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Foreword 5 -

We are getting to know the H,,¢
resonance ever better.

It has confirmed it’s SM Higgs
predicted properties

= BSM ~alignment limit

= suppressed bosonic couplings

\ Tile calorimeters

) LAr hadronic end-cap and
i forward calorimeters

Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

¢ Couplings to down-type fermions
probed by tauonic & bb final states X 140 fb™* of Run 2 data
» Couplings to up-type fermions @ high still in the game!
masses require tt final states ’
(particularly difficult!) v
*** Generic scenarios can be probed in
scalar cascades v
** Numerous searches rely on Narrow
Width Approximation (NWA) ! :
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Menu of the talk -
Search for heavy scalar resonances

In the decay to a tt pair:
> A/H - tt, (I, lls final state)  NEW
> ttA/H — tttt, (I, lls final state) NEW

In cascade decays involving H,,- and/or other scalar states:

» R/A— SH/ZH — 4l + E1miss NEW
» X = SHi35 = bbyy NEW

Talk from Shigeki on Monday

Full Run 2 ATLAS data (~140 fb1)

In the decay into a Hy,; pair: -
> X - HH - bbbb,bbt*t~, bbyy combination
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https://indico.cern.ch/event/1253590/contributions/5814367/attachments/2869699/5023921/LHCP2024_20240603_v1_main.pdf

Search for heavy CP even/odd scalar
decaying to a pair of top quarks in the

leptonic final state

* Inclusive channel suffers from the strong interference
with tt continuum

/ g t g t \
A/H - tt }A/H<3SM IM
(1, llos final state)

\_ ! ~ o y,

* Top associated production potentially less prolific

4 g f )
ttA/H — tttt E :
(L, U5 final state) Z<

\_ g J




A/H - tt (I, Il final states)

Meticulous treatment of the signal model!

% Simple limit on i not feasible ®
uS+yul+B=(u—-y)S+yu(S+D +B

¢ Signal generated with MadGraph (LO)
with a dedicated provision to subtract

the B;f component:

¢ Signal S and S + I simulations for
individual (my,y, tan ) or (Mma,p, La/n)
with event-by-event reweighting after
detector simulation separately for H & A
hypothesis

¢ k-factors applied affecting both shape &
normalisation of the S + I.

arXiv:2404.18986
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https://arxiv.org/abs/2404.18986

A/H - tt (I, Ll final states)

¢ Multiple scenarios considered:
2HDM type-Il, h(MSSM, 2HDM+a, Simplified
Generic (Mma/p, La/n, 9a/mte)

¢ 1-lepton channel (exactly 1 e or u pr > 28 GeV,
> 1b-jet) : 11 Signal Regions, discriminant: m,;
» merged topology (1 large-V R (re-clustered) jet
pr > 200 GeV, m > 100 GeV, = 1b-jet)
» resolved topology (= 4 jets pr > 25 GeV, = 1top),

x2-based tt reconstruction - further split into 10 SR’s
based on 1/2 b-jet & | cos 67|

s 2-lepton channel (OS lepton pair, = 2 jets, = 1b-
jet, m;; > 15 GeV, 5SR’s, discriminant: my
(E;wniss > 45 GeV, my # mz)ee#u

- further splitinto 5 Ag;; SR’s

¢ Main systematic from tt background modelling
(theory)
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https://arxiv.org/abs/2404.18986

A/H - tt (I, Ll final states)

Non-standard statistical analysis!

tanp

4.0

(for details see talk from Nicola De Biase) 35

** Search stage: Fit /1
(=S +/u(S+1)+B

for each mass/width hypothesis.
Goal: potential rejection of u = 0 hyp.

% Exclusion stage: q = —2In(L,/L,)

Goal: reject u = 1 hyp. against u = 0 one.

“* Nonlinear dependence of £ on /i !
Disjoint exclusions possible. Full scan of

H/A (m gy, tan B) or (Mya/n, Gaee, Lajn)!

3.0

25+
20F

150
1.0+

1.0

arXiv:2404.18986

454

<

ATLAS

Vs=13TeV, 140 fo
2HDM, A/H — tt, cos(B—) =0
mn Observed 95% CL exclusion |

Expected 95% CL exclusion
(16 and +20)

2HDM type 1

~~~~~~

N
\\
15F

05E
400 500 600 700 800 900 1000 1100 1200 1300 1400

o5

Data found compatible with the SM prediction.

Largest deviation for my = 800 GeV,

ma=my [GeV]

\/__13TeV 140 fo!
4 A l, Ty =Mpx10%
i Observed 95% CL exclusion

Expected 95% CL exclusion
(10 and +20) B

/// Ty >1“t°ta| (unphysncal)
1

400 500 600 700 800 900 1000 1100 1200 1300 1400

Ma [GeV]

La _ 100 _
A=10% JE=4@230

95% CL exclusions for the considered models extracted (400 < m,,y< 1400)
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https://arxiv.org/abs/2404.18986
https://indico.cern.ch/event/1253590/contributions/5844087/

ttA/H - tttt (I, [l final states)

Not suffering from significant interference!

% SM tttt has been established by ATLAS & CMS!

(featuring a mild excess)

% Difficult modelling of the dominant tt+jets
background ¢« data-driven “flavour rescaling”
(in 5j & 7j bins)

¢ NN binary classifier trained to discriminate data
from MC - multidim. kinematics (x) = w(x).
Applied to MC on event-by-event basis

% Uncertainties dominated by the tt+jets
modelling and modelling of the SM tttt
process (both theory & data-driven corrections)

*¢* GNN are trained on multiple input variables
separately for 1L and 2LOS categories.
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ATLAS-CONF-2024-002
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-002/
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://www.sciencedirect.com/science/article/pii/S037026932300624X

ttA/H — tttt (I, [l final states)

Limits obtained from simultaneous fit to GNN score
in the SR’s and H; in the CR’s

Q T T L IR LI NN
o E .. 3
= E ATLASPreliminary ~ —*— Observed Limit 3
T [ =13Tev, 130fy’  —- ExpectedlLimit
< 1L 1L2LOS Il +1o -
T 20 E
P C ——tanB = 0.5 (H) ]
s
c | 210 (local) apotom
X 10 -
< E
T C .
3= L _
g. 102 =
o = 3
& 3
10—3 e b b e e v b e e 1
04 05 06 07 08 09 1
m,A [TeV]

No significant excess over SM

95% CL limits are set on 0 XBR

=Exclusions in 2HDM type-lI

in the alignment limit
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ATLAS-CONF-2024-002

@©JHEP 07 (2023) 203
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.;.%\ C V- 13Tev, 13915 — — Expected limit (Combined) ]

i ! I +16 (Combined) 7

< 1§_|1L/2LOS+2LSS/ML | +2 6 (Combined) E
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-002/
https://link.springer.com/article/10.1007/JHEP07(2023)203

Search for heavy CP even/odd scalar in
cascade decays involving another scalar

* CPeven scalar R (CP odd A) decaying to a lighter scalar S
(Z boson) and a heavy Higgs going to a ZZ pair

/ inv ; " : £+\
R/A - SH/ZH e S e
(4l + E7™° final state) i é:; _____ i j<:§ L{g
\ - g P Jﬁy
* A scalar X decaying to a lighter scalar S and SM Higgs
4 : )

X = SHyys — bb :il> =<
— oMfqp5 2 OOYY T R '
—

- J




R - SH — 4l + EJ"**
A->Z7ZH-4l+X

¢ Scenarios considered:
» (extended) 2HDM+S, S decays invisibly (DM portal!)
» 2HDM-based baryogenesis; X stands for ll/ jj/ inv.

¢ Selection: single/multi- lepton triggers, 2 SFOS
leptons (u or e) consistent with m . FSR
correction & my constraint improve 4| mass
resolution.

<* 7 SR’s defined by njers, Np—jers and Emiss

signific.
% Main background from (qq) ZZproduction

** A dense grid of mass points generated, further
proliferated by interpolation.

¢ A simultaneous fit is performed on the my;
distributions in the SR’s.

Events /[ 5.0 GeV ]

Significance

Events /[ 5.0 GeV ]

Significance

arXiv:2401.04742

- ATLAS
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https://arxiv.org/abs/2401.04742

R - SH — 4l + EJ"**
A->Z7ZH-4l+X

Results

¢ No significant excess of data over SM
background observed.

¢ Limits were set on mp/my & my/my
plane under the NWA, with negligible
dependence on mg (fixed to 160 GeV)

*¢ Impact from Large Width Approx. also
evaluated:

Upper limits in the o-(gg — A) [fb] Ratio w.r.t

Width assumptions Mass points [GeV] Oheerved Expected Narrow width
Narrow width (ma,mp) = (320,220) 19.6 25.1 1.0
(ma,mp) = (1190, 600) 4.8 3.5 1.0
(Ca/ma, Cat fmr) = (15%, 5%) (ma,mpy) = (320,220) 315 36.2 1.4
(ma, mpg) = (1190, 600) 8.3 6.0 1.7
(Ta/ma. ot fmpg) = (30%, 10%) (ma,mp) = (320,220) 389 42.5 1.7
(ma, mg) = (1190, 600) 8.9 6.6 1.9

mg =160 GeV

arXiv:2401.04742

R > SH

ATLAS
\/s=13TeV, 139fb™
Observed 95% CL. upper limits

300

400

500 600 700 800 900 1000
my[GeV]

ATLAS
Vs=13TeV, 13907 |
Observed 95% CL. upper limits {85

300

400

500 600 700 800 900 1000 °
my[GeV]

0 x B(R = SH) x B(H — Z2)[fb]

0 x B(A — ZH) x B(H — Z2)[fb]


https://arxiv.org/abs/2401.04742

X -5 bE)les(—’ YY)

¢ Scenarios considered:

¢ Generic search targeting 2HDM type models
or SM extended by singlets with at least 2
DoF’s.

** NWA is assumed throughout.

¢ Selection: di-photon triggers, 2 photon mass
consistent with H;,: [120,130], exactly one
b-jet (1b SR) or exactly 2 b-jets (2b SR)

¢ Main background (yy+jets) normalised from
m,,, side bands »

¢ Discriminant:
» 1b SR: PNN parameterised in (my)
» 2b SR: PNN parameterised in (my, mg)

LHCP 2024 04/06/2024 pl3

Events / bin

Data / Bkg.

Events / bin

Data / Bkg.

arXiv:2404.12915

IATLA‘ISIIIIIIII
- D =
| Vs=13TeV, 140 fb" ¢ ata. 1.96 _

X—SH—bbyy B yy+jets < 1. ]
— 2 b-tagged SB Single Higgs -
| Pre-fit (B-only) Wy |
B W iiyy ]

M HH

- yy+jets unc. =

RSP S YO YP Y, i PP 1A {___.
Kl ' ¥ 7

500 300 400 500 600 700 800 900 1000 1100
My, [GeV]

T T T T T T T T T T T T T T T T

ATLAS ¢ Data -
Vs=13TeV, 140 fo’' B 7 7+jets x 1.03 _
X—SH—bbyy y?/+je s X : h
1 b-tagged SB Single Higgs =
Pre-fit (B-only) Wzyy -
M iy -
M HH -
yy+jets unc. —_

200 200 600 800 7000
my,, [GeV]
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https://arxiv.org/abs/2404.12915

X - S(~ bl;) Hipc(= vY) arXiv:2404.12915

Results B e e
2 Fos= Ay I 7 y+et:
: © - | P4
(%D- s00] amras % @ , O7i Post-fit (B-only) -ﬁ;;
> VS =13 TeV, 140 fb-! = L m_en
£ - c F Uncertainty
X — SH — bbyy 2 i= [ — m,5(1000,70) ]
400} B 10
3 10
O -1
10
300} \
2 1.5
3 T
Covered by 200l g 1
. . Oy —"03 03 03 04 05 06 07 08 09 1
dedicated analysis PNN(m, =1 TeV, m = 70 GeV)
Phys. Rev. D 106 (2022) 052001« >
100+ 1 5 10° = ATLAS | I I I ¢ E)ata I I =
@ g Ys5=13TeV, 140" B 7 7+iets ]
. . . . ‘ i msl_ Posttiit (g—only) = ?’7 |
0260 400 800 800 7000 i —ii ]
my [GeV] I Uncertainty i
10" ([ —ms@50,100 ]
’ . . .
*¢ A simultaneous fit is performed on the PNN score o -
. . . . ' . ’
distributions in the SR’s & sideband CR’s.
107
S 2 T T T T T T T T T
< o . . = 15— —
** Model independent limits on SR I POVHUBRER—— b +--+-H{—
_ T os- -
O-(X - SH125 - bb)/)/) B % R T e U v a

PNN(m, =250 GeV, m = 100 GeV)

Data found compatible with the SM prediction.
Largest deviation for (my, mg)=(575,200) GeV @ local (gobal) 3.5(2.0)c

CMS excess @ (my, mg)=(650,90) GeV, 3.8(2.8)0, arXiv:2310.01643 not confirmed.



https://arxiv.org/abs/2404.12915
https://arxiv.org/abs/2310.01643
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Search for a heavy scalar

in the decay into a H,,: pair :
* Combining three recent searches for resonant di-Higgs
production (complementary in the X mass coverage):

-

X—>HH—>bbbb \

=

=105 As —— Obsel dlmt(95/ CL)
I g O13TV126 139 fo-! ___ Expe tdlmt(95/CL)
;104‘ Expected limit + 10

‘Tl Expected limit +20

o

N,
\ —=- Resolved expected limit H H b b
T % ﬁ ﬁ
S10%L ===~ Boosted expected limit ] T T
.
\\
D

o)
102k =
T 104
10'F T AN
>; X - HH > bbyy_
we o . - a | = 1000
250 500 1000 2000 3000 5000 S 0% = 900F ATLAS E
m(X) [GeV] ° c % 800E- Vs =13 TeV, 139 fb" E
5] E HH—bbyy E
Phys. Rev. D 105 (2022) 092002 & I W ey
£ 10 - & e00b —— Observed limit (95% CL)
3 E ATLAS 5 coob [] Expected limit + 16 E
N C V5= 13 TeV, 139 fo! E [ Expected limit + 2 ¢ 3
Yo L L L 400 =
& 200600 800 1000 1200 1400 1600 a00E- E
my [GeV] 200F- 3
JHEP 07 (2023) 040 200 E
) S T T PO P S i s O

200 300 400 500 600 700 800 900 1000
my [GeV]

\ Phys. Rev. D 106 (2022) 052001 /



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://link.springer.com/article/10.1007/JHEP07(2023)040

X - H125H125 arXiv:2311.15956

& [ames "
T f VS-13Tev, 126-139 " —=— Obsorved imit (95% O}
Results Lo o o Soemmiemicy |
JEE— . . = [ Expected limit +20 E
** bbbb exploits both four b-tagged R=0.4 jets as well ol ]
as two R=1.0 jets tagged by constituent track jets. i '
R R 102 ‘\\ AN =
Final variable: my 3.5 N :
< bbtT exploits TpgqThaq and TjepThaq channels. i X E
. . - —— bb
Final variable: PNN score 10— Goins .
—_ S| ! v ol L | 1
** bbyy exploits high resolution of the yy system. 20w e ]
o . . 2 Uny ' ' I I s.co;n in
Final variable: m,,, § AT e taai Exp combined
8/ H - hh,[Type-1 2HDM, cos(B - a)=+0.1 | " Bxp. bbT T
95% CL Upper imits > 5% Z::zg::
% The upper limits on the resonant ¢ (X — hh) is 5
extracted from a simultaneous fit of all signal af
categories. o
2_
¢ Limits interpreted in 2HDM type-1 & MSSM models.
05351 400 600 800 1000 1200
my [GeV]

Data found compatible with the SM background prediction over the entire
mass range 251 GeVto 5 TeV

Largest excess seen @ 1.1 TeV with local (global) significance 3.3 (2.1)o
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SUMMARY

ATL PHYS-PUB-2024-008

<o} 60 AR, T [ gg/bb H/A H/IA - 1t
c R 139 o
. g 40 /e
’0‘ NO neW heavy Scalar 30 — JHEP 09 (2018) 139
= bb) HIA, HIA — bb
resonance confirmed 20 i —
' ",' [ H—ZZ - 4liivy, 139 b
so far. » : T A 2 h b, 130 1"
_ . . . — ' L P _: .tJHEP 0+6 (2(1220;6 )
s tt and di-Higgs final L~ 1 e ="
5 ATLAS Preliminary -:lT:SWW—Hv'vJSbe
hMSSM, 95% CL limits CONF-2022.066
states extend ) poe v O
exclusions on 2HDM- 3 IR et
type models in the ? | = |Em i
low and intermediate ’ L RN W N = S
200 300 400 1000 2000
tan f range m, [GoV]
** New exclusions on generic models with at least two additional

heavy (pseudo)scalars (2D scans)

THANK YOU


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/

BACKUP



X = S(=VV)Hiz:(= vY) arXiv:2405.20926
vy + 1(2)1

* . . g 1o°F A'I"LASI I ‘ I Q;Data‘ —ISignaII><20- 10 IA;_LIA; IIIIIIIIIII ¢| D;t; o
"‘ Scenarlos ConSIdered: é 10t ﬁ;n::):(e‘l\(l)lo:)‘,‘g(f)g;GeV :Z{;:;jets .gnHiggs i : Vs=13TeV, 140 fb’ — Signal x 25
R . w 77 Uncertainty m,_,m)=(1000, 300) GeV SM Higgs
% Generic search targeting 2HDM+S type won 1ok o Ecmean |
BDT score = 0.08 77/ Uncertainty
models “l : P '
10F 5
4
1
¢ Selection: di-photon triggers, 2 photon  _ ... 3
. . g 1254 7 ‘ 4 L+ 1
mass consistent with H;,c [120,130], Fom Y 1

06 -0.5 -04 03 02 0.1 0 0.1 02 03 04 Qoo s e 30 135 140 145 150 155 160

exactly one (1[) or two leptons (21), m, (GoV
b-veto

r—rr1 11 1 1T 1T 1T 1T T T T T T T T T T T T

A TLAS =m= Observed == Expected - Expected + 1o Expected £ 26
=m= Obs 1ltight == Exp 1ltight Obs 1lloose Exp 1lloose

Vs=13TeV, 140 fb —bs2 == Exp2l
SM-like %(S — WW/ZZ)

L 11111

¢ Further enhanced by BDT in the
yYWW SR.

10*

L mg mg mg ms
170 GeV 200 GeV 300 GeV 400 GeV 500 GeV _]
\J
\
‘\

L1 l L1

¢ Main bacground (yy+jets) normalised
from m,,, side bands

&

10°

L1 1Ll

| | |
QLN O SR Q QN
S ELLESCLSESTESETSAS S
my [GeV]

P. Brickman de Renstrom

*¢* Discriminant: my,y

95% CL limit on o(gg— X) x% (X — SH) [fb]
[
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A—->7ZH - I1Tl" +tt

JHEP 02 (2024) 197

. . > SRR AN R RN SR R R R
¢ Motivated by: 2HDM-based baryogenesis 8 e ATLAS . Wi .
> @ E f=12?_|Tevli&140 fo =tTZW+tEH+tEWW+tftE 3
5 L - - . t -
(mA mH) 3 10 L I, L3hi_Zin, Hin450 B -
; Signal Region ggﬁcertainty ;
i . . - : ;lr-ﬁ;fln; Background -
¢ Selection: three high-p leptons (OSSF pair, 13 O ooy
[ or e, consistent with my), = 4 jets, 2 b-jets oL ]
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A—-7H - 1T]l” + tt

¢ A simultaneous fit is performed to the Am =

m(lltt) — m(tt) distribution in SR and event yields
in the SS (tt norm.), Hlo & Hhi (ttZ norm.) CR’s.

¢ The result is limited statistically

No significant excess over SM observed

The largest excess of local (global) significance 2.85
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Other related ATLAS results

CDM (2HDM+a) combination:
ttA/H — tttt (llss, ML final states)
X = multilepton + b-jets

X > HS > VVtt

EXOT-2018-64

EXOT-2019-26

HDBS-2020-03

HDBS-2022-44



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-44/

Corresponding CMS results

A/H - tt

A—->7ZH - t7tll

X - SHy,c = bbyy

X > HY - bbbb
X - HS - bbtt
X - HH - bbWW

X > HH -»> WWWW,WW=trt, ttTT
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(36 fb?)

NEW
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