BSM Triple Higgs Couplings at the LHC

Kateryna Radchenko Serdula

based on arXiv: 2212.11242 with Francisco Arco, Sven Heinemeyer and Margarete Miihlleitner

IDT-WG3-Phys Open Meeting

09.02.2023

320


https://arxiv.org/pdf/2212.11242.pdf

The 2HDM model

- CP conserving 2HDM with two complex doublets:

[Santos, Barroso: arXiv: 9701257 |
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- Softly broken Z, symmetry (O, — @ ; ®, —-®, ) entails 4 Yukawa types (Types [ and II were analyzed)

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

- Potential: : ‘
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- Free parameters:

- Phenomenological implications can originate from:
— deviations in couplings to fermions and gauge bosons
— contributions of the heavy scalars in the loops
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mp, my, My, My+ m2,,v, cos(B — a), tanf tan 8 = vy /v,

v? = v} 4+ v3 ~ (246 GeV)?



https://arxiv.org/abs/hep-ph/9701257

D i 'H i g gS p I’Od u Cti O n (g g — h h) [Plehn, Spira, Zerwas : arXiv: 9603205]

- Triple Higgs couplings can be accessed through Higgs pair production
- The dominant process at a hadron collider is gluon fusion involving a quark loop

g -=-=hg _-h|g 5% b
h - - s _I_L - - -
Q Q s Q ~ .
g -==h2&8 Ahhh “~h|s AhnH i > h
Diagrams that exist in the SM: Diagrams that are sensitive
They have a negative interference to triple Higgs couplings

osm ~ 38 fbatNLO
- We will study the invariant mass distribution of two 125 GeV in the final state
- All calculations were done using a modified version of the code HPAIR

[Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, Miihlleitner, Santos: arXiv: 2112.12515]
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Triple HIggS Couplings [ATLAS-CONE-2022- 050]
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- Can have large deviations from SM predictions in BSM: =, ATLAS Preliminary — Observed limit (95% CL) 1

T VS =13 TeV, 126—139 fb-! o e

_ SM L 104 HH-bDT*T~ +bbyy+bbbb =3 Expected limit +1o -

Ky = /1hhh/ /’{hhh ['04 < K/l < 6.3] (95% CL at LHC Run II) w =1 Expected limit +20 3

> BE== Theory prediction ]
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- Higher luminosity needed — what can be expected from -
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- Notation: ‘ n = number of identical Higgses Higher cross section
\hk All couplings are at tree level for lower values ofK/l
Type |
K) = [-0.5, 1.3]

Large A’s were found: far from the alignment limit and/or for large scalar masses
AhhH = [-1.7, 16]

[Arco, Heinemeyer, Herrero: arXiv: 2003.12684 |
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https://cds.cern.ch/record/2816332/files/ATLAS-CONF-2022-050.pdf
https://arxiv.org/abs/2203.12684

B enc h ma rk p I anes [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

— Unitarity

- EWPO — impose a condition on the Higgs boson masses:
—Stabili ~ ~
tability (my,-m )~0 and/or (m,-m,)~0
- Theoretical:
1011 Unitarity: from the 2 — 2 processes scattering amplitude
le Stability: boundedness from below of the potential
=
0
10 Colored area is allowed!
0.2 0 0.2
cos(B — )
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B e n c h m a rk p I a n es [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:

Unitarity: from the 2 — 2 processes scattering amplitude

Stability: 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

0l
1079[. HS (20) "
—HB (o5%cnyf, S/

-0.2 0 0.2
cos(f — a)
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B e n c h m a rk p I a n es [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:

Unitarity: from the 2 — 2 processes scattering amplitude

Stability: boundedness from below of the potential

- Collider searches and measurements:

Higgs Bounds: experimental limits from direct searches

tan 3

Higgs Signals: consistency with the signal strengths of the
100 . 125 GeV Higgs
- Flavour observables = B —X .y and B, — uu (calculated
02 0 02 with Superlso)
cos(f — a)
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Benchmark P lanes [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, myg = my = my+ = 1000 GeV, m2, = m? cos® a/ tan 3

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

- Theoretical:

1011 - Unitarity: from the 2 — 2 processes scattering amplitude

Stability: 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

tan 3

1091 | 125 GeV Higgs
- Flavour observables = B —Xy and B, — uu (calculated
02 0 02 with Superlso)
cos(fB — )
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my = mpy = my+ = 1000 GeV

Total di-Higgs production cross section | mi:= (mjcos*)/tang

O'/O'SM (NLO) 5 AN _—
60 ' '
XSoHDM — XSsM // * sl @
40 AUSM — 5 1Bk |
20 xS ' —7
10 1k e
6 oxs = xs/4.5
2 5 Projected significance in = 5
s standard deviations of E D "
i’ the total di-Higgs |
2 production: 4.5¢ ar 2
15 ’
1.2 -0.5
Only access to K, :
Allowed region inside A s s s 01
03 -02 -01 0 01 02 03 % theblack contour! -0.5 0 0.5 1
cos(f — ) K

- NLO QCD corrections implemented in HPAIR (in the heavy top quark limit)
- Largest enhancements inside the allowed region (black contour) ~ 30, — due to deviations in &,
- Expected sensitivity to the deviation of the xs: up to 8c away from the SM (above 20 for k,< 0.6)
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my = mA=mHi

: 2, = (mf, cos?a)/tan
BSM Couplings T e =10

Aosu
0.3 . 35
* o SM 30
02} 1M This scenario
20 features a resonant
01r {HE1s

enhancement of the
cross section, i.e. the

8
6 3 largest enhancement
2

4 - is due to the H
. contribution in the
2
] s-channel at

- m,.~350-450 GeV

03 Access to K, and AhhH! °1 H

-04 . L . -2 -0.

0.9 0.95 1 1.05 1.1 0.9 0.95 1 1.05 1.1
K\ R

- Very large enhancements for cos(f-) < 0 up to 8o, - thatlead to deviations up to 35¢.
- Also large enhancements for cos(f-«:) < 0 up to 30, that lead to deviations up to 10c.
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Invariant mass distribution: effects of deviations in K,

BP: Type I, cos(8 — a) = 0.1, tan 8 = 10, m3, = m3% cos®* a/tan 3, my = my = my+

Prediction for SM couplings:
=1 Ay =0
Prediction for BSM couplings:
K, =0.97, A =0.05

K, =0.67, A, = 0.42
Kk, = 0.41, Ay =074
x,=0.08, A =115

100

10-1 4

do /dmpyy, [pb/GeV]

—_
<,
w

107

200
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e
N
1

Bin size: 5 GeV

—my = 245 GeV

my = 481 GeV
—My = 717 GeV
— My = 953 GeV

== OsMm

——mpy = 1190 GeV

- Larger sensitivity to K . in the
low m,  region

- Resonant contribution very

suppressed due to very small top
Yukawa ' ~10™

800 1000 1200
Mpp

& = cos(fB — a) —sin(fB — )/ tan(5)




Effect of the mass of the heavy Higgs

- We vary the mass of the heavy Higgs boson leaving the rest of the parameters of the model fixed.

. » ~naf /- : — ¢ a A — Frviy S o M0 an /- 0 T T T T T
BP: Type I, cos(8 — a) = 0.2, tan 8 = 10, m{, = mj, cos* o/ tan 10 — o, — 2295 GoV
O2HDM /OSM —mpy = 367.5 GeV
1100 16 Enhancement in the =100 ey
.. 10Tk ——my = 512.5 GeV|]
1000 15 total cross section is my = 585.0 GeV
. — —mpy = 657.5 GeV
900 resonance dominated. >
14 .
500 Location of the % ,
= 700 — 13 resonanceisrelatedto = 10 i
S _|,, themassof H £ s
= 600 =
E ] 3 )
500 1.4 —Pp 1073 J
400 ! . i Bin size: 20 GeV
55 Allowed region
0.9 inside the black 10-4 L ma = mpyg+ = 544.72 GeV 3
200 . . . : .
200 4060 500 60 400D 08 contour. 200 400 600 800 1000 1200
ma = mpy=[GeV] mpn [GeV]
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1
Effect of the total decay width Q= M3y + Ty Miym

- For the green point of the previous benchmark plane

Toy model we artificially change the total decay width of the heavy Higgs H:
3
e I =01 Gev 10° l . I — ~TE— physi
e 0 e — T = 3.0 GeV physical value
31 Tl = 50.0 Gev| — L =10.0 GeV
It = 50.0 GeV
" I
10_1 - N

1 | I r—
“ -
5 (@)
S E— = L4
S = ,

4 h 2024 | \. | For larger total

g AN decay widths the
-2 R .
% \ height of the
3] = resonance changes
1073 ; e . but the width
4 . . .
200 250 300 350 400 ‘ where the effect
i [GeV] . L can be seen does
2 2
‘ Q° —my my = 512.5 GeV e not change
Ointerf X (Q2 e )2 n B 12 1074 T T T T T
H 'H- H 200 400 600 800 1000 1200

Mhh [GCV]
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Relative sign of the couplings in the resonance

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

100 - [[— Xz = -0.3975 (001 = 22.43 tb)[H—— physical value g s h
_)\hhH = 0.3975 (Ut()t = 27.26 fb) H - G
Q -
g “~h
_ 10
> .
3 &4 = cos(f — a) —sin(fB — )/ tan(B) = 0.104 AhhH
—~
B,
<1072 The relative sign of the top Yukawa and the BSM coupling to the
1 heavy Higgs gives a structure to the resonance:
= sign (Apnm - €4) | structure
-3 >
1 4 peak-dip
- dip-peak
my = 512.5 GeV
1074 . . . . . - Will this effect remain in an experimental setup?
200 400 600 800 1000 1200

mpp [GQV]
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Experimental challenges: smearing

I — :

- Differential cross section measurements are affected by the finite resolution of

I
I
:
| |

-0 ol 20 3o

|
) ) 30 -2
particle detectors — observed spectrum is “smeared” ¢ = S REE
- 2. o >
- We try to mimic this effect by artificially smearing the theoretical prediction FWHM: % of smearing
introducing Gaussian uncertainties in the invariant mass
10° ——— 10° - -
—all diagrams —all diagrams
- —the continuum [ - —the continuum f— box diagram + SM-like
—smeared 10% —smeared 15% Higgs exchange
o 10.1 I - —smeared continuum | 10_1 | - —smeared continuum |
> >
(] ()
g o
Q0
B, B
—~ 102F ~ 102}
E g
= =
~ S
S S
102} 102}
107 : : : : : 10 : : : ' :
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Mhuh [GGV] Muh [GGV}
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Experimental challenges: binning (15 % smearing)

Bin size: 10 GeV

10°
—all diagrams
= —the continuum
—smeared 15%
107" - =smeared continuum
=
O
&
5102
5
Al
3
10
10%
200 400 600 800 1000 1200
my, [GeV]
Bin size: 40 GeV
10°
—all diagrams
- ~the continuum
—smeared 15%
107" - =smeared continuum
';
O
O
2
21072
)
<
103

10

DESY. Kateryna Radchenko Serdula

200 400 600 800 1000 1200

my, [GeV]

Bin size: 20 GeV

10°
all diagrams
the continuum
—smeared 15%
107" - =smeared continuum |
=
o
&)
5
<102
I
RS
10
10
200 400 600 800 1000 1200
my;, [GeV]
5 Bin size: 50 GeV
10
all diagrams
the continuum
—smeared 15%
107" - =smeared continuum |
=
o
o
2
o107
5
S
10
10

200 400 600 800 1000 1200

my;, [GeV|

- We define a value for the ‘significance of the
signal’ according to the excess of the number of

events. Assuming: £ = 6000 iyt

events below continuum
smeared contribution

events below resonant
smeared contribution

Zi |NZR - NCI

VNG

- Window definition:

R =

Bin size | R

10 GeV | 81490 NN > (bin size)x20
20 GeV | 86.5 — Smearing dilutes

40 GeV | 86.8 more the resonance

50 GeV | 87.5 than binning




Relative sign of the couplings in the resonance

Applylng smearlng Applylng first smearmg and then binning:
: 0
109} — My = -0.3975 1 10 — Mg = -0.3975
S I— LT W LT
i 15% smearing | 107t 50 GeV bin
= =
(] (]
@) @)
i -
&) =D
<1072 <10
g g
i) i)
5 5
= Dotted line: = N
103 : 10
continuum
distribution to
guide the eye N~
1074 : : : ' ' 1074 : : : ' '
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mpuh [GGV] mpuh [GGV]

The structure of the resonance does not leave a measurable imprint once exp. uncertainties are evaluated
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Conclusion

Differences in the measured di-Higgs production cross section can originate from:
1.  deviationsin K,
2.  additional ‘resonant’ contributions
— Cannot be disentangled form a measurement of the total cross section alone
— High sensitivity can be reached at HL-LHC in the regions far from the alignment limit and
with heavy scalar masses within 350-450 GeV
Invariant mass distributions give information about resonant production that can be
embedded in BSM models:
1. mass of the intermediate Higgs boson — position
2. total decay width — height of the resonance
3. relative sign of the couplings — structure of the resonance
— These effects may be (partially) washed out by experimental precision (smearing and binning)

The relative sensitivity to the coupling 4, .. was analyzed by means of the variable R

hhH
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Backup: Single Higgs production

X

o
>
]

T IIIIIII T T IIIIITI T

Vs= 14 TeV

N
o
w

a

e

$Z N,

>I'§ 102 - - QCO)

T -

a 10 =

a E =

o = .

1 E
107 -
162 -
1073 E :
[ 1 1 1 1 1 11 1 l 1 1 1N
10 20 30 100 200 1000 2000
GeV]
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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]


https://arxiv.org/abs/1902.00134

Feynman rules for 2HDM THC

h
- _ 2 .3 2 B 2 2 _ BN 3
h----- < Ahhh = 502 {mhsﬁ_a + (3mh — 4mM7) C5_nSp—a + 2c0t 23 (mh —|m ) cﬂ_a}
N
Hl —CB—q

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

— (2mj + m¥f — 2and) c5_, } -

2
2| — Mg
" " ~ sinfcosf

20 30
10 20
: E
175 8
15 6
14 b
13
i :

= (1):82 o 8.5 K). E[-O.4 5 1]

8 09 = 05
83 25 Ay €[03,1.2]
0.7 %)
06 I 4
0.5 -6
0.25 2
0
o -10
=2 -20
-5 -30
<10 -40
20 [ -50

03 -02 01 0 01 02 03 -128 03 -02 01 0 01 02 03 -80
cos(f —a) cos(ff — )
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mpy =my =mpg- [GeV]

Backup: BP

o/osu (NLO)

1400

1200

1000

800

600

400

200

-0.2

-0.1 0 0.1
cos(ff — a)

0.2 0.3

60

40

20

10

1400

- Large enhancements up to 80 for my,~2m o
- No enhancement below my, ~ 250 GeV — heavy Higgs is not on shell.

- Dominant contribution of the diagram involving A

hhH

myg = Mp = My+
(m cos?a)/tanf
tan () = 10

Owith RE / Owithout RE

~2m

at mH top'
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K = ox1o/o10

03 -02 -01 O 0.1 0.2 0.3
COf

Tt [GeV
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Smearing applied on the invariant mass distributions

BP: Type I, cos(8 — a) = 0.1, tan 8 = 10, m3, = m}; cos®> o/ tan 8, my = my = my= || BP: Type L, cos(8 — a) = 0.2, tan 8 = 10, m2, = m?% cos® a/ tan 3

100 ! T - T - T T 100 T T T T T
—mpy = 244.50 GeV —mpy = 222.5 GeV
my = 312.00 GeV —my = 295.0 GeV
—my = 399.75 GeV —my = 367.5 GeV
—my = 480.75 GeV my = 440.0 GeV
R ——my = 548.25 GeV 10-1 L —mpy = 512.5 GeV|]
107 F my = 585.0 GeV
s Rl . s —my = 657.5 GeV
= T2 s v
O & v S
= 102 =102
§ §
5 )
= S
5 1073
10
= 0. 10§
ot K, . 0.08 . . . . ),hh}ll 0'69. . . .
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mMph [GGV] mpup [GeV]
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