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Based on (previous work):
AP Tania Robens, Gilberto Tetlalmatzi-Xolocotzi, arXiv:2101.00037

hhh — 6b—jets

&

AP Gilberto Tetlalmatzi-Xolocotzi, Marco Zaro, arXiv:1909.09166
hhh — Gb—J etS [SM + 1 scalar field = “xSM”]

|ISM + 2 scalar fields = “TRSM” |

[& see also: |

AP, Kazuki Sakurai, arXiv:1508.06524 AP, Graham White,
. arXiv:2010.00597 &
hhh — 4b—jets + v arXiv:2108.11394
% |Strong EW phase transition with 1 scalar field +

: searches @ future colliders]
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Based on (upcoming work):

Alexandra Carvalho, AP, Marko Stamenkovic, Gilberto
Tetlalmatzi-Xolocotzi, Alberto Tonero |[...]

[hhh with Anomalous Couplings]

&

Osama Karkout, Carlo Pandini, AP, Marieke Postma, Tristan
du Pree, Gilberto Tetlalmatzi-Xolocotzi, Jorinde van de Vis |...]

[hhh in TRSM + Cosmology]
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Did you know?

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

o(h) ~ 50 pb

oM, 14 TeV

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

oM, 14 TeV

(with apologies to Peter Higgs!)
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o(h) ~ 50 pb

X 0(107%)

o(hh) ~ 40 1b

® T
L

X 0(1077)

o(hhh) ~ 0.1 b
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Did you know?
e Cranking up the pp energy could help!
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Did you know?
e Cranking up the pp energy could help!
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{ ~300 events @ HL-LHC
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THE SECREI
INGREDIENT

1S ALWAYS
NEW PHYSICS

(Goals of this talk:

A. hhh and new gauge-singlet scalar fields,
B. hhh with anomalous couplings.

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



A. hhh & New Gauge-5inglet
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Higgs Portals and Singlet Scalars

e The Higgs doublet bilinear ¢ ¢:

the only SM gauge- and Lorentz-invariant D=2 operator!

e Can act as a “portal”: you can always multiply ¢'¢ by another singlet operator, S!

eg: LD APIPS+EPTPS?

e Then, following Electro-Weak Symmetry Breaking (EWSB):

¢ — (p)+h
S—><§>+x

% Vacuum Expectation Values (VEVs)

SE,\r‘qlN\E/séA\év SS'Il'A%TE Andr eas Pap aef Stathiou

= LD Ahy+Ah’y+mhy + ..



SM + New Singlet Scalars

e Diagonalize mass matrix — get eigenstates: i, h,, h;... — h; ~ SM-like Higgs boson!
2 2 21,2
L D Ahhy+Ahih,+Bhihs + ...
2 1 1772
= Modified & new triple/quartic couplings,

= Additional contributions to hhh, e.g.:

SE,\r‘qlN\E/séA\év SS'Il'A%TE Andr eas Pap aef Stathiou



SM + New Singlet Scalars

e Diagonalize mass matrix — get eigenstates: i, h,, h;... — h; ~ SM-like Higgs boson!

L D A hhi+Ahih,+Whihs + ...

= Modified & new triple/quartic couplings, = Triple Higgs boson
production could be
= Additional contributions to hhh, e.g.: enhanced in models with
h extended scalar sectors!
PR |
h* , . ~ o o
“0000000000000 2.0 ol & Measuring it could
> ---------- ®_ probe multi-scalar
sk S~ : : ,
S h2 - hl Interactions!
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SM + Two Real Singlet Scalars [= TRSM]

e Let’s now consider adding two real singlet scalar fields S, X — the TRSM.
e And: impose discrete £, symmetries: £ g S>> -5, X=X
* )2( X->-=-X, 5-9

= 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]

e Let’s now consider adding two real singlet scalar fields S, X — the TRSM.
e And: impose discrete £, symmetries: £ g S>> -5, X=X
* )2( X->-=-X, 5-9

= TRSM scalar potential:

V(p, S, X)=0e|6]° +B|o|* + 05% + WS + e X? + MX*
+ 1 S°X*?
. —+ .|¢|QS 2 -+ .|¢|2)(2 <— “Portal” interactions.
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SM + Two Real Singlet Scalars [= TRSM]

e Go through EWSB...

= Get three scalar bosons: i, h,, h, — 1, ~ SM-like Higgs boson.

= Seven independent parameters: M,, M, + three mixing angles + two VEVs.
= Modified / Additional interactions between scalars.

= hhh that may even be detectable at the [.LHC!  [AP Robens, Tetlalmatzi-Xolocotzi, arXiv:2101.00037]

e.g:. pp = hy = hhhy = hihh
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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:908.08554].

Label (Mo, Ms) o(pp — hihih1)
GeV| fb]

A (255, 504) 32.40
13 (263, 455) 50.36 Cross section can be much
b o oo | higher than the SM hhh! @
E (320, 503) 35.88 — c.f.SM o ~ 0.1 fb @14 TeV,.
F (264, 504) 37.67
G (280, 455) 51.00 [AP, Tania Robens, Gilberto 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).

e About 20% of the hhh final state!

e Significances large even when including systematic uncert.:

KE \TE
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[AP, Tania Robens, Gilberto
Tetlalmatzi-Xolocotzi,
arXiv:2101.00037]

Label

~ =IO QHEHOQ®E»

Slg|300fb_1
Syst.

2.92 (2.63)
4.78 (4.50)
4.01 (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)

13

14.68
12.94

Slg|3000fb_1
Syst.

9.23 (5.07)

15.10 (10.14)
12.68 (6.67)
15.86
11.88
11.27

6.25
4.18
5.98

4.94
3.87

(

(

(
16.39 (6.45

(

(
12.65 (

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 _ ..................
500 -
: Solve the “inverse problem”?
— ]
> 450 -
8 5 (— see also: [AP, White, arXiv:2108.11394]
400 - . .
— for first steps in the xXSM + SFO-EWPT.)
M ]
E 350 -
300 -
: @ Present analysis (pp - hihih1)
250 ) ® Excludedbypp-hy3-22Z
] ® Excluded by pp - h2/3 - hih;
: @® Excluded bypp-hyz-W+rW™
200—mm8 ™4 »———»0—»0Do—o9¢4-— o ——r—+—74—"m—"7-r———"7 "7
% 100 150 200 250 300 350
UUUUU RSITY M 2 [ G eV] Andreas Papaefstathiou



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]

KENNESAW STATE 15 Andreas Pap aefstathiou


https://gitlab.com/apapaefs/twosinglet

More TRSM hhh Pheno In Progress!

Q: Can there be a first-order electro-weak phase transition in the
TRSM, related to electro-weak baryogenesis?

And if so, will this lead to enhanced multi-Higgs boson
production?

[Osama Karkout, Carlo Pandini, A, Marieke
Postma, Tristan du Pree, Gilberto Tetlalmatzi-
Xolocotzi, Jorinde van de Vis, ...]

KENNESAW STATE 16 Andreas Pap aefstathiou
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B. hhh with Anomalous Couplings



D=6-Inspired Anomalous Couplings
¢ Add higher-dimensional operators to the SM Lagrangian!

— To capture the effects of new particles at scales > collision energies.

O
o €.2. Add D=6 operators relevant to multi-Higgs boson production, of the form A—gz
L =—p | H|" = A|H|* = (3,0, Hty +y,0,Hbg +h.c.)
CH 22 ‘6 6 %l 2 v
+ o' H ——Aem | H | + H|"G: G”
L@ HPY = —Ssul HI + 5 | HI GG

(= |H|* O, H't ) |H|*O,Hb, +h.c
Azyt L1 IR AZyb LHUR L

Sics [see e.g. Goertz, AP, Yang, Zurita, arXiv:1410.3471 for hh study]

EEEEEEEEEEEEE
IIIIIIIIII
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D=6-Inspired Anomalous Couplings

e Go through EWSB... — in terms of the physical scalar Higgs boson #:

P = ’;”’f (14+c,) b3 ;’;’i (1 +6¢,) h*
2
S (B )anr
_n;f (1+c¢,) T15h n;b (1+¢,) ISLth+h.c._
:Zf (%) 7 1oh? + % (%) b, beh? + h.c.
T; (%) 7 1oh3 1 'ff (%) by beh® + hec.|,
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D=6-Inspired Anomalous Couplings

e Go through EWSB... — in terms of the physical scalar Higgs boson h:

g h g ,
q /’/ ,/,
~@ mj; m, &G --- h
N Poe= [ (Teg) P = o= (14 6cg) b
’ \ h 2 g h
D (L) Ga g
4z \v 2] ¢
- _ . _ _
_mf 3Cl‘ — o mb 3Cb — )
()33 (3 v e
KN A TR E LN A YA
_V3 (E) tLtRh ! 3 < ) ) bLth + h.c. .
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D=6-Inspired Anomalous Couplings

e Go through EWSB...

E
IIIIIIIIII

— in terms of the physical scalar Higgs boson A:

h

m m _ "
" (14¢,) Tytgh +—= (14¢,) bybgh + h.c.

L V V -

m, (3c,\_ ., my (3¢,\- . .,

T (%) 7t + 2 (%) b, beh’ + h.c.

9

3

19
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D=6-Inspired Anomalous Couplings

e Go through EWSB... — in terms of the physical scalar Higgs boson h:

h
T (1+¢,) b bgh + h.c.
V -
3 _
h* + Z; (ﬁ) b, bph* + h.c. h
% 2
g h
<i) ELthB + h.C. 0 q ////
2 -k

KENNESAW STATE 19 Andreas Pap aefstathiou



D=6-Inspired Anomalous Couplings

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

2 2
_ 3 4
‘S/pPheno — 7 (1 d3> h Q2 (1 d4) h
2
+— | ¢ 1ﬁ+c 2h— G? G e sottine:
T\ 8y 879,2 pr—a Recover D=6 dy s;et?ng.
3= ~0

(1+¢,) Tytgh + —2 (14¢,,) bybgh + hec.

4

E

m, [ 3¢ m, [ 3¢ _

[V; f2> I igh? + — ( ’92) b, bph? + h.c.

d4 — 666’

Cgl — ng — Cg,

Cfl — sz — Cf3 — Cf.

2
‘BNz, .3, ™ ()7 3

SN ST 20 Andreas Papaefstathiou




D=6-Inspired Anomalous Couplings

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

instead of .
Recover D=6 by setting:

d3 — C6,

mb _ d4 — 666’
- (14c¢;) bybgh + h.c. ci=ca=c,
Cfl — sz — Cf3 — Cf'
i 3Cbz T 2
> ( 5 ) b;brh~ + h.c.

my, Cp3 —

20 Andreas Papaefstathiou



D=6-Inspired Anomalous Couplings

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

KE \TE
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ds) h*

h

2

my,

h2

AV

812 (1

d,) h*

\ecer

Vv

T (1+cb1) b,bph + h.c.

3¢,
2 2

Cp3
2

) e

20

) b, bph* + h.c.

Recover D=6 by setting:

h]

d3 — C6,

d4 — 666’

Cgl — ng — Cg,

Cfl — sz — Cf3 — Cf'
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D=6-Inspired Anomalous Couplings

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

A
SM 2
gPhGDOEXp _/ISMV <1+d3) h - 4 (1—|—d4) h4 Defined: /ISM my, /2\/
2 Obtain CMS-like parametrization by:
;5 " . G% G (1+ds)
C 1— ~ (o2 K, = U+day),
127\ v 722 e k=c,,
Cy = €y
m m — c,=¢
[ — b g gl>
— [T (1+Cﬂ) tLtRh + T (1+Cb1) bLth + h.C. ng — ng.
m, ) my, _ ) And ATLAS-like parametrization by:
— | —cpt toh” + —c,,b;bph” + h.c
V2 12°L°R V2 b2¥ LY R o = (I4dy),
m C m ngh — 2Cg1/3,
- _t _tB thRh3 + _b _b3 ELth3 + h C o nghh -~ 82/3'
3 3
V 2 V 2

W STATE 21 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 the various diagrams.

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

® c.go.

KENNESAW STATE 22 Andreas Pap aef Stathiou


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

Model Validation

e Most couplings validated vs. a Herwig 7 pp — hh implementation, e.g.:

v

e The one “new” non-trivial coupling that appears, o c;t7h> has been validated
Via an IIEFTII limit, in the tf — hhh prOC688: 100 Validation of the tthhh contact interaction

& HEFT/SING@tt- hhh@1 TeV

e o

02 03 04 05 06 07 08 09 1.0

% M, [GeV <10°

KENNESAW STATE 23 Andreas Pap aef Stathiou

GGTT contact interaction in gg = hh

¢ MG5
¢ Hw7
0.8

i
1
\
\
\
‘\
0.6 \
\
\

\

L)

/
N/

N,

/
/
/
/
/
/
/
¢
/
/
/
/
/

o(hh@14 TeV) [pb]

0

1 2 3
CT2 HW def.

S
=
o
~
(92
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= = =
o o o
o N ul
o Ul (@)

/ MH =>> \) /

|
|
|
|
|
~
Cross Section Ratio

© o o
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N (0] ~
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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

KENNESAW STATE 24 Andreas Pap aef Stathiou



o(gg - hhh)@13.6 TeV, normalized to SM value

hhh Cross Sections @13.6 TeV & =

® Cross section as a multiple of
the SM

o (og\ ~ 0.04 fb at LO@13.6 TeV).

¢ In each 2D panel shown: all
other coefficients set to zero!
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Fit Coefficients for hhh Cross Sections @ 13.6 TeV

IIIIIIIIII

ds | 0750 | 0.292 G/USM — 1 — A-C- -+ B-C-C-

di | -0.158 | -0.0703 | 0.0340 11 1]

co1 | -0.278 | 0.0426 | 0.0484 | 0.0256

co2 | 1.39 | -0.704 | -0.0312 | -0.156 | 0.538

co1 | 6.94 | 317 | -0.309 | -0.850_.} 5.16 | 12.6

cia | -3.61 | 4.05 20.872 |- 0.0482 | -4.15 | -17.6 | 15.3

cis | 272 | -1.57 1.33 0.906 | -0.316 | -4.64 | -182 | 13.0

co1 | -0.125 | 0.177 . | 20.0457 | -0.00903 | -0.166 | -0.675 | 1.38 | -0.941 | 0.0317

cva | 0.106 | -0.0752 | 0.00692 | -0.00740 | 0.0949 | 0.433 | -0.509 | 0.162 | -0.0219 | 0.00489

cvs | 0.161 | -0.0809 | -0.00396 | -0.0182 | 0.124 | 0.598 | -0.474 | -0.0434 | -0.0189 | 0.0109 | 0.00719
1 ds d4 Cg1l Cg2 Ct1 Ct2 Ct3 Ch1 Ch2 Cp3

26

leading-order Higgs boson triple production, in the form

here ¢; € {d37 d47 Cgl, Cg2, Ct1, Ct2, Ct3, Cpl, Cb2, 653}7 at Eom =

Andreas Papaefstathiou




Anomalous Couplings @ LHC 13.6 TeV

e Again, using the 6 b-jet final state:
® b-jet tagging probability ~ 75% (no miss-identification),
o pr, >[50, 40, 30, 25, 25, 25] GeV, |n,| < 4.0.

e O(1) events of SM hhh — 6b expected at pp@13.6 TeV in 600 fb~!! [Note: LO, i.e.
NO K-factors at present. ]

e Versus: 0(20) from QCD 6 b-jet backgrounds.

e “LHC-like” smearing applied & 10% systematic uncertainty on background.
® USing: ‘ V4 ‘2 — ‘ %SM ‘2 T 2Re{~%§<M'%l—ins.} T 2’Re{'%§<1\/['%2—ins.} T ‘ %1—ins. ‘2°

e We applied the analysis on various combinations of anomalous coupling
s coefficients, and fitted the efficiency.

SN ST 27 Andreas Papaefstathiou



Anomalous Couplmgs @ LHC 13.6 TeV w/ 600 fb~!

>(gg » hhh)@13.6 TeV, L=600 fb~!, agyst. = 10.0%

D) 0.0 =

O 1.8

0.5 -
@\
O 0.0 F

e Shown: Significance (X) for hhh — 6b = =

for any two coeftficients at 13.6 TeV o jj e
with integrated luminosity ~ 600 b, B s ™ e

mmn

S=p =

DR

S

1.6

1.4

Ch1

e Dark blue regions excluded @ > 20.

Ce2

e (Obviously no good constraints on
triple / quartic scalar coupling
modifiers (close to SM).

- 0.8

Ch2

- 0.6

Ct3

® But some constraints on fermion-Higgs

. . . 0.4
contact interactions: ¢,, ¢,», ¢3!

Ch3

0.2

0.0
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Anomalous Couplmgs @ LHC 13.6 TeV w/ 3000 fb~!

5(gg - hhh)@13.6 TeV, L=3000 fb™1, agyst. = 10.0%

e Dark blue regions excluded @ > 20.

e Similar conclusions at 3000 fb~!1

e TO-DO:

¢ What about higher energies, e.g. 100

KE \TE
IIIIIIIIII

TeV?

Comparison to SMEFT? e.g. using
“SMEFT@NLQO” [C. Degrande, G.

Durieu, Fabio Maltoni, K. Mimasu,

E. Vryonidou, C. Zhang,
arXiv:1607.04251]

—

O o0
O -0.5

Ct3 Ch2 Ce2 Ch1 Ct1

Ch3

D O B

WAl B

0.0 0.5 —(I).5 0?0 0?5 —-0.5 0.0 0.5 —0.5 0.0 0.5
Cg1 Cg2 Ct1

5 -0.5 0.0 0.5

1.8

1.6

1.4

- 1.2

- 1.0

- 0.8

- 0.6

0.4

0.2

0.0

efstathiou
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Summary & Outlook

e hhh is one of the few ways to probe the Higgs quartic coupling
@pp colliders; extremely rare within the SM — a 100 TeV SM
measurement.

e Nevertheless, hhh may be enhanced by new phenomena.

e Measurement of hhh within models with extra scalars possible at the LHC:

® an avenue for solving the inverse problem in case of discovery

e and perhaps understanding electro-weak baryogenesis.

® Anomalous couplings can also modify hhh: some constraints can be obtained at
the LHC! What are the possibilities at higher energies?

TRSM: https:/ / gitlab.com / apapaefs / twosinglet

Models @
% Anomalous Couplings: https:/ / gitlab.com /apapaefs /multihiggs loop sm
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https://gitlab.com/apapaefs/twosinglet
https://gitlab.com/apapaefs/multihiggs_loop_sm

Summary & Outlook

e hhh is one of the few ways to probe the Higgs quartic coupling
@pp colliders; extremely rare within the SM — a 100 TeV SM
measurement.

e Nevertheless, hhh may be enhanced by new phenomena.

e Measurement of hhh within models with extra scalars possible at the LHC:

® an avenue for solving the inverse problem in case of discovery

e and perhaps understanding electro-weak baryogenesis.

® Anomalous couplings can also modify hhh: some constraints can be obtained at
the LHC! What are the possibilities at higher energies?

TRSM: https:/ / gitlab.com / apapaefs / twosinglet

Models @ Thanks!

% Anomalous Couplings: https:/ / gitlab.com /apapaefs /multihiggs loop sm
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https://gitlab.com/apapaefs/twosinglet
https://gitlab.com/apapaefs/multihiggs_loop_sm

supplementary material
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SM + One Real Singlet Scalar [= xSM]

e Motivation: simple model for a strong first-order electro-weak phase transition:

= Singlet scalar field acts as a “catalyst”.

= Can help explain matter-anti-matter asymmetry of the universe.

V(p,S) =@|¢o|° +m|g|*
1 @S’ + AS°+rmAS?
+A|p]" S + W[g]" S
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SM + One Real Singlet Scalar [= xSM]

e Motivation: simple model for a strong first-order electro-weak phase transition:

= Singlet scalar field acts as a “catalyst”.

= Can help explain matter-anti-matter asymmetry of the universe.

2 4
V(p,5) =0l +B|o
+@5° + AS° + mS*
. _|_ A |¢|2 S _|_ . |¢|2 S 2 < “Portal” interactions.
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SM + One Real Singlet Scalar [= xSM]
V(6,5) =@ ¢ + B |g|" + @5% + 45> + WS* + 4 |g]> S + W |g|* 5
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SM + One Real Singlet Scalar [= xSM]
V(6,5) =@ ¢ + B |g|" + @5% + 45> + WS* + 4 |g]> S + W |g|* 5

EWSB <> VEVs:

¢ — (P)+h
§—>(S)+x



SM + One Real Singlet Scalar [= xSM]
V(6,5) =@ ¢ + B |g|" + @5% + 45> + WS* + 4 |g]> S + W |g|* 5

EWSB < VEVs: Mass Eigenstates:
¢ — <¢> + h » hl — COS 6 Sin H <h> Note that we choose:

h2 —sind@ cos @ y4 0 — 0 as the SM limit.
S—>(S)+x

¢: mixing angle
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SM + One Real Singlet Scalar [= xSM]
V(6,5) =@ ¢ + B |g|" + @5% + 45> + WS* + 4 |g]> S + W |g|* 5

EWSB < VEVs: Mass Eigenstates:
¢ — <¢> + h » hl — COS 6 Sin H <h> Note that we choose:
h2 —sind@ cos @ y4 6 — 0 as the SM limit.
S — <S > T )( ¢: mixing angle

= Two scalar particles:
h, — The “SM-like” Higgs boson &
1, — a new scalar boson!

— Prime collider targets! @

34 Andreas Papaefstathiou
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SM + One Real Singlet Scalar [= xSM]
V(6,5) =@ ¢ + B |g|" + @5% + 45> + WS* + 4 |g]> S + W |g|* 5

EWSB < VEVs: Mass Eigenstates:
¢ — <¢> + h # hl — COS 6 Sin H <h> Note that we choose:
h2 —sind@ cos @ y4 6 — 0 as the SM limit.
S — <S > T )( ¢: mixing angle

—> TWO Scalar par tiC168: Higgs signal strength measurements
h, — The “SM-like” Higgs boson &/
h2 —> 3 New Scalar bOSOIl! Direct searches for new heavy scalars

— Prime collider targets! @
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[AP, White, arXiv:2010.00597] 5,_%
| .

= Future colliders could discover this model
= : Can we use hhh to find out more about xXSM?

¢ — <¢> + h » hl — COS 9 Sin H (h> Note that we choose:
h2 —sinf@ cos XY 0 — 0 as the SM limit.

S — <S> +)( ¢: mixing angle
—> TWO Scalar par ’[iClESZ Higgs signal strength measurements
h, — The “SM-like” Higgs boson &/
h2 —> 3 New Scalar boson! Direct searches for new heavy scalars

s Pr_i_n_lf collider targets! @

34 Andreas Papaefstathiou
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hhh in the xXSM [pp@100 Te V]

e Search for hhh via: pp — (bb)(bb)(bb) 1AL, Tetlalmatzi-Xolocotzi, Zaro, arXiv:1909.09166]

e About 20% of the hhh final state!

e Parton-level events for signal /backgrounds via MadGraph5_aMC@NLO.
e Parton shower/non-perturbative effects with HERWIG 7.

® Analysis with specialised HERWIG 7 package — “HwS1im”. [AP https://gitlab.com/apapaefs/hwsim)

e QCD 6 b-jet by far the largest background.

35 )
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hhh in the xXSM and Strong First-Order Phase Transitions

E
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e Strong First-Order Phase Transition (SFO-EWPT) benchmark points (B*) of

| Kotwal, Ramsey-Musolf, No, Winslow, arXiv:1605.06123].

0.007

pp@100 TeV, xSM

— SM
----- Blmax, m, =341
B5max, m, =511

O
o
o
)

1/0 dU/thhh [1/GeV]

o
-
o
a
&.-r-r*ll_l
\. ..lllllll..l.....

0.000 — . O e
200 300 400 500 600 700 800 900 1000 1100

Mnhn [GeV]

36

— = Bllmax, m, =840 GeV

GeV
GeV

[AP, Tetlalmatzi-Xolocotzi,
Zaro, arXiv:1909.09166]

hihih; system invariant mass for

selected benchmark points,
“Blmax”, “B5max”, “B11max”.
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hhh in the xXSM and Strong First-Order Phase Transitions

e Strong First-Order Phase Transition (SFO-EWPT) benchmark points (B*) of

| Kotwal, Ramsey-Musolf, No, Winslow, arXiv:1605.06123]. oo, X 1908.09166]
0.007
b
0.006 - h 11 . o
.F TOOOO00000000} 2
N

hihih; system invariant mass for

selected benchmark points,
“Blmax”, “B5max”, “B11max”.

1/0 dU/thhh [1/GeV]

Mnhn [GeV]
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hhh in the xXSM and Strong First-Order Phase Transitions

e Strong First-Order Phase Transition (SFO-EWPT) benchmark points (B*) of
|Kotwal, Ramsey-Musolf, No, Winslow, arXiv:1605.06123]. aoro, aXivt000966]

0.007

pp@100 TeV, xSM
— SM
----- Blmax, m> =341 GeV
B5max, m>, =511 GeV
— = Bllmax, m, = 840,GeV

O
o
o
)

hihih; system invariant mass for

selected benchmark points,
“Blmax”, “B5max”, “B11max”.

1/0 dU/thhh [1/GeV]

o
o
o
I—I
a®
&lll-r‘ll—l
\. .illllllllll.....

0.000 — . O e
200 300 400 500 600 700 800 900 1000 1100 1200 1300

Mnhn [GeV]
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hhh in the xXSM and SFO-EWPT

J(hlhlhl)

Benchmark

o(hhh)sm

Blmax
B2max
B3max
B4dmax
Bbomax
B6max
B7max
B&8max

B9max

B10max
Bllmax

Cross section can be much
higher than the SM hhh! @&

pp@100 TeV

KENNESAW STATE 3 7 Andreas Papaef Stathiou



hhh in the xXSM and SFO-EWPT

Benchmark  Significance (stdevs) Signiﬁcance can be much higher

than the SM! (c.f. ~1.70)

B 1max

B2max

B3max pp@100 TeV
B4max

B5max

B6max = use hihihito determine model
B/max parameters, if a new scalar is
B8max .

BOmax discovered?

B10max

B1Imax “Note: analysis applied as for SM.
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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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Singlet model details

d?V

2 _ _ 2

my =y = 2\vg
d*V a1v;
2 _ _ 2 1Yg
ms = T = bsxo + 2047 o

d2V U0

msi . = T (a1 + 2a2x() o

hi1 = hcosf + ssinf
ho = —hsinf + scosf

KE \TE
IIIIIIIIII

m? ’
m%—l—m?: m%—mﬂ 1—|—( 5 hs 2)
mh_ms
2

40

(@1 —+- 2@237())’00

> >
my — 1y

sin 20 =
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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 =

tia el 41 Andreas Papaefstathiou



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.

2. Consider pairings of the b-jets.

~
Ny
il

R
.
s”

SN Ul b= W N =
v
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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.

2. Consider pairings of the b-jets.

"~
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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

44

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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Scalar singlet model self-couplings

triple:
M1l = ),v()cz + i(al +2a2x0)C559 quartic:
I 2 b3 3 |

+ 5a2vospCo + (g +b4x0> 59 AMill = Z()Lc‘é +archsy + basy)
A2 = volar — BA)C%SQ — %azvosg AM11n = ;[ by+ A+ (—ay+ by —I—A)(2C% —1)|cgsg ,

| ;( ay — 2axx0 + 2b3 + 6b4xg)co s + %(al F2ax0)Ch A1 = %{Clz +3(bs+A)
Az = vo(34 — an)sheo + sarvoct 3= by =)l = 53)7 = (co))}

+ (b3 +3baxo — %al — arx0)Spch + %(al +2ax0)Sp Aoz = 4 by — A+ (—az+ba+2)(ch —s5)Is6¢o
A2y = 1—12 4(b3 +3baxo)cp — 6azvocyse A2y = i(bﬂ/’g +axcgsg +Asg)

+ 3(a; +2a2x0)693% — 121\/052} :
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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.

46 )
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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;

47

’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 with

Anomalous
Couplings
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