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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 |
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CP conserving 2HDM with two complex doublets: ¢, = (mﬂ\n[ +in, ) , Py = (W-H\’;j*”]z)
2 2

h (rnh =125 GeV),H - CP even, A - CP odd, H", H"

Softly broken Z, symmetry (0, > @ ; ® — - ®_)entails 4 Yukawa types — here only Type I analyzed

(B3 Py)2+

. : ‘ . A 5 . e
Potentlal: "/‘ZHDM £ ]7)%1<(I)I(I)1) — )7152((1);(1)2) o= ]7;‘122 (I)f'lh(I)2 — (I)E(I)l) -+ El((I)TI(I)l)‘2 + 72

As :
As (D] 81)(BLPy) + Ay (@] R2) (BL21) + (2] B2)° + (D12)?),

my, My, My, myz mi,,v, cos(f —a), tanp tan 3 = vy /v,

Free parameters: v? = 02 + 02 ~ (246 GeV)?
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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]

Experimental status:

- Motivation: probe of Higgs potential and a window to BSM

[Kanemura, Okada, Senaha: arXiv: 0411354] - access through Higgs pail‘ pI‘OdU.CtiOH
gy < 2.4
- Can have large deviations from SM predictions in BSM while [-0.4 <k, <6.3] (95% CL at LHC Run II)

the couplings to gauge bosons and fermions are very close to the

. . . . . 3! F LI B I E B B B NN N B B B N B B B |. .| T T
SM values (in agreement with existing constraints) S [ ATLAS Preliminary ~ — Oosmeaimi 5o |
T - VS=13TeV,126—139fb~! == (lisi0 hypcthenis)  © 1
. 1' . l d . h h l L 104 HH-bbT*T~ +bbyy+bbbb = Expected iimit +1o -
- L b [ Expected limit +20 3
Improvmg 1mits alrea y 1mpact the p cnomeno Ogy o : TR :
Lt i Y% SM prediction
(=2}
g 3
. h o 10
Notation: P SE— . | 0 e
SM(©O) M =-2ivA
fx = Mo/ N A hhH 10% e E
B F — bbTtT" ]
E h r — bbbb T
ZHDM Type I (tree 16V€1>: 101 TN T TN N N T TR T S T T BN ﬁ ?Of'l‘bi":edl I
X -10 -5 0 5 10 15
K, = [-0.5,1.3]; )'hth [-1.7,1.6] [Arco, Heinemeyer, Herrero: Ky,

arXiv: 2003.12684, 2203.12684]
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https://arxiv.org/abs/hep-ph/0411354
https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf
https://arxiv.org/abs/2203.12684
https://arxiv.org/abs/2203.12684

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 ____(g{/
)\hhh — - T T \ + ~ + S
oh? . 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, Miihlleitner: arXiv: 1803.02846]
- Itis performed in the limit of zero external momentum
- Physical masses and mixing angles are renormalized on shell to their tree level value
- An alternative approach would be to compute the corrections diagrammatically: anyH3
[Bahl, Braathen, Gabelmann, Weiglein: arXiv: 2305.03015]
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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
https://arxiv.org/pdf/2305.03015.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.7.1888

Di-Higgs production (gg — hh)

[Plehn, Spira, Zerwas : arXiv: 9603205]

- Dominant process at the LHC gluon fusion via quark loop (mostly the top): o, ~ 38 fb (NLO QCD)

- the continuum
g = g

Q Q
g ety 15

-~

h -

__?\\

)‘hhh

-~

~

- h

~ h

)\hhH

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 /lhhh are
the leading source of deviations of non resonant
hh production Cross section

[Bahl, Braathen, Weiglein : arXiv: 2202.03453)]
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https://arxiv.org/abs/hep-ph/9603205
https://arxiv.org/pdf/2202.03453.pdf

Benchmark p lanes (updated in 2023) [Arco, Heinemeyer, Herrero: arXiv: 2003.12684, 2203.12684]

[Biekotter, Heinemeyer, No,

We scan the 2HDM parameter space fixing all but two parameters using thdmTools p 110 Romacho. Weiglein: thp]

Type I, mg = ma = my+ = 1000 GeV, m3, = m? cos® a/ tan 3

- EWPO — checked at two loops using THDM_EWPOS
[Hessenberger, Hollik: arXiv: 1607.04610]
- Theoretical:

(N)LO Unitarity: from the 2 — 2 processes scattering amplitude

101 ] [Cacchio, Chowdhury, Eberhardt, Murphy: arXiv:1609.01290]
% Stability: tree level boundedness from below of the potential
8 [Bhattacharyya, Das: arXiv:1507.06424|

- Collider searches and measurements:
Higgs Bounds: experimental limits from direct searches

0 A
10”3 Higgs Signals: signal strength of the 125 GeV Higgs
1 [HiggsTools Collaboration: arXiv: 2210.09332]

0.2 0 0.2 - Flavour observables — B —X y and B, — uu (Superlso)
cos(fB — «) R s s
[Mahmoudi: arXiv:0808.3144|
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https://arxiv.org/pdf/1607.04610.pdf
https://arxiv.org/pdf/1609.01290.pdf
https://arxiv.org/pdf/1507.06424.pdf
https://arxiv.org/pdf/2210.09332.pdf
https://arxiv.org/pdf/0808.3144.pdf
https://arxiv.org/abs/2203.12684
https://arxiv.org/abs/2203.12684

Applicability of non resonant limits

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

mp g = 1000 GeV, tan 5 = 10, mfz = iy COIS2 a/ tanf

:Egg E(I;O - We show the non resonant Higgs pair production signal
strength: theoretically predicted o(gg—hh) with HPAIR
= 10 3 at NLO QCD and with (without) corrections to trilinears
o2
) / shown by the solid (dashed) line
= CMS (u = 3.4)
) ATLAS (u = 2.4) f
E\-, - Including loop corrections to trilinear Higgs couplings
1 excludes regions of otherwise allowed parameter space
3‘ . . . .
I:l Vacuum stability - Perturbatlve unltarlty bounds are relevant for hlgher
[[]LO Perturbative Unitarity values of cos(s-a), even if you apply “stricter” bounds
I:] NLO Perturbative Unitarity
0.1 - s -
0 0.05 0.1 0.15 Searches: [ATLAS-CONF-2022- 05]
cos(B — ) [CMS: arXiv: 2207.00043]
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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
https://arxiv.org/pdf/2207.00043.pdf

Applicability of resonant limits

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

mu am. =450 GeV, tan3 = 3, m{, = mj cos® a/tan 3

—THC NLO - We show the resonant Higgs pair production cross

. \ kel g section: o(gg—H) BR(H—hh)
Z K
g 1 - —— - Most sensitive search is bbtr, also shown bbyy

T

o - Criterion to apply resonant experimental bounds:
5 \\ o(gg—H) BR(H—hh) > X o(gg—hh)

Iy 2 N — X is arbitrary !

1 2| 5 - - Hard to interpret the meaning of experimental
= =13 E bounds

ol 2E ] |
01 -005 0 0.05 01 Searches: [ATLAS bbtt: arXiv 2112.11876]

0.35 [ATLAS bbyy: arXiv 2209.10910]

cos( — @)
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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://arxiv.org/pdf/2112.11876.pdf
https://arxiv.org/pdf/2209.10910.pdf

Phenomenology of THC in m . distributions

0
107 ' : '
| ——0thc trc‘c(gtut = 22.43 fb) 1
l —Othc l()()[)(at()t =16.31 fb)
Oy lo()p(o-tot =19.98 fb)
o 10'1 = =0\ l()();)(Utot =19.94 fb)_
>
Q
O
£
=5 1%
g
=
s
| 10-3
nf\"ee =0.99, )\ZII??I = —0.39
104k N =361, A = —0.21

200 400 o600 800 1000 1200
mMph [GCV]
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cos(B — @) = 0.2, tan 3 = 10, m%, = m? cos® a/ tan

- Resonance located at m,, ~ m, not very affected by

corrections to the trilinears

- Larger sensitivity to k, in the low m,, region (because

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

-m,, are extremely sensitive to deviations in the

trilinears and a precise theoretical prediction is necessary
to interpret future results



Effect of changes of 4, .

i nMm . [Arco, Heinemeyer, Mihlleitner, Radchenko: arXiv: 2212.11242 |

- What s the effect of the couplings involved in the resonant diagram on the invariant mass distributions ?

100 - [[——=Xunz = -0.3975 (010, = 22.43 tb)|H——> physical value g = R
_)\hhH = 0.3975 (Ut()t = 27.26 fb) H - G
Q anmiadle
g “~h
1B
=5 P ,
3 & = cos(B — a) —sin(B — a)/ tan(B) = 0.104 AhhH
™~
=,
240
§
g The relative sign of the top Yukawa and the BSM coupling to the
, heavy Higgs gives a structure to the resonance:
10°
sign (/\hh H - {fq) structure
my = 512.5 GeV “tr peak‘dlp
107 - - - - - - dip-peak
200 400 600 800 1000 1200
mpuh [GCV]
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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/abs/2212.11242

Effect of changes of 4, .

i nMm . [Arco, Heinemeyer, Mihlleitner, Radchenko: arXiv: 2212.11242 |

- Such a different phenomenology can be induced by the inclusion of loop corrections to the trilinears

_o-th(" trcc(o-t.ot l: 22.34 fi:))
100 E- EIE: UA],],H 1()()])(Ut()t — 2316 fb) -E
j
2 1071}
)
B
=
= -2
=107
g
3
-
S
1073}
Al,;f,fg = —0.291
10-4 3 Ahhll-)l .: 0206.

200 400 600 800 1000 1200
mpp [GeV]
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-One lo.op .correctlons to /lhhH in general are.
subleading in the allowed regions. However, in
scenarios with mass splitting the sign of /lhhH can

change.

° )\h¢>¢ X (M2 - mé) [Braathen, Kanemura: arxiv: 1911.11507]

- Smaller enhancement in the total cross section
- The corrections on )thH lead to a completely
different phenomenology in invariant mass
distributions compared to the tree level coupling

[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/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

Experimental challenges: smearing and binning

Differential cross section measurements are affected by the finite resolution of particle detectors — observed
spectrum is “smeared” — we mimic this effect by introducing ad hoc Gaussian uncertainties in m

hh
- Experimental data is gathered in bins
o 0 Bin size: 50 GeV
; : —— ' 10 - ;
—all dlagrgms all diagrams
- —the conzn;léloT the continuum
—smeare o —smeared 15%
40" - —smeared continuum | 101k _ - -smeared continuum |
= B
<) 5 F
<) o
S =)
el _2 —
<10 = 1072 =
E <=
5 £
F ~
= =
10 1073
107 : : ) ' ' 1074 : ' '
200 400 600 [féJOV | 1000 1200 200 400 600 800 1000 1200
mpp €

mMpup [GGV]
— Interference substantially washed out by experimental uncertainties [Arco, Heinemeyer, Miihlleitner,
Radchenko: arXiv: 2212.11242 |
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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/abs/2212.11242

Experimental access to the product 4, &',

- We analyze the experimental access to the product of the couplings in the resonant diagram: 4, , . &',
- Strategy: input the data of the m, distributions for a whole benchmark plane into a fully connected NN

0 Bin size: 50 GeV AnnH X Ef
10 — T——m 010 —0.05  0.00 0.05 0.10
— Ay = 0.3975 —— |
smearinng% LA T
~_ 10 3 L The m, distribution
% L of all these points for
Q several m  values is
= P 10! | imputed to the net 5
<10 :
= Q.
£ g
E +~
= gel Can we tell the
difference between
red and blue? 109k -
, : Type I myg = 450 GeV ]
10- * ! ! * : -|||||||||||||||||l||||l||||l||||I||-
200 400 600 800 1000 1200 05 02 —01 00 01 02 o3
i [GeV] ) ) ) ) ! ) )

DESY. Kateryna Radchenko Serdula Ch—a 12



Experimental access to the product 4, ¢,

- We analyze the experimental access to the product of the couplings in the resonant diagram: 4, , . &',
- Strategy: input the data of the m, distributions for a whole benchmark plane into a fully connected NN

Trained on my = 450 + 15 GeV, tested on my = 443 GeV

0.15 .
e - The mass of the heavy Higgs is a
~ o1} o d source of uncertainty but it is not an
()
'% P input to the NN
’g 0.05} -
2. i ..
z - With enough data sets the prediction
e B 1 for distributions is very accurate
up
X
5005} .
=
-0.1F - & i
-0.15 0.1 -0.05 0 0.05 0.1 0.15

Anir % €4y (theory)
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Further experimental uncertainties

We take into account efficiency rates of current experiments to estimate the statistical error of the distribution

Total (SR) efficiency: 17.3 (1) %, my = 450 GeV N = ¢ LBR(H—bb) BR(H—bb)e; &= & £,
' ' ' £ =3000 fb* ATLAS detector in HL-LHC
102 3 - 3 Trained on mp = 450 GeV data within 1o uncertaninty
o & !
/a\ 01 B -
2
10¢ 15 0.05} |
Z a
2 of 1
ﬁ
10°F % -0.05 _
E
s -0.1f t .
]
107 : : ' B wd e 0 e Bd 0as 5o
200 400 600 800 1000 ' ' ' Miner % €& (tl:lCOI‘y) ' ' '
"Tbbbh - Efficiency r HL-LHC will impr
- Data from current resonant di-Higgs searches: clency rates at , Cw prove, but
[ATLAS: arXiv: 2202,07288] we neglected theoretical and systematic
DESY Kateryna Radchenko Serdula uncertainties due to lack of projections i


https://arxiv.org/pdf/2202.07288.pdf

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

- 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

- Since contributions of the heavy BSM scalars can be sizable in di Higgs production, exchange between
theory and experiment must be improved to correctly interpret the results of new resonant Higgs pair
production searches

- 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

- Good prospects to sensitivity to the couplings of an extended Higgs sector in the HL phase of the LHC
even accounting for experimental uncertainties
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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 19


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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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

2
My
sin 3 cos 3

H

k, € [-0.4,1]

My € [-0.3,1.2]

(4]
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2
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. 09 =
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my = my = my: = 1000 GeV

- 2 2 2
Effect of loop corrections to «, mi, = (mf cos’a)/tanf
- In this (non resonant) scenario: 0 <k,"*<1and 0.7 < l(:)v1 loop 11
Htree H}\ lOOp .
20 Current collider
a? experiments already
475 reach the region of
15 ,
14 otherwise
12 10" .\ 0.8 unconstrained
Q =105 @ Sl 0.5
: 1088 2 ., Parameter space of
£ 09 £ the 2HDM!
=07
o8 s
8.35 [Bahl, Braathen, Weiglein :
0 arXiv: 2202.03453]
v 100 10
5 20
| ;8 % \ 80
03 02 01 0 01 02 03 128 03 02 -01 0 01 02 03 fzﬂobvl"edkfegioﬂ inside
s exp. bound: [-0.4 < k, < 6.3] cos( — 1) the black contour
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https://arxiv.org/pdf/2202.03453.pdf

Di-Higgs production measurements

- Distinction given by experimental data:

Non resonant production

Involves mostly the continuum diagrams (present
in the SM)

Targeted to find deviations in k , assuming all
other couplings are SM like

o(gg—hh)
HPAIR

[Plehn, Spira, Zerwas : arXiv: 9603205]

[Dawson, Dittmaier, Spira: arXiv:9805244]

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

The heavy Higgs plays an important role in the
overall process

Can be approximated as the production cross
section times the branching ratio of the decay to
two light Higgses

c(gg—H) BR(H—hh)
SusHi + HDECAY

[Harlander, Liebler, Mantler: arXiv: 1605.03190]
[Djouadi, Kalinowski, Miihlleitner, Spira: arXiv: 1801.09506]
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https://arxiv.org/abs/1605.03190
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
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https://arxiv.org/pdf/1801.09506.pdf
https://arxiv.org/abs/hep-ph/9603205
https://arxiv.org/pdf/hep-ph/9805244.pdf
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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
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my = my = 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/osy LO (THC LO) o/osm (THC NLO)

i

Expected deviations
up to 20 times the
SM predictions

Up to 10 times
enhancement w.r.t
the leading order
Higgs self coupling

tan 3

10°

Allowed region inside
the black contour

-0.2 0 0.2
cos(f8 — a) cos(fB — )
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my = mu = my: = 1000 GeV

BaCkup m%, = (m¥ cos?a)/tanf

ol

THC NLO)/O.(THC LO)

100

50 Ratio of the predicted cross section in the non
20 resonant plane scenario with the trilinears at one
" —110_loop and at tree level
10 P
2 R, Deviations up to 10 with respect to the prediction

tan

with the trilinears at tree level within the allowed

region

-0.2 0 0.2
cos(f — a)
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Backup: trilinears in the resonant scenario

my = mpy = my+ = 450 GeV
m?%, = (m% cos?a)/tanf
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tan 3

tan /3

-0.2 0 0.2

cos(3 — a)

tan 3

cos(f3 — a)
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tan 3

Backup: cross section in the resonant scenario

O'/G'SM LO (THC LO)

100

-0.2 0 0.2

cos(f — )
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tan 3

myg = Mpa = My+ = 450 GeV
m%, = (m¥ cos?a)/tanf

O'/O'SM LO (THC NLO)

100 i
o(THC NLO) /- (THC LO)

-

|
w
tan 3

0.2 0 0.2

cos(ff — «)
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Effect of loop corrections to /I_h_h_H_

. S tree 1 loo
In this scenario : -1.5 < A’hhH <0and -2.2< A’hhH P<22

Loop corrections to A, ., are subleading in the allowed regions. However, in scenarios with mass splitting the
sign of lhhH can change, leading to a completely different phenomenology in invariant mass distributions

Type I, cos(8 — a) = 0.2, tan B = 10, m2, = m?% cos? a/ tan 3

H
- h . h L= ) h
25 HQ ¢ I‘ ¢ H. \\:i//

)‘hhH

1 loop
)‘hhH

. h h ¢ h
1200 4
—-1 3 [ ] )\hqbqﬁO( (MQ—mi)
N 15 = 1000+ 2
\ o ! [Braathen, Kanemura: arxiv: 1911.11507]
M2 = 800 0
\ 2i5 : ik
L, 600 2 -In this benchmark a smaller
55 il 4 enhancement in the total cross
-5 . .
4 Lo section is observed due to
200+ . . o1e
4.5 - . ' T ! -26
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600 corrections 1n the trlhnears

ma = mpg+ [GeV] ma =mp= [GeV]
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https://arxiv.org/pdf/1911.11507.pdf

T T lllllfl T

Vs= 14 TeV

-
o

o(pp — H+X) [pb]
=)

10‘2;? i
10‘3:5
| 1 vl I L)
10 20 30 100 20 100'\9|H [2839/]
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LHC HIGGS XS WG 2016

Top pair threshold — gives a
hint on the results for Higgs
pair production

[LHC Higgs Working Group:
CERN Yellow Report 4]
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https://arxiv.org/abs/1902.00134

Effect of loop corrections to K, inm_ [Plehn, Spira, Zerwas : arXiv: 9603205]

- 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)

@ _O-H)\=3(O.t0t =9.62 fb)
Q _0',4)\25(0}10'5 = 4230 fb)
e
_— 2L

§10

g
=
~

o)

3

10

200 400 600 800 1000 1200
Mhh [GGV]
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-
- 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 + O[]F[||2

Ca X Aphn

wirno

In the heavy top limit: FaA = % Fq=—

For mhh ~ 2mt ~ 350 GeV the heavy top limit is not valid
and the cancellation is reduced
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https://arxiv.org/abs/hep-ph/9603205

Backup : Interferences

do /dmy;, [pb/GeV]

Hand h
10° : :
iy = 244.50 GeV
my = 312.00 GeV
——my = 399.75 GeV
1 —my = 480.75 GeV| |
10 ———my = 548.25 GeV
= Bin size: 20 GeV
D 102
o)
B
£,
3 10 2.
(o]
S|
10™¢
Solid lines: positive
Dashed lines: negative
10-5 f L L ' N
200 400 600 800 1000 1200
mpp, [GeV]

h and box
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e
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o
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o
&
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N

o
A
T

——mpy = 244.50 GeV

mpy = 312.00 GeV
——mypy = 399.75 GeV
——mypy = 480.75 GeV'
——mypy = 548.25 GeV

! Bin size: 20 GeV

1
Lis
Ly,
1
L
ki
.
Solid lines: positive
Dashed lines: negative

10°
200

Negative interference between A and C (SM case)
Res. Enhancementat my = mpyy, (Oipterf Changes sign):

400
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1000 1200

600 800
Mhh [GGV]
Below

B+C: negative
A+C: positive

H and box
10° T T : ;
——my = 244.50 GeV
my = 312.00 GeV
—— g = 399.75 GeV/
10 g = 480.75 GeV[3
——my = 548.25 GeV
=102 ] Bin size: 20 GeV 3
3
2,
10
5
< 104 !
:
105k | o o
1 Solid lines: positive
: Dashed lines: negative
1
107 ' — ' ’ :
200 400 600 800 1000 1200
Mhh [GBV]
Above
B+C: positive Dip-peak \
A+C: negative
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