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Breaking the Symmetry in the Standard Model
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Breaking the Symmetry in the Standard Model

V(<¢> + h) — ‘hQ + Ahg —+ .h4 — h is the Higgs boson! (LHC, 2012)
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Motivation: The Higgs Boson’s Potential
V(<¢> T h) — @h° + Ah° + Bh* — the Higgs boson’s self-interactions.

— Determine shape of this potential by measuring:
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Motivation: The Higgs Boson’s Potential
V(<¢> T h) — @h° + Ah° + Bh* — the Higgs boson’s self-interactions.

— Determine shape of this potential by measuring:
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Motivation: The Higgs Boson’s Potential
V(<¢> T h) — @h° + Ah° + Bh* — the Higgs boson’s self-interactions.

— Determine shape of this potential by measuring:

Qo f

/ HL-LHC: ==

I FCC:~ O(1) x &
W (1) x Mgy

le.g. AP, Sakurai, arXiv:1508.06524,
% Fuks, Kim, Lee, arXiv:1510.07697 & arXiv:1704.04298,
AP, Tetlalmatzi-Xolocotzi, Zaro, arXiv:1909.09166, ...]
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Motivation: The Higgs Boson’s Potential
V(<¢> T h) — @h° + Ah° + Bh* — the Higgs boson’s self-interactions.

— Determine shape of this potential by measuring:

P N

[AP, Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037°+ [e.g. AP, Sakurai, arXiv:1508.06524,

% Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, van de Vis, du Pree, arXiv:2404.12425, Fuks, Kim, Lee, arXiv:1510.07697 & arXiv:1704.04298,

AP, Tetlalmatzi-Xolocotzi, aXiv:2312.13562 . : .
! AP, Tetlalmatzi-Xolocotzi, Zaro, arXiv:1909.09166, ...]
SEE LATER! 4 .
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SM Multi-Higgs Boson Production “Fun” Facts

e 3 factor of ©(107°) each time you “draw” an extra Higgs boson @ pp colliders.

o(h) ~ 50 pb

oM, 14 TeV
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SM Multi-Higgs Boson Production “Fun” Facts

e 3 factor of ©(107°) each time you “draw” an extra Higgs boson @ pp colliders.

H
o

o(h) ~ 50 pb

o(hh) ~ 40 1b

X 0(107%)

oM, 14 TeV

X 0(1073)

o(hhh) ~ 0.1 tb

SE’\l“llN\E/SI;EA\llQV SS'Il'A%TE 5 Andr eas Pap aef Stathiou



SM Multi-Higgs Boson Production “Fun” Facts

e 3 factor of ©(107°) each time you “draw” an extra Higgs boson @ pp colliders.

oM, 14 TeV

o(hhh) ~ 0.1 tb
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SM hhh Boson Production “Fun” Facts
e Cranking up the pp COM energy could help!

~ X60 1Increase 1n

Ccross section as

pp COM
14 TeV — 100 TeV.
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SM hhh Boson Production “Fun” Facts
e Cranking up the pp COM energy could help!

~ X60 1Increase 1n

Ccross section as

pp COM
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THE SECREI
INGREDIENT
IS ALWAYS

New PHYSICS

Here:
A. hhh in SM+2 singlet scalar fields,
" B. hhh with anomalous couplings.
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A. hhh in SM+2 singlet scal
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SM + Two Real Singlet Scalars [= TRSM]

e Add two real singlet scalar fields S, X.

e & impose discrete Z, symmetries: 7 g - =5, X=X
2")2( X->-X, 5> 95

= TRSM scalar potential:

V(, S, X) =00 +Mo|" +e5° + MS* + e X* + WMX"
+ 1 5°X"
+ M|p2S? + W|¢|2 X7
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SM + Two Real Singlet Scalars [= TRSM]
N
® Go through electroweak symmetry breaking... %ﬁ*

= Get three scalar bosons: i, h,, h; — h; ~ SM-like Higgs boson.
— hhh detectable at the LHC! [AP, Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037]
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SM + Two Real Singlet Scalars [= TRSM]
N
® Go through electroweak symmetry breaking... %ﬁ

= Get three scalar bosons: &y, h,, h, — h, ~ SM-like Higegs boson.
1> 7525 773 1
— hhh detectable at the LHC| [AP, Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037]

through: pp — h3 — hzhl — hlhlhl

g / hl
/
/
— “Double-Resonant Enhancement”! ,/,'/ hi
2D NIY
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® [Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
ln e van de Vis, du Pree, arXiv:2404.12425]

Viable points with 0> 10 X osm(gg = hhh)@13.6 TeV

Y
o ‘0.
>
@
Q 1 Enhancements ©(100) x SM!
Enhancement _| '
over SM ©
<
IS
C
T r : 2
g = How much of the total cross section comes from... ?
NT g
b‘é ." // h1
“‘ = e J/
il hy & -~ hi
10! { U SO NNEE.. ey o N « A112
] | : : : | : : : | : : : | : : : : : : : : : - h < \\
0.0 0.2 0.4 0.6 0.8 1.0 s Tz
(fraction from resonant: pp - hz - h,h; - hlhlhl)/ g *
N Y
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® [Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
ln e van de Vis, du Pree, arXiv:2404.12425]

Viable points with 0> 10 X osm(gg = hhh)@13.6 TeV

Y
o ‘0.
>
o
Q 1 Enhancements ©(100) x SM!
Enhancement _| '
over SM @)
<
c
c
T r : N
g = How much of the total cross section comes from... ?
b‘c‘? | | f g o
g | ha /J'/_’ h
10?1 - ol s T T « A112
i — h VAN
0.0 0.2 0.4 0.6 0.8 1.0 / Az 13 Ao
(fraction from resonant: pp - hz - h,h; - hlhlhl)/ g *
\_ _J

e Narrow-width (I, << M, & I'; < M;) double-resonant production
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FO-EWPT and hhh in the TRSM

e (: Can there be a First-Order Electroweak Phase Transition in the TRSM,
related to electro-weak baryogenesis?

. . . |[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
e and if so, will this lead to enhanced hhh at the LHC?  vandevic au Prec, arxiv2a0a 12025
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FO-EWPT and hhh in the TRSM

e (: Can there be a First-Order Electroweak Phase Transition in the TRSM,
related to electro-weak baryogenesis?

. . . |[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
e and if so, will this lead to enhanced hhh at the LHC?  vandevic au Prec, arxiv2a0a 12025

Tunneling!

e NO!
} FO-EWPT & enhanced hhh are mutually exclusive! T U Y A

V(@)

» “barrier” not generated if both new scalars attain a VEV,

» and non-zero VEVs are necessary for sufficient mixing!

= Removing the 7, restrictions might help!

Andreas Papaefstathiou
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B. hhh with Anomalous Couplings



D=6-Inspired Anomalous Couplings

e Add higher-dimensional operators to the SM Lagrangian!

— Capture effects of new particles at Scales > Collision Energies.

0,
o €.2. Add D=6 operators relevant to multi-Higgs boson production, of the form —Ag
aC,
o 2 /1 G GH
L@ 1P =Sl 10+ 5 14 GG,

( yt‘¢‘ QL¢CtR+A2yb‘¢‘ Q;pbr+h.c. )

[see e.g. Goertz, AP, Yang, Zurita, arXiv:1410.3471 for pp — hh study in this framework]

For 1-loop computations see: smeft@nlo: [Degrande, Durieux, Maltoni,
% Mimasu, Vryonidou, Zhang, arXiv:2008.11743]
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D - 6-In Sp ire d Ano ma]_ Ou S C O up lings [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
B
‘.ﬁ

e Go through EWSB... = in terms of the physical scalar Higgs boson A:

2 2
Lpeg D 14c¢) b 1+ 6¢,) h*
b= 2v ( C6) 8v?2 ( 66)
ac, ((h h?
—— =+ ) GuG
4z \ v 20?2 #
- _ - _ _
_mf 3Ct — o mb 3Cb — )
()33 (3 v e
_mt ﬁ £ 3 I mb & 1. 3
_V3 (2) tLtRh ' v3 < 2 ) bLth +hC .
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D=6-Insp lred Anomalous Coupllngs [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
BV
e Go through EWSB... ﬁ = in terms of the physical scalar Higgs boson A:
N

g h g ,
U T Y e
" — N C C \\
\\\ D=6 2V 6 8\}2 6 \\
’ h 2 g h
D (L) Ga g
Adr \ v 2 ) HC
g ] " ] )
_mf 3Ct — o mb 3Cb — )
()33 (3 v e
_mt @ - 3 " & ] 3
_V3 (5) tLtRh ! 3 < ) ) bLth + h.c. .
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D=6-Inspired Anomalous Couplings

e Go through EWSB... ﬁ = in terms of the physical scalar Higgs boson A:
N

E
IIIIIIIIII

"z

m, [c\ _ 3
— ) t,toh

15

my,

v

my,

(1+¢,) b bgh + h.c.

my,

C _
) b, bph” + h.c.

3

<%) b, bxh’ + h.c.

|[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

9
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D=6-Inspired Anomalous Couplings AP, Tetlalmatsi Xolocots, arXiv231213562]

e Go through EWSB...

KE \TE
IIIIIIIIII

N
3
N

= in terms of the physical scalar Higgs boson A:

15

h
T (1+¢,) b bgh + h.c.
3 _
%) by beh® + h.c b
g h
- )1_9 bph> + h.c 4
LYR L], q //
2 ——— h
g \ h
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D=6-Inspired Anomalous Couplings AP, Tetlalmatsi Xolocots, arXiv231213562]

o A slightly more “general” picture is obtained by “dissociating” the operators as:

2 2

mj, . m, A
gPheno > 7 (1 d3> h Q2 (1 d4) h
4+ ﬁ_|_ h_2 G* GHY
- Cel v Cg2 712 pr=a Recover D=6 by setting:

d3 — C6,
d4 — 666,

n; (1+cﬂ) ttph 4 n;b (1+cb1) ISLth + h.c.
m

4
3¢ m 3¢ _
t 2\ - 2 D b2 2
[\/2( > )tLtRh - ( > )bLth + h.c.

‘BNz, .3, ™ ()7 3

Note: This can be also be motivated via the Electro-weak Chiral Lagrangian,
% [see e.g. Buchalla, Cata, Krause arXiv:1307.5017]

Cgl — ng — Cg,

Cfl — sz — Cf3 — Cf'
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D=6-Inspired Anomalous Couplings AP, Tetlalmatsi Xolocots, arXiv231213562]

o A slightly more “general” picture is obtained by “dissociating” the operators as:

m? 2

SZPheno > oy (1 d3> h3 Q1,2 (1 d4) h4

instead of .
Recover D=6 by setting:

d3 = Ce,

m ~ m _ d, = 6¢c,,
t (1+cﬂ) ttph - & (1+cb1) b;bph + h.c. P ! _ ‘
v Vv gl g2 g’

Cfl — sz — Cf3 — Cf'

m, (3cp\ . - my, 3¢5 \ - ,
[V2< 5 )tLtRh - ( > )bLth + h.c.

my [ Gz \ - 3 my, % T 3

Note: This can be also be motivated via the Electro-weak Chiral Lagrangian,
% [see e.g. Buchalla, Cata, Krause arXiv:1307.5017]
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D=6-Inspired Anomalous Couplings AP, Tetlalmatsi Xolocots, arXiv231213562]

o A slightly more “general” picture is obtained by “dissociating” the operators as:

2 2

my, my,
Loheng D 14+d;) b’ 14+d,) h*
Pheno 7 ( 3) Q2 ( 4)
S h h2 alll
71,2 GWGCZ Recover D=6 by setting:

d3 — C6,
d4 — 666’

-2 (14¢,,) bybgh + h.c.

V Col = Cg2 = Cp
C 1 — C ) — Crm = Cy¢.
my (3 - s N=n=C=q
| b Lth + h.C.
2
V 2
n, Cpz \ = :
(3 b +h|
V 2
Note: This can be also be motivated via the Electro-weak Chiral Lagrangian,
% [see e.g. Buchalla, Cata, Krause arXiv:1307.5017]
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D=6-Inspired Anomalous Couplings AP, Tetlalmatsi Xolocots, arXiv231213562]

® Further modify to match more closely LHC experiments” definitions:

A
3 _ M 4 Defined: Agy = m>/2v°.
D phenoxp 2 —Asmv (14d3) b — y (1+d,) h efined: Agy = m;/2v
Obtain CMS-like parametrization by:
a, h h? G GhY
+ C 1—— (o Ky = (1+d3)9
1271' 5 V 5 2V2 e e k= ¢y
€ = €y
m m — —
[ — b Cg Cgl?
—_ [T (1+Cﬂ) tLtRh—l'T (1+Cb1) bLth—l‘hC ng=C2g-
m, , m, _ , And ATLAS-like parametrization by:
— | —ct;tph” + —C;,b;bph” + h.c
V2 12°L*R V2 b2¥ LY R Crppy, = (1+d3),
m c m ngh — 2Cg1/3,
t 13\ - b b3 \ 1. — _
e N - tLtRh3 + - - bLth3 + h C o nghh B 82/3'
3 3
V 2 V 2

W STATE 17 Andreas Papaefstathiou
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Monte Carlo Implementation of Anomalous Couplings
e We have implemented a MadGraph5_aMC@NLO “loop” model for £p; ., 1

e Includes Loop X Tree Level interference between diagrams.

[see: Hirschi, https:/ /cp3.irmp.ucl.ac.be/projects /madgraph /wiki/LoopInducedTimesTree]

® e.g.: g h qg h

g h y h

* Model available at https://gitlab.com/apapaefs/multihiggs loop_sm.
lincludes necessary patch for MG5_aMC].

KENNESAW STATE 18 Andreas Pap aefstathiou


https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LoopInducedTimesTree%5D
https://gitlab.com/apapaefs/multihiggs_loop_sm%5D

M O d e1 Va_li_ d ati O n [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]
e Most couplings validated vs. a HERWIG 7 pp — hh implementation, e.g.:

GGTT contact interaction in gg = hh
1 2 3
CT2 HW def.

e “New” non-trivial coupling that appears, o c/7/” has been validated via an
IIEFTII limit, in the l—f — hhh process: 100 Validation of the tthhh contact interaction

e o

02 03 04 05 06 07 08 09 1.0

% M, [GeV <10°
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o(gg—- hhh)@13.6 TeV, normalized to SM value

hhh Cross Sections @ 13.6 TeV . =

O o004

-0.5

|AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

0.5

O oo

-0.5

e Cross section as a multiple of the
SM. 3y e e

Ct1

-0.5

0.5

Ch1

0.0 1

e n.b.: og\ ~ 0.04 tb at LO@13.6
TeV.

0.0 4

”

Ce2

-0.5

e Each 2D panel shown: all other

0.0 1

coefficients set to zero!

0.5

Ch2

0.0

Ce3

-0.5

0.5

0.0 1

Ch3

-0.5

0.5

-0.5

-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5

% ds Cg1 Cg2 Ct1 Ch1 Ct2 Ch2 Ct3 Ch3
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o(gg—- hhh)@13.6 TeV, normalized to SM value

hhh Cross Sections @ 13.6 TeV . =;

[AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562] oo .

e Cross section as a multiple of the :

SM. 7 pe—_—— :

e n.b.: 6\ ~ 0.04 fb at LO@13.6 5 l g

TeV. P —

e Each 2D panel shown: all other . y
coefficients set to zero! S ] | I

05 ‘ - 3

0.5 - — ,
I o |

+ | |

—0.5 0.0 0.5

% d ds Cg1 Cg2 Ct1 Ch1 Ci2 Ch2 Ct3 Ch3

20 Andreas Papaefstathiou

-0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5
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Anomalous Couplings Constraints

e Other processes constrain (at LO) all coefficients except { ¢, d,} (— only in hhh).

® Projected constraints for other coefficients:

KE \TE
IIIIIIIIII

Percentage uncertainties

HL-LHC | FCC-hh Ret.

o(d3) 50 5 145] (table 12)
0(cq1) 2.3 0.49 145] (table 3)
0(cq2) 5 1 140] (Figure 12, right)
d(ce1) 3.3 1.0 145] (table 3)
0(ct2) 30 10 140] (Figure 12, right)
d(cp1) 3.6 0.43 145] (table 3)
0(Cp2) 30 10 assumed same as ¢

21

For details, see:
|AP, Tetlalmatzi-Xolocotzi,
arXiv:2312.13562] !
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Anomalous Couplings Constraints

e Other processes constrain (at LO) all coefficients except { ¢, d,} (— only in hhh).

® Projected constraints for other coefficients:

Percentage uncertainties
HL-LHC | FCC-hh Ref.

145] (table 12)

0(cq1) 2.3 0.49 145] (table 3) For details, see:

: : [AP, Tetlalmatzi-Xolocotzi,

0(cg2) 0 1 140] (Figure 12, right) | ixiv:2312.13562]
d(ce1) 3.3 1.0 145] (table 3)

0(ce2 30 10 140] (Figure 12, right)

d(cp1) 3.6 0.43 145] (table 3)

0(Cp2) 30 10 assumed same as ¢
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Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with non-zero: {c¢,, d;, ., d,}:
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Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with non-zero: {¢,, d;, ., d,}:

g h g
q
A ¢ —@
N\ N\
\\ \
\ \
N\ \
g h oY

constrained by pp — hh

KENNESAW STATE 22 Andreas Pap aef Stathiou



Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with non-zero: {¢,, d;, ., d,}:

constrained by pp — hh ¥ constrained by pp — hhh
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Anomal()us Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

® ' |
Focusing on a model with only {c,, ds, ¢, d, }, T —

e Using the hhh — 6 b-jet final state; and marginalizing over {c,,, d;} within

projected constraints:
gg - hhh@13.6 TeV, L=3000 fb~1, aeyet. = 5.0%

20 gg » hhh@100 TeV, L=20000 fb~!, QAsyst. = 5.0%
—_— 1o

60_ —_—- D0 i —_— 10

HL-LHC ] .. FCC-hh o

20 -

40 -

10 -

ﬁ-

T 97

_10_

—20 -

_30 -

-40+—————TF T T T T T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Ct3

KENNESAW STATE 23 Andreas Papaefstathiou



Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with only {c,,, ds, ¢, d,},

e Using the hhh — 6 b-jet final state, and marginalizing over {c,,, d;} within
projected constraints:

KE \TE
IIIIIIIIII

HL-LHC 68% | HL-LHC 95% || FCC-hh 68% | FCC-hh 95%
dy | [-6.6,12.4] | [-10.0,21.3] || [-3.9,10.5] | [~10.6,18.8]
cis | [—0.6,1.1] (—0.9, 3.6] [—0.1,0.3] [—0.4,0.6]

= d, ~ 6(10)

24
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Summary & Outlook

e Multi-Higgs production processes — crucial réle in understanding EWSB.
p e.g. hhh production — Higgs quartic self-coupling.

¢ SM hhh — hopeless at the LHC,

e BUT: Enhanced in models with extended scalar sectors or anomalous
interactions. Could we see hints of hhh at the LHC?

» TRSM (two singlets) — through double-resonant process. Related to
baryogenesis?

» Anomalous coupling picture — an agnostic framework for h/hh/hhh.

MG5_aMC model: https:/ / gitlab.com / apapaefs / multihiggs loop_sm

%' Questions merit investigation @ LHC & future colliders!
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Appendices
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TRSM Monte Carlo Event Generation

¢ We have implemented a MadGraph5_aMC@NLO (MG5_aMC) “loop” model for the TRSM:

e MG5_aMC input parameters: the three mixing angles, two masses/widths and all the
scalar couplings (only 7 are independent in TRSM).

e Comes with a Python script that:

e allows conversion of M,, M, + three mixing angles + two VEVs to the MG5_aMC model
input,

e calculates several single-production cross sections, branching ratios, widths,

e and writes associated MG5_aMC parameter card (param_card.dat) automatically.

o Get it at: https:/ / gitlab.com /apapaefs / twosinglet.

| AP, Tania Robens, Gilberto Tetlalmatzi-Xolocotzi, arXiv:2101.00037]
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hhh with

Anomalous
Couplings
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hhh: Final states

Assume: K-factor = 2.
[Maltoni, Vryonidou, Zaro, 1408.6542 ]

hhh — final state BR (70) Nygap-1

(bb)(bb) (bb) 19.21 22207

(bb) (bb) (W W) 7.20 8328

(bl_)) (bl_)) (7-7_-) 6.31 7907 s Fuks, Kim, Lee, 1510.07697,

(bl_?) (7_7__) (WW1£) 1 | 58 1824 Fuks, Kim, Lee, 1704.04298.

(bb) (bb) (W W) 0.98 1128

([@ (WWie)(WW1,)  0.90 1041 ;1;211825 iun, Yan, Zhao, Zhao,

(bb)(77)(77) 0.69 799

(bB) (65) () 0.23 263 ZApsn it Cen

% [AP, Sakurai, 1508.06524] 1510.04013, Fuks, Kim, Lee,
1510.07697.
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The 6b final state, analysis [AD, Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro,
arXiv:1909.09166]

¢ What can we learn about the anomalous couplings via hhh at 13.6 TeV?
® Begin by using the 6 b-jet final state!

1. Require 6 tagged b-jets.

SN Ul b= W N =
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¢ What can we learn about the anomalous couplings via hhh at 13.6 TeV?
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The 6b final state, analysis [AD, Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro,
arXiv:1909.09166]

¢ What can we learn about the anomalous couplings via hhh at 13.6 TeV?
® Begin by using the 6 b-jet final state!

1. Require 6 tagged b-jets.
3. For each pairing construct:
2. Consider pairings of the b-jets.

2 2\2
L X = Z (Mqr — mh)
grepairings 1

’4 N’

,,,, = sum of squared differences from Higgs mass (~125 GeV)

SN Ul b= W N =
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The 6b final state, analysis [AD, Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro,
arXiv:1909.09166]

¢ What can we learn about the anomalous couplings via hhh at 13.6 TeV?
® Begin by using the 6 b-jet final state!
1. Require 6 tagged b-jets.

3. For each pairing construct:
2. Consider pairings of the b-jets.

2 2\2
L X = Z (Mqr — mh)

grepairings 1

SN Ul b= W N =

= sum of squared differences from Higgs mass (~125 GeV)

= 4. Pairing that gives minimum }? determines “reconstructed Higgs boson”.

K X2

°
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The 6b final state analy51s

observable cut ST ATl <o
PT.b > 45 GeV

ui <3.2

ARb,b > 0.3

pr(hl) > [170,120,0] GeV, i =1,2,3

xr%lin < 17 GeV

Ammin, mid, max < 8, 87 11 GeV < the three terms in x2uin.
AR(HL,h}) <[3.5,3.5,3.5], (i.j) = [(1,2),(1,3),(2,3)

ARy, (h) <[3.5,3.5,3.5],i=1,2,3
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signal/backgrounds after analysis

Process OGEN (pb) onLo X BR (pb) Eanalysis N3®
hhh (SM) 2.88 x 1073 1.06 x 1072 0.0131 278
QCD (bb)(bb)(bb) 26.15 52.30 2.6 x 107 27116
qq — hZZ — h(bb)(bb) 8.77 x 1074 4.99 x 104 1.8 x 1074 ~2

qq — ZZZ — (bb)(bb) 7.95x10~* 7.95x10~* 1.2x 107> <1
ggF hZZ — h(bb)(bb) 1.08 x 10~ 1.23x 10~ 0(1072) ~2
ggF ZZ7Z — (bb)(bb) 1.36 x 107> 2.73 %107 2% 107 < 1
h(bb)(bb) 1.46 x 102 1.66 x 102 541074 179
hh(bb) 1.40 x 10~* 9.11 x 107> 2.8x 1074 ~ 1
hhZ — hh(bb) 4.99 % 103 1.61 x 103 7.2 %1074 23
hZ(bb) — h(bb)(bb) 9.08 x 1073 1.03 x 1072 1.4 x 1074 29
ZZ(bb) — (bb)(bb)(bb) 2.87 x 1072 5.74 x 1072 1 x 107> 11
Z(bb)(bb) — (bb)(bb)(bb) 0.93 1.87 3x 1072 1121

Y backgrounds 2.8 x 10*

SiS

IIIIIIIIII
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process O0GeN (pb)  Ogen X (6 b —jets) (pb)

(bb)(bb)(c¢) 76.8 0.768
(bb)(cc)(cc) 75.6 0.00756
(c€)(c€)(ce) 22.5 22.5%x 107
(bb)(bb)(jj) 1.32x10% 1.32
(bb)(ji)(jj)  9.79 x 19° 0.00979
GHGHGH)  1.37 x 10° 1.37 x 107°

c.f. ogen(6b)= 26.15 pb appTied

Pesy = 0.1

KE \TE
IIIIIIIIII

33

Reducible backgrounds

= Assuming perfect b-tagging +
identical analysis efficiency to QCD 6b:

—~10% contribution from reducible

backgrounds.

for P(b-tagging) = 0.8:

—~30% contribution.
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TRSM hhh — 6b analysis details

2
Introduce two observables: y** = Z (M ar Ml)
qrel
2,(6 7
x - = Z (MQr_Ml)
qgreJ

— constructed from different pairings of 4 and 6 b-tagged jets, M, is the
invariant mass of the pairing gr.
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TRSM hhh — 6b analysis details

KE \TE
IIIIIIIIII

Label (My, Ms) < Pry YW < Y20 < milv < minv <

GeV| GeV| (GeV?] (GeV?] GeV| GeV]|
A (255, 504) 34.0 10 20 - 525
B (263, 455) 34.0 10 20 450 470
C (287,502) 34.0 10 50 454 525
D (290, 454) 27.25 25 20 369 AT5
E (320, 503) 27.25 10 20 403 525
F (264, 504) 34.0 10 40 454 525
G (280, 455) 20.5 20 20 339 475
H (300, 475) 26.5 ' 20 352 500
I (310, 500) 26.5 20 386 525
J (280, 500) 34.0 40 454 525

Table 3. The optimised selection cuts for each of the benchmark points within BP3 shown in table 2.

The cuts not shown above are common for all points, as follows:

15,14, 20] GeV, pr(hY) >

points a m

cut.

inv

4b

cut is not given, as this was found to not have an impact when combined with the mg;

35

’n’b < 2357 Ammin, med, max <

50, 50,0] GeV, AR(h’i,h{) < 3.5 and ARpy(h1) < 3.5. For some of the

Inv
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TRSM hhh — 6b analysis details (Signal vs Bkg)

Label (M2, M3)  esig. S‘gooﬂ)_l EBkg. B‘SOOfb_l S1g|300f,-1 Sig|3000fH-1
GeV] (syst.) (syst.)

A (255,504) 0.025 1412 8.50 x 1 19.16  2.92 (2.63)  9.23 (5.07)
B (263,455) 0.019  17.03  3.60 x 1 812  4.78 (4.50) 15.10 (10.14)
C  (287,502) 0.030 20.71  9.13x107°  20.60  4.01 (3.56) 12.68 (6.67)
D (290,454) 0.044 3732  1.96x10~* 4419  5.02 (4.03) 15.86 (6.25)
E  (320,503) 0.051 31.74 2.73x10~%* 6155  3.76 (2.87) 11.88 (4.18)
F (264,504) 0.028 1818  9.13x 1075  20.60  3.56 (3.18) 11.27 (5.98)
G (280,455) 0.044 3870  1.96 x 10~*  44.19  5.18 (4.16) 16.39 (6.45)
H  (300,475) 0.054 4127  295x10~% 6646  4.64 (3.47) 14.68 (4.94)
I (310,500) 0.063 41.43 397 x10~% 8959  4.09 (2.88) 12.94 (3.87)
I (280,500) 0.029  20.67 9.14x10~°  20.60  4.00 (3.56) 12.65 (6.66)

Table 4. The resulting selection efficiencies, egi,. and epkg., number of events, S and B for the signal
and background, respectively, and statistical significances for the sets of cuts presented in table 3. A
b-tagging efficiency of 0.7 has been assumed. The number of signal and background events are provided
at an integrated luminosity of 300 fb™*. Results for 3000 fb~' are obtained via simple extrapolation.
The significance is given at both values of the integrated luminosity excluding (including) systematic
errors in the background according to Eq. (5.1) (or Eq. (5.2) with o = 0.1 x B).
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TRSM BP3 Definition

Parameter Value
M, 125.09 GeV
Mo 125, 500 GeV
M3 255, 650 GeV
01,5 —0.129
01, x 0.226
Ogx —0.899
Vg 140 GeV
Vx 100 GeV
K1 0.966
K9 0.094
K3 0.239
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TRSM BP3 Benchmark Point Info

KE \TE
IIIIIIIIII

Label (Ms, M3) Iy I's BRo 11 BR3 11 BR3 12
GeV] GeV] GeV]
A (255, 504) 0.086 11 0.55 0.16 0.49
B (263, 455) 0.12 7.0 0.64 0.17 0.47
C (287, 502) 0.21 11 0.70 0.16 0.47
D (290, 454) 0.22 7.0 0.70 0.19 0.42
E (320, 503) 0.32 10 0.71 0.18 0.45
F (264, 504) 0.13 11 0.64 0.16 0.48
G (280, 455) 0.18 7.4 0.69 0.18 0.44
H (300, 475) 0.25 8.4 0.70 0.18 0.43
1 (310, 500) 0.29 10 0.71 0.17 0.45
J (280, 500) 0.18 10.6 0.69 0.16 0.47
Table 5. The total widths and new scalar branching ratios for the parameter points considered in

the analysis. For the SM-like Ay, we have M; = 125GeV and I'y = 3.8 MeV for all points considered.

The other input parameters are specified in table 1. The on-shell channel h3 — hs hy is kinematically

forbidden for all points considered here.
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hhh in the TRSM [14 TeV]

e Focus on a particular family of benchmark points: “Benchmark Plane 3” =
“BP3” in [Robens, Stefaniak, Wittbrodt, arXiv:1908.08554].

Label (M2, M3) o(pp = hihihn) e In BP3: All params fixed except M,, M;!
GeV| fb]
A (255, 504) 32.40
B (263, 455) 50.36 Cross section can be much
C (287, 502) 39.61 . . A
' 0 0
E (320, 503) 35.88 — ¢.f. SM: 0 ~ 0.1 fb @ 14 TeV.
F (264, 504) 37.67
G (2807 455) 51.00 | AP, Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037]
H (300,475) 43.92
I (310, 500) 37.90
J (280, 500) 40.26

Andreas Papaefstathiou
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hhh in the TRSM “BP3” [14 TeV]

e Search for hhh via: pp — (bb)(bb)(bb) — 6 b-jets.

e About 20% of the hhh final state!

e Significances large, even when including systematic uncert.:

KE \TE
IIIIIIIIII

|AP, Robens, Tetlalmatzi-
Xolocotzi, arXiv:2101.00037]

~ =IO QHEHOQ®E»

2.92 (2.63

4.78
4.01

)
(4.50)
(3.56)
5.02 (4.03)
3.76 (2.87)
3.56 (3.18)
5.18 (4.16)
1.64 (3.47)
4.09 (2.88)
1.00 (3.56)
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14.68
12.94
12.65

9.23 (5.07)
15.10 (10.14)
12.68 (6.67)
15.86 (6.25)
11.88 (4.18)
11.27 (5.98)
16.39 (6.45)

(4.94)
(3.87)
(6.66)

6.25
4.18
5.98

4.94
3.87
6.66
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hhh in the TRSM “BP3” |14 TeV]

¢ hhh will (probably?) not be a discovery channel,

® but could be important in determining the parameters of the model, if scalars are discovered!
HL-LHC Exclusion Region

600 -
550 -: 0000000000000000000000
500 -
S 450
% Could help solve the “inverse problem” in
O 400- the TRSM?
| I |
m
E 350 - . .
| AP, Robens, Tetlalmatzi-Xolocotzi,
300 - B P3 arXiv:2101.00037]
@ Present analysis (pp—hih1h1)
501 ¢ @® Excludedbypp-hyz3—-2Z
...................... @® Excluded by pp—-hy;3-hih; -
........................... 5 SWFW - Note: regions near M, ~ 1
O ®  Excluded by pp—>hys > WTW GeV and M, ~ 170 GeV will
——— 77— 71— 7. remain viable at the end of the
100 150 200 250 300 350 HI-LHC.
5 M, [GeV]
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Monte Carlo Implementation of Anomalous Couplings

o Get the MG5_aMC model at: https:/ / gitlab.com /apapaefs/ multihiggs_loop_sm.

e |A patch to MG5_aMC to enable Loop X Tree is included].

e Can generate events either at:

o SM’\Z + mterference of [SM X One-Insertion diagrams], i.e.:

| M = | Moy | +2Re{ MG\ M _ins.} x 1+ ¢,

Or

e SM"2 + interference of [SM X One or Two insertion diagrams| + [One
Insert10n]’\2 ie.:

| M = | Moy | +2Re{% M _ing )+ 2Re{ME Mo} + | M i, |7
x 1+ ¢ +cck+cf

w*:;?@
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