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Motivation

The shape of the scalar potential in

our universe is mostly unknown

A more complex structure
given by additional scalar Deeper
fields could be the realised minimum
in nature and hidden in
experimental data
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Additional scalar states are
appealing because of their
relations to the open
questions of the SM:

- origin of the EWSB

- stability

- baryogenesis

- portal to dark sector

H



Higgs self coupling measurements

Access through Higgs pair production -> very rare process ~ 1 out of 10’ events in the LHC is a Higgs
~ 1 out of 10" events in the LHC is a Higgs pair
Uy < 2.9 obs (2.4 exp) at ATLAS (assuming k, = 1) main production process at LHC is gluon fusion
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[CMS: Nature 2022]

Exp. limits : (95% CL at LHC Run II): CMS [-1.24 <k, < 6.49]; ATLAS [-1.2<x, <7.2];
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[ATLAS: arXiv: 2406.09971]

Notation:

Kx = Anhi/ )\Zlf\b/lh( 0

[See yesterday’s talk
by Carlo Pandini]
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T h e 2 H D M m Od e I [T. D. Lee (1973) Physical Review , Branco, Ferreira et al: arXiv: 1106.0034 |

(o —+
b1 %
CP conserving 2HDM Wlth two complex doublets: |[P1 = <w 1+m+zm ) Dy = <1J2+p2+in2>

& o G T ﬁ

Softly broken Z, symmetry (O, — @ ; ®, —-®, )entails 4 Yukawa types ( here only Type I analyzed)

O T : . A A ,
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Free parameters: my, My, My, M m2,,v, cos(B — a), tan tan 5 = vz /v,
P R B, 1anb |1 a_ o2 0 ~ (246 GeV)?

Phenomenological implications can originate from:
— deviations in couplings of h to fermions, gauge bosons and triple Higgs coupling
— contributions of the heavy scalars in Higgs production/decay or in loops
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" " " . [Plehn, Spira, Zerwas : arXiv: 9603205]
Di-Higgs production in the 2HDM [Davwson, Dittmaier, Spia: arXiv:9805244]
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Non-resonant Resonant

We include corrections to this process by means of eftective trilinear Higgs couplings assuming that the largest
contribution comes from this type of diagrams and others can be neglected (eg. double box diagram):

- Is this reasonable? — modifications of )thh are

g i b
the leading source of deviations of non resonant ¢ -
hh production cross section Q T Q .
. . o )\ef f i h
[Bahl, Braathen, Weiglein : arXiv: 2202.03453)] & hhe

* We use a modified version of the code HPAIR

[Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, Miihlleitner, Santos: arXiv: 2112.12515]

[Dawson, Dittmaier, Spira: arXiv:9805244], [Plehn, Spira, Zerwas : arXiv: 9603205]
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Radiative corrections to the trilinear couplings

Crucial for first order electroweak phase transition!
We use the effective potential approach and implement an effective coupling in the di-Higgs production

[Coleman, Weinberg: (1973) Physical Review]

V;eff = ‘/tree + VCW + VCT
off 83‘/63 _ & _"Q ____@[//
)\hhh — - T T \ + ~ + S
oh3 . s
h:() \

\ s
y
T 'Q N * zero external momentum
N
N

* no external leg corrections

The calculation is done by means of the public code BSMPT: [Basler, Biermann, Mithlleitner, Miiller, Santos, Viana:
It is performed in the limit of zero external momentum arXiv: 2404.19037]
Physical masses and mixing angles are renormalized in an on shell-like way to their tree level value
An alternative approach would be to compute the corrections diagrammatically: anyBSM
[Bahl, Braathen, Gabelmann, Weiglein: arXiv: 2305.03015
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Applicability of non resonant limits

Allowed regions of the 2HDM parameter space are scanned with the python package thdmTools [Bickstter,
Heinemeyer, No, KR, Romacho, Weiglein: arxiv:2309.17431 |
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Applicability of non resonant limits

Allowed regions of the 2HDM parameter space are scanned with the python package thdmTools [Bickstter,
Heinemeyer, No, KR, Romacho, Weiglein: arxiv:2309.17431 |
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Applicability of non resonant limits

Allowed regions of the 2HDM parameter space are scanned with the python package thdmTools [Bickstter,
Heinemeyer, No, KR, Romacho, Weiglein: arxiv:2309.17431 |
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Effect of loop corrections of THC inm

Inclusion of loop corrections can drastically change the invariant mass distribution of a particular scenario:
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o
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- Larger sensitivity to k, in the low m,, region (because

of a cancellation between the box and triangle diagrams
in the SM)

dO’/dmh}L [fb/GCV]
=

—_
]

- Drop in the m, ~ 400 GeV region due to a shift in the
kO =0.84, A9 —0.10 cancellation of form factors (see next slide)
104 Ky =3.65, A}y =021

200 400 600 800 1000 1200
mMuh [GCV]

- Change in the dip peak structure of the resonance
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Effect of loop corrections of THC inm

Inclusion of loop corrections can drastically change the invariant mass distribution of a particular scenario:
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Effect of loop corrections to /l_hh_H

One loop corrections to A4, . .. are large in scenarios with mass splittings, even a change in sign is possible
p hhH & p g g gnisp
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Small enhancement in the total cross section
but completely different phenomenology in m,
when corrections to )thH are included

s =097, A9 = —0.07

k) =531, A =0.20
400 600 800 1000 1200
mph [GCV] [Arco, Heinemeyer, Miihlleitner, KR: arXiv: 2212.11242 |
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Effect of loop corrections to /I_hh_H

One loop corrections to ihhH are large in scenarios with mass splittings, even a change in sign is possible
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Loop corrections to the BSM trilinear /lhhH can
drastically change the structure of the resonant peak

arxiv: 1911.11507]
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1000

1200

Small enhancement in the total cross section
but completely different phenomenology in m,
when corrections to )“hhH are included

[Arco, Heinemeyer, Miihlleitner, KR: arXiv: 2212.11242 |
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Resonant VS non-resonant m_ distributions

Experimental limits from resonant searches can only be applied in scenarios where the contribution from the
continuum diagrams is negligible compared to the resonant diagram

10° : : :
—O'full(o't()t = 13.8 fb)
—Ores( 11 =1.4 1) Red curve: full procces
&Y = 3.65 AV = 0.25
P\ . » ‘“hhH .
10! 1 Blue curve: resonance only

my = 465 GeV
my = 660 GeV
Cl—q = 0.13
tg = 10

15 % smearing

50 GeV binning

applied to account for
experimental uncertainties

do / dm;,,;,, [fb / GCV]
=

H
9

10744 . ‘ .
200 400 600 800
mMph [GCV]

1000 1200
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Further examples “excluded” by resonant searches

Not including the continuum diagrams makes the prediction at low m, change by orders of magnitude!
Even when the resonant contribution is very large, the peak is significantly broadened

_Ufull(at()t =100.29 fb) |

10() | _Ufldl(at()t =82.5 fb) F 10() 3
un(Ter = 45.1 fb) (T —83.82 fb) X resonant searches
1: 1
&0 =501, A0, =0.23 s =0.86, AM —0.24 v/ non resonant searches
107! my =450 GeV 107! my =450 GeV
my =800 GeV my =450 GeV
¢3-a =0.05 €g—a =0.04

Current experimental

t5 =4.00 . .
sensitivity motives a

tg =2.20

more complex
framework where

[
o
|

dO'/dmhh‘ [fb/GCV]
s 5

da/dmhh [fb/GCV]
2

interference effects are

=4 —4 .
10 10 taken into account
Resonant production : 55% Resonant production : 84%
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mp [GeV] mpn [GeV]
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Further examples “excluded” by resonant searches

Not including the continuum diagrams makes the prediction at low m, change by orders of magnitude!
Even when the resonant contribution is very large, the peak is significantly broadened
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lon resonant searches
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,_.
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i

Exclusion limits from resonant searches are too
optimistic! — Cannot be applied to simple scenarios |, . experimental
where the Higgs self couplings deviate from the SM  fitivity motives a

within the region allowed by other searches e complex
rework where

H
2

dO’/dmh‘},‘ [fb/GCV]
=

_I_'—'—.‘_'__,_: _I_'_‘—|—._._ interference effects are
104 3 1074} 1 taken i
taken mto account
Resonant production : 55% Resonant production : 84%
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mhup, [GCV] Mhh [GCV]
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Conclusions

Sizable deviations in trilinear Higgs couplings are allowed by all current constraints and can be
embedded in BSM models that have an important impact on the early universe. Contributions of
the heavy BSM scalars can be sizable in Higgs pair production

Including radiative corrections to the Higgs self interactions helps to constrain parameter
regions of otherwise unconstrained parameter space in the 2HDM applying current experimental
bounds on non-resonant di Higgs production cross section

Invariant mass distributions are drastically sensitive to deviations in trilinear Higgs couplings
from the SM value and a precise theoretical framework is essential to interpret the results

There are scenarios in simple BSM models where the resonant contribution is washed away in the full
result and the hypothesis of experimental searches are insufficient to capture their
phenomenology — joint effort between theory and experiment are needed to define an appropriate
framework

DESY Kateryna Radchenko Serdula 17



[Biekotter, Heinemeyer, No, KR,
thdmTools: a python package to explore the 2HDM Romacho, Weiglein: arxiv:2309.17431 |

-  EWPO: impose a condition on the Higgs boson masses: (m,-m )~0 and/or (m,,-m,)~0

1n our scenarios mHi: mA

- Theoretical:

(N)LO Unitarity: from the 2 — 2 processes scattering amplitude
[Cacchio, Chowdhury, Eberhardt, Murphy: arXiv:1609.01290]

Stability: tree level boundedness from below of the potential
[Bhattacharyya, Das: arXiv:1507.06424]

- Collider searches and measurements:
HiggsBounds: experimental limits from direct searches

HiggsSignals: signal strength of the 125 GeV Higgs
[HiggsTools Collaboration: arXiv: 2210.09332]

Flavour observables: B —X_yand B, — uu (Superlso)
[Mahmoudi: arXiv:0808.3144]
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Trilinear Higgs couplings in the 2HDM

Can have large deviations from SM predictions in BSM while the couplings to gauge bosons and
fermions are very close to the SM values, i.e. the alignment limit (in agreement with existing constraints)

— Improving limits already have important impact on phenomenology!

hj
Notation: ’ = —ivn! Ao,
SM(0) B o
Ky = )‘hhh/)‘hhh n = number of
e e identical Higgses
'h

2 B 2 2
R % AR, = {mhsd = (Smh — ) Cs_.56—a +2c0t 20 (mh

2w
— (2mj + m¥ — ) c&_, } -
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Higgs pair production in the 2HDM at tree level

[Plehn, Spira, Zerwas : arXiv: 9603205]
splitting into two spin configurations of the gluons:

dA( HH) G2 5 spin=0 spin = 2
o\gg9 — F&s C I 2 >
_ — + CHFa|” + |CaG
dt 256/(27)3 (Ca ] +CelFof* + ICelGia)”]
Yukawas
Cpn=Ch+CH ; CMH =) M MH . =1
Ly = A+ A9 A — /\H;H;(h/H) 5 M,%/H_'_ZMh/HFh/H gQ > O

* Triangle form factors:

arcsinﬁ T>1
FA<Tt)=Tt1+(1—Tt)f<Tt)]; =2 = 7
\_Z logl_\/ﬁ—m T<1
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Higgs pair production in the 2HDM at tree level

* Matrix element: [Plehn, Spira, Zerwas : arXiv: 9603205
M (gagy — H-Hy) = M+ ME + Mg
a,b: color indices
h/H Grass /g ;
M = ; fs CX™ Fady,, €€ 6a
7T luon polarization vectors
ey g p
Fs

MD = 2\/_7T CD (FDAlluy —+ GDAQ/“/) e €b 6ab
* Tensor structure:
s 1 Chpaps A‘“’ pherPabbPe  plHPaPbPe | (pbpc)equapc + (papc)ewmpc

(paDs) (Pape) D7

* Box form factors:

FD = ? { - 25(S ot Pec — pd)m4Q(Dabc St Dbac 3t Dacb) +(pc - pd)mQQ |:T10ac i Ulcbc 3t UQCad o TQde - (TU - ,Ocpd)m2QDacb:| }

1
ol - o\ (U2 - pcpd)m2 Scab a- Ulcbc i UQCad - SUm2 Dabc —(T2 —F pcpd)m2 SCab + Tlcac -+ TQde — STm2 Dbac
S(TU — pepa) Q Q Q o

GD —
+ [(T 407 — 4,00,04 (T — U)Ym3Coq +2(T — U)(TU — pepa)m(Dase + Dyae + Dacb)}
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Renormalization conditions in BSMPT  Busier, Mahiteitner: arXiv: 1803.0284]

S\ 2
VET —gm?, 0[®y + om3, @105 — md, (@] @y + @fa: ) + - (<I>T<I>1> + 22 (ofe,)

+ 03 (@[01) (@1@2) + oM (]@s) (@f01) + 5_;5 [(qﬂ;%) 2 (q>;q>1)2]
+ 611 (C1 +w1) + 6T (C2 + wa) + 6Tcp (Y2 + wep) + 61cB (p2 + weB) -

- CW

- 9.V ’¢:<¢C>T—O
C

a¢i 8¢j ver |¢_ - = 8¢z‘ 8¢j vew ‘¢:<¢c

)T=0
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Effect of loop corrections of THC in M (s, spics, zerwas ativs 5603205

Changes in the invariant mass distribution in a non resonant scenario with ad hoc changes in x

100 L _O',i)\z()‘g(a'tot = 21.33 fb) i
_0-[{)\:1(0-t0t = 19.67 fb)
Ory=1.17(0tot = 17.14 fb)
—0y,=15(0tot = 13.15 fb)
';‘ ——O-H)\=2(O-t0t = 929 fb)
© —0y,=3(0tot = 9.62 fb)
Q _0',4)\25(0}10'5 = 4230 fb)
e
=P
< 10
g
=
g
o)
R
10}

200 400 600 800 1000 1200
Mhh [GGV]
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1 .
- The total cross section features the expected trend (i.e.

minimum at k, ~ 2.5)

- The differential cross section also has a minimum for masses
of the final system of hh between 200-400 GeV

The reason is a cancellation of the form factors in the
continuum diagrams

o X ‘CAFA + CDFD|2
Ca X Aphh

|
wNo

In the heavy top limit: ~ F’ A = % F5

For mhh ~ 2mt ~ 350 GeV the heavy top limit is not valid
and the cancellation is reduced
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The interference effects between the resonant and the continuum diagrams
are overall mild in the considered scenarios, it is the interference between the

two continuum diagrams (triangle and box) that drastically alters the shape

of the distribution, driven by a change in the trilinear
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