the coupling modifier
A 3m?
jn = R ()M = 22
()\(0) )SM v
hhh

constrained by experiments (applicability of this assumption discussed later)
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Our effective-potential calculation
1

- Step 1: compute Vg = V) 4 174800

1672 (1672)2

> V@: 1P| vacuum bubbles

4%

(MS result)

[JB, Kanemura ‘19]

> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

> Aligned scenarios sin(-a) = 1 - no mixing + compatible with experimental results
> Neglect masses of light states (SM-like Higgs, light fermions, ...)

H
”—--_-'h f’ -_-.'h /‘ .-‘\
e ~ s ~ - ~
s AN AN s N
/ AY / \ / \
/ \ ’ \ 7 \
I \ I \ I \
Lo__mH__ N L hH Yy [ kH_ )
1 1 1 1
\ ! \ 1 \ !
\ / A ’ \ !
\ ’ \ ’ \ /
~ s n /’
~So_H L ~o_A L SO HP_ LT
-t - -2 e -
H A H H H A
/a—\\ ”_"-‘ ,/ -~ ,—_"-\ //_"-‘ ,’—--\
7 \ ’ N 7 ’ / N /
! v A L L vy \
| 11 ] 1 I 1 1 |
\ 7\ R r r v s N ]
\ 7 \ ’ \ N 7’ A \ /
=== ";—f_/ -;__»_’ ‘;——r_’ ':—f_/ >—-=
~ 7~ ~ 7~ -
’ \ ’ \ ’ \ ’ \ ’ ’ \
' L (N v v g \
I 11 I 11 1 1
\ [\ ! 1\ 1\ [\ 1
\ FARRRN VRN PN VAN /N ’
~ e rd ~ rd ~ rd ~ rd ~ e
-~_ - ~_ - - - -~_ - - - ~ -
H A HY A HY HY
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Our effective-potential calculation

1 1 _
= v 4 T6n2)2 Ve (MS result)

[JB, Kanemura ‘19]

> Step 1: compute Ve = V() +

> V@: 1Pl vacuum bubbles
> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

> Aligned scenarios + neglect light masses

- Step 2: derive an effective trilinear coupling

)\ — ag%ff — ﬂMf%]Veff —I_ 8_3 L § 82 ]. 8
I B Y Oh3 oh? v oh
(MS result too) C v

/
/
/

Express tree-level

result in terms of

effective-potential
Higgs mass
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Our effective-potential calculation

1 1 _
= v 4 T6n2)2 Ve (MS result)

[JB, Kanemura ‘19]

> Step 1: compute Ve = V() +

> V@: 1Pl vacuum bubbles
> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

> Aligned scenarios + neglect light masses

- Step 2: B O3V 3[M§]Veff N [ o3 3( o2 1 6 )}

Ahhh = 2 — 2 5
(MS result too) min. Oh v \Oh v oh

U

- Step 3: conversion from MS to OS scheme
> Express result in terms of pole masses: M, M, , M_ (®=H,A,H*); OS Higgs VEV Uphys =

> Include finite WFR: Appp = (205 /ZMS)3/2)\, 0

> Prescription for M to ensure proper decoupling with M2 = M? 4+ \pv? and M —
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Numerical results
In an alighed 2HDM




Our results [JB, Kanemura ‘19]

Taking degenerate BSM scalar masses: M_ =M =M, =M *

T T 1 T | ‘ ' ' | ‘ ' ' ' \ 1 T T T 4 0 [T T ' T T T T T T T T T T T T T .1 T -r -' ]
N ing limi : : =Mp=M = Non-d ling limit ;-
[ .\‘Decoupllng limit My=M,=M,=M¢, - My=Muy=M_:=Mq¢ Non-decoupling limi ;

‘\‘ Sg-a = 1 35_ 'I' )
\ ts=1.5 :

.\‘ F—M¢2-M2= 1L | 3.0:

“. 400Gev - 2L

N
o
[
|
<
I
o

RN
o
P

> 52.5:
2.0f
1.5}
1.0}
0 500 1000 1500 2000 100 200 300 400 500
M [GeV] Mg [GeV]
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A . at two loops in more models [JB, Kanemura 1911 . 11507]

- Calculations in several other models: IDM, singlet extension of SM
» Each model contains a new parameter appearing from two loops:

Aligned 2HDM -, tanf IDM - A, (quartic coupling of inert doublet)

4.0 * MHZMAZMH: =My ,:: i I MA=MH1 =My ':I ]
. 7 ] 5t 4
=0 i =0 F |
=90 Sp-a=1 ¥ _ IDM 1L £/
- —— 2HDM 1L 5o 3Of ees IDM 2L, A,=0 &F
Sar - 7 8 L. _ s i/
o 2HDM 2L, t,=1 f# IDM 2L, A,=6 il
S 2.5p wmams - 2HDM 2L, tg=1.4 7 ] oy
2.0f ]
1.5} ] ]
1.0F = ] ~
100 200 300 400 500 100 200 300 400 500
Mo [GeV] Mg [GeV]
tanB constrained by perturbative unitarity A, Is less contrained - enhancement is possible
- only small effects (but 2I effects remains well smaller than 1/ ones)
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Calculating A in CSI models

Based on
arXiv:2011.07580 (JHEP) in collaboration with Shinya Kanemura and Makoto Shimoda
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Classical scale invariance

 CSl: forbid mass-dimensionful parameters at classical (= tree) level
_, tree-level potential: 1/ (0) —= Niik1pip; PreI
- However broken explicitly at loop level

- EW symmetry breaking: (c.f. [Coleman, Weinberg 73], [Gildener, Weinberg 76])
> Must occur along a flat direction of V© (= Higgs/scalon direction)
-~ EW sym. broken a la Coleman-Weinberg along flat direction
~ EW scale generated by dimensional transmutation

* Here: CSI assumed around EW scale, motivated by phenomenology
> Higgs (scalon) automatically aligned at tree level — compatible with current exp. results
- BSM states can’t be decoupled (no BSM mass term!)
- CSI scenarios: alignment with decoupling
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One-loop effective potential and A

2
* Only source of mass = coupling to Higgs and its VEV = m?(h) = m? x (1 4 é)
(Y

)

- Greatly simplifies the one-loop potential along Higgs (scalon) direction:

V) = A(v+ h)* + B(v+ h)*log (

_ 1 oy M3 o3 af . Mpo3

1
B= ——
6424

v+ h)?
02

M2 5
3tr | M3 log —Y — =

with

(tr [Mgl} — 4tr [Mﬂ + 3tr [M‘ﬂ)

- Taking successive derivatives of the potential
- 1st derivative = tadpole equation — fix A in terms of v and B

- 2nd derivative = Higgs (effective potential) mass | Mﬁ]veff—’ fix B in terms of v and M,

5[M2]Veff _ ?ASM,tree
v 3 hhh

- 3rd derivative = A but V(' is entirely determined by A, B —

Ahhh =

Universal one-loop result in CSl theories!
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Effective potential at two loops

« Form of V__ changes at two loops:

]
1
\ I
,\’H:\ ----- . . @ @ W
]
1

Vi Vids VFFS Vvs Vsdy Vs FFV Viakge
* New type of contribution:
new log”2 term!
(’U"‘h)z 2 (U‘|_h)2
Veg = A(v + h)* + B(v + h)*log 0 - C(v+ h)*log 0
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A, .. attwo loops in CSl models

[JB, Kanemura, Shimoda ‘20]

* Follow same procedure as at one loop:
2 Eliminate A with tadpole eq., B with Higgs mass
= Still, C remains!
0° Vett 3 [Mf%] Vetf

* One finds: ALRE = EYE = . - 32C

min

> Deviation in A depends on log"2 term in V__

2 Universality found at one loop is lost at two loops!

DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

Page 30/51



Example: a CSI-2HDM

111111111



Setup of our calculation
[JB, Kanemura, Shimoda ‘20]

* CSI-2HDM (see e.qg. [Lee, Pilaftsis ‘12]):
~ similar to usual 2HDM, i.e. CP-even Higgses h, H; CP-odd Higgs A, charged Higgs H*
but
> No mass terms in potential
> Automatically aligned at tree level!

« Derive V@ (MS) — extract log"2 coefficient C . compute A_, (MS)- convert to OS scheme

[ 2]hhh
5| Mz |y —
Ahh = % + 32Cw (details in backup)
* Dominant corrections to V®@
= diagrams involving BSM scalars (H,A,H*) and top quark
- .- B
’ \ ’ \
] h L h Y g h | »4-\ »H:\ »H~\ ,f—f-\ ,Ii\ ,4-\
[ - i - |. _______ .| Iz % // \\ // % // 3, /z ;N Iz 3
\\ /r \\ ,I \ I Yoo L Voo Vo v .
\ ’ \ ’ k 2 ! ] (- [ [ ol |
~ P ~ P \ \ \ \
/’E‘\ f’ﬁ‘\ /’Iﬁr" /’/ \\\ I/ \\\ /, \\\ Il \\\ /// \\\ 1/ \\
5 i ; \\ 7 ‘\ 1 (I [ [ [ [ 1
Il____[_{____‘l l,____IE’____\I l’____[:[____\l ‘\ ,/’ ‘\\ ,/l ‘\\ /’ \\\ ,/I \\\ //’ \\\ ,/I t t
\ [ oy ' e S R S S —_ S
\ P ’ ‘ p A HT A HT H Ht
\\ // \\ ’/ N 7’
~__~- ~_ _ - \\_(_,’
H A HT
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Theoretical and experimental constraints

Perturbative unitarity: we constrain parameters entering only at two loops
— tree-level perturbative unitarity suffices [Kanemura, Kubota, Takasugi ‘93]

EW vacuum must be true minimum of V. i.e. check that
Veg(v+h=0)-Vg(h=0)>0 = Vgh=0)<0

=0

M., generated at loop level, must be 125 GeV
— imposes a relation between SM parameters, M, M,, M *, tanf3, e.g. we can extract:

O* Vest
[M}%]Veff — Oh2

- tanﬁztanﬁ( MhaMta'” 7MH7MA7MH:|:)

min .
measured SM values BSM inputs

Limits from collider searches with HiggsBounds and HiggsSignals
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Numerical results



Comparing A in 2HDM scenarios with or without CSI

Taking degenerate BSM masses: M =M =M =M * [JB, Kanemura, Shimoda ‘20]

4.0 - /7
= 7 I
: CSl, 2/, tan3=1 From ]
350 CSl, 2/, tanB=1.4 [JB, Kanemura, Shimoda ‘20] ,:/ y

u 7/

_ CS|, 1/ ,,;/

i // ¢

30F [-——-- non-CSl|, 2/, tanf=1 From ,,;/ // 1

----- non-CS|, 2/, tanB=1.4 | [JB, Kanemura ‘19] ,/’/ 7

s
G D5 | non-CSlI, 1/ /,’f /’ -
‘4
*/’/,4 f,,’

N
o
T
s
‘
\“
S
\
\
LA

156 A g 1We can now
"~ g {distinguish CSI
[ = {scenarios with
10 amm=======""" different values of
e e e e e s v s TtanBor M)
200 250 300 350 400 450 500
Mg [GeV]
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Unitarity and constraint from M_

[JB, Kanemura, Shimoda ‘20]

500 T ! -,III ! ! I ' ! ) : I < 4 " d I 2 ' ! d T ] 400 T T T T T T T T . T T T T T T T T T T T
j M¢=\(I¢(tanp) to ensure M, =125 GeV _
- y 380}
400+ \ . - H\
| o= \l ................................... - - Il".lll
> Exclude_d b_y | = 360 E -HH
3 300 pert. unitarity 1G] _ § H‘H
& = L \
= = 340} \
200} ~ I : § \
| [ - 1/ HI‘“"&.__H | 320 = HI"
2/ e - - 2/ 5 \
Allowed e \
I ] i "x\ ]
1DU_| L ) M ] I ) 5 X L ] P L x ) ] X 1 ) " L] 300 [ 1 1 1 L 1 L 1 — 1 L L L 1 1 1 1 L L 1]
1 2 3 a4 5 1.0 1.5 2.0 2.0 3.0
tang tanp
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Once all constraints are included

tanB uniquely constrained as a function of M_ [JB, Kanemura, Shimoda ‘20]
2.00 T ' 1 ' T l ' ' | ' l 1 I 1 ' ' I

1.95;— — 2/, tanB=tanB(Mgy)
1.905— """ _
1.855—
< 180
-f
v70f 5

1.65 :
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Constraining the 2HDM with A _

I. Can we apply the limits on k,, extracted from experimental searches for
double-Higgs production, for BSM models?

ii. Can large BSM deviations occur for points still allowed in light of
theoretical and experimental constraints? If so, how large can they

become?

Based on
arXiv:2202.03453 (PRL) in collaboration with Henning Bahl and Georg Weiglein
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Can we apply di-Higgs results for the alighed 2HDM?

> Current strongest limit on k, are from ATLAS double- (+ single-) Higgs searches

-0.4 < K, < 6.3 [ATLAS-CONF-2022-050] [where K=A

()]

hhh hhh

> What are the assumptions for the ATLAS limits?

All other Higgs couplings (to fermions, gauge bosons) are SM-like -, this is ensured by alignment v

The modification of A, is the only source of deviation c.

-..- hon-resonant Higgs-pair production cross
section from the SM

7000000) , /@,’?___h_ 000000 —T —(B—f———h—
I ¢t ———.\\ :(I) vty :<I>
(0 Yoo oLt gl
X O(%Q%h@@) X O(thQfQLhCDCI))
Correction to A, — included not included
— We correctly include all leading BSM effects to double-Higgs production, in powers of g,,c0, UP
to NNLO! v

> We can apply the ATLAS limits to our setting!
(Note: BSM resonant Higgs-pair production cross section also suppressed at LO, thanks to alignment)
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A parameter scan in the aligned 2HDM Bahl, JB, Weiglein 2202.03453]

= Qur strategy:
1. Scan BSM parameter space, keeping only points passing various theoretical and experimental constraints (see below)
2. Identify regions with large BSM deviations in A,

3. Devise a henchmark scenario allowing large deviations and investigate impact of experimental limit on A,

= Here: we consider an aligned 2HDM of type-I, but similar results expected for other 2HDM types, or other BSM models with
extended Higgs sectors

= Constraints in our parameter scan:

SM-like Higgs measurements with HiggsSignals .
99 ESS1E Checked with ScannerS

Direct searches for BSM scalars with HiggsBounds [Muhlleitner et al. 2007 .02985]

b-physics constraints, using results from [Gfitter group 1803.01853] _|
EW precision observables, computed at two loops with THDM_EWPOS [Hessenberger, Hollik ‘16, ‘22]

Vacuum stability

_ Checked with ScannerS
Boundedness-from-below of the potential

theoretical

NLO perturbative unitarity, using results from [Grinstein et al. 1512.04567], [Cacchio et al. 1609.01290]

= For points passing these constraints, we compute K, at 1L and 2L, using results from [JB, Kanemura ‘19]
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my — mg+ [GeV]

Parameter scan results [Bahl, JB, Weiglein 2202.03453]

2HDM type I, a = 8 — 7 /2 2HDM type I, o = 8 — «/2
300} . 300}
200j ! 200
j 8 1.6
j 7 > i e
100} . & 100¢ g
. 6 8§ — : )
: .. : = <
of "8« & of =
| N =
—100 3 £ —100} 1.2
i 2 _
—9200 L —200
-300b. ., . -300b. ., .
—400 —200 0 —400 —200 0
mg — my+ [GeV] myg — my+ [GeV]

NB: all previously mentioned constraints are fulfilled by the points shown here
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ma — mg+ [GeV]

Parameter scan results [Bahl, JB, Weiglein 2202.03453]

2HDM type I, a = 8 — 7 /2 2HDM type I, a = 8 — /2
300} . 300
: 9 - 2L corrections
200 8 200 can reach 1 141.6
; - = : 70% of 1L ones! )
100} _ & 100}
. 6 § — : gkl
: A & : S
Or P S Of 5
- 4L : )
i < | =
—100¢ 3 E —100}
l 2 _
—200} 1 —200}
300t , ] 3000, ., =
—400 —200 0 —400 —200 0
mpg — mpg+ [GeV] mp —mpg+ [GeV]

~ 2L corrections can become significant (up to ~70% of 1L)
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my — mg+ [GeV]

Parameter scan results

Mean value for K)\(Z) =(}\hhh(Z))zHDMI()\hhh(o))swl [left] and K}\(Z)/K)\U)=()\hhh(2))2HDMI()\

~100}
—200}

—300¢F

300t

100}

2HDM typel, a =3 — 7 /2

200; Huge deviations,
i up to ~ x10 wrt SM,
possible !

400 —200

mpg — my=+ [GeV]

0

Upper limit

from ATLAS B0

ma — mg+ [GeV]

200 F

—100¢
—200}

—300F

» 2L corrections can become significant (up to ~70% of 1L)
> Huge enhancements (by a factor ~10) of A, possible for m,~m,, and m,~M
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100

[Bahl, JB, Weiglein 2202.

aan )20V [right] in (m-m,, m,-m ) plane

2HDM type, a= 3 —w/2

<

2L corrections

can reach

70% of 1L ones!

400

200

0

mpg — my=+ [GeV]
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A benchmark scenario in the alighed 2HDM

[Bahl, JB, Weiglein 2202.03453]

Results shown for alighed 2HDM of type-l, similar for other types (available in backup)

We take m =m ,, M=m , tanf3=2

H+?

2HDM type I, M = my, mg = mg+,tanff =2, a =8 —n/2

1400

1200

1000

ma [GeV]

Excluded by:
600 [

constraints
other constraints

400 ¢

2
rc& ) contours

400 600 800 1000 1200 1400
DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

Grey area: area excluded by other constraints,
in particular Higgs physics, boundedness-from-
below (BFB), perturbative unitarity

Light red area: area excluded both by other
constraints (BFB, perturbative unitarity) and by
K,@ > 6.3 [in region where k,® < -0.4 the
calculation isn’t reliable]

Dark red area: new area that is excluded
ONLY by x,@ > 6.3. Would otherwise not be

excluded!

Blue hatches: area excluded by «,® > 6.3 -
impact of including 2L corrections is significant!

Page 44/51



A benchmark scenario in the alighed 2HDM

[Bahl, JB, Weiglein 2202.03453]

Results shown for alighed 2HDM of type-l, similar for other types (available in backup)

We take m =m ,, M=m , tanf3=2

H+?

2HDM type I, M = my, mg = mg+,tanff =2, a =8 —n/2

NLO pert. unit.

400 600 800 1000
DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

Excluded by:

constraints

other constraints

1200

e

contours

1400

Grey area: area excluded by other constraints,
in particular Higgs physics, boundedness-from-
below (BFB), perturbative unitarity

Light red area: area excluded both by other
constraints (BFB, perturbative unitarity) and by
K,@ > 6.3 [in region where k,® < -0.4 the
calculation isn’t reliable]

Dark red area: new area that is excluded
ONLY by x,@ > 6.3. Would otherwise not be

excluded!

Blue hatches: area excluded by «,® > 6.3 -
impact of including 2L corrections is significant!
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A benchmark scenario in the alighed 2HDM - future prospects

Suppose for instance the upper bound on k, becomes k, < 2.3

2HDM typel, M =my, mag=my+, tan =2, a =74 — /2

1400
1200)
= 1000
s}
)
-
= 00 Exclided by:
GO0
I other constraints
| Prospect for u?]
limit at HL-LHC
400
L — n;f.f] contours

100600 800 1000 1200 1400
ey [GEV]

DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

>

Golden area: additional exclusion if the limit on
K, becomes «,? < 2.3 (achievable at HL-LHC)

Of course, prospects even better with an e+e-
collider!

Experimental constraints, such as Higgs
physics, may also become more stringent,
however not theoretical constraints (like BFB or
perturbative unitarity)
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A benchmark scenario in the alighed 2HDM - 1D scan

Within the previously shown plane, we fix M=m_=600 GeV, and vary m =m_,

2HDM type I, a = 8 —7/2, ma = mg+, M = myg = 600 GeV, tan § = 2

- Ky
=== K

Excluded by the experimental

20

bound on ky:
HSE\U > kYT = 6.3 (current)

'{5\2) > kYT = 6.3 (current)
HL-LHC projection
15 k) 5 GHL-THC _ 9 3 (hroicction)

Excluded by NLO pert. unitarity

KX

10
[ k5T =6.3 (current)

- "{&IL—LIIC = 2.3 (projection)

1 —
600 700 800

DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023

>

>

lllustrates the significantly improved
reach of the experimental limit when
including 2L corrections in
calculation of K,

A stricter choice for the perturbative
unitarity constraint (grey) does not
significantly change the region
excluded by k,®@
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anyH3: similar results in various BSM models (at 1L)
[Bahl JB, Gabelmann Weiglein]

. 30 '
- Consider the non- —— THDM-IL M = My — 400GeV, My = Myrr — Mgy, 5 = 2 SM + doublet /—\<
decoupling limit in several —— IDM M = My =400 GeV, My = My+ = Mpgy, Ap = 2
BSM models —— TSM (Y=1) My++ = 400 GeV, My+ = Mpsm SM + triplet — §
5 5 < 5 20 —— GM sinyg =0, M, =400 GeV, M, = Ms = Mpgyr SM + 2 triplets
MBSM — M —I_ )\U """ SM
20t

- Increase M_,,, keeping M
fixed <E:
- large mass splittings
- large BSM effects!

- Perturbative unitarity o7

checks:
. Solid: OK v ATLAS-CONF-2022-050
5_
- Dashed: not OK x //
//
i . - , e - R R e,
g:rr;?;';g‘rtz I;’:CE,SM 300 400 500 600 700 300 900 1000
MBSM [Ge\/]
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Generic predictions for A_
at 2L

Based on
Work in progress, in collaboration with Henning Bahl, Martin Gabelmann, and Sebastian Pal3ehr
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Computing )\hhh in BSM theories at 2L Bahl, JB, Gabelmann, Pakehr]

> Automation well underway at 1L (anyH3 available soon), but 2L corrections to A, can also be
important

~ Goal: generic results for A, applicable at least for leading 2L corrections and beyond models
currently studied (e.g. non-SUSY models with mixing, etc.)

- Extend work of [Goodsell, Paliehr “19] on 2L self-energies to 3-point and 4-point functions (at
vanishing external momenta)

Generation of genuine, unrenormalised, 2L contributions + 1L subloop renormalisation
contributions

Renormalisation by hand (at first)

~ Cross-checks in progress
SM at O(a.0,) and O(a2) v
NMSSM at O(az2) v

- Stay tuned!
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Summary

- A plays a crucial role to understand the shape of the Higgs potential, and probe indirectly signs
of New Physics

> Leading 2L corrections now available in various BSM models (incl. CSI models)

- A, can deviate significantly from SM prediction (by up to a factor ~10), for otherwise

theoretically and experimentally allowed points, due to non-decoupling effects in radiative
corrections involving BSM scalars

- Current experimental bounds on A can already exclude significant parts of otherwise

unconstrained BSM parameter space, and future prospects even better!
Inclusion of 2L corrections has a significant impact.

- Similar results are expected for a wider range of BSM models with extended scalar sectors
— motivates automating calculations of A — anyH3 (c.f. Martin’s talk) + WIP @ 2L
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

Building 2a, Room 209
www.desy.de johannes.braathen@desy.de

DESY.
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di-Higgs exclusive result

)SM /
hhh /

[

Higgs@FC %G September 2019

Future determination of A__

Expected sensitivities in literature, assuming A __ = (A

1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 I 1 1 1 di_Higgs Single_Higgs
HL-LHC HL-LHC HL-LHC
...... 50%. ..o 2.50% (47%)........
............................................................................................... e i
Plot taken from HE-LHC | I 1020 ... L) 50% (407%).....
[de Blas et al., 1905.03764] a _—_rrrrrmrmrmrmrmrrrr,rss ‘ = R
............................................................................................... I{E;/ECC h%\
FCC-ee/eh/hh _ asv-c N I It single-Higgs
..... Y o N S e exclusive
—1 24% (14%)
under HH threshold FCC-ee,,,
FCC-ee < . 33% (19%)

N FCC-ee,,,
............................................................................................................................. oy - obal
_ ILCwoo 5 ”'Cwoo single-Hi S ooa

ILC 10% 36% (25%) g 9959
ILC,,, =<JILC,,
.............................................................. SN AN 27% 38% (27%)
under HH threshold ILCpso
i o = i ———— N | SRR 49% (29%)......
CEPC
.............................................................................................................................. 49% (17%).......
I o ot
7%+11% 1 499% (35%)
CLIC CLIC, & CLIC 5
M‘ L 36% 49% (41%)
0 10 20 30 40 50 N we
L) 50% (46%)

68% CL bounds on K5 [%]  Aifuture colliders combined with HL-LHC

see also [Cepeda et al., 1902.00134], [Di Vita et al.1711.03978], [Fuiii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al.,
1901.05897], [Chang et al. 1804.07130,1908.00753], efc.
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Future determination of A__

Higgs production cross-sections (here double Higgs production) depend on A_

HH production at 14 TeV LHC at (N)LO in QCD ° T S R ML I IR T
My=125 GeV, MSTW2008 (N)LO pd (68%c) = 45F — o6 3 vVHH 1400 GeV (./L -3
- . ee 2 vvHH 3000 GeV 3
4 - ee » ZHH 500 GeV =
1
25
i
1.5F -§
| S———_ e -~
) 0.5F E
i 1 1 1 1 1 1 0:- 1 | il A Tt A AR I
4 -3 2 -1 0 1 2 3 4 -4 0.5 0 0.5 1 1.5 2
SM SM
/\3/)\3 ’\3/)‘3

Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as a function of the modified Higgs
cubic self-coupling. See Table 18 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

[Frederix et al.,

Plots taken from 1401.7340]

[de Blas et al., 1905.03764]
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anyH3: momentum dependence in the 2HDM (1L)

THDM-I my = M = 400GeV, ma = mye = 700GeV, t5 = 2

5 anyH3 |
3.0F y __
2.9t
2.8F

P
@ :
2.7F
2.6}

E 2 _
2.0r pi =V

— -
oL

0 200 400 600 800 1000 1200 1400

= —
<D X Re
& . y
— 100} ;

<= [ 1

=

< I mememT

g  (Ob=zo====z-- rmmr=—m === L —

= 0 200 400 600 800 1000 1200 1400
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anyH3: momentum dependence in the 2HDM (1L)

THDM-I my = M = 400 GeV, ma = mye = 700GeV, t5 = 2

3.0f

2.9t

2.8F

K\
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2.6F

2.5t

2.4k

anyHSE
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anyH3: momentum dependence in the 2HDM (1L)
THDM-1 myr = M = 600 GeV, ma = my= = 1000 GeV, t5 = 2

8.0 anyH3 -
7.8}
761
p{
2
7.4}
7.2t p; =0
— pl=(p* . mi,m})

0 200 100 600 300 1000 1200 1400
/s
. —
=50r et
F o

E 0-_--__--_'--7' _________ --‘I L 1 1 1 L
= 200 100 600 300 1000 1200 1200

DESY. | KUTS @ CERN | Johannes Braathen (DESY) | February 28, 2023 Page 58/51



anyH3: momentum dependence in a Y=1 triplet extension (1L)

Y =1 triplet (mpe= = 400 GeV, mp+ = 500 GeV, Ay = 4).

3.4} L

3.2}
3.0f
2.8}

Ry

2.6}
2.4F

22f - p2=0

2.0f p; = (p*.my.mi)
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MS to OS scheme conversion

« V_. we use expressions in MS scheme hence results for A also in MS scheme

* We include finite counterterms to express the Higgs trilinear coupling in terms of
physical quantities

) ) L, BM7 M2
myx = My —Re[lI% (p* = M3)], (\fGF) (2 log —2 — 1) + -
N~~~ N~~~ 167T Q
MS pole —"%s

* Also we include finite WFR effects — OS scheme

R ZOS /

Mnn = | —2= Ak = — Upnn(0,0,0)

N—— 7 MS —~— < ~— 2
oS N ~— _~ MS 3-pt. func.
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MS to OS scheme conversion

» OS result is obtained as

~~ MS parameters

inclusion of WFR
translated to OS ones

» Let's suppose (for simplicity) that Apx, only depends on one parameter z, as

M = [ (@) + 1 f D (@M9) 4+ 157 O (M) (n = mlw )

and _
M5 = x©5 + k6™ g + k263

then in terms of OS parameters
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MS to OS scheme conversion

» OS result is obtained as

~~ MS parameters

inclusi f WFR
inelusion o replaced by OS ones

» Let's suppose (for simplicity) that Ap»n only depends on one parameter z, as

Ahhh = f(o) (:UM_S) + h:f(l)(il‘:M_S) + !ﬁ:zf(Q)(:l?M_S) (h} = 161?T )

and £MS = x0S + k6WVz + k2P

then in terms of OS parameters

(0)

2 |:f(2)(XOS) ag() Xos 51 .. /@/szn&( 82 (0) G 1)1:)2
x

because we neglect my in the loop corrections and )\ﬁﬁh = 3m; /v (in absence of mixing)
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03V,
SM result at two loops i = 5o

min.

» In the SM, 4 diagrams contribute to Ve at order O(g3m;) and O(m? /v?)

» In the limit m; > myu, mqg, - -, their expression reads
6A 252
V® = —4¢2m?|4A(m?2) — 8m2 — f:;t) + 3y; [me)f(mf,m%,[)) +miI(m;,0,0) + A(m%)z]
t

where A(z) = z(log(z/Q?*) — 1), I: two-loop sunrise integral
» Then we find in the MS scheme

128¢3m; (1 + 6logm7)  24miy; (=7 + 6logm])

(log x=log z/Q?)
v3 v3

5P Xunn =
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SM result at two Ioop§

» MS expression

128¢g3m; (14 6logm;)  24myy; (=7 + 6logm})

52 ALhh = 3 3 (log z=log = /Q?)
v v
= 4
» Translate top quark mass and Higgs VEV from MS to OS scheme in 6V \pnn = —gg—t
1
m; — M7 — Iy (p° = M7) v — — 0U = Uphys — OV

V2GF

+ include wave-function renormalisation

— OS-scheme result @3, _ T2M} 602 — 13M7
hhh 3 3 >
phys phys
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SM result at two loops 1JB, Kanemura ‘19]

_5F ' ; ' ' ' ' ; ' ; ' ' | ' ; ' .
1 SM, (0
| A)\?mh — A%%h Ahhh( )
|
|

-\ o
\ --""——-—
— \\ --""'---
> ‘,—-"'"
(0] \ -
O, -15 AV __ e :
N PR
%; R
<l /
—20 / ————— MS 11 -
II ————— MS 2
|
I OS 1l
_25 ] N
! 0S 2l
0 200 400 600 800 1000

Q [GeV]
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MS result

2 o
5 ., HAH t t
”
- T a - T 0 X
’ ~ ’ ~
¥ 4 A 7’ A
‘ \ ’ v !
\ V4
I--_};L___l l___[zr___\ \"
- -1 - -1 8 N
A ] A I ! \
\ 7 \ 4 (] 1
hY v b Y y
- - S~ e
--._-ﬂj: h_—'j: \\ ’I
H:Aa H:A: Il -+ t b
H, A

- Taking BSM scalars to be degenerate M_ = M,= M, = M_* we obtain in the MS scheme:
(expressions for non-degenerate masses — see [JB, Kanemura 1911.11507])

(2) 16?71% 2 M? ! 2 2 2 INT— 2
O Ay = 5 (4+900t 2[3) 1— - [—ZM —map+ (M +2m¢))logm¢,]
P

6 2 2\ 4 L
4 102ms cot” 25 (1 - %) 14 2logm3]
v ms
W BT 2\ 3 2. 4
n 96mgmy cot” 3 | M= [_ 1+2E‘m%] + o [ mam
V5 1, Vo
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Decoupling property in MS scheme

» Seeing whether corrections from additional BSM states decouple if said state is taken to be very massive
is a good way to check the consistency of the calculation

(2) 16’”’1-33 2 M? ! 2 2 2 2\7 = 2
) Ahhh = 'U5 (4 -+ 9 cot 28) 1 — W |: — 2M° — Mo T (M -+ Zm@) log m@]
'q)
, 0N 3 . o\ 4
16my, M? 192mS cot? 2 M? —
5N Nunn = Bq (1 - —5 ) + 1 - B 1 - — [1 + 210gm%]
v mg v mg
4 2 2 2\ 3 2 4
- t M _
4 96Ti’lqm;(30 B<1_2> [—1+210gmé] +O(m@?t)
v mg v

where m2 = M? + \gv?
» To have me — o0, then we must take M — oo, otherwise the quartic couplings grow out of control
» Fortunately all of these terms go like

_ 2\ " \ 2\n
(?’?’lé))n—l (1 B £> . (/\@’U ) M — o0 . 0

2 L 3 -
m m2=M2+4Xgv? M?2 + Apv?2  Xgpv?2 fixed

P
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MS — OS scheme conversion

» To express 6%) \ppp in terms of physical parameters (vphys, M¢, Ma = My = My+ = Ms), we replace
2 2 2 2 2 2 2 2 2
my — Mj —IMaa(Mz), my — Mg —Ugug(Mpyg), my+ — Mpe —Uygtg— (Mg+),

U — Uphys — 00, mi — M{ — Tl (M)
» A priori, M is still renormalised in MS scheme, because it is difficult to relate to physical observable
... but then, expressions do not decouple for Mz = M? + Apv? and M — ool

» This is because we should relate Mg, renormalised in OS scheme, and M, renormalised in MS scheme,
with a one-loop relation — then the two-loop corrections decouple properly
» We give a new “OS" prescription for the finite part of the counterterm for M be requiring that
1. the decoupling of §(2)\;,p, (in OS scheme) is apparent using a relation M2 = M? + \gpv?
2. all the log terms in 5(2)5\hhh are absorbed in §M?

6 ~r2\ 4 ~r2 6 2 2\ 4
5@ Sy = Mo (1_£) {4—|—300t22ﬁ [3— u (M +2)]}+576Mi00t 2 (1_£)

Uphys MfI% \/§ M<12> Uphys M(%
288 M2 M? cot? 3 M2\° 168 M2 M2 M2\°  48ME 2\’ M2 M}
T 5 l=7= ] +—5 l=37 ) =7 Il=——>=] t0(—5
Uphys M<I> Uphys M<I> Uphys M<I> vphys
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Decoupling behaviour
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> 0 R size of BSM contributions

to A\whh:
_ A
hhh

M: "OS" version of M,
defined so as to ensure proper
decoupling for

M2 = M? + \gv* and

M — o

Radiative corrections from
additional scalars 4+ top quark
indeed decouple properly for
M —
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Decoupling of BSM effects

M : modified “OS” version of Z, breaking scale [JB, Kanemura ‘19]
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Decoupling of BSM effects
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> M : controls the decoupling
behaviour in OS result

- Radiative corrections from additional
scalars + top quark indeed decouple
properly when taking M - oo
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Maximal BSM deviation in an aligned 2HDM scenario
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[JB, Kanemura 1911.11507]

Maximal oR (1l+2l) allowed while fulfilling perturbative
unitarity [Kanemura, Kubota, Takasugi 93]

Max. deviations for low tan3 and M,~600-800 GeV

—heavy BSM scalars acquiring their mass from

Higgs VEV only
> 1 loop: up to ~300% deviation at most
> 2 loops: additional 100% (for same points)

For increasing tanf3, unitarity constraints become
more stringent - smaller dR

Blue region: probed at HL-LHC (50% accuracy on

)\hhh)
Green region: probed at lepton colliders, e.g. ILC

(50% accuracy at 250 GeV; 27% at 500 GeV; 10% at
1 TeV)
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Maximal BSM deviation in an aligned 2HDM scenario

[JB, Kanemura 1911.11507]

2/ ro
OR™ [%] « Maximal 3R (11+2l) allowed while fulfilling perturbative

My=Ma=M,:=M¢, unitarity [Kanemura, Kubota, Takasugi '93]

3.5/ Mg = M? + \pv* -1

e Max. deviations for low tan3 and M,~600-800 GeV
—heavy BSM scalars acquiring their mass from

3.0¢ Higgs VEV only
> 1 loop: up to ~300% deviation at most
Q. > 2 loops: additional 100% (for same points)
& 295 For increasing tanf3, unitarity constraints become
more stringent - smaller dR
2.0
Blue region: probed at HL-LHC (50% accuracy on
1.5} Aninn)
Green region: probed at lepton colliders, e.g. ILC
2000 0 (50% accuracy at 250 GeV; 27% at 500 GeV; 10% at
1.01 , . . SODN— . . 1 TeV)
200 400 600 800 1000 1200 1400 1600
Mg [GeV]
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Maximal BSM deviation in an aligned 2HDM scenario

[JB, Kanemura 1911.11507]
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My=Ma=M,:=M¢, unitarity [Kanemura, Kubota, Takasugi '93]
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e Max. deviations for low tan3 and M,~600-800 GeV

—heavy BSM scalars acquiring their mass from
Higgs VEV only

> 1 loop: up to ~300% deviation at most

> 2 loops: additional 100% (for same points)
For increasing tanf3, unitarity constraints become
more stringent - smaller 6R

Blue region: probed at HL-LHC (50% accuracy on
)\hhh)
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ma [GeV]

2HDM benchmark plane — individual theoretical constraints
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ma [GeV]

2HDM benchmark plane — experimental constraints
i.e. Higgs physics (via HiggsBounds and HiggsSignals) and b physics (from [Gfitter group 1803.01853])
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2HDM benchmark plane — experimental constraints
i.e. Higgs physics (via HiggsBounds and HiggsSignals) and b physics (from [Gfitter group 1803.01853])

2HDM type |, M=my, ma=my=,tanB =2, a=B —n/2
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2HDM benchmark plane — results for all types

Type-I Type-Il Type-Ill (LS) Type-1V (flipped)
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