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Outline of the talk

> Introduction: Why study the trilinear Higgs coupling )\hhh

> )\hhh In BSM models with extended scalar sectors

~ Could BSM Physics be found first in A__ ?
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Why investigate A 7
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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of masses of

elementary particles ...

... but very little known about the Higgs potential
causing the electroweak phase transition (EWPT)
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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of masses of
elementary particles ...
... but very little known about the Higgs potential
causing the electroweak phase transition (EWPT)

» Trilinear Higgs coupling A crucial to understand the
shape of the potential

h----_
mi =
) (125 GeV)?

v = 246 GeV

Vacuum expectation value
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Form of the Higgs potential and baryon asymmetry

vV
» Brout-Englert-Higgs mechanism = origin of masses of
elementary particles ...
... but very little known about the Higgs potential Existence
causing the electroweak phase transition (EWPT) of a
potential
» Trilinear Higgs coupling A, crucial to understand the dté?)rerinec:s *
shape of the potential on\. :,
» Among Sakharov conditions necessary to explain ;
baryon asymmetry of the Universe via electroweak < '
phase transition (= electroweak baryogenesis). = : d)

~ Strong first-order EWPT
— barrier in Higgs potential
— typically significant deviation in A__ from SM
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Aparté: Form of the Higgs potential — a more realistic picture

V Vig)

v = 246 GeV
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Beyond-the-Standard- A V(o)

Model theory, here with 2
scalar states (as an example)

— Multiple field directions

— Multiple trilinear scalar couplings

EW vacuum

Deeper minimum N

(p_ \ Deeper minimum
|

Absolute minimum

Figure by [K. Radchenko Serdula ‘24]
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)\hhh in models with extended
scalar sectors
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The Two-Higgs-Doublet Model . @&Q@

> 2 SU(2), doublets @ , of hypercharge 72 Figure by [K. Radchenko Serdula ‘24]
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
@+ @[t + A |01 2102 4 My @f s P+ 2 (<<1>*<1> 2 +he)
vl 4 v% — 0?2 = (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 m?l) = M? 4+ \pv? , ®ec{H, A, Hi}

Y

We take the alignment limit o = 8 - t/2 - all Higgs couplings are SM-like at tree level
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Mass splitting effects in A

> First investigation of 1L BSM contributions to A, in 2HDM:

[Kanemura, (Kiyoura), Okada,
h

hhh

Senaha, Yuan ‘02, ‘04]
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> Deviations of tens/hundreds of % from SM possible, for

large 9,00 OF 9nheo COUpPlings

> Mass splitting effects, now found in various models (2HDM,

inert doublet model, singlet extensions, etc.)
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Mass splitting effects in A__

> First investigation of 1L BSM contributions to A, in 2HDM:

[Kanemura, (Kiyoura), Okada, Senaha, Yuan ‘02, ‘04]
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> Deviations of tens/hundreds of % from SM possible, for
large 9,00 OF 9nheo COUpPlings
> Mass splitting effects, now found in various models (2HDM,

inert doublet model, singlet extensions, etc.)
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~ Large effects confirmed at 2L in [JB, Kanemura ‘19]
- leading 2L corrections involving BSM scalars (H,A,Hz)
and top quark, computed in effective potential approximation

4.0
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BSM scalars:

Examples of scalar contributions to A ,_in aligned 2HDM 2 < {£,4 %)

M2 + )\@’02

. subleadmg'

, ! - .
L S el subleading subleading
\\ \\ ,/\
g ’/—-"\1,’ ,,’l'\\," ,/’-‘\f’, /,l,-‘\"’ ,/,:--.\\I”
(h)hCDCD i * 7 * ___4’_ h \\ A A A

2(M? —m2) v ’ /
,’-l:-ﬁ\l” ,"-ﬁ\.l” ;,l-—— l\fll ,/’_‘y,’
Yoo : : e L H S e
] LR | | \ N
[9yc0e CASE Similar] (I)\\-:—”"\ (I)\‘~_-""\ (I)\'\__'/:\ (I)\\_-:{
I” /’
gq)q)q)’q)’ !I \U/ \\ ,1—‘-\ ,.-—-.\ ’..-—-...\’I
! v \ v
[2 BSM scalars of - - - 'l\ (I) /l\ (I) Il -=-1 (I) 1 q) [ I
species ®, 2 of species Seo” SoLv N \\‘_#,’\\‘”/\\‘#,f\
7] . .
[NB: 1 h can be — no further type of coupling entering after 2L

replaced by a VEV] — for each class of diagrams, perturbative convergence can be verified!
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Probing New Physics with the trilinear Higgs coupling

» Large effects from New Physics possible in A 2HDM type T, o = f — /2, ma = mu+, M = mpu = 600 GeV, tan § =2
due to radiative corrections from extra scalars, — ) [Bah' JB, Weiglein Phys.Rev.Lett. ‘22]
1 —_——— ,(1)
e.g. at leading order e
, h ’h 20 Excluded by the experimental d
Higgs boson ' S ’:' S ',' - I bound on ky:
,'l \'\l ," \\ / 031 - ( UPS h‘;\xP 6.3 (current) | imits from
h ----- :\ :' h ----- :\ :‘\ §,<§ [ | e g) Ky P = 6.3 (current) [ATLAS PLB 2023]
/(_' . \‘s?‘,” \‘\ \E | == HL-LHC projec;tion
New scalar(s) ' ‘\ h \“h E 15r Kg?) > f{f\IL_LH(’ = 2.3 (projection) ]
I | Excluded by NLO pert. unitarity
1 2(M? — mfb) &

m2 = M? + §ghh<pq>’02 & Jhhoo = — 2 | -
10}

» Comparing latest exp. bounds ' '
Ahhh SN GO N AN I ‘
—1.2 < Ky — () < < 7.2 5' l allowed (current) o '
A M [ATLAS 2024] ' L '

( hhh ) - .-c.;IL_ LHC _ 93 (projection) - }

with precise theory predictions for A provides a = ‘i ! _

powerful new tool to constrain BSM models 600 700 800 900 1000

[Bahl, JB, Weiglein Phys.Rev.Lett. ‘22]
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Mass splitting effects for various BSM models with anyH3

~ anyH3 [Bahl, JB,
Gabelmann, Weiglein ‘23]:
public tool for full one-loop
calculation of A__in arbitrary

renormalisable models, using
UFO inputs (more details in
backup)

Mass-splitting effects on k) for various aligned SU(2);, multiplets

L ATLAS CONF-2022-050

6F

1 :
2 2 2
- Increase M__ ,, keeping

fixed M
- large mass splittings
- large BSM effects!

- Perturbative unitarity
checked within anyH3

> Constraints on BSM
parameter space!

A

SM

IDM
THDM-II
TSMy -

GeorgiMachacek SM + 2 triplets

SM + doublet

SM + triplet

L HI_LHC
2 -
l &4
1__ k/( _

MBSM [GeV}

350 400 450 500 550 600 650 700

750 800

Here: scenarios with lightest BSM scalar mass + BSM mass param.

at 400 GeV, other BSM scalar masses = M_,,
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Relation between Kk, and strong first-order EWPT

Current LHC bound

Ko\

sensitivity /

ILC sensitivity 1

ILC-500

- HL-LHC
= ATLAS limit

EW SnR
Trapped
FOEWPT
SNR > 1

HL-LHC _— 2f

T

00

200

300

maq—mpyg [GeV]
> Region with a strong first-order EWPT and a potentially detectable GW signal is correlated with

significant BSM deviation in K,
DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

100

[Biekotter,
Heinemeyer, No,
Olea, Weiglein '22]

2HDM

- Alignment limit a=p-11/2
-1,=3

- K, computed at 1L

region with
potentially
observable
gravitational
wave (GW)
signal

i"*- region with

strong first-
order EWPT
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Could BSM Physics be
detected first in K, ?

I. How do BSM effects in the trilinear and single Higgs couplings scale?

il. Example 1: Correlation K, vs I'(h - yy) in an Inert Doublet Model

l.Example 2: Effective couplings at one and two loops in a Z,-symmetric singlet model

DESY. Page 16



BSM effects In Higgs couplings: power counting (1L)
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me

Note: similar arguments can be

made from EFT perspective
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Correlation between K, and BR(h - yy) in the IDM /%o, /8. Kanemura 23]

Inert Doublet Model (IDM)

in scenario with heavy DM

candidate

A

T—-MaA = My+

—+— mpy ° DM candidate

= 500 GeV

=~ 2  BSM mass scale

LL
V4

o @

=
-
0@ O -
T
=
=

1.00;

0.98

my =500 GeV, us =(499.9)% GeV?

+ [JB, Kanemura ‘19]

m_.=m, varied
along the curves

....... NLO, /\2 =5
—.— 20 (ATLAS)
---- 20 (CMS)

------- 20 (HL-LHC)

(until limit from pert.

/ unit.)

*—] Expected bounds on

R[BR(h - yy)] at HL-LHC

_] Expected bound on k, at

HL-LHC
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[A, : inert doublet self-coupling]
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Correlation between k, and BR(h - yy) in the IDM

Inert Doublet Model (IDM)
in scenario with heavy DM

candidate
A
2l 2
A o
1 — T
ma = My+ i -
=3
I
- my ° DM candidate §
= 500 GeV T
=
= K2  BSM mass scale =
N =
NN
N\
0

+ [JB, Kanemura ‘19]

m,=m, varied

1.00 ——

0.98

my =500 GeV, us =(499.9)% GeV?

along the curves
(until limit from pert.
unit.)

/

/
— LO, A, =0.1

—— NLO, A, =0.1
- NLO, A, =1
NLO, A, =5

At HL-LHC, mass range
above ~730 GeV is
probed in k,, but not

with (h - yy)!

[Aiko, JB, Kanemura ‘23]

—:— 20 (ATLAS)
- 20 (CMS)
20 (HL-LHC)

—_—

Expected bounds on
R[BR(h - yy)] at HL-LHC

Expected bound on k, at

HL-LHC
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. inert doublet self-coupling]
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Correlation between k, and BR(h - yy) in the IDM

What about the situation at an e*e" collider ?

[Given here:
1o prospects]

ILC-250 4.5% [1] Indirect
ILC-500 2.6% [1] 23% [4,5]
FCC-ee 3.1% [2] Indirect

1] “Physics Case for the 250 GeV Stage of the International Linear Collider,” Fujii, Grojean, Peskin et
., 1710.07621

2] “Higgs physics opportunities at the Future Circular Collider,” G. Marchiori, talk at ICHEP 2024

3] “Higgs Boson studies at future particle colliders,” de Blas et al., 1905.03764

7

S

a

B. Bliewert, J. List et al. 2024
“Opportunities & Experimental Challenges at the Higgs-Top interface,” J. Tian, talk at LCWS 2024
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https://arxiv.org/pdf/1710.07621
https://indico.cern.ch/event/1291157/contributions/5876729/attachments/2899194/5088459/2024_07_18%20-%20ICHEP2024%20-%20Higgs%20physics%20opportunities%20at%20the%20FCC.pdf
https://arxiv.org/pdf/1905.03764
https://agenda.linearcollider.org/event/10134/contributions/54212/attachments/39578/62446/HiggTop_LCWS2024.pdf

Correlation between K, and BR(h - yy) in the IDM /%o, /8. Kanemura 23]

+ [JB, Kanemura ‘19]
Inert Doublet Model (IDM)
in scenario with heavy DM _ 2 _ 2 2
candidate 1.00_'-7-)'7- 500 GeV H2 = (4999) GeV

m_.=m, varied
along the curves
(until limit from pert.

E 0.98] Blue: ILC-500 (20) ) unit.)
A [ Orange: FCC-ee (20) :
[ : | /5

Z| = : :
A
Bl %0096} { : i rospects at e+e- Higgs factories
= - \ : /
0 @ f R \\\ £ BR(W-vY) Ay,
+—MMaA =M [ : |
A H=+ SE? 0.94 ; — " 1 1ILC-250 4.5% Indirect
a'et : 1
m [ : ILC-500 2.6% 23%
[ s —— 10,A;=0.1 ] ; :
+ mpy ° DM candidate § 0 90:- ------ "---E- ------ NLO, A, =01 ] FCC-ee 3.1% Indirect
= 500 GeV T --=- NLO, A, =1
< _
= [2  BSM mass scale E 0.88 f+—-—- il eI NLO, A2=5
. = : Fl —.— 20 (ATLAS) *] Expected bounds on
Disclaimer- " ....... 20 (HL-LHC)__::I Ilf‘l)lipLelc_:ItCe:d bound on k, at
A KRl L R B R
L ° 2%‘;/ ;or'ex‘;)egted Anhh
0 SX[ K})\
FCC-ee limit on K; ()\%O}zh)SM [A, : inert doublet self-coupling]
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Correlation between k, and BR(h - yy) in the IDM

Inert Doublet Model (IDM)
in scenario with heavy DM

candidate

T—-MaA = My+

A

= 500 GeV
= K2

BSM mass scale

LL
V4

o @
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—+— mpy ° DM candidate

pi

. 00 = 500 GeV uz (499 9)2 GeV2

0.98 _ L Blue: ILC-500 (20) 4
T Orange: FCC-ee (20)

0.96 \\ /

0.94 § r'4 _

092r  J| i —— LO,A;=0.1 ]

At both ILC-500 and NLO, A2 =0.1 ;
FCC-ee limits from NLO, A> =1

Kk, are much stronger = NLO, A2 =5
than those from ;U Eg/ll_sp)\S)

I- h — .’ ) o =

( yy)- + 20 (HL-LHC) |

0o 1 2 3 4 5 6 7

+ [JB, Kanemura ‘19]

m_.=m, varied
along the curves

(until limit from pert.
unit.)

BR(h-vyy) )\hhh

ILC-250 4.5% Indirect
ILC-500 2.6% 23%
FCC-ee 3.1% Indirect

Expected bounds on
R[BR(h - yy)] at HL-LHC

Expected bound on k, at
HL-LHC

. inert doublet self-coupling]
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[Bahl, JB, Gabelmann, Heinemeyer, Radchenko

Effective couplings In the ZZSSM Serdula, Verduras Schaeidt, Weiglein WIP]
- Z,SSM: SM + real singlet S, charged under unbroken Z, symmetry
1 1
Vasm—z, (P, S) = Vam(P) + 5;&1%52 + ﬂ)\sgl + Asa 5?01 m% = p% + Agp¥?

m2v2ms  12m2v2m3

...and 2L: OB 1 [16mS (. pd 4+24>\Sm‘§ ok 3_ 2m$ ok 5
ALTA 25674 | vim3 ma v2m3 ma 3vim3 ma

» Single Higgs couplings get leading BSM corrections only via external leg corrections

4 4 2\ °
- Corrections to K, at 1L: m&l) ~ ] + o (1 N M—S)

&g for g“VV:S W,z L) _ 9nXX mg ( % )2
L2 eff = SM — - T2
’/ * % g}SL_I;(/[X 167T2U2 m%«
THYN O YE

3 9
o (2 L ms e Sus () ms T 2Asmg () ps
S W, Z efft = Teff 95674 | 14 m2 ma 02 m2
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[Bahl, JB, Gabelmann, Heinemeyer, Radchenko

Effective couplings in the Z SSM Serdula, Verduras Schaeidt, Weiglein WIP]

Z,SSM: K, andc evaluated atlL Z,SSM: K, and c, evaluated at 2L
1000 1000 .
900 900
800t 800}
700 700
= 600} = 600t
o, O
wy 900 o 500k
4()0_ 1o HL-LHC 400 lo HL-LHC
300 K 20 HL-LHC 300+ ' 20 HIL-LLHC
200 F Ceff 200 F Ceff
_ - _ .
100 100
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

 ps [GeV] | ps [GeV]
> HL-LHC: no bound with 1L c_., only weak bound with 2L c_.

- O(50%) accuracy on K, is stronger than O(0.5%) accuracy onc_. (i.e. g,,,)

- O(20%) accuracy on K, is competitive with O(0.3%) accuracy on c_ (i.e. g,,,) for most of the parameter plane
DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024 Page 24



Effective couplings in the Z SSM - parameter scan

[Bahl, Bechtle, JB, Heinemeyer,
List, Vellasco, Weiglein WIP]

102 > Parameter scan of
Z,SSM
E'j: . - Leading 1L and 2L
S0 corrections included in
HN )\hhh and thZ
N
10~ - Values of K, up to ~2
< possible while keeping
0g, ., below 3%o
107" —Tp —
K
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Summary

- A, plays a crucial role to probe the shape of the Higgs potential and the nature of the EW
phase transition, and search indirect sighs of New Physics

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

theoretically and experimentally allowed points, due to mass-splitting 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!

> BSM Physics could potentially be found firstin A, even with future precision measurements

hhh’

of other Higgs couplings or BRs like g, or I'(h - yy)

We could find BSM Physics in A__, even if nothing shows up in
other precision measurements of Higgs properties like hZZ or hyy

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024 Page 26



Thank you very much for your
attention!

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

Building 2a, Room 208a
www.desy.de johannes.braathen@desy.de
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o=l

Experimental probes of A_

- Double-Higgs production — A

4 3

A T

)

- Single-Higgs production — A_

- - q q
h
ve ~-----h
h
- - q q

- Electroweak Precision Observables (EWPOs) — A

h‘h

W h ’ h
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-—-—=--h TOCCO0000)
-—-——--h DOCCHE000
enters at NLO

g

g

enters at leading order (LO) — most direct probe!

e : e t 9 50000 >
h: )
’ ----- h t A vt'——h
hoi
T 90— h

[Degrassi, Giardino, Maltoni, Pagani ‘16] [ATLAS- CONF 2019-049]

N
hu\ }h

w

enters at NNLO

/’ -‘\
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1} [}

‘-: 1 1
e g \ ]
h h . p NS
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- . - - ‘ ‘ : + - :.., -
Ay /
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[Degrassi, Fedele, Giardino ‘17] Page 29



Accessing A via di-Higgs production

- Di-Higgs production — A__ enters at leading order (LO) — most direct probe of A_

g > —-—=—-h BOOCT0000 ~h
Ahbh o7
h e
F 4 A t _____
S
t N
g « - —-=-h BOOOCCO00! ~h
[ Note: Single-Higgs production (EW precision observables) — A, . enters at NLO (NNLO) |

] ) ) ] § E 1 I I I | I I T I | I I I I ; I I I | .I Iol I E

> Box and triangle diagrams interfere destructively = | ATLAS vt it oo OL) -

. . . . - Vs=13TeV, — fb~ == (Upy= othesis 7

— small di-Higgs cross-section g, in SM T 10k Mo bbTo T 4 Dby s bBD  mm temene e

e - [ Expecied limit +20 g
— BSM deviation in A can significantly alter 2 s e
di-Higgs production! S 103 8
__________________ o
> Upper limit on di-Higgs cross-section o =======_ S
imi = 0)\SM — bb EX2)
— limits on K,=EA_ /(A . ) z . 12
3m2 i — bbbb. 1=
. . h 3 —— Combined ,<_E,

- K, as an effective coupling: £ 2 —Hx X 2 L )| I S e N

Ka
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Accessing A via di-Higgs production

- Di- Most recent and reliable results from
ATLAS di-Higgs searches [ATLAS-CONF-2024-006] yield the limits:

-1.2<x, <7.2at 95% C.L.

(all other k’s fixed to 1)

Not Also from [ATLAS PLB ‘23]:
With all other K’s fixed to 1: -0.4 < k, < 6.3 (95% C.L.) 5
50 With K floating: -1.4 < k, < 6.1 (95% C.L.) o
; CMS: -1.2 <k, < 6.5 at 95% C.L. [CMS ‘22]
|-

NB: future determination even better (details in backup)

— - Cank, now be used to constrain the parameter space of BSM models?

[ATLAS 2211.01216]
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Future determination of A

di-Higgs exclusive result

hhh

Expected sensitivities in literature, assuming A = (A__ )"
Higgs@FC WG September 2019
LI 1 I I I I I 1 1 1 I ) — p— 1 I I | fr— 1 I di_HiggS Single_Higgs
HL-LHC HL-LHC HL-LHC
...... 90%. ... D0% (47%) ...
............................................................................................... i i
Plot taken from HE-LHC | I 020 ... L 0% (40%)...
[de Blas et al., 1905.03764] - I e []oeessam
............................................................................................... LE-FCC LE-\
FCC-eh,,, FCC-eh,,, i -Hi
FCC-eefthhh——m——— | @ p S g LN single-Higgs
..... NN exclusive
—1 24% (14%)
ECC under HH threshold FCC-ee,,,
-ee : 33% (19%)

\ \ FCC-ee,,,
............................................................................................................................. gy - obal
_ ILCwoo = ”'Cwoo single-Hi S oba

ILC 10% 36% (25%) 9 995 9
ILC,,, " Con
.............................................................. LT s S 27% J 38% (27%)
under HH threshold ILCy,
cCebC}eo— 00000000000 | 49% (29%)...
CEPC
.............................................................................................................................. 49% (17%).......
____ I S e
T%+11% 49% (35%)
CLlC CL|51500 CLIC1500
|§§§§§§§;i;é;;;;;Ei;;;;;;é;é;;;;é;;g;;;é;;;j [ 1 36% 49% (41%)
cLIc
0 10 20 30 40 50 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], [Fuijii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al.,
1901.05897], [Chang et al. 1804.07130,1908.00753], etc.
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Di-Higgs production cross-sections as a function of A__

Plots taken from
[de Blas et al., 1905.03764]

Hadron collider ete- collider

' " HH production at 14 TeV LHC at (N)LO in QCD - T . R AR LR SR R R =
_____________ My=125 GeV, MSTW2008 (N)LO pdf (68%i) = 45 == 00 4 v¥HiH 1400 GeV¥ <-/L z
---------- - = ----- @@ 2 vvHH 3000 GeV ' ]
4~ ee » ZHH 500 GeV E
352_ — ee # ZHH 1400 GeV =
3 E
2F- :
1.5F =

R e
0.5- 5
. =
1 1 | 1 1 1 | 0 1 | " " | 1 1 2 b 2 0 3 1™
-4 -3 -2 a3 0 1 2 3 4 -4 -0.5 0 0.5 1 1.5 2

[Frederix et al., 1401.7340] )\;;/)\%M =\ /\;;//\:E;M = K) [Reuter ‘19]

- BSM deviation in kK, modifies the interference between different contributions to di-Higgs
production

~ Strong impact on total cross-sections (and also on differential distributions, see later slides)
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Precision on the determination of A__as a function of A_

ILC550: 20% | [J. List et al 24]
(adapted from slide

s —| Higgs self-coupling projections of [G. Weiglein ‘24])
(dp) ~ | ==#===HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053) H L' LH C:
(< 3 — ...4... extrapolation HL-LHC, )-dependency as of o o
~— n x-section significance in ATL-PHYS-PUB-2022-053) 84 A)
% | | === |LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH
Q ~ | == |LC 1 TeV vvHH (2014, single coupl. analysis) | LCSSO
(<E 2 B * ILC 550 GeV ZI:-IH &vvHH +1 Te\jIr vvHH combined: 2014/ 9 %
i HL-LHC: 50%—>
0 __* ........................ Vaiu:e..preferre;.d..__
- *l ' ' for GW signal, -
| | | | | flrst order EWPT_
1 1 [l 1 1 1 L 1 1 1 1 [l 1 1 1 1 L 1 1 1 1 L | |
See also [Durig, DESY-THESIS-2016-027
[ g ] )\true/)\SM
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Generic predictions for A_

LR

S

Based on

arXiv:2305.03015 (EPJC) + WIP
in collaboration with Henning Bahl, Martin Gabelmann, Kateryna Radchenko Serdula and Georg Weiglein
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A .. within the landscape of automated tools

FlexibleSUSY/Hdecay/SPheno + HiggsBounds—

'Theoretical constraints FlexibleSUSY/Hdecay/SPheno + HiggsSignals—;

Vacuum stability ———EVADE/Vevacious++

Experimental constraints

—— BSM searches

— SM-like Higgs

FlavorKit/Flavio

Unitarity - D.-’ADEISARAH!SPheno\

+ Flavour observables

_F,_,._-———-FlexibIeSU SY/SPheno

RGEpp/ARGES/SARAH/Pyrate— BSM model

UV behaviour

» EWPO

/ T DarkSUSY/MicrOmegas

GroupMath/SARAH/Susyno

Renormalisability

BSMPT/PhaseTracer

» Dark matter

» Early universe

¥

dryH=

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024
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Full one-loop calculation of A with anyH3: how does it work?

Generic results applied to. Fo e o & & o Q & .o
concrete (B)SM model, using Ry, S
inputs in UFO format . S i T
[Degra,nde et al., ‘11], tree-level: '}“}:Eh one-particle irreducible: gégmine;ghhh
[Darme et al. ‘23]
tadpoles: 55;31130195}\;1;1;1
Loop functions evaluated via 4 ‘
COLLIER [Denner et al ‘16] p 9 % .
interface, pyCollier = A il i SR i 3
Restrictions on particles . - ~ d
and/or topologies pOSSible external leg corretions: 5%{:3,&;1;1;1
Renormalisation performed i & | Solid lines:
automatically (more in hy - scalars,
backup) . Sk - fermions,
;e - gauge/vector bosons,
renormalisation: 58%)\;1;1;1 - ghosts
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Computing A __ in general renormalisable theories: method

Our method: we derive and implement analytic results for generic diagrams, i.e. assuming generic

e.g. FFF diagram C2 p p3
HTfl
Cy
pL---- \ AUtz
mf,
G~
P2

For evaluation:
> Apply to concrete (B)SM model,

using inputs in UFO format [Degrande
et al., ‘11], [Darmé et al. ‘23]

~ Evaluate loop functions via COLLIER
[Denner et al “16] interface,
pyCollier

> All included in public tool anyH3
[Bahl, JB, Gabelmann, Weiglein ‘23]

S(LF )

> Couplings C; = C’Z-LPL + C’,L-RPR, where Pr, p = 5

> Masses on the internal lines m., 1=1,2,3

- External momenta p,, 1=1,2,3

— QBO(P%mQa m?)(CI(CE C@ mf + C2 C‘:‘. my, + Cz C’imfa) + Cl (Cz C'Emfl +

Cz C3 mg, + Cz C::'. me,)) + mg CU(PQ;P?: Pl?m%a m%, mg)((Cl Cz Cf; +

Cr G5 Cs)(pt + P2 — p3) + 2(Ci G2 Cs + G G G ) mg, my, +

2my, (Cr(C5CEmy, + CXC¥myg, + CXCimy,) + CF(CS Cimy, + C5Cimy, +
C5Cimy,))) + CL(p3, p3, pi, m3, m3, m3)(2p3 (Ci G5 (Comy, + Ci'my,) +
CrC5(CSmy + Comg)) + (i + p3 — p3)((CT G5 CF + Cr CCy)my, +
(GGG + PG G )myy ) + C2(p3, p3, pi, mi, m3, m3)((pf + p3 —

p3)(Ci C5 (Cismy, + Cimg) + CF C5(Comy, + Cimg,)) + 2p7 ((Cr C5C5 +

CfCclchymy, + (Ctcf s + cf ciclymy,))

(B0, CO, C1, C2: loop functions)
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Flexible choice of renormalisation schemes

1
5())\hhh—""® =
- 1L calculation - renormalisation of all parameters entering A, at tree-level
> In general:
0) \BSM 0) \BSM
(M) BSM = (A ) BSM (my, ~ 125 GeV,v =246 GeV, may & . Vi, g )
SM sector BSM BSM BSM  indep.

-~ Most automated codes: MS/DR only masses mixing angles VEVs BSM coups.

~anyH3: much more flexibility, following user choice:
- SM sector (m,, Vv): fully OS or MS/DR
- BSM masses: OS or MS/DR

- Additional couplings/vevsimixings: by default MS, but user-defined ren. conditions also possible!

0
58%)\%1@ = Z (ax()\ggh)BSM) 0T with x € {mp,v, me,,v;, a;, g;, etc.}

Renormalised in MS, OS, in custom schemes, etc.
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(Default) Renormalization choice of (v*M)°> and (m?)°°

2MOS M2 0sS )
VoS = W\/l W~ with

e - W
5(1)M205 _ Hifl)j 2 _ M2OSy V= W.Z
. VT Mo (P — Wiy, )a — Vv,
. 6Me0S = 111 (p2 = 0) + sign(sin@w)néig—c%ﬂ,yz(pQ =0)

attention (i): pte='evel £ 1 — further CTs needed (depends on the model)

— ability to define custom renormalisation conditions

ole
scalar masses: m?s — m!f’
0S,.2 _  p.y(l)
) m; = ReEm |p2:m?
0S- _ p. 0 v(1)

attention (ii): scalar mixing may also require further CTs/tree-level relations

All bosonic one- & two-point functions and their derivatives for general QFTs are
required for flexible OS renormalisation.
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Features of anyH3, so far

> Import/conversion of any UFO model

> Definition of renormalisation schemes

# schemes.yml

renormalization_schemes: (extract from
MS: schemes.yml
SM_names: for 2HDM)

Higgs-Boson:
VEV_counterterm:
mass_counterterms:

hl: M

h2:

0S:
SM_names:

Higgs-Boson:
VEV_counterterm: 0S5
custom CT_hhh:

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

Analytical / numerical / LaTeX outputs

3 user interfaces:

> Python library

from anyBSM import anyH3
myfancymodel = anyH3('path/to/UF0/model"')
result = myfancymodel.lambdahhh ()

> Command line

> Mathematica interface

Perturbative unitarity checks available (at
tree level and in high-energy limit for now)

Can be used together with a spectrum
generator and handles SLHA format

Efficient caching available

Lots more!
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New results I: mass-splitting effects in various BSM models

Mass-splitting effects on k) for various aligned SU(2), multiplets
I I I I I 1 I I I I I I I | I I 1 | Ll I I I I Ll I I I 1 I I

7 ! | | I I | | |
~ Consider the non-decoupling T AS CONTL9099- 050 /
limit in several BSM models i - f
Mggy = M? + Mo - SM
- —— IDM
S5F SM + doublet
- —— THDM-II
- Increase M,,, keeping M l TSMy_; SM + triplet
fixed . 2 ir GeorgiMachacek SM + 2 triplets
— large mass splittings -
- large BSM effects! s L
L HL_LHC
> Perturbative unitarity ol
checked with _m '
anyPerturbativeUnitarity i
X ;

350 400 450 500 550 600 650 700 750 800
MBSM [GeV}

Here: scenarios with lightest BSM scalar mass & BSM mass param.

at 400 GeV, other BSM scalar masses = M__,.
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> Constraints on BSM
parameter space!



New results II: momentum dependence in the 2HDM
THDM-I: myy = M = 400 GeV, my = mpy= = 700GeV, tg =2

T T T T T T T T T

3.0r

2.8F
< X
N
2.6
24k
0
'; T T T T T T I P
O I -
O _
— 100 ! ’
EE L -*ﬁ——(f{H ]
é S by
E 0——.——.————-r—q-——. ———— L L 1 L L L L L ! . =
— 0 200 400 600 800 1000 1200 1400

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024 Page 43



More new results with anyH3: an example in the N2HDM

NTHDM: Mmp, = 125.1 GCV, Mmp, = Mp; = MA =M+ = 300 GOV, ﬁ = 100 GOV, tﬁ = 2

0.5

m—— NTHDM 1L, (o1 4+ a3 = 8 — m/2),

-0.5

—— THDM 1L, (alignment limit &« = 8 — 7 /2)
""" THDM 0L, (alignment limit o = 8 — 7/2)
I il 1 Il il L

vg = 300 GeV 1
m—— NTHDM 1L, (a7 + g =8 — 7 /2), vg = 3 TeV
= NTHDM 0L, (a1 + a3 = 8 — w/2), vg = 300 GeV
= NTHDM 0L, (a7 + ag = — 7 /2), vg = 3 TeV

0 /8 /4 3m/8
a2

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

0.5

1-0.5

/2

(0)

» N2HDM = 2HDM + real singlet
» CP-even sector: 3 states

h, h,h,

with 3 mixing angles a_, a,, a,

» Here a,- 1/2 - recover 2HDM
(itself in alignment limit)

» We can study e.g. the relative
sign of k, and k. — affects

double-Higgs production

> K too far away from 1 excluded
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Full one-loop calculation of A__in the MSSM

CMSSM, mg = my ;p = — Ay, tan 3 = 10, sgn(p) = 1, with my, computed at 2L in SPheno

130F

128}

126

'_l
[
i

H
b
[

mf,:;‘] ) [GeV]

120}

118}

:
!
!
:
|
!
!
|
!
!
!
!
!
;
!
!
!
!
|
116 i
l

10°

my [GeV]

107

(GeV]

(1]
hih

=

2207

200

180}

160 ¢

1401

120

100

S0

6O E

anyH3

_.--""'-_—

N (1)
()‘J hit

L

—_— ()
(}‘hhh

(1)
5gv11. )‘h hh

— 3mi/fv ]

(1)
{)'hh h

yMssM. |

)MSSM 7]

)Shl

10°

10?
my [GeV]

- Example for a very simple version of the constrained MSSM - BSM parameters m_, m_ ., A,, sgn(u), tan3
- For each point, M, computed at 2L with SPheno, and SLHA output of SPheno used as input of anyH3
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Ongoing developments in anyBSM

1o ity ~--- SM
0 erecnl L 8 o 5 :
) oo i Left: 2HDM | L — T
on e e [Heinemeyer, Muhlleitner, Radchenko -
_ 1071 w7 =30 e = 2021 Serdula, Weiglein 24] sl | ey |
3 plot from talk of K. Radchenko Serdula 8
% 02 | at 20" LHC Higgs WG workshop : |
3 %10’3-
3 °
< 103 Right: singlet extension J7
[Arco, Heinemeyer, Muhlleitner,
Rivero, Verduras WIP]
107 ] i
200 400 600 [%60] 1000 1200 200 =0 s o e
my |GeV

mpp( GeV)

Example leading-order contributions:
t

g""iﬁﬁ)’ —----- h 9
ty At t
gm—b— ------ h 9
I

[Figure by A. Verduras]
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Ongoing developments in anyBSM: anyLambdaijk and anyHH

Example leading-order contributions to gg— hh:

t

I yvosT 4T h
ty At
g L - h
t

Having predictions for di-Higgs
production, including all (i.e.
resonant + non-resonant)
contributions + 1L corrections
to trilinear scalar couplings in
arbitrary models would be highly
desirable

— new modules anyLambdai jk

and anyHH
[Bahl, Braathen, Gabelmann,
Radchenko Serdula, GW WIP]

g : h .
t LN &

h 9
h Y

e Gwd
t RO
1O
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[Diagrams by A. Verduras Schaeidt]
L0t SM + complex triplet (TSMy_1), v = 0GeV, my++ = 500 GeV
=== excluded by ATLAS [PLB 2023] :
=== exclusion projection HL-LHC
1
. ]_03 JE’?M(A.&H?}:) /f: 3
é \ ,/ ]
T :‘1 ’,
EE‘“ | ‘\ /ll
. br..-: A
10% 7 \
! \\\ — A Lf H
101 ...... Y S ey v
400 500 600 700 800 —10
Mg+ [GC’V]
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Ongoing developments: anyLamijk Seoia woen i oo

Example in a 2HDM: o h - h

me . = 450 GeV, tan § = 10, mi, - m#; cos® a/ tan 3

m = 450 GeV, tan 3 = 10, m*, = m? cos’ a/tan 3
0.18 o 0.9 MEAR: anp 12 = My cos” a/ t
—analytic 4y PRELIMINARY / |
—016] -BSMPT A?ﬁh /| -
= —BSMPT{é\}m N 0.1
~~ - anyH3 A, 4 T ——analytic A}:EH
< '[]14 = el H3 }‘.{1} 4 B m 0
= AV, s # = ---BSMPT )\,
~ < 0- —BSMPT A
- anyH3 )\ﬂ' H
~=--anyH3 A}
-0-]. T T T T
0 (05 0t 0.15 0 0.05 0.1 0.15

cos(f — «) cos{f=1c)
— excellent agreement with BSMPT results (in eff. pot. approx.), in view of dif. scheme PO(I‘HVE\?
— full OS schemes for A and A, couplings worked out in 2HDM [Bahl, JB, Gabelmann, Radchenko Serdula,

hhh hhH

Weiglein], RxSM [JB, Heinemeyer, Verduras Schaeidt], and more [Bosse, JB, Gabelmann, Hannig, Weiglein]!
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Ongoing developments: tests of anyHH with leading order
trilinear couplings A = 9oy [Ompu, (HPAIR) — 0o}y /Oy, (anyHH)|

gg — hh in the Standard Model @ 14 TeV i SSM: a = —0.45, vg = ?;/\/i ks = ks = 0 GeV
_ —— anyBSM (PDFALHCI15, pi = myy,) | | -
0.08F anyBSM, u = [0.5., 2Jmy, : 101}
' ~ == HPAIR (PDF4LHCI15, = my) |

'_I.
=

+3.6

LO _ 15 1727
oo = 18.1-27fb

=
-
=

=
=
M

Aol [dmyy, [fb/GeV]

my, = 200 GeV —_— iy, = 500 GeV
104 - my, =300 GeV = my, = 600 GeV
—_— iy, = 400 GeV == [Dawson, Lewis ‘15]

=
-
o

Aoy [Ompy [fb/GeV]

Bl By ne g ) ST e g p e ey e g e B g JEU g wp

0.00 10~
3_“ 1y = wFk g
9: | O ;:z
2 | = 10 J
;GL - : e 1o 0 0| . i : : W : i W i
300 400 500 60O 700 800 < 300 400 500 600 700 200
Mpp [G[_‘\*,?] g, [Gf!\"r]
ensures that running of a_ + choice of PDFs are same for singlet extension of SM (remaining difference

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024 because PDF SetS Can’t be taken tO be the Sarﬁ@)e 49



Ongoing developments: tests and new results in 2HDM with

anyHH

THDM L: ¢5_, =0, tg = 2, M = 400 GeV

10[] _

eV]
S

1.7
Tty

[
]
o
Y

Aot Oy, [fb/C

mpg = 500 GeV,
mpy = 500 GeV,
mpg = 550 GeV,
——= my = 550 GeV,

mpg = 600 GeV,
=== my = 600GeV,

HPAIR
gt = 17241
o' =20.85fb

anyHH
HPAIR

o =30.301b
gt =29.84fb

HPAIR
anyHH

e = 1T-256b

( )

( )

( ) 1
anyHH (a** = 20.60 fb) |

( ]

( )

eV]

1
T

A [fb/G

300

00 500
myn [GeV]
> Very good agreement with HPair, using one-loop
trilinear scalar couplings computed by
anyH3/anyLambdaijk, for 2HDM benchmarks (here in

alignment limit)
DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

600 700

tan 3 =2, My g g+ =600 GeV, M =400 GeV,a =8 —7/2

10°F
-
]
‘-u:_‘ _1 ----------
=i LC i A S
D 473
"‘“‘: ]_0 =
E‘ (1) y o 2 tot >
<w SPE Aijk(p = ﬂlhh)? o = 46.5th
10-3 —m AR =0), 0% = 5871
v A otot = otot = 30.0fb

7300 400 500 600 700 800
mpun [GeV]

> Strong impact of inclusion of one-loop corrections to
trilinear scalar couplings on differential distribution

> Impact of momentum dependence of trilinear scalar
couplings (only possible with anyHH, not with HPair)
can be as large as 20% on total cross-section
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A word on EFTs

~ E.g. an additional scalar of M~300-500 GeV is not

- Effects in K, much larger than in other Higgs couplings necessarily excluded by experimental searches, but
can also be understood in terms of EFT/dimensional Is also not well captured by SMEFT!
analysis — one should use Higgs EFT (HEFT) instead

- See e.g. [Durieux, McCullough, Salvioni 2022] and ps =390 GeV, Agg =5 N=1

[Bahl, JB, Gabelmann,
Heinemeyer, Radchenko
Serdula, Verduras  1.201

5 o Ao 2 M 2 Schaeidt, Weiglein WiP] i | | x
5 ~Y In1n Y 15157
hVV mp my,

[McCullough @ LCWS’24]

<
N
1.10
Deviation /// | I J\ \
N A, ~ 600 Full calculation e 1 nn | FY ‘
L (1L) in singlet 11
Deviation - —— SMEFT
_ extension of SM —— Full O(N)SSM
N Gy 1.00 - . - ‘ -
' 20 40 nﬁO 80 100
- But beware also about the range of applicability of / .
different EFTs! B2 Order to which we
LomBRT O Z c(2n) do the calculation
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The Two-Higgs-Doublet Model . @&Q@

> 2 SU(2), doublets @ , of hypercharge 72 Figure by [K. Radchenko Serdula ‘24]
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
@+ @[t + A |01 2102 4 My @f s P+ 2 (<<1>*<1> 2 +he)
vl 4 v% — 0?2 = (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 m?l) = M? 4+ \pv? , ®ec{H, A, Hi}

Y

We take the alignment limit o = 8 - t/2 - all Higgs couplings are SM-like at tree level
— compatible with current experimental data
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Constraining BSM models with A_

I. Can we apply the limits on k,, extracted from experimental searches for
di-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?

As a concrete example, we consider an aligned 2HDM

DESY Page 53



Can we apply di-Higgs results for the alighed 2HDM?

~ Current strongest limits on K, from ATLAS di-Higgs searches

> What are the assumptions for the ATLAS limits?

-1.2 < K, < 7.2 [ATLAS-CONF-2024-006]

All other Higgs couplings (to fermions, gauge bosons) are SM-like

- this is ensured by the alignment v/

[where K =\

()]

hhh hhh

The modification of A, is the only source of deviation of the non-resonant Higgs-pair production cross section

from the SM
000000

A

000000

" 24

o--
I
I D
\\ I
[ONEN
.__

D

x O(y:97 1 os) included

h

h

000000

Y

TOOO00——

_(f)__?___
2 |(I)

|
P e--

h

h

o« O(yiginee) notincluded

— We correctly include all leading BSM effects to di-Higgs production, in powers of ¢,,00, Up t0 NNLO! v

- We can apply the ATLAS limits to our setting!
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A parameter scan in the alighed 2HDM

= Qur strategy:

[Bahl, JB, Weiglein PRL ‘22]

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:
125-GeV Higgs measurements with HiggsSignals

Direct searches for BSM scalars with HiggsBounds

b-physics constraints, using results from [Gfitter group 1803.01853] _|

Vacuum stability

Boundedness-from-below of the potential

theoretical

Checked with ScannerS
[MUnhlleitner et al. 2007 .02985]

EW precision observables, computed at two loops with THDM_EWPOS [Hessenberger, Hollik ‘16, ‘22]

Checked with ScannerS

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

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

Parameter scan results [Banl, JB, Weiglein PRL "22]

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 [Banl, JB, Weiglein PRL "22]

)
) mean

D /8

2HDM type I, a = 8 — 7 /2 2HDM type I, a = 8 — /2
300} { 300
1 9 : 2L corrections
200 8 200 can reach 1 141.6
; - = : 70% of 1L ones!
100} _ & 100}
. 6 g —/ !
: 2 T :
0f ‘5. g 0f
! R _
Z < [
—100¢ 3 E —100}
i 2 _
—200} 1 —200}
-300b. ., . ] -300b. ., .
—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 [Banl, JB, Weiglein PRL "22]

@)HoMI(A,,, @) [left] and «, @k, "=(,,, @)*MI(A,  @P+OM [right] in (m,-m,,., m,-m,.) plane

(2) =
Mean value for x,? =(A,

2HDM typel, a =3 — 7 /2 2HDM type, a= 3 —w/2
i Upper limit
300 : | from ATLAS 3007
200; Huge deviations, 200 F 2L corrections
i up to ~ x10 wrt SM, _ can reach
i possible ! = i 70% of 1L ones!
100} & 100}
: ™ |
i uw i
| R
Z < ‘
—100} E —100}
—200} L —200¢
300t . 300, 0, N
—400 —200 0 —400 —200 0
mpg — my=+ [GeV] mpg — my=+ [GeV]

» 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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A benchmark scenario in the alighed 2HDM

[Bahl, JB, Weiglein PRL ‘22]

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. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

Grey area: area excluded by other constraints,
in particular BSM Higgs searches,
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 «,@ > 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

[Bahl, JB, Weiglein PRL ‘22]

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.

Excluded by:

BSM Higgs _
searches @)
400 600 800 1000 1200

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

constraints
other constraints

contours

1400

Grey area: area excluded by other constraints,
in particular BSM Higgs searches,
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 «,@ > 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

1400

1200

600

400

200

600

800

1000

ey [GEV]

—

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

FExchided by:

other constraints

Prospect for u?]

limit at HL-LHC

F.f] contours

1200 1400

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

>

[Bahl, JB, Weiglein ‘23]

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 = B — /2, ma = my+, M = myg = 600 GeV, tan 5 = 2

. (2)
1
—_— Kg)
20 F Excluded by the experimental d
I bound on kjy:
r{gl) > ky " = 6.3 (current)
— KE\QJ > Ky = 6.3 (current)
= HL-LHC projection
15¢ KS?J > kit HC = 2.3 (projection) ]
Excluded by NLO pert. unitarity
—~
2
I /.
10 &7
,I
[ k5P =6.3 (current)
l allowed (current) e
5 B /f’ 7]
- .-c.;IL_LHC = 2.3 (projection) I
ke ssssssss s s s s s ms s E s R E -‘-J-—f --------------------------------------
-- " I
1 —_y
600 700 300 900 1000

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

[Bahl, JB, Weiglein PRL ‘22]

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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A benchmark scenario in the alighed 2HDM - 1D scan

2HDM type I, a = 3 —7/2, ma = mpy+, M =mpg

=600 GeV, tan § = 2

20

15}

R

1
600

DESY. | IDT-WG3-Phys Open Meeting | Johannes Braathen (DESY) | 15 November 2024

[ kT =6.3 (current)

K2

Excluded by the experimental
bound on kjy:

HSE\U > ky T = 6.3 (current)

KE\QJ > Ky " = 6.3 (current)
HL-LHC projection

-~ KI)—\IL —LHC

ﬁg?) = 2.3 (projection)

Excluded by NLO pert. unitarity

-
_

[Bahl, JB, Weiglein PRL ‘22]

Bound on eigenvalues

max(m4) with
LO pert. unit.

max(m,) with
NLO pert. unit.

max(m ) with

with finite /s € [3 TeV, 10 TeV]

max(|a;|) < 1 1161 GeV 1017 GeV -
max(|NRe(a;)]) <1 1161 GeV 1033 GeV 1260 GeV

. max(|a;|) < 0.5 917 GeV 937 GeV -
max(|Re(a;)]) < 0.5 917 GeV 958 GeV 929 GeV

max(|a;|) < 0.49 911 GeV 933 GeV —
max(|Re(a;)|) < 0.49 911 GeV 956 GeV 922 GeV

| max(|a;|) < 0.45 889 GeV 912 GeV -
;| max(|PRe(a;)|) < 0.45 889 GeV 948 GeV 897 GeV

700

| Table 1: Maximal values of m 4 allowed in the benchmark scenario under the constraint
] of perturbative unitarity, at LO and NLO, and for different upper bounds on
the 2 — 2 scattering eigenvalues used in the perturbative unitarity constraint.
Note that tree-level scattering eigenvalues are all real, so there is no difference
between using max or fie(max) for the left column.
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ma [GeV]

2HDM benchmark plane — individual theoretical constraints

2HDM, M =my, ma=my=,tanB =2, a=B—n/2 2HDM, M =my, ma=my=,tanB =2, a=B—n/2 2HDM, M =my, ma=my=,tanB =2, a=B—n/2
Excluded by: Excluded by:
1400 1 HEM boundedness 1400 1 HEE 2L EWPO 1400
from below

1200 1 1200 1 1200

1000 1000 _ 1000
> >
[ [
<) <)
< <
g g

800 - 800 - 800

600 - 600 - 600

400 - 400 - 400 Excluded by:
mm <”>66
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 400 600 800 1000
my [GeV] my [GeV] my [GeV]

Boundedness from below  EW precision observables K,@>6.6
computed at 2L
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1200

1400

ma [GeV]

2HDM, M =my, my=my=,tanf=2, a=B—-n/2

1400 4

1200 4

1000

800 A

600

Excluded by:
400 - LO pert. unit.
HEE NLO pert. unit.

400 600 800 1000 1200 1400
my [GeV]

Perturbative unitarity
at (N)LO
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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])

2HDM type |, M=my, ma=my=,tanB =2, a=B —n/2

1400 A

1200 4

1000 A

800 A

600

400

800
my [GeV]

1000

Type-I

Excluded by:
[0 Higgs phys.
[ b phys.

ma [GeV]

2HDM type Il, M=my, ma=my=, tanB=2, a=B—n/2

1400

Excluded by:

[ Higgs phys.

0 b phys.

1200

1000

800

600

400

800

1000
my [GeV]

1200

Type-Il
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1400

ma [GeV]

2HDM type lll, M=my, ma=my=, tanB=2, a=B—-n/2

2HDM type IV, M=my, ma=my=,tanB=2, a=B—-n/2

1400

Excluded by:

[0 Higgs phys.

[ b phys.
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1000

800
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400

800
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1200
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1200 A
1000 -
800 A

600

400

800
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1000 1200 1400

Type-IV (flipped)
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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=mpu=, tanB=2, a =B —nj/2

pp —> hz+ - =717+
[ATLAS 2002.12223]

2HDM type Iy M =my, ma=my=, tanB=2, a=B—n/2

1400 A

Excluded by:

Excluded by:

0 Higgs phys. 1400 [0 Higgs phys.
[0 b phys. [ b phys.
DB hy syt
| [ATLAS 1707.04147] oo
:: 800 - %

600

400

400

600 800 1000
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12

Type-I
pp_) 2_|_..._)7-7-_|_...
[ATLAS 2002.12223]

800

600

400

400 600 800 1000
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1200 1400

Type-Il

[CMS 1407.0558]

pp — hy 4 ---

[CMS-PAS-HIG-12-045]
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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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