Kennesaw State University, GAH, USH @
B HIGGS 2025 [Oct. 27-31, 2025]  «ennesaw stare

Hndreas Papaefstathiou %




YURT I RAIDERS OF THE HIGGS POTENTIAL

KENNESAW STATE 2 Andreas Papaefstathiou



EEEEEEEEEEEEE
IIIIIIIIII

Mlotivation: [Mleasuring the Higgs Potential

= Higgs field ¢, “sits” in potential (SM): V(¢) = @ |¢|” + W || .

& Electroweak Symmetry Breaking:

V((¢) + h) = @h* + AR® + BR*
where: I = the Higgs boson.

. - (¢) # O
{‘7 A, } — the Higgs boson self-interactions! _\;

V(@)

& SM: predicted via the Higgs boson mass & VEV: b
1 2 ms;
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Mlotivation: [Mleasuring the Higgs Selt-Louplings

& Verify that {®, 4,8} ~ {®, 4, W}y at hadron colliders, by measuring:
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Mlotivation: [Mleasuring the Higgs Selt-Louplings

& Verify that {®, 4,8} ~ {®, 4, W}y at hadron colliders, by measuring:

h
h I
(It belongs in iny cross section @ LC:
a museum!) SM o(hhh @ 14 TeV) ~ 0.1 1b!
%é PTG
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Iriple Higgs Boson Production: First Studies

& [Plehn, Rauch, hep-ph/0507321]: “VLHC” @ 200 TeV — “Little Hope! &
Measuring quartic requires good knowledge of trilinear”.

0.0035
_ M/hgpy =0 ——
008 ST st
0.0025 |
_ilw %E 0.002 t s 7¥3/7\S|\/| =1
> 3 |
& |Binoth, Karg, Kauer, Riickl, hep-ph/0608057] — & 00015}
“multi-h rates sensitive to BSM, extreme values of 0.001 |
quartic lead to O(10 tb) cross sections at LHC”. 0.0005
0300 400 5IOO 660 7IOO 860 9IOO 100

M. . [GeV]

Inv

Note: In these studies: no knowledge of i mass!
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FPost-Higgs Boson Uiscovery Studies
= Following Higgs boson discovery — (most) pheno studies @ pp@100 TeV:

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab™!

hhh — final state BR (%) o (ab) N3g.p—1
(bb) (bb) (bd) 19.21 1110.338 33310
(bb) (bb) (W W1p) 7.204 416.41 12492
(bb)(bb)(T7) 6.312 364.853 10945
(bb) (77) (W W1y) 1.578 91.22 2736
(bb) (bb) (W Wap) 0.976 56.417 1692
(bb) (W W1e)(WWry) 0.901 52.055 1561
(bb) (77)(T7) 0.691 39.963 1198
(bb) (bb)(Z Z2y) 0.331 19.131 573
(bb) (W Wap) (W W1y) 0.244 14.105 423
(bb) (bb) () 0.228 13.162 394
(bb) (77) (W Wap) 0.214 12.359 370
(T’T‘)(WWM)(WWM) 0.099 5.702 171
(77)(77)(WW1p) 0.086 4.996 149
(bb)(Z Zae) (W W1e) 0.083 4.783 143
(bb) (77)(Z Z20) 0.073 4.191 125
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FPost-Higgs Boson Uiscovery Studies
= Following Higgs boson discovery — (most) pheno studies @ pp@100 TeV:

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab™!

p 1,/AM € [-0.7,14.3]
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(T%)(WWM)(WWM) 0.099 5.702 71
(77)(77) (W W1e) 0.086 4.996 49
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FPost-Higgs Boson Uiscovery Studies
= Following Higgs boson discovery — (most) pheno studies @ pp@100 TeV:
p A, /2N € [-0.7,14.3]

|AP, Tetlalmatzi—Xololotzi, Zaro, 1909.09166, AP, Robens, Tetlalmatzi-Xolocotzi,

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab™!

hhh — final state BR (% Nag.—1

2101.0037, Stylianou, Weiglein, 2312.04646, AP, Tetlalmatzi-Xolocotzi, 2312.13562, Fuks,
bb) (bb) (W W, 7.204 416.41 12492 AP, Tetlamatzi-Xolocotzi, 2509.16364]
bb) (bb) (17 6.312 364.853 10945 [Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]

(b[_)) (7‘_7_‘)(WW1£) 1.578 91.22 2736

0.976 56.417

[Kilian, Sun, Yan, Zhao, Zhao, 1702.03554]

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim,
Lee, 1510.07697, ...]
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FPost-Higgs Boson Uiscovery Studies

= Following Higgs boson discovery — (most) pheno studies @ pp@100 TeV:

“Interesting” final states with at least 100 events @ 100 TeV @ 30 ab™!

hhh — final state BR (% Naog.1—1
bb) (bb) (W W1, 7.204 416.41 12492
bb) (bb) (1T 6.312 364.853 10945
(bb) (77) (W Whe) 1.578 91.22 2736
bb) (bb) (W Wy 0.976 56.417 1692
bb) (W W1, 0.901 52.055 1561
(bb) (177)(TT) 0.691 39.963 1198
hb) (bb Y, 0.33] 19.] 7
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0.244
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p 1,/AM € [-0.7,14.3]

|AP, Tetlalmatzi—Xololotzi, Zaro, 1909.09166, AP, Robens, Tetlalmatzi-Xolocotzi,
2101.0037, Stylianou, Weiglein, 2312.04646, AP, Tetlalmatzi-Xolocotzi, 2312.13562, Fuks,
AP, Tetlamatzi-Xolocotzi, 2509.16364]

[Fuks, Kim, Lee, 1510.07697, Fuks, Kim, Lee, 1704.04298]

[Kilian, Sun, Yan, Zhao, Zhao, 1702.03554]
[Stylianou, Weiglein, 2312.04646, Dong, Sun, Goo, Zhang, Li, Wang, 2504.04037]

[AP, Sakurai, 1508.06524, Chen, Yan, Zhao, Zhao, Zhong, 1510.04013, Fuks, Kim,
Lee, 1510.07697, ...]
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PART II: THE NON-RESONANT CROSS SECTION
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The pp - hhh Lross Section

& [Note: VBF hhh 6 ~ 107* fb @ 13 TeV = Gluon fusion dominant by far, see: Belyaev, Schaefers, Thomas, 1101.10157].

& At LO in SM: Loop-induced!

oeq(14 TeV) ~ 0.05 fb

SE’\l“llN\E/SI;EA\llQV SS'Il'A%TE 8 Andr eas Pap aef Stathiou



pp — hhh B Higher Urders

& NLQO: [Maltoni, Vryonidou, Zaro, 1408.6542] — nm, — o0 plus full real

emISSiOn (: FTapprox).

< NNLQ): [De Florian, Fabre, Mazzitelli,
1912.02760] — Full NNLO in m, — oo,

“Born-Improved” = ~10% increase

wrt. NLO.

TR © = 0.103127% + 15% fb,

Tho © = 0501127 + 15% fb,

ohe’C = 5.5612% + 20% fb,

SiS
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j

.Y,

i
il /!

Kp© = 1.70,

Kap© = 1.70,

Kpht© = 1.43.

- HHH production at pp colliders
' Mpy=125 GeV, MSTW2008 (N)LO pdf (68%cl)

1 O

| =

pd

©)

1 O

=

=

1O

] =

1 &,

3

i —

| O

=

1 &

| =

1314 25 33 50 75 100
(27 TeV) C(HHH) [fb] | s=14TeV | 5=33TeV | /5 =100 TeV
134.542.5% 126.841.5% +24.140.9%
(100 TeV) LOFT 0.0557 Z54 0 277% | U-438 {o000-200% | 378 Jigir1.7%
116.542.5% 1+14.541.4% +13.541.0%
NLO FTapprox | 0.089471 ¢ 500 | 0.677 T 0770 | 5:09 1507 sy
0 Andreas Papaefstathiou



Httack of the Hnomalous Louplings

= Anomalous couplings can enhance h/h! e.g. inspired by an Effective Field Theory.

L D —dguv (14¢3) b7 — “sm (1+d,) h*
\um s’ 4 \um s’
K3 Ky

% 10
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Httack of the Hnomalous Louplings

= Anomalous couplings can enhance hih! e.g. inspired by an Effective Field Theory.

L D —dguv (14¢3) b7 — “sm (1+d,) h*
\um s’ 4 \um s’
K3 Ky

= Cross section modifications (ratio to SM):

6/05p(13.6 TeV) — 1 ~ 0.88¢7—0.82¢;,—0.32¢;
—0.17¢4d,—0.09d,+0.05¢5d,
—0.02¢5+0.02d;

= Not very sensitive to the quartic!
Q: Do all of these terms make sense in an effective field theory?

oS 0
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[Matrix Element Truncation

& (: Which anomalous contributions to keep @ the matrix element-squared level?

& Effective Field Theory considerations: not settled YEt! |— see, e.g. discussions of 2201.04974,
2304.01968].

= (Consider linear, quadratic or cubic truncations?

M|? ~ 1+ Acs + Bdy (linear)
g b b
q -0::/—— g ___‘,/’II\ h
g ) hoog h

% @ = trilinear
@ @ = quartic 11
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g h g h
q /// III
-®--- h g ___.,/’\ h
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g h g h
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[Matrix Element Truncation

& (: Which anomalous contributions to keep @ the matrix element-squared level?

& Effective Field Theory considerations: not settled YEt! |— see, e.g. discussions of 2201.04974,
2304.01968].

= (Consider linear, quadratic or cubic truncations?

IM|? ~ 1+ Acs + Bd, (linear)
+ Cd; + Dcady + Ec;  (quadratic)
g h g h
. + Feidy + Ges, (cubic)
"./——— h q _ ”\‘ h 4
S --of + c;5 (no trunc.)
g \ h g h

% @ = trilinear
@ @ = quartic 11
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[Matrix Element Truncation

& (: Which anomalous contributions to keep @ the matrix element-squared level?

gg - hhh@13.6TeV, Regions where o(cs,ds) <0

30 - Shaded regions: Negative i1/ cross section @ 13.6 TeV!
¥ (= unphysical!)
20 -
10 -
S °
—20-— — = |jnear trunc.
- ——- quadratic trunc.
— cubic trunc.
Y
-3 -2 —1 0 1 2 3 4
C3
TR |[Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

12
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gg - hhh@13.6TeV, Regions where o(cs,ds) <0

30 - Shaded regions: Negative i1/ cross section @ 13.6 TeV!
¥ (= unphysical!)
20 -
10 = 50% uncertainty on Higgs trilinear (c;),
achievable at High-Luminosity LHC
S O
20 - —-= linear trunc.
- ——- guadratic trunc.
—— cubic trunc.
37—
-3 -2 -1 0 1 2 3 4
C3
TR |[Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]
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[Matrix Element Truncation

& (: Which anomalous contributions to keep @ the matrix element-squared level?

gg - hhh@13.6TeV, Regions where o(cs,ds) <0

30 - Shaded regions: Negative /ilih cross section @ 13.6 TeV!
Y (= unphysical!)
20 -
10~ = 50% uncertainty on Higgs trilinear (c;),
achievable at High-Luminosity LHC
S O
10. = When combining with HL-LHC Higgs
- trilinear constraints, quadratic or cubic
~20 - —-= linear trunc. truncations could also make sense!
— == qQuadratic trunc.
—— Cubic trunc.
30—
~3 -2 -1 0 1 2 3 4
C3
SN |[Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

12
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[Matrix Element Truncation

& (: Which anomalous contributions to keep @ the matrix element-squared level?

gg - hhh@13.6TeV, Regions where o(cs,ds) <0

30 - Shaded regions: Negative /ilih cross section @ 13.6 TeV!
Y (= unphysical!)
20 -
107 = 50% uncertainty on Higgs trilinear (c;),
achievable at High-Luminosity LHC
S O
10 = When combining with HL-LHC Higgs
- trilinear constraints, gquadratic or cubic
~20- —:= linear trunc. truncations could also make sense!
— == qQuadratic trunc.
—— cubic trunc.
- : :
-3 -2 -1 0 1 2 3 + = Should experiments consider these?
C3
AR |[Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

12
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Perturbative Unitarity

I~ EXp 68% CL
- ATLAS ] (E)ﬁp- 9658°//o %LL CMS Preliminary 138 fb™' (13 TeV)
""""""" — S. % T T 1 T T 1 T T 1 T T T 1 | N T T 1 T T 1
(s=13TeV, 126 fb! .oomimenes, o esn L+ S00E | | | | | -

. Unitarity - oAU LLVIEN A Exp. 68% CL
. ¥ SM 400: Exp. 95% CL

= = Obs. 68% CL

(in 5 eas y steps ) ot e

° ° ° ° — 300 :_ = Obs. 95% CL -
& Experiments show limits on (k;, ) like these: o 2005 e e
i 100 Yy =
= including constraint from perturbative unitarity,.__+—7/ R :
& 1. Consider hh — hh scattering;: T g
20 10 0 10 20 3
he b he _h he_ b R h
hN 7 ST I N DN
\ / I |\ / N / 1 1 1
- - - h! h! X X
L h N | /N RN ﬂ:—/lg _/14
/ N A Y \ v N S—m]% f—m}% M—m}%
h” Nh h-" “~h h- "~ “h h Nh

& via the matrix element (f| 7| i) — T the interacting part of the S-matrix: § = 1 + i7, requiring
S"S = 1, i.e. unitarity.

Wigner-d function

= 2. Project into partial waves af [d(cos 0) d % Mf(é’) (f|T)|i) of total angular momentum J,

= 3. consider same-helicity state and J=0 (higher typically smaller amplitudes) — d;, = 1.

% 13
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Perturbative Unitarity
(in § easy steps)

= 4. If real amplitude, then require: | Re(a;) | < 5 at all energies.

(in reality: issues arise before saturating this = bound is conservative).

= 5. Apply to hh — hh: one finds that k; bound is maximized at low energy, «, at
high energy:

% [Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

14
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Perturbative Unitarity

(in § easy steps)

= 4. If real amplitude, then require: |Re(alfl’.) | <

2

—, at all energies.

(in reality: issues arise before saturating this = bound is conservative).

= 5. Apply to hh — hh: one finds that k; bound is maximized at low energy, «, at

high energy:

0.8—

[Jacob, Wick, Annals Phys. 7, 404 (1959), 0.6

Di Luzio, Kamenik, Nardecchia, 1604.05746
Di Luzio, Grober, Spannowsky, 1704.02311,
Liu, Lyu, Zhu, 1803.04359, \

Chang, Luty, 1902.05556,
Stylianou, Weiglein, 2312.04646,
Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

0.0

KE \TE
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SM SM
Avhn T AL =7 Anhnh = ARk

SM SM
/\hhh = /\hhh /\hhhh //\hhhh =65

s+t+u+4vrix

s\\
-~

-
-
—
-
™
- —

o Advrtx .- i
4l 7 s+t+usdvrx
_-_.t_+_u o -
500 1000 1500 2000

Vs [GeV]

14

[Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]
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Perturbative Unitarity
(in § easy steps)

= 4. If real amplitude, then require: | Re(a;) | < 5 at all energies.

(in reality: issues arise before saturating this = bound is conservative).

= 5. Apply to hh — hh: one finds that k; bound is maximized at low energy, «, at
high energy:

SM _ ,SM _ ,SM SM
Ahhh /Ahhh =7 Anhnh = Ahhhh Ahhh = /\hhh Ahhhh /Ahhhh =65 Unitarity Contour: c3 vs da

0.8 —— 0.6—— —
| | f 75
- y 05 - = : ,‘.‘__________________________________7
[Jacob, Wick, Annals Phys. 7, 404 (1959), 6l : | A, ; 501\
Di Luzio, Kamenik, Nardecchia, 1604.05746 g | 04 ,"'s PRy - \\\ I,’
Di Luzio, Grober, Spannowsky, 1704.02311, b - \ SM K
Liu, Lyu, Zhu, 1803.04359, | 03l 3 : S 0 \ * i
Chang, Luty, 1902.05556, Tl i e ] \ /
Stylianou, Weiglein, 2312.04646, | “ ;
Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364] S+t+u+4vrix 0.2 ~50 \\ //
_75 -: ______________
/, e S S 01
e . + ) -100 +—/—m"——7""—"+-"—>7+-"-"-+"+="-+-——"—"—"————
0 O*Mamui\_lj;‘_txa_:_ﬂ_m_,_,::;::;‘, E‘s__.‘__.t.-fr-_!Jr.m“Jy_‘“h“ . -100 -75 =50 =25 0.0 2.5 5.0 7.5
™ 300 400 500 600 700 800 O-0%, 1000 1500 2000 C3
% Vs [GeV] Vs [GeV] [Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364]

14
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Perturbative Unitarity
(in § easy steps)

= 4. If real amplitude, then require: | Re(a;) | < 5 at all energies.

(in reality: issues arise before saturating this = bound is conservative).

= 5. Apply to hh — hh: one finds that k; bound is maximized at low energy, «, at
high energy:

SM SM SM SM
Abnn [ Aphn =7 Annnh = Agpan Annh = Apnn Annbh / Apps = 65

0.6——

0.8—

———————————————————————————————————

VRN | 0.5}

[Jacob, Wick, Annals Phys. 7, 404 (1959), B} i : 4V'jt,x."
Di Luzio, Kamenik, Nardecchia, 1604.05746 i | o4l
Di Luzio, Grober, Spannowsky, 1704.02311, I

Liu, Lyu, Zhu, 1803.04359,
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Perturbative Unitarity
(in § easy steps)

= 4. If real amplitude, then require: | Re(a;) | < 5 at all energies.

(in reality: issues arise before saturating this = bound is conservative).

= 5. Apply to hh — hh: one finds that k; bound is maximized at low energy, «, at
high energy:
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Return of the Hhnomalous Louplings

& Anomalous couplings can enhance hhh! e.g. k; # 1,k, # 1, but also others! |

L onenotxn D —AswV (14¢3) 1 ’IZM (1+d,) h*

| aS h h? 0
| C 1—— g22_v2 G,m/Ga

m _
[ 1+cﬂ ttph 4 ’ (1+Cb1) b, bph + h.c.
V V

m
[ LT tph? + Cbzb bph” + h.c.

m c3 my, ( C3\ -

|AP, Tetlalmatzi-Xolocotzi, 2312.13562]
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Return of the Hhnomalous Louplings

2 Anomalous couplings can enhance hhh! e.g. k; # 1,k, # 1, but also others! .

—_— = ——

: -~ \‘7

—

~— A
L phenoirp2.—Aswv (14¢3) b ZM (1+d,) h*

-
a h h?
| c,,—cC,,—— | G¢ G

1 2
127\ Sy &°2y2 pr—d

[n;t (1+¢;y) T11gh n‘/l}b (1+¢,,) bybgh + h.c.

m

_ m -

V2
. My [ G - 3 My [ Cp3\ = 31+ h
P — |1 LtRh 3\ A bL th )
e ./.4.
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Return of the Hhnomalous Louplings

= Anomalous couplings can enhance hhh! e.g. k3 # 1,k, # 1, but also others!

—_— = ——

: -~ \‘7

—

S

— A
L phenoirp2.—Aswv (14¢3) b ZM (1+d,) h*
o 1@—

I Ggngy J
(1+Ct1) £y tph Vb (1+Cb1) BLth N
CIZZLtha " v_fcbzl;Lthz + h.c.
. 5/// mb Cb3 _ 3
///// V3 (7> bLth h.C.
/::—' {/‘;_,_“t—i -

|AP, Tetlalmatzi-Xolocotzi, 2312.13562]
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Return of the Hhnomalous Louplings

MadGraph5_aMC model at:
https://gitlab.com/apapaefs/multihiggs loop_sm

“Includes correct description of interference effects!

16 |AP, Tetlalmatzi-Xolocotzi, 2312.13562]
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PART III: RESONANT PRODUCTION

17 Andreas Papaefstathiou



Extended Scalar Sectors: Why-

e Dark Matter (the scalar themselves, or portals to hidden sectors),

& First-order EW phase transitions (= EW baryogenesis => matter-antimatter
aSymmetr Yy ), [e.g. AP, White, 2010.0059 & 2108.11394]

& & Model the scalar sector of more complicated models, e.g. SUSY.

% 18
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Extended Scalar Sectors: Why-

e Dark Matter (the scalar themselves, or portals to hidden sectors),

& First-order EW phase transitions (= EW baryogenesis => matter-antimatter
aSymmetr Yy ), [e.g. AP, White, 2010.0059 & 2108.11394]

& & Model the scalar sector of more complicated models, e.g. SUSY.

V(¢7 S) — ‘¢‘2 _I_ . |¢‘4 Singlet = NO SM “charges”

Simplest extension to 1 @S2+ AS3 + mSA
the SM: add ONE real S
singlet scalar field. + A W S+ B \gb\ S% . lmfsrjcjjﬁﬁ'

—|—S X (Hldden SeCtOr) —+ ... <« Dark Matter?

% 18
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SM+0ne Real Singlet [=xSM] (g ap, white 201000597

V(6,5) =@ [¢” + B |g|* + @5% + 45> + WS* + 4 |g]> S + W |g|* 5

Mass Eigenstates

h, _( cos® sind (h) #
h, —sinf) cost) \X

¢: mixing angle

h, — “SM-like” Higgs
boson.

h, — new scalar
resonance.

i.e. choose: || = 0, and:

hy =hcost+ ysind
h, = —hsin60 + ycos

% 19
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(gg = hhh)@13.6 TeV

0}

Osm

X
m
r4 ro W |

SM+0ne Real Singlet [=x5M]

& What about Iihih in the xXSM? An example with Z, symmetry: 7, : § — — S.

& Including: boundedness of potential + perturbativity + HLggsToo Ls (i.e.

exp er lmental ) ConStr alnts [Bahl, Biekotter, Heinemeyer, Li, Paasch, Weiglein, Wittbrodt, 2210.09332] e
Z> XSM - Viable points

O

101 .
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(gg = hhh)@13.6 TeV

0}

Osm

X
m
r4 ro W |

SM+0ne Real Singlet [=x5M]

& What about Iihih in the xXSM? An example with Z, symmetry: 7, : § — — S.

& Including: boundedness of potential + perturbativity + HLggsToo Ls (i.e.

exp er lmental ) ConStr alnts [Bahl, Biekotter, Heinemeyer, Li, Paasch, Weiglein, Wittbrodt, 2210.09332] e
Z> XSM - Viable points

— P Maximum enhancement ~ O(30)!

0 [But: I suspect these will be excluded quickly by resonant /zi! Due to:
g hi
o ,/
® OO hz ,k,
101 __ - RN hl

100 -
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X
m
r4 ro W |

(gg = hhh)@13.6 TeV

o
Osm

SM+0ne Real Singlet [=x5M]

& What about Iihih in the xXSM? An example with Z, symmetry: 7, : § — — S.

& Including: boundedness of potential + perturbativity + HLggsToo Ls (i.e.
experimental) CONSIAINS i s s s rosen e s,z

101 .

100 -

Z> XSM - Viable points

500 600 700 800 900
m- [GeV]

— P Maximum enhancement ~ O(30)!

[But: I suspect these will be excluded quickly by resonant /zi! Due to:

g hy
/
hy
2/ -L ~
~ hl
g hy ]

= Look at further extended scalar sectors!

Andreas Papaefstathiou



SM + Two Real Singlet Scalars [= TRSIM]

= Consider adding two real singlet scalar fields S, X — the TRSM.

& & impose discrete Z, symmetries: Zg Y- -5, X—-X
75 X—>—-X, S—> 8§

= TRSM Scalar Potential:

V(, S, X) =00 +Mo|" +e5° + MS* + e X* + WMX"
+ 1 5°X"
+ M|p2S? + W|¢|2 X7

KENNESAW STATE 21 Andreas Pap aef Stathiou



SM + Two Real Singlet Scalars [= TRSIM]

& Electroweak Symmetry Breaking in the TRSM:
= Three scalar bosons: hy, h,, h; — h; ~ SM-like “Higgs boson”.

= hhh that may even be detectable at the LHC!

[Robens, Stefaniak, Wittbrodt, 1908.08554,
through: pp — 3 = Iyl — Byl s e

KENNESAW STATE 22 Andreas Pap aef Stathiou



SM + Two Real Singlet Scalars [= TRSIM]

& Electroweak Symmetry Breaking in the TRSM:
= Three scalar bosons: hy, h,, h; — h; ~ SM-like “Higgs boson”.

= hhh that may even be detectable at the LHC!

[Robens, Stefaniak, Wittbrodt, 1908.08554,
through: pp — 3 = Iyl — Byl s e

— Double-Resonant enhancement!

9 , Iy
/
/
/ 1 .
he  d-- i Requires:
(// A119 % > %) + my, ns > 2m1
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Double-Resonant Enhancement in the TRSIII

& Enhancement of hhh < Large “fraction” of double-resonant process!
Viable points with 0> 10 X osm(pp = hhh)@13.6 TeV

o0 |[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
P Qo van de Vis, du Pree, 2404.12425]
.
>
D
—
\e, lincluding boundedness of potential +
™ perturbativity + HLggsTools constraints. ]
Enhancement @
over SM E
L
L
T .
Q. Resonant Fraction (R.E) =
3 How much of the total cross section comes from... ?
=
|8 9 , I
//
/
hy & -~ hi
A : __h____(: A112
0.0 0.2 0.4 0.6 0.8 1.0 Az T8 A
% fraction from resonant: pp -» hs » h,h; = h1h1h; g S by
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Double-Resonant Enhancement in the TRSIII

& Enhancement of hhh < Large “fraction” of double-resonant process!
Viable points with 0> 10 X osm(pp = hhh)@13.6 TeV

o0 |[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
o Po van de Vis, du Pree, 2404.12425]
®
> R.E. > 20% ° ¢
— Enhancement >20xSM ©_00 ¢ I
O o2 - ° ‘ J » lincluding boundedness of potential +
M - g T e perturbativity + HLggsTools constraints. ]
Enhancement @ y Y \
over SM E e
L e U
< G e %o
T PP .
Q. pe Resonant Fraction (R.E) =
Q _ o How much of the total cross section comes from... ?
b‘§ J / h1
ha /o’—/_” h
101! - A : __h____(: A112
0.0 0.2 0.4 0.6 0.8 1.0 Ag T A
% fraction from resonant: pp —» hs » h,h, - h1h1h; g “

NNESAW STATE 23 Andreas Pap aefstathiou

KE
IIIIIIIIII



Double-Resonant Enhancement in the TRSIII

& Enhancement of hhh < Large “fraction” of double-resonant process!
Viable points with 0> 10 X osm(pp = hhh)@13.6 TeV

R.F. > 6 5% Y ) |[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi,
Enh;ncement > 100XSM P ‘Q. van de Vis, du Pree, 2404.12425]
>
D
—
\e, lincluding boundedness of potential +
™ perturbativity + HLggsTools constraints. ]
Enhancement @
over SM E
L
L
T .
Q. Resonant Fraction (R.E) =
S How much of the total cross section comes from... ?
=
|8 9 , I
//
/
hy &-- M
A : __h____(: A112
0.0 0.2 0.4 0.6 0.8 1.0 Az T8 A
% fraction from resonant: pp -» hs » h,h; = h1h1h; g S by

NNESAW STATE 23 Andreas Pap aefstathiou
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ms [GeV]

Pheno of TRSITl Benchmark Points @ HL-LHLC

pp@13.§ TeV, Points with R.F. > 20% andv%M(ppv—» hhh) > 20

600 o

550 A

o Ox% O
8o s
450-@“3‘2‘ o X o’%ﬂao

o

°2(°o°a o%o

oo

Note: No points with m; =2 650 GeV,
m, 2 450 GeV that satisfy X20

enhancement over SM!

See [Lane, Lewis, Sullivan,
arXiv:2403.18003] for similar result.

ro =
®

¥%, %o 8

R.E. > 20%
ol , Enhancement > 20xXSM

ms<<m-,-+nm;

X pp—->hhh %X, pp—-hy/hs X
O pp—hhh v, pp—hy/hs X
O pp—hhh v, pp—hy/hs v

300

350

m» [GeV]

400
24

450

HL-LHC results:

°: Excluded ONLY by single /1, and /1,
production, NOT by hhh,

X: Excluded ALSO by hhh,

o: NOT excluded @ HL-LHC

(= Future Colliders?)

Notice: NO /ihh exclusion without
single /1, and /1, exclusion!

= in TRSM, hhh is unlikely to be a
“discovery” channel [~ but: inverse

problem?]

[AP, Tetlalmatzi-Xolocotzi, 2501.14866]
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PART IV: FUTURE PROSPECTS

Andreas Papaefstathiou
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Future Hadron Lolliders

Results Summary: CM Energy & Truncation

2 Proton colliders: -

(six b-jet final state) pp collider energy variation

"lo 4 ww (85 — 50 — 28 TeV)
e
T
+13.9 i €M smear hhh 100 TeV /20 ab™! (no truncation) +
—6.65 I_?_l A combination with trilinear constraint
L e (6c; =5%)
i truncation:
i%g; |-+—| quadratic
cubic/quadratic truncation of ME?
352
—4OI | I—IZOI | (I) B I2IOI | I4O
% [Fuks, AP, Tetlalmatzi-Xolocotzi, 2509.16364] d4
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Indirect Lonstraints on the Uuartic

=Obtain indirect constraints on Higgs boson’s quartic (4,) via ik production, e.g.
through electroweak corrections:

v
g
’ [Bizon, Haisch, Rottoli, 1810.04665, Li Si, Wang, SM
Zhang, Zhao, 2407.14716 A 4 /A P~ [—5,14]
Lo . Heinrich, Jones, Kerner, Stone, Vesten, 2407.04653]
g o h *h [For A, = ASM]
t
HL-LHC
2()()- ...............
100}

| But note: Full EW corrections are only available for the SM!}

& See aISO: [Haisch, Sankar, Zanderighi, 2505.20463] fOI‘ Slngle nggS COHStI‘ alntS. -
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Lepton Lolliders

& FCC-ee: below threshold for Zhh production (that would allow indirect
constraints).

= ILC-500/4 ab™': (associated) multi-Higgs production — 4,/4;™ ~ [=5,14]. =4
[Maltoni, Pagano, Zhao, 1802.07616,

& Muon Collider, through VBF: Liu, Lyu, Ren, Zhu, 1803.04359]

<

~ [Chiesa, Maltoni, Mantani, Mele, Piccinini, Zhao, 2003.13628]

KENNESAW STATE 28 Andreas Pap aefstathiou



CONCLUSIONS

& hhh: a direct probe of the Higgs quartic self-couping!

& But: @LHC: Non-resonant /1/ih: extremely challenging,

& — even with large anomalous couplings (c,, d,)!

e & digging out the quartic self-coupling will be hard!

& Recommendation: Experiments should consider:
— Truncation of the cross section within the context of EFTs (?).
— More anomalous couplings.

2 Extended scalar sectors can enhance i ~ observable at the LHC!

& e.g.: TRSM — Two new scalars — double-resonant enhancement:

— hhh (probably) not a discovery channel!

— Information on nature of extended scalar sectors (~ Inverse problem).

S
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CONCLUSIONS

& hhh: a direct probe of the Higgs quartic self-couping!

& But: @LHC: Non-resonant /1/ih: extremely challenging,

& — even with large anomalous couplings (c,, d,)!

e & digging out the quartic self-coupling will be hard!

& Recommendation: Experiments should consider:
— Truncation of the cross section within the context of EFTs (?).
— More anomalous couplings.

2 Extended scalar sectors can enhance hilii ~ observable at the LHC!

& e.g.: TRSM — Two new scalars — double-resonant enhancement:

THANKS! QUESTIONS?

— hhh (probably) not a discovery channel!

— Information on nature of extended scalar sectors (~ Inverse problem).
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Anatomy of Double-Resonant /il1/

oS §
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Anatomy of Double-Resonant /1/15

2172 12
/ o(m,, ms) = o0,(m,, ny) X K3 ’1123’1112

N

(D Factor out couplings

oS §

KENNESAW STATE *Narrow width: See appendix! Andreas Papaefstathiou



Anatomy of Double-Resonant /1/15

9 , hy
/ — 2192 12
)/ , o(my, m3) = 0,(ny, m3) X K343,
ho &-- 1 h d
27 Al12 |
_____ « (D Factor out couplings
K3 hs A12 3\ N j
A \ o (2) Apply the narrow-width approximation* for /1, and /;:
I hl dqlz

T
— 5(g7 — m?)dg?
@rptm?  mr T

I~ 1

oS §

KENNESAW STATE *Narrow width: See appendix! Andreas Papaefstathiou



Anatomy of Double-Resonant /1/15

9 , hy
/ — 2192 12
)/ , o(my, m3) = 0,(ny, m3) X K343,
ho &-- 1 h d
27 Al12 |
_____ « (D Factor out couplings
K3 hs A12 3\ N j
A \ o (2) Apply the narrow-width approximation* for /1, and /;:
I hl dqlz

T
— 5(qg? — m?)dg?
@rptm?  mr T

I~ 1

depends only on masses

|

@Obtain: U(mz, m3) — 8u(m2, m3) X

oS §

KENNESAW STATE *Narrow width: See appendix! Andreas Papaefstathiou




Anatomy of Double-Resonant /1/15

9 , hy
/ 2
ho &-- 1 h d
-7 Al12 |
_____ « (D Factor out couplings
K3 hs3 A12 3\ N j
g A \ o (2) Apply the narrow-width approximation* for /2, and 4,
’ — ——3d(q; — m;)dg;

(gp—m2)y>+m? 1?2 ml;

l l I~ 1

depends only on masses

|

@Obtain: U(mz, m3) — 8M(m2, n/Z3) X > @ Define: p —_— K3 1123 112/(F2F3)

% “rescaling factor”
@ 32

KENNESAW STATE *Narrow width: See appendix! Andreas

Papaefstathiou



What if...?

e Let’s suppose two new scalars /1, and /1, are discovered (& “%):

= 111,, M, [and possibly]| the widths ', ['; would be known.
® /ihh can provide relevant information on the theoretical parameter space.

= An important contribution to solving the inverse problem!

= through rescaling factor p* = k;47,,47,/(I',];) (if narrow width!*)
[AP, Tetlalmatzi-Xolocotzi, Zaro,

e We derived constraints on p” via: pp — (bb)(bb)(bb) — 6 b-jets. i rum rmmnsoiocos
arXiv:2101.00037,
AP, Tetlalmatzi-Xolocotzi,

g ["'20% Of the hhh ﬁnal State.] arXiv:2501.14866]

“Narrow width: See appendix!

oS .
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Constraints on p° = 32/1123 112/ (I'5,I;) on the (1,, m,)-plane

900 - x10’
850 - o)
ON
Ul
X
800 - O
O
Q)
750 - a
™
18
_ 700 W
> — : 9)
& 650 s 8 95% C.L. Constraint on p
— —h
- > at HL-LHC.
E 600 1.2
— | AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866|
550 0o I
®
500 e
W
450 @)
03 —]
(D
400 ’ <<
T 300 | 380 | 400 450 | 500 550 | 600  6%0 700 -
m» [GeV]

% 34
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Anatomy of Double-Resonant /1/15

900

A 2
U(mz, mg) — Gu(m29 m3) X Y 850

v 800

750

3.15

2.80

- 2.45

“unity cross section”:
depends only on 71, 11;. sl

~

)
Derived once and for all! O~
(at fixed collider energy) S

- 2.10

- 1.75

- 1.40

c5 ms<<m-,-+nm;

- 1.05

500 -

“unity cross section”

A1 9'ST®DH1 ‘[,A®D/qd] "o

2 1 8 0.70

with: p 3 ﬂ 1237%1 12/ (F ZF 3) 450 1 S L
400; /

”l‘escaling faCtor,’: 300 350 400 450 500 550 600 650 700 >0

. . m» [ G eV]
% COupllng S and Wldths 35 [ AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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TRSM Benchmarks from:
|[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, van de Vis, du Pree, arXiv:2404.12425]

Benchmark quantities relevant for double-resonant triple Higgs boson production

[GeV?] [pb/GeV?]
Name | mo ms I's ' K3 A123 A112 P O

(% 109] (%1077
BMO | 259.0 | 495.0 | 0.003514 3.927 | 0.1854 | -191.8 | 8.167 6.11 2.018
BM1 | 270.6 | 444.7 0.5078 2.080 | 0.1571 | -204.3 | 67.52 3.574 3.408
BM2 | 268.6 | 452.7 0.3805 3.142 | 0.1741 | -203.6 | 57.78 3.509 3.165
BM3 | 272.6 | 480.7 0.2009 4.758 | 0.2024 | -224.6 | 41.39 3.703 2.908
BM4 | 269.0 | 409.8 0.2836 1.995 | 0.1713 | -180.3 | 48.89 4.031 2.603
BM 209.1 | 486.9 | 0.0003346 | 2.017 | 0.1527 | 103.3 | -2.477 | 2.264 2.809
BM 209.2 | 577.0 | 0.0006274 5.79 0.1908 | 196.3 | -3.701 | 5.289 1.108
BM 283.7 | 575.0 | 0.001056 5.087 | 0.1884 | 193.5 | -3.578 | 2.885 1.711
BM& | 264.3 | 469.3 0.3916 2.941 | 0.1746 | -144.3 | 55.88 1.721 2.789
BM9 | 266.5 | 461.9 0.3092 2.042 | 0.1635 | 142.8 | 39.98 1.381 3.29
BMI10 | 259.2 | 399.7 0.2188 0.9312 | 0.1463 | 121.2 | 35.41 1.936 2.159

K \TE
IIIIIIIIII
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Including:

* EXP constraints
through
HiggsTools.

e TH constraints:
perturbativity &
boundedness from
below.

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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TRSM Benchmarks from:
|[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, van de Vis, du Pree, arXiv:2404.12425]

KE \TE
IIIIIIIIII

Benchmark quantities relevant for double-resonant triple Higgs boson production
[GeV?] [pb/GeV?]
Name | mpo ms K3 A123 A112 P O
(% 109] (%1077
BMO | 259.0 | 495.0 § 0.003514 0.1854 | -191.8 | &8.167 6.11 2.018
BM1 | 270.6 | 444.7 0.5078 0.1571 | -204.3 | 67.52 3.574 3.408
BM2 | 268.6 | 452.7 0.3805 0.1741 | -203.6 | 57.78 | 3.509 3.165
BM3 | 272.6 | 480.7 0.2009 0.2024 | -224.6 | 41.39 | 3.703 2.908
BM4 | 269.0 | 409.8 0.2836 0.1713 | -180.3 | 48.89 | 4.031 2.663
BM5 | 269.1 | 486.9 § 0.0003346 0.1527 | 103.3 | -2.477 | 2.264 2.805
BM6 | 259.2 | 577.0 § 0.0006274 0.1908 | 196.3 | -3.701 | 5.289 1.108
BM7 | 283.7 | 575.0 § 0.001056 0.1884 | 193.5 | -3.978 | 2.885 1.711
BMS& | 264.3 | 469.3 0.3916 0.1746 | -144.3 | 55.88 1.721 2.789
BM9 | 266.5 | 461.9 0.3092 0.1635 | 142.8 | 39.98 1.381 3.29
BM10 | 259.2 | 399.7 0.2188 0.1463 | 121.2 | 35.41 1.936 2.159

Narrow width OK!

36

Including:

* EXP constraints
through
HiggsTools.

e TH constraints:
perturbativity &
boundedness from
below.

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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TRSM Benchmarks from:

|[Karkout, AP, Postma, Tetlalmatzi-Xolocotzi, van de Vis, du Pree, arXiv:2404.12425]

Benchmark quantities relevant for double-resonant triple Higgs boson production

[pb/GeV?]
Name | ms ms K3 A123 A112 )
BMO 259.0 | 495.0 0.003514 1854 | -191.8 | 8.167
BM1 270.6 | 444.7 0.5078 571 | -204.3 | 67.52
BM?2 208.060 | 452.7 0.3805 1741 | -203.6 | b7.78

3 | 272.6 | 480.7 0.2009 2024 | -224.6 | 41.39

M4 | 269.0 | 409.8 0.2836 1713 | -180.3 | 48.89

1527 | 103.3 | -2.477

M6 | 259.2 | 577.0 § 0.0006274 1908 | 196.3 | -3.701

M7 | 283.7 | 575.0 § 0.001056 1884 | 193.5 | -3.578

M8 | 264.3 | 469.3 0.3916 1746 | -144.3 | 55.88

M
M
M
M
M5 | 269.1 | 486.9 § 0.0003346
M
M
M
M

M9 | 266.5 | 461.9 0.3092 1635 | 142.8 | 39.98

OO O OO OO OO O O

BM10 | 259.2 | 399.7 0.2188 1463 | 121.2 | 35.41

% Narrow width OK! 36
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Including:

* EXP constraints
through
HiggsTools.

e TH constraints:
perturbativity &
boundedness from
below.

o(13.6 TeV) 2 0(10) tb

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
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Constraints on the Cross Section

900
850

800

% - 95% C.L. Constraint on
O, . the cross section
éﬂ 600 at HL-LHC

[AP, Tetlalmatzi-Xolocotzi, arXiv:2501.14866]
550

500 A

450 -

400 -

A21 9 ST®DHT ‘;_A) 000E = T 1 [q}] P%S6p0
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m»- [GeV]
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Comment: Validity of the Narrow-Width Approximation

e In the TRSM: /1, and /1, are constrained to possess small mixing angles.

(e.g. we know this from /1, signal strength)

= Contributions to width from 7, ; — ff, VV are small!

e In general: Can increase width of /1, and /; through scalar-to-scalar decays = no
guarantee in generic models for the narrow width.

e If /1, and /1, are already discovered, [',, [ '; would be known (or limited) = the
narrow-width approximation validity should be checked!

e TL;DR: The narrow width approximation is OK due to mixing constraints in the
TRSM, but this statement is somewhat model dependent! (see appendix for a case study

oS .
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Non-Resonant Effects in /1/1/1 in the TRSM

(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

SHJ'*fhfhfh.Bh40 Qﬂ]‘*hlhlhq BM7

I — full ] | g o — full
-1 — ha /L/" hy
107 | ‘ — double res. 107" e —— double res.
: ] =_'_'_'_‘_._---ﬂ: 3 \\\

1072 - m, = 259 GeV, my =495 GeV m, = 283.7 GeV, m; = 575 GeV

1/O'C|O'/C|mh1h1
i
1/0d0/dmh1h1
.

104
10~4
10>
10_5-E
10°°
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Mp. R, |GeV] M. p, |GeV]
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Non-Resonant Effects in /1/1/1 in the TRSM

(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

SHJ'*fhfhfh.Bh40 Qﬂ]‘*hlhlhq BM7

LT —— full LT g 7— full
-1 _ ha /Llf’ hy
107 | ‘ — double res. 107" e —— double res.
3 ] —t BN

102 - m, = 259 GeV, my = 495 GeV m, = 283.7 GeV, my = 575 GeV

1/O'C|O'/C|mh1h1
i
1/0d0/dmh1h1
.

104
10~4
10>
10_5-E
10°°
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Mp. R, |GeV] M. p, |GeV]
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Non-Resonant Effects in /1/1/1 in the TRSM

(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

SHJ'*fhfhfh.Bh40 Qﬂ]‘*hlhlhq BM7

I — full : i ’ s —— full
-1 - ho /L/" T
10 |‘ ‘ —— double res. 10 1-§ - >— double res.
3 ] —% N

1072 - m, = 259 GeV, my =495 GeV m, = 283.7 GeV, m; = 575 GeV

1/O'C|O'/C|mh1h1
i
1/0d0/dmh1h1
.

104
10~4
10>
10_5-E
10°°
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Mp. R, |GeV] M. p, |GeV]
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Non-Resonant Effects in /1/1/1 in the TRSM

(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

SHJ'*fhfhfh.Bh40 Qﬂ]‘*hlhlhq BM7

I — full : i ’ s —— full
-1 - ho /L/" T
10 |‘ ‘ —— double res. 10 1-§ - >— double res.
3 ] —% N

1072 - m, = 259 GeV, my =495 GeV m, = 283.7 GeV, m; = 575 GeV

1/O'C|O'/C|mh1h1
i
1/0d0/dmh1h1
.

10~
1074 ’ .
10->
10_5-E
10-°
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
Mp. R, |GeV] M. p, |GeV]
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Non-Resonant Effects in /1/1/1 in the TRSM

(any) two Higgs invariant mass distributions in hhh (“parton level”, all combinations)

QKJ_9hlkhfh.Bh40 QK]"hlhlkh_Bh47

I — full : i ’ s —— full
-1 - ho /L/" T
10 |‘ ‘ —— double res. 10 1-§ - >— double res.
3 ] —% N

1072 - m, = 259 GeV, my =495 GeV m, = 283.7 GeV, m; = 575 GeV

=
o
N

1/O'd0'/dmh1h1
i
1/Ud0/dmh1h1
.

104
104 g h

107>
IO_SE

10°° .

2-OOI | I300I B 4(I)O B I5(I)OI B I660I B I7(I)OI B 8(I)O B I9(I)OI o ZOOI B 3OOI B 4(I)O B ISE)OI B IG(SOI B 17(I)OI B IS(SOI B I9E)OI o
mhlhl [GEV] mhlhl [GeV]
% = Bulk of cross section from double-resonant process.
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Non-Resonant Effects in /1/1/1 in the TRSM

Sample 6 b-jet invariant mass distributions in our analysis (all other cuts applied):

Comparison of mY after all other cuts, (m,, m3) =(264.5,546.0) GeV

—— Fy|
Double-Resonant

i i
: : — mY cut
0.005 - : I-: .
S N B
| . |
. . .
'c S T
'y 0.004 | : | |
Pe) | 1 ! |
\ . \
= N
- || | i
O 0.003 - :
D by )
o | 1 |
3 T
[} l l [}
n
(0 0.002 || '-| |
O | |
O ' 1 .
i i
| |
.001 - -
0.00 II—' |
5 |
' 1 .
i ]
0.000 —C 1 1 7 P ! |
400 500 600 700 800

SKS

KENNESAW STATE
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m>Y [GeV]

me, [GeV]

cross section [pb/bin]

40

0.004 A

o
o
o
w

0.002 A

0.001 A

Comparison of mY after all other cuts, (m,, m3) =(270.9,427.4) GeV

—

p—— |
—

0.000 -

300 400 500

mbY [GeV]

me, [GeV]

bflp om0

600

m— Fy|
Double-Resonant

— miY cut

700
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Non-Resonant Effects in /1/1/1 in the TRSM

Fractional change in significance for excluded points

35 -

30 -

25 -
= Number of Parameter =,

Space Points in our % 20 -
Scan CDT

that can be excluded at © i5-
95% C.L. -

10 -

5 -

0

O.IOO 0.65 O.IlO O.|15 O.IZO O.|25 O.|30 O.|35 O.|40
fractional change

oS .
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Non-Resonant Effects in /1/1/1 in the TRSM

Fractional change in significance for excluded points

35 -
30 - = Non-resonant effects
exist, but they are not very
— Number of Parameter . al significant at the LHC, in the
Space Points in our % 50 - TRSM.
Scan CDT
that can be excluded at © i5-
95% C.L. -
10 -
5 -
0

O.IOO 0.65 O.IlO O.|15 O.|20 O.|25 O.|30 O.|35 O.|40
fractional change

oS .
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The Narrow Width Approximation: An Example

m, = 308.9 GeV, m3=468.5 GeV, k; =0.138, k3 =0.165

107 7

p? [GeV?]

10° 7

KE \TE
IIIIIIIIII

106 -

F2/my, Ar12 = Vy Al
| === [3/m3, A3 =yASS

== 201im.@3000~fb~! T

20 lim.@300~fb~?

1071

10° 101

Y = (A123A112)/(A123A112)true

102

42

- 1073

® Pick a parameter space point, fix:
m,, m,; and scalar coupling 4 5.

e Rescale: A, = \/yllﬁuze
A2z = \/;/1{1;1;

and

e Plot: p°, I',/m, and I';/m, versus y.

® Red star = true parameter point

value.

® Plot pheno analysis limits (dashed:
300 fb~', dotted: 3000 fb™").

* For both limits, NWA
approximation is valid!

Andreas Papaefstathiou



The Narrow Width Approximation: An Example

m, = 308.9 GeV, m3=468.5 GeV, k; =0.138, k3 =0.165

® Pick a parameter space point, fix:

|| - [2/my, A1 =y AME d 1 1. ﬂ
| e Tyt Avs =y ALSS m,, my and scalar coupling 4,5.
7/
2 Rescale: 4,5, = 1/yA™ and
/// ® escaile. 112 — «\/y 112 an
2.7 L1071 _ true
107 gl | 123 = /Y A3
] p 4 [
] /// -
- . /j % e Plot: p°, I',/m, and I'y/m, versus y.
............................................................. /. /
% - R | ® Red B .
O - Rl ed star = true parameter point
% 1o =R AR 1072 value.
6 _ > i
- *.'I’Ill’/lllllllllllllll>:
« /7 | ® Plot pheno analysis limits (dashed:
. | 300 fb~! dotted: 3000 fb~1).
/{IIIIIIIIIIIIIIIIIIII’
-7 = .. ® For both limits, NWA
10° 1 O — = 201im.@300~fb1 approximation iS Valld'
O <rxs 20 1lim.@3000~fb~1 |
——— , —— B , —— |
101 10° 101 102
Y =(A123A112)/(A123A112)true
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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]

KENNESAW STATE 43 Andreas Pap aefstathiou


https://gitlab.com/apapaefs/twosinglet

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_') 0.31 7297 — Fuks, Kim, Lee, 1510.07697,

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

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

(b@ (V[/'V[/'1 6) (le E) 0.90 1041 1—7>01<211(1)e;1;5 iun, Yan, Zhao, Zhao,

(bb)(77)(77) 0.69 799 T

(b6)(60) (17) 0.23 263 AL Shuri 150806524 Cho,

% [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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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
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R
.
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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 x? determines “reconstructed Higgs boson”.

K X2

°
KENNESAW STATE 4m 1 n Andreas Papaefstathiou




The 6b final state analy51s

observable cut B e
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

48
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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

49

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.

Andreas Papaefstathiou



TRSM hhh — 6b analysis details

2
Introduce two observables: y** = Z (M ar Ml)
qrel

2
%2,(6) ~ Z (Mqr_Ml)

qgreJ

— constructed from different pairings of 4 and 6 b-tagged jets, M_, is the
invariant mass of the pairing gr.

50 )
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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
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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: Hirschi, https:/ /cp3.irmp.ucl.ac.be/projects /madgraph /wiki /LoopInducedTimesTree].

®c.o.:
g h q n
/
/ J
q / /
/ /
\ \
\ \
\ \
\ \
g h g h
% [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562] [Get model at: https:/ / gitlab.com /apapaefs/multihiggs loop_sm]
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https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/LoopInducedTimesTree%5D
https://gitlab.com/apapaefs/multihiggs_loop_sm%5D

KE \TE
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MOdEl Validati()n [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

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

o(hh@14 TeV) [pb]

1.0

0.8

0.6 1

0.4 A

0.2 A

0.0 A

—0.2 ~

~0.4 -

GGTT contact interaction in gg = hh

i
1
\
\
\
\
\
\
\
\

\

L)

/
/
/
/
/
/
/
¢
/
/
/
/
/

L

* é

N,

® MG5
HW7

¢

0

1 2 3
CT2 HW def.

5

v

e The one “new” non-trivial coupling that appears, o c;t7h> has been validated

via an “EFT” limit, in the tf — hhh process:

\)

t

53

Cross Section Ratio

1.100
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Validation of the tthhh contact interaction
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My [GeV 10"

v
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hhh Cross Sections @ 13.6 TeV

|AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

® 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!

KE E
IIIIIIIIII

Ct3 Ch2 Ce2 Ch1 Ct1

Ch3

0.5

0.0

-0.5

0.5

-0.5

0.5

0.0 1

-0.5 :

0.0 4

-0.5

0.5
0.0 o

-0.5

0.5

0.0

-0.5

05 -
0.0 4

-0.5

0.5

0.0 o

-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
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e e

Y’

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

-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

Ch1 Ct2 Ch2 Ct3 Ch3
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Anomalous Couplings Constraints

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

® Projected constraints:

KE \TE
IIIIIIIIII

Percentage uncertainties

HL-LHC | FCC-hh Ref.

0 (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(ce2) 30 10 140] (Figure 12, right)
d(cp1) 3.6 0.43 145] (table 3)
0(Cp2) 30 10 assumed same as ¢

55

[See AP, Tetlalmatzi-

Xolocotzi,
arXiv:2312.13562 for the
references]
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Digression: Non-Resonant /1/ih @ LHC

e Anomalous couplings can enhance hhh! e.g. k; # 1,k, # 1, but also others!

L onenorxy D —Aswv (1+¢5) 1 AZM (1+d,) h*

- a h h? Go G
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MadGraph5_aMC model at: https://gitlab.com/apapaefs/multihiggs_loop_sm

%é = Here: Examine models with new scalar resonances!
: 56
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Anomal()us Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with non-zero {¢,, d;, 5, d,}:
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e Focusing on a model with non-zero {¢,, d;, 5, d, }:

constrained by pp — hh constrained by pp — hhh
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Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with only {c,,, d;, ¢4, d,},

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

constraints:
gg - hhh@13.6 TeV, L=3000 fb~?, asyst. =5.0%

20 gg » hhh@100 TeV, L=20000 fb~!, QAsyst. = 5.0%
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Anomalous Couplings COnStraintS [AP, Tetlalmatzi-Xolocotzi, arXiv:2312.13562]

e Focusing on a model with only {c,,, d;, ¢4, d,},

e Using the 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)
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