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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 |

oF ot
- CP conserving 2HDM with two complex doublets: D, = <m+p11+z'm) , Py = <1J2+p22+75772>
V2 V2

- Softly broken Z, symmetry (0, — @ ; ®, —-®, ) entails 4 Yukawa types ( here only Type I analyzed)
h (m, =125 GeV), H- CP even, A - CP odd, H" H

- Potential: ,
otentia (I)E(I)2)2_+_

. ‘ ‘ . A 5 P
Vouom = ;,Ifl((I)I(I)l) L ;,152((1)15(1)2) - ,,11)2((1),)[(1)2 o (1)5(1)1) i ?1((1)];(1)1)2 . ?2(

/\3((1)7;(1)1)((1);(1)2) ali. )\4((1)71(1)2)((1)3(1)1) A %(((I)I(I)Q)Q 'y ((1)5(1)1)2)

tan 8 = v /vy

2
my, my, my, my+ mi,, v, cos(f —a), tanf
n A " . 12 v? = v? + 03 ~ (246 GeV)?

- Free parameters:

Phenomenological implications can originate from:
— deviations in couplings to fermions, gauge bosons and triple Higgs coupling
— contributions of the heavy scalars in Higgs production/decay or in loops
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https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=2440597
https://arxiv.org/abs/hep-ph/9701257
https://arxiv.org/abs/1106.0034

Higgs self coupling measurements [ATLAS CONE-2022. 050]

- Motivation: probe of Higgs potential and a window to BSM Experimental status:
physics through its relation to: - access through Higgs pair production
* origin of EWSB Uy < 2.4
* thermal history of the universe: large THC favour FOEWDPT, [-0.4 <k, <6.3] (95% CL at LHC Run II)
a necessary condition for electroweak baryogenesis 2 | ATLAS }:r'e[in'qir',alryl " Omseneaimi o0
[Kanemura, Okada, Senaha: arxiv: 0411354], Noble, Perelstein: arXiv: 0711.3018] T [ vs=13TeV,126—139f~ - e tyratiooe |
* CP violation and baryogenesis [A. Eichhorn et al.: arxiv: 1711.00019] % L il bl — e
* vacuum stability 3oL ® S e
- Can have large deviations from SM predictions in BSM while the & 107 N
couplings to gauge bosons and fermions are very close to the SM~ fssmeeeeiin : o
values (in agreement with existing constraints 102 —r.  E
- Improving limits already have important impact on i — e
phenomenology h, 1011—0. . / A/ 1(;:(;Jrrl1binledl | 1'5
Notation: —_— * = —ivn! Ay, / \\ K
Kx = A\hhh / )‘iszli\z/[h 0) s 2 = number of Higher cross section Higher cross section
E B identical Higgses for lower values of K , for high values of K 5
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https://arxiv.org/abs/hep-ph/0411354
https://arxiv.org/pdf/0711.3018.pdf
https://arxiv.org/pdf/1711.00019.pdf
https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf

Radiative corrections to the trilinear couplings

- Crucial for FOEWPT
- We use the effective potential approach and implement an effective coupling in the di Higgs production
process

I

e

ES

(@)

@)
+

Vet Vew  + Ver

// //
3 i T ///
- —8 Ve | _ i// + Q + e
\ .3
\

Apapiy = 3
oh ) \
o 'Q N * zero external momentum

* no external leg corrections

fi=(

- The calculation is done by means of the public code BSMPT
- Itis performed in the limit of zero external momentum
- Physical masses and mixing angles are renormalized on shell to their tree level value

[Basler, Miihlleitner: arXiv: 1803.02846|
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https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/pdf/1803.02846.pdf

D i 'H i g gS p I’Od u Cti 0 n (g g — h h) [Plehn, Spira, Zerwas : arXiv: 9603205]
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We include corrections to this process by means of effective 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 A, , . are g 5%
. . hhh b .
the leading source of deviations of non resonant Q Q
~

hh production cross section

ff Wi
)‘Ziub h

o
o

[Bahl, Braathen, Weiglein : arXiv: 2202.03453)|

* We use a modified version of the code HPAIR
[Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, Miihlleitner, Santos: arXiv: 2112.12515]
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https://arxiv.org/abs/hep-ph/9603205
https://arxiv.org/search/hep-ph?searchtype=author&query=Abouabid%2C+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Arhrib%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Azevedo%2C+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Falaki%2C+J+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Ferreira%2C+P+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Santos%2C+R
https://arxiv.org/pdf/2112.12515.pdf
https://arxiv.org/pdf/2202.03453.pdf

my = my = my: = 1000 GeV
2

Effect of loop corrections to «, mi, = (mf cos’a)/tanp

- In the 2HDM, deviations of the Higgs self coupling at tree level were found to be: -0.5 <&, "< 1.3 (Type I)
[Arco, Heinemeyer, Herrero: arXiv: 2003.12684, 2203.12684 |

- In this scenario: 0 < Ic)vtree <land 0.7 < ICAI loop - 11

1 loop
&

Kjtree

Current collider
experiments already
reach the region of
otherwise

oo

(63}

unconstrained

RN
o
R
o
oo

parameter space of
the 2HDM!

tan 0

[Bahl, Braathen, Weiglein :
arXiv: 2202.03453]
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https://arxiv.org/abs/2203.12684
https://arxiv.org/abs/2203.12684
https://arxiv.org/pdf/2202.03453.pdf

my = mpy = my+ = 1000 GeV

Impact on Higgs pair production mi, = (mj; cos”a)/tanf

- This example features non resonant Higgs pair production, i.e. the main contribution in the cross section
comes from the continuum diagrams, therefore it behaves following the overall trend of K,
o/osm (THC NLO)

o(THCNLO) / o(THCLO)

100 Expected deviations
50 up to 20 times the
20 SM predictions

10
10° 6 Up to 10 times
= 4+ enhancement w.r.t
< o theleading order
17 Higgs self coupling
1.3
10° 1 1.1

Allowed region inside
the black contour
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[ATLAS-CONF-2022- 050]

Applicability of non resonant limits

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

my g = 1000 GeV, tan 3 = 10, mfz = iy 00:52 a/tan 3

Limits on o0 QCP (pp — hh) from di-Higgs searches
— THC NLO| ! \ —THC NLO
e THE LO ! % ---THC LO
T Ay
; > 10
1 | N S
101; - « /
! L \; CMS (u = 3.4)
% : : Pt A ATLAS (i = 2.4) /
i ! an
oy d i o~
+ i { o
1
X 3
0 : D Vacuum stability
1 O . o A : l:] LO Perturbative Unitarity
1
ATLAS CQM ,022 : 0.1 [ INLO Perturbative Unitarity
-0.2 0 0.2 0 0.05 0.1 0.15
cos(8 — a) cos(f — a)

- Including loop corrections to trilinear Higgs couplings excludes regions of otherwise allowed parameter space
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https://arxiv.org/search/hep-ph?searchtype=author&query=Abouabid%2C+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Arhrib%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Azevedo%2C+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Falaki%2C+J+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Ferreira%2C+P+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Santos%2C+R
https://arxiv.org/pdf/2112.12515.pdf
https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf

Effect of loop corrections of THC inm

- Inclusion of loop corrections can drastically change the invariant mass distribution of a particular scenario:

10°;

=
<
[

do/dmhh [fb/GCV]

1074}

' =—0thc trcc(o-tot = 2243 fb)

—0the loop(gtot =16.31 fb)
Oy, loop(o'tot = 19.98 fb)

= =0\ lo()p(atot = 19.94 fb)

tree

Kiree — (.99, Alree, — —0.39
Ky %P = 3.61, A0 = —0.21

200

600 800
mpy [GeV]

400
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1000 1200

cos(B8 — a) = 0.2, tan 8 = 10, m%, = m? cos? a/ tan 3

- In this case the corrections to )thH do not play a
significant role

- Larger sensitivity to k, in the low m,, region (because
of a cancellation between the box and triangle diagrams

in the SM)

- Drop in the m,, ~ 400 GeV region due to a shift in the
cancellation of form factors (see next slide)

- Change in the dip peak structure of the resonance



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 boc 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)
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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


https://arxiv.org/abs/hep-ph/9603205

Effect of loop corrections to /I_hh_H_

- In the 2HDM deviations in this coupling from the SM prediction were found to be between -1.7 to 1.6 (Type I)

in general are

(O = 22.34 ) ] - One loop corrections to /lhhH

10°¢ = = O\ loop(Ttot, = 23.16 fb) 5 subleading in the allowed regions. However, in
i : scenarios with mass splitting the sign of 4, can
= change.
2 10°F ~ h “h
2 H H H h
2 ]t e ¢ °
U B h g h
$102%
5
Iy 2 __ 2 Braathen, Kanemura:
% ® Ny X Z (M m¢) [Braathen, Kanemura

o—H, A H= arxiv: 1911.11507]

- Smaller enhancement in the total cross section

=
S
w

Atree  — (0,291
. )\ﬁi‘ff — 0.906 - The corrections on )thH lead to a completely
107 " , - , L different phenomenology in invariant mass

200 400 600 [%O(i/] 1000 1200 distributions compared to the tree level coupling
mph €
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[Arco, Heinemeyer, Mihlleitner, Radchenko: arXiv: 2212.11242 |


https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/abs/2212.11242
https://arxiv.org/pdf/1911.11507.pdf

Conclusions

- Sizable deviations in trilinear Higgs couplings are allowed by all current constraints. BSM
effect could have an important impact on the early universe

- Contributions of the heavy BSM scalars can be sizable in di Higgs production

- 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

- Including radiative corrections to the Higgs self interactions helps to constrain parameter
regions of otherwise unconstrained parameter space in the 2HDM

- Current experimental bounds on non-resonant di Higgs production cross section already
exclude regions of so far allowed parameter space

- Next step: explore scenarios with a larger resonant contribution in the cross section
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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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https://arxiv.org/abs/hep-ph/9603205

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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https://arxiv.org/abs/hep-ph/9603205

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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https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/pdf/1803.02846.pdf

Benchmark p|anes (updated in 2023) [Arco, Heinemeyer, Herrero: arXiv: 2005.10576 |

We scan the 2HDM parameter space fixing all but two parameters and look for large deviations in the trilinear Higgs
couplings from the SM in the resulting benchmark planes

Type I, mg = mag = my= = 1000 GeV, m3, = m?% cos? a/ tan

/

—NL(j Unitari
—Stability

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

- Theoretical:
NLO Unitarity**: from the 2 — 2 processes scattering amplitude
Stability***: tree level boundedness from below of the potential

100.

Colored area is allowed!

-OI.2 0 OI.2 * checked at two loops with THDM_EWPOS
cos(f — ) ** using NLO RGE running at high energy limit

*** checked that the EW minimum is global with EVADE
DESY. Kateryna Radchenko Serdula 15


https://arxiv.org/pdf/2005.10576.pdf

Benchmark p|anes (updated in 2023) [Arco, Heinemeyer, Herrero: arXiv: 2005.10576 |

We scan the 2HDM parameter space fixing all but two parameters and look for large deviations in the trilinear Higgs
couplings from the SM in the resulting benchmark planes

Type I, mg = mag = my= = 1000 GeV, m3, = m?% cos? a/ tan

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

- Theoretical:

NLO Unitarity: from the 2 — 2 processes scattering amplitude

Stability: tree level boundedness from below of the potential

- Collider searches and measurements:

Higgs Bounds: experimental limits from direct searches

Higgs Signals: consistency with the signal strengths of the 125

GeV Higgs

- Flavour observables - B —Xy and B, — uu (calculated with
_0'-2 0 012 Superlso)
cos(f — «)

tan
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https://arxiv.org/pdf/2005.10576.pdf

Benchmark p|anes (updated in 2023) [Arco, Heinemeyer, Herrero: arXiv: 2005.10576 |

We scan the 2HDM parameter space fixing all but two parameters and look for large deviations in the trilinear Higgs
couplings from the SM in the resulting benchmark planes

Type I, mg = mag = my= = 1000 GeV, m3, = m?% cos? a/ tan

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

- Theoretical:

NLO Unitarity: from the 2 — 2 processes scattering amplitude

Stability: tree level boundedness from below of the potential

- Collider searches and measurements*:

Higgs Bounds: experimental limits from direct searches

Higgs Signals: consistency with the signal strengths of the 125

0. - HS(lo i
1007 N\ /- gggag GeV Higgs
" i |=—mBles% cr)
-0.2 0 0.2
cos(f — a) * checked with latest version of HiggsTools
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https://arxiv.org/pdf/2005.10576.pdf

Benchmark p|anes (updated in 2023) [Arco, Heinemeyer, Herrero: arXiv: 2005.10576 |

We scan the 2HDM parameter space fixing all but two parameters and look for large deviations in the trilinear Higgs
couplings from the SM in the resulting benchmark planes

Type I, mg = mag = my= = 1000 GeV, m3, = m?% cos? a/ tan

tan 8

100.

-0.2 0 0.2
cos(f — «)
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- EWPO — impose a condition on the Higgs boson masses:
(my,-m)~0 and/or (m,,-m,)~0

- Theoretical:

NLO Unitarity: from the 2 — 2 processes scattering amplitude

Stability: tree level boundedness from below of the potential

- Collider searches and measurements:

Higgs Bounds: experimental limits from direct searches

Higgs Signals: consistency with the signal strengths of the 125

GeV Higgs

- Flavour observables - B —Xy and B, — uu (calculated with

Superlso)
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https://arxiv.org/pdf/2005.10576.pdf

Feynman rules for 2HDM tree level THC

h

T

.h

1 B
2 .3 2 -
Ahhh = 202 {mhs“g_a e (Smh —2m

—CB—q
2>
2 2 = 2 2
— (2mj + m¥f — 2and) c5_, } -

ARKE =

Co_aSs—a + 200t 28 (mj, =) ¢5_, }

{(2m} +my — 4m7) s5_. + 2cot 28 (2mj, + m¥y — AN $5-aCs-a
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my = mpy = my+ = 1000 GeV

BaCkup m?, = (m§ cos?a)/tanf

o/osu (THC LO)

100 Prediction of Higgs pair production cross section
50 in the 2HDM with THC at tree level

20
10 Deviations up to 3 times the SM value are already
s expected within the allowed region
o
= —4
v}
+—
—2

1.7
13
1.1

-0.3 -0.2 -01 0 01 02 03 0
cos(f — a)
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