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. Why is the electroweak interaction
I t t so much stronger than gravity?
n rO u C I O n ¢ Are there new patrticles close to
the mass of the Higgs boson?
¢ |s the Higgs boson elementary f—

« The SM Higgs boson opens a new window e 7| i e

* Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Why is there more matter than

for new physics beyond the SM
» Possible connections between Higgs and T

violating Higgs decays?

major Open queStionS Of partiC|e phySiCS \_> * Are there anomalies in the Higgs self-coupling

that would imply a strong first-order

early-Universe electroweak phase transition?
and cosmology

¢ Are there multiple Higgs sectors?

— The hierarchy problem What is dark matter?

¢ Can the Higgs boson provide a portal

— Matter and antimatter asymmetry - e e nd
— Dark matter

with the Standard Model?

* Are there new decay modes
of the Higgs boson?

What is the origin of the vast range of quark
and lepton masses in the Standard Model?

\_> ¢ Are there modified interactions to the
Higgs boson and known particles?

Salam. G.P.. Wan g LT. & * Does the Higgs boson decay into pairs of
! ] ] ! ! quarks or leptons with distinct flavours
Zanderlghl, G. (for example, H — u*1)?

Nature 607, 41-47 (2022)

\ What is the origin of the early
Universe inflation?

‘ 7/4/23 Lailin Xu * Any imprint in cosmological observations? E



https://doi.org/10.1038/s41586-022-04899-4

Outline

- Recent searches for new physics in the Higgs sector with full LHC Run2
data
— Search for additional Higgs bosons (my #+ 125 GeV)
— Search invisible Higgs decays
— Search for HH production
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Search for additional Higgs bosons
(my # 125 GeV)
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Additional Higgs boson

« Why there should be only one (hy,<)?

- Many extensions of the SM predict additional Higgs bosons
— Electroweak singlets H
— Two-Higgs-Doublet-Models (2HDM)

} H (CP-even), A(CP-odd), HY,
— Minimal Supersysmmetric Standard Model (MSSM)

— Georgi-Machacek model (GM) Quintet(H2+, H, H, HZ, Hz ™), triplet(HZ, HS, Hs ), H
Generic searches: Benchmark model searches:
 New scalars « 2HDM
* New pseudo-scalars « GM
* Eg. Axions
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Additional Higgs boson

Boosted a — yy arXiv:2211.04172 t > Htb,HX - cb arXiv:2302.11739
(10 GeV < my < 70 GeV)
Low-mass resonance X — yy ATLAS-CONF-2023-035 H*t > £ arXiv:2211.07505
(66 < my < 110 GeV)
tta,a - uu arXiv:2304.14247 ttH/A - tttt arXiv:2211.01136
X-Zy ATLAS-CONF-2023-030 A - ZH - litt + vvbb ATLAS-CONF-2023-034
X->-WW ATLAS-CONF-2022-066 FCNCt—- qgX,X - bb arXiv:2301.03902

Not able to cover all of them or in very detail
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https://arxiv.org/abs/2211.04172
https://arxiv.org/abs/2302.11739
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/
https://arxiv.org/abs/2211.07505
https://arxiv.org/abs/2304.14247
https://arxiv.org/abs/2211.01136
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/
https://arxiv.org/abs/2301.03902

Boosted a — VY arXiv:2211.04172

- Search for narrow resonances (X) in 10 GeV < my < 70 GeV
- pYV > 50 GeV > motivated by the boosted signal and to reduce background

- Background shape parameterized with analytical functions
— Background modelling uncertainties reduced with Gaussian Processes

Largest deviation observed at 19.4 GeV with

% 14000p 3.10 of local significance (Global 1.50)
O - ATLAS - Data ]
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Boosted a — yy

arxiv:2211.04172

 Results

Model-independent limits (fiducial cross-sections)
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1 Z— vya(jj) searches
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Covers a longstanding gap in diphoton resonance
searches
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Low-mass resonance X — yy

- Search for light scalar X — yy with 66 < my < 110 GeV

— CMS sees a 2.90 excess at 95 GeV CMS PAS HIG-20-002

Model-independent search with 3 categories:
— CC.: two converted photons
— UU: no conversion

— UC: one converted photon
- Model-dependent search (to be compared with CMS):

oy xB(H - vy), . / oy X B(H—vv),

ATLAS-CONF-2023-035

CMS Preliminary
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https://cds.cern.ch/record/2852907

Low-mass resonance X — yy

Model-dependent
Emooo: | ATLAS IPreIimina_r1)|/ . Data | _;
g 10000 HS=_1)3Y-YreV’ 14007 Continuum Background—]
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The 95 GeV excess
iS not confirmed
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Local p-value

fid
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-035/

tta,a — uu

arXiv:2304.14247

- Search for a light pseudoscalar produced with a top-quark pair, 15 < m, < 72 GeV

- Two signal processes:
- tta,a - uu
- t>H'b,H - W'a,a - pu: 120 < my+ <160 GeV

- Semileptonic tt decays with euu and uuu

£ ' ' £ ' ‘
f i ATLAS mm  y-fakes e-fakes f i ATLAS mm  y-fakes mm Wz
5’&-’ 151 Vv§=13TeV,139 fo~! mmm tiz I Rare | ‘3 15 Vs=13TeV,139fb~! mmm ttz EmE Rare |
g b _— — (fa(35GeV) | g 7 it —— {ta (35 GeV) |
w . aw vy, Syst. Une. | w L . aw v, Syst. Unc. |
L I Single Top + Z Data L I Single Top + Z ¢ Data
L Signal Region (eyy) ™ WZ L Signal Region (uuu)
10— —
: Use dimuon mass m,,, to search
51 for signals
SRR NI R R AR ININARUTTTY
& v ///%/ /Jf//i//// R //#/// A A Y 2% /‘/ 27 2L //%//‘// SIS0 A
8 07 N N N N T N i g 07 1 1 ! /l/I 1 1 ]
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https://arxiv.org/abs/2304.14247

tta,a — Uy arXiv:2304.14247

« Results -
Upper limits on o XBr
tta t>H'bHt - Wta
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- ! 1o @ [ === Theory (NLO) 1 = 107 4. -120Gev E
N jV epp and pup channels 3 x 5 Bla~ pH)=1,g:=007 T - .
- 20 ER - my+ = 120 GeV .
L _cr ° - n +I i _
e E - . o) 5] —
102} N . 3 = p 10 = =
- N e o — . el - ]
] 2 = ) e
o -6
10°-—75 30 40 50 60 70 ! 10
ma [GeV] 0™ =230 40 s 0o 60 7 0 16 18 20 22 24 26 28 30
: 5 7
Lagest ex?ess. 27 ?ev with a ma [GeV] ma [GeV]
local significance of 2.4c e T
First limit on tta Limits presented for

m,+ = 120,140,160 GeV

Compared with a theory prediction respectively
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https://arxiv.org/abs/2304.14247

Heavy resonances, X — Zy

ATLAS-CONF-2023-030

- Search for heavy narrow resonances in X — Zy,Z — ee/uu, 220 GeV < my < 3.4 TeV

— Spin-0: ggF

— Spin-2: ggF and gg—=>X

A dedicated electron

Upper limits on o XBr (Spin-0)
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ttH/A — tttt arXiv:2211.01136

 Search for a new heavy scalar/pseudo-scalar (H/4 - tt) produced in association with tt
— Signal model: type-ll 2HDM, 400 < my 4 < 1000 GeV g

« SR: 2l same-sign (It1*) or 3l with > 6 jets and > 2 b-jets
* Mass-parametrized BDT to separate BSM from the SM

*: normalised to total background
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A—- /ZH - litt + vvbb

ATLAS-CONF-2023-034

- In 2HDM, m, > my is favored by electroweak baryogenesis and strong first-order

phase transition

m,. =m,, cos(B-a) =0, tan =1

H
AT S Lo — rez )
- A — ZH decay dominates :3> T % i . S
o [ltt channel: sensitive to my > 350 GeV N
— 3lep, = 4-jets, 2 b-jets o e
. A 7 B
- Maln bk : ttZ o 02_—
g . % T A —> Z
. vvbb Channel: SenSItlve to mH < 350 Gev E Z 0_4(;0l = A500‘ = ItStfl)Ol = I7(|)0I = I8(;0I = ‘9(;0| %I[éoelo{)/l]
_ Egu’ss > 150 GeV, > 2 b-jets m,=700 GeV, m_ = m,, cos(f-c) =0, tanp = 1
— Main bkg: tt and Z+heavy flavor S N e
e v T o
=~ — 0-6—— \ i H— 1t
H.Z,-P% e f/L - H > bb
A ===="=<_ L cceeea o4—dominant for }
H b, H‘\ These channels have not been - Mu<350GeV |
t K previously explored at the LHC  *f !
q - L [ RSV BT Lovorroy | [T
b b 0 200 300 400 500 Gﬁ'?H[GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/

A—- /ZH - litt + vvbb

Exclusion limits in the m, — my plane

in both type-l and type-Il 2HDM (only type-l shown here)

gg = A - ZH - lltt

ATLAS-CONF-2023-034

gg > A - ZH — vvbb

— 700 [~ 1 LA R I B L R BN S B NN R RN BN R R —_— 600 -—— T T
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t > HTh,HT > cb

arxiv:2302.11739

» Search for a charged Higgs boson produced in top-quark decays, 60 < m,+ < 160 GeV
« Mass parametrized Neural Network discriminant

Upper limits on B(t - HXb) xB(HE - cb)

"__ QOOO:LI TT | TTTT I TTTT | TTTT I TTTT I TTTT | TTTT I TTTT | TTTT | T I_I:
2 C ?_TLAS -#-Data e H'—=cb o 15
§%) - Vs=13TeV, 139 fb" Wi+=1b [Jff+=lc 4 — 12 T T T T T T T T T T T T
o 8000; H* eibsgeércc - it + light Dnon-tiC . Io\_ol B :;\_TLAS | | 1| —lo— Oblservedl | | i
L 7000 my: = eV, B = 72 Uncertainty = 13 TeV 139 fb" ... i
- ngSt;It ected 3 @2 1_H  cb search = Expec:ej . B
6000 4 o - 95% CL limits Xpected +1c .
. = N Expected +2¢ ]
5000 — - g 0.8 §f1’ ¥ﬂ’ §f1 —
40001 1 = S X;?b, \?=6.1_,5z:5 i
O ] Largest excess: 3cd@m,+ = 130
3000F 45 0° ~ GeV (Global significance: 2.50)
2000 & E i
.......... 0.4 .
1ooo: A factor 5 improvement
R s T . compared to previous CMS
& 1257 W/// ' search (JHEP11(2018)115) and
© .
g 07;%% with extended mass range
0_5 %O 70 80 90 100 110 120 130 140 150 160
01 02 03 04 05 06 07 08 09 1
NN score M, [GeV]
Compared with predictions from the 3HDM
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https://arxiv.org/abs/2302.11739
https://doi.org/10.1007/JHEP11%282018%29115

HE* HE* o EE

arXiv:2211.07505

« Search for pair production of doubly charged Higgs bosons H*%, 300 < m,++ < 1300 GeV
- H** 5 3% = e, u, 7 with electrons and muons in the final state

— Assuming the same Br of HX* — ee, ey, uu, et, ut, vt final states

— Benchmark signal model: left-right symmetric type-ll seesaw and Zee—Babu

« Signal regions: [T, T2+ Y1+

_ A
q <
l' €/+

o) LI I I I B BN B I I
20¢ | S — 2 DA
42 18:_ ATLAS + Data [TIFNP E —_ 10 :_ATLAS p ---- EXpeCted 95% CL limit —
€ 'O {s=13TeV, 139fb" # Total SM [I]Diboson 3 5 ~JVs=13TeV, 139 fb Expected limit + 1o 3
L 16? SR2L (u*u*), post-fit () = 900 Cget:l/e; 0 e '..(_3 - Expected limit + 26 ]
14;_ —m(Hﬁ);ﬁOO GeV x 50 _; 8 ke — Observed 95% CL limit _ mHii < 1080 (900) GeV
125 = @ 4L — Doubly charged Higgs _|  excluded for the LRSM
108 = 3 = = o(pp > H'H) E Zee-Bab del
gl = G - o(pp = Hy Hz or kk") 1 (Zee-Babu) mode
62_ _i < i T BH* - F1) =100% |
4 - 2 0L |  Provides a first direct test
2E f | ;___._\ 1 of the Zee—Babu model
5,0 - s e S 5 (k**k~") atthe LHC
= 10 / - \\ ]
%0-5 l l _2IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIIIIII
0 300 400 500 600 700 800 1000 400 500 600 700 800 900 1000 1100 1200 1300
m(us, 1) [GeV] m(H=) [GeV]
7/4/23 Lailin Xu 18


https://arxiv.org/abs/2211.07505

Search invisible Higgs decays

7/4/23

Lailin Xu

19



Invisible Higgs decay

* Inthe SM, Br(H=>inv) =0.1% (H>ZZ*>4v)
» Higgs portal is a benchmark Dark Matter model

DM_ DM
Dark Enerqgy N

gy DM_ SM v DM

N psM | RSM 1M d

> - - <

/ I N\

DM, SM /\ DM
r |nary Fg,mzj\/l
Matter Matter (o) ODM-N ns
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Combination of invisible Higgs searches

- Channels entering the conbintion:

Phys. Lett. B 842 (2023) 137963

— ggF: jet + EF"SS PRD 103 (2021) 112006 z 1E | I l I ]
. " noF ATLAS _ E
— VBF: VBF + EISS JHEP 08 (2022) 104 & O9F Gortev AT o ooy
— ZH: Z(Sl) + ETNSS pLB 829 (2022) 137066 O 08 E (s-8Tev, 203" [+t E
: e 0.7 /s =13 TeV, 139 &' [ J+20 E
— ttH: tt + ET5 EPyc 83 (2023) 503 < 060 =
T (] R _]
Q_ —
; S 0.5 =
g E
o 0.4 E
to < X S 0.3 = =
t -—- S = =
. X 0.2 —
0.15 =

9 0E | | | | | | |

a é(f > ‘('\\66 S\ @%% é‘\\ & e‘\r’% 00((\\0 006\\0 . 0((\‘0 .
X @/\ &KX X X A O
¥ Q@Qx N 1 N © Q\oﬂ\q’ Q&(\\ Q&(\\"Q’
Observed (expected) 95% CL limit:
9 Br(H>inv) < 10.7 (7.7)%
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112006
https://link.springer.com/article/10.1007/JHEP08(2022)104
https://www.sciencedirect.com/science/article/pii/S0370269322002003
https://link.springer.com/article/10.1140/epjc/s10052-023-11477-z
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub

Higgs portal Dark Matter

T R i o 1B 0.093 A
— L, < Ul /
5 SNy ATLAS - A: T"t t 90% CL -
= ’ = IMITS a
5 10°% | \\\ S= 7TeV, 471" ’ S (DM
E i \\ s= 8TeV, 2031 { Higgs Portal WIMP:
T — O s=13TeV, 139fo" o ---- Scalar O -
s 1041k N . JL
= B, . — Majorana
b [ T Trmesl N~ — | >
[ e, T ] Vectorgpr % DM ,DM
_45 TETE L LT PIPPPPID 2N '“-.~. 'y _— N 7
10 So F) S S Vectoryy model, o = 0.2= Y
N riC ] | R
_______ ] Other experiments: |
T N 1 — - XenoniT-Mig /\
.oherent elastic neutrino-nucleus scaﬂenn(g__ - DS50-MigNQ N N
cohe N ODM_N
1 — - DS50-MigQF
1073 o - - - PandaX-4T Complementary sensitivity
d l " . T B LUX-ZEPLIN between direct-detection
107" 1 10 102 10° experiments and collider
Myne [GEV] searches
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DiHiggs production

* Non-resonant hh:
— Direct probe of the trilinear Higgs self-coupling «;
— Main production processes: ggF and VBF

oG9 =31.05 fb £ 3%(PDF + ag) 1227 (scale) +2.6%(m;) @ 13 TeV

VBF 0.03% ~2000 times smaller than that
oy = 1.73 b +2.1%(PDF + as) i0.04% (scale) @ 13 TeV for the single Higgs production

9 2999909999099 > ®---------- H
A \ o
9 2999999999999 < Oi{-f ------ H N
9 9999099999990 - JH
Kt h',)\//,
A -3 - Resonant hh production: BSM
) S - X —>hh
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h h CO m bl n at|0 n Phys.Lett.B 843 (2023) 137745

S : T T T T I T T T T | I T T T | T T T 1 |. .I T T T :

=, N ATL A S — (E)bserve::llllmllt (95:/0 cC:JII__) i

o T [ Vs=18Tev,126—1301 == et

ATLAS - Observed ||m|t :\:/ 104; HH-bbt* T~ + bbyy + bbbb =3 Expected limit +1o =

. L - [ Expected limit +20 E

\/— 13 Tev 126_1 39 fb—1 ............ EXpeC’[ed I|m|t % B E== Theory prediction ]

(HHH = O hypothesis) w Y  SM prediction
OggF+VBF(HH) 327 fb .. 6» 103

[ Expectedlimit+ic | 2 TR N e

1 Expected limit 20 e

10% E

Obs' Exp' 101 I T T R N I R | ] [ o ﬁ Clonllbinledl ]

T -10 -5 0 15

_ K)

bbyy— \ 4.2 5.7

E 3! = T T T T I T T T T I T T T T I T T T T I T T T T I T T T T ]

. - E - ATLAS — (E)bservejlllmlt (:5/((33:__) .

) T [ vs-13Tev, 126139t == Goetot e
bbT + T 47 39 :\Eu: 103:— HH-bbt* T~ + bbyy + bbbb [ Expected limit +1o =
g E [ Expected limit +20 ]

: . :D>D C E== Theory prediction ]

* _____________ . Y¢  SM prediction /

bbbb- 5.4 8.1 PP i/ | |\\ SO 3
Combinedf~  #: 2.4 2.9 10'F I gy e
: r e Yy ]

PR I [ O R T N T N TN N A TN N N AN TN TN N N N T N r [ — bbTtT- ]

0 5 10 15 20 25 30 - I N :

o . . . 100_ = Combined 4
95% CL upper limit on HH signal strength Lyy L T .61. _—

Kav
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https://doi.org/10.1016/j.physletb.2023.137745

h + hh CombinatiOn Phys.Lett.B 843 (2023) 137745

- Single-Higgs processes are indirectly sensitive to k; via NLO EW corrections:

: : 2N M
Universal correction O(k;): Higgs loops # ----- 5t i

q > > q 9 - > t
t
9 (GO000) i
\H \H !
\ \\\ A . - T == H
tA t em- H Vg _=a%m-- H B
. H i,
’ -t 1 -
7 Q0000 )— q > > q 9 OO t

- Simplified template cross-section (STXS) results are parametrized as a function of
(Ky, Km) K the other couplings modifier (icy, x;, ip, i)

ignal
njﬁna (K> km) o pi(Ka, Km) X\t £ (Ka, Km)|X Tsm,i X BRsm, p X (€ X A)if

production decay
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https://doi.org/10.1016/j.physletb.2023.137745

h + hh CombinatiOn Phys.Lett.B 843 (2023) 137745

< 10 I | | | | I | I I I I I I I | | | | | |

c - ATLAS 1 . . o
= - m— H K only - Combination assumption Obs. 95% CL Exp. 95% CL Obs. Value_w
Q | Vs=13TeV, 126—139 fb~’ HH | A

| gl Observed — o KA;” y .- HH combination ~0.6 <k <66 -21<ki<78  ka=3.1"19

- Thaony Single-H combination ~40 <Kk <103 —52<ki<115 xy=25%8

i HH + H ks onlv: HH + H K, generic L 1.8

B A only: i HH+H combination -04<k;<6.3 -19<«k;<7.6 Ky = 3.Of1:9

o ZSH/O: "(_}; < [_0'4’6'3] - HH+H combination, «; floating —-04<k3<6.3 -19<x1<7.6 K1 = 3.0ﬂ'g
: + H K, generic: . o . _ A a2l
i 95%: k) € [-1.4,6.1] i HH+H combination, «;, Ky, Kp, k¢ floating  —1.4 <k, <6.1 22<kKky <77 Ky = 2.3t2.0
4=\ N\ 95%

- - g 1 _4_ I I I | I I I I I I I I I I I I I I I I I I 1 I I 1 I | I

N i . ATLAS — 68%CLHH+H |
2+ — [ Vs=13TeV, 126—139 fb™" ==+ 95%CLHH+H 7]

- o 1.3 Al other « fixed to SM — 68%CLH -

N NN\ S 68% __| © Observed -=: 95%CLH 1

B i Z serve —— 68% CL HH ]

| : | - ——. 95%CL HH .
05 0 5 10 15 1.21 o SMproditon
- op BestfitHH+H -
K i i

1.1F 1 &

: : : ot - reat advantage
Provides the most stringent constraints on - | o combinatiogrll
Higgs boson self-interactions to date 1E .

0.9 | | .
-10 -5 0 5 10 15 20
K
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https://doi.org/10.1016/j.physletb.2023.137745

Summary

 Diverse program in the Higgs sector to probe BSM physics
— Direct searches for Higgs-like new scalar or pseudo-scalars
- Produced in pp collisions or exotic Higgs decays
— Charged or doubly charged scalars
— Invisible Higgs decays
— DiHiggs production: resonance and non-resonance

- Covers many event topologies and BSM models

AND
- No significant deviation from the SM yet, but Run3
data taking is on-going ... and the HL-LHC ... SEéRNCH
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Events / bin

Data / Pred.

Heavy resonances, X - WW

- Search for heavy narrow resonances in X - WW — evuv

II| T T IIIII|| T

6 .

10 ;L ATLAS Pre“m'nary ® Data § Uncertainty§
r V{s=13TeV, 139 fb" . ]
(oL H o W evay [JoornwatTev g 1
E ggF SR | EL | EEAE

B 0 %e 4 [WsingeTop [l other vv
10*E ‘ . =
E : .Z/v Mis-D 3
:. 'A,.A B #1125 Gev) :
108 =5
102 =5
10 =

1

1.2
1.1
1 S g e o8-8 g~ w&«‘\“\*\ \
0.9 T MRS %X\ \\
0.8

T
102 10°

95% CLs Limit on o(pp— ¢) x BR(¢— WW) [pb]

10°E

107!

ATLAS-CONF-2022-066

Results are interpreted in 5 signal models

bulk Randall-Sundrum radion

IIIIIIII|IIII|I IIIIIIIIIIIJE
- ATLAS Preliminary
{s =13 TeV, 139 fb™ =
Radion, ggF, ¢ - WW—evuv ]
[]z*2¢ -
@O 1o 3
----- Expected

—— Observed Limits |
—— Theory Prediction 3

1 1 | 1 1 1 1 | 1 1 1 | 1 1 I 1 1 1 1 I 1 1 1 | 1

1000 2000 3000 4000 5000 6000
m, [GeV]

95% CLs Limit on o(pp— Z') x BR(Z'— WW) [pb]

spin-1 heavy vector triplet (HVT)

102

1072

ATLAS Prelim

l T T T T | T I I T T T T

inary

\s =13 TeV, 139 fb™
£ HVT, qqA, Z' - WW—-evuv E
F ] +20
3 t1o
----- Expected
E —— Observed Limits 3
—— Model B
—— Model A
1 1 | 1 1 1 1 | 1 1 1 ) 1 1 1 1 I 1 1 1 1 | 1 1
1000 2000 3000 4000 5000
m,, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-066/

FCNC t - gX,X = bb arXiv:2301.03902

 |lepton+jets tt —» (gX)(bfv) with scalar X - bb and g = u/c
— Light scalar my < m; (uncovered search at the LHC)

- A mass-parameterized neural network to separate S/B
- Main bkg normalization from control regions

*: normalised to total background
||\|||I|||II||I||l|I|\||III|||III|IIII‘I\I |II|I_

510000 ATLAS ¢ Data —~ ion limi
H

& R ey, 100 oo 120 e ] Exclusion limits on Br(t — gX) for 20 < my < 160 GeV
[~ t?ux U lJ_X 120 Gev* 7 gl 1 071 E T | T T T | T T T I T T T I T T T | T T T | T T T E — 1071 E T T T I T T T I T T T T T T | T T T | T T T | T T T E
8000 5j 3b M tt+>1b 4 8 E 3 e E 3
L Post-Fit [ti+>1c 4 1 - ATLAS —e— 95% CL observed limit - 1 - ATLAS —e— 95% CL observed limit -
- tt+light — < K 4 e 95% CL expected limit i < L TR 95% CL expected limit i
- %ngfﬁ 1 &, ,[ /s=13TeV, 1391 B Expecied £ 16 B S | Vs=13TeV, 1391 ] Expected £ 1 ’
6000__ ~ Uncertainty ] />_<\ 10 g [ ] Expected + 26 E /)_(\ 10 E [ ] Expected + 26 E
h x = 7 x C ]
e 2L t > uX 1% t - cX ]
=103 = %10_3.—— 3

---------- 104 = 10 3
5 O C ] C ]
S 1 3 i 7 B iy
~ E/// /7/-/‘/‘//7’///#-/‘/ (ot -/‘//’/-/‘/ %4 /’/—/ /74/////7{ 7/7"///‘///79E 1 0_5 T T ey T v P 1 0_5 Ly T ST Ll L
© 15 hd e L i L2 E 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
a 09F E m, [GeV] m, [GeV]
0.8 -

D01 0209 0408 ?Jfé(;giﬁmoimut' A factor of 3 improvement in sensitivity for my = 125 GeV (t - qH)
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https://arxiv.org/abs/2301.03902

AXions

* PQ mechanism [Peccei, Quinn PRL 38 (1977),PRD 16 (1997)]

- assume a global U(l)pq:1) QCD anomalous and ii) spontaneously broken

- axion: PGB of U(1)pq breaking [Weinberg PRL 40 (1978), Wilczek PRL 40 (1978)]

a(z) = a(z) + da fo

—a\ s A 1
tor= (74 ) 226G, - Soada+ £(0,0,0)

v
(B (z)) — 0 (dynamically, via a QCD-induced axion potential)

L. Di Luzio

e POWW axion
- axion identified with the phase of the Higgs in a 2HDM ( fo ~ v, ruled out long ago)

* Needs fo >v = Invisible axion (phase of a SM singlet)

- DFSZ axion: [Zhitnitsky SJNP 31 (1980), Dine, Fischler, Srednicki PLB 104 (1981)]

SM quarks charged under PQ (requires 2HDM)

- KSVZ axion: [Kim PRL 43 (1979), Shifman, Vainshtein, Zakharov NPB 166 (1980)]

new vector-like quarks charged under PQ

- 10° GeV
Mg =My ~ 6 meV ——
fa fa

- axion couplings ~1/f,

- axion mass

f (GeV)
10'710"%10"°10"10'210"210""10"° 10° 108 107 10° 10° 10* 10° 102 10" 10°

T T T T T

XENON100 (gpee, DFSZ)

Dark Matter (pre-inflation PQ phase transition)

_E

NS in Cas A Hint (gan, DFSZ)

Hot-DM/CMB / BBN

Telescope/EBL D Beam Dump

SURELYEN(PWNLCIPA] Burst Duration [l Counts in Superk

RG Hint

WDLF Hint|:| WDLF (gpee DFS2)

HB Hint I HB Stars in GCs (ga,, DFSZ)

RGs in GCs (gpee DFSZ)

Black Holes

CASPEr ADMX

ADMX G2

10"107°10° 108 107 10® 10®° 10* 10® 102 107" 10° 10" 10% 10° 10* 10° 10°

Axion Mass m, (eV)

[Ringwald, Rosenberg, Rybka,
Particle Data Group (2016)]

Astro/cosmo exclusions
Lab exclusions

Exp. sensitivities
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https://indico.cern.ch/event/653347/contributions/2695611/attachments/1529646/2393652/Di_Luzio_Heidelberg.pdf

2HDM

P. M. Ferreira et al. arXiv:1106.0034

- Two complex scalar SU(2) doublets

A A 2
Vo= m2 3d; +m2,old, — m2, (¢T<1>2 + old ) = (<1>1<1> ) + 72 (<I>;<1>2)
_|_

+
g @1, BLD, + N, DD, B <1>1+— [(cb’fcbz)

o — ( o ) 0—12 Yukawa couplings of u, d, | to the neutral Higgs bosons h, H, Aiin the
N\ (et patin [V2 )7 ’ four different models

Type I Type I1 Lepton-specific Flipped

£ | cosa/sin cos a/ sin cos a/ sin 3 cos o/ sin 3
) , (Do) = ( £ | cosa/sin —sina/ cos B cos o/ sin 3 —sina/ cos B
& | cosa/sin 3 —sina/ cos B —sina/ cos B cos o/ sin 3
€% | sina/ sin 8 sin a/ sin 3 sin «/ sin 3 sin a/ sin
¢4 | sina/sin B cos a/ cos 3 sin a/ sin 3 cos a/ cos 8
¢5 | sina/sin B cos a/ cos 3 cos a/ cos 3 sin / sin 3
&Y% | cot B cot 8 cot 3 cot 8
€4 | —cot tan 8 —cot 3 tan 3
4 | —cotp tan 8 tan 8 —cot B3
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https://arxiv.org/abs/1106.0034

2HDM+a

- A simplified Dark Matter model for spin-0 mediators based on 2HDM
— Gauge invariant and renormalisable U. Haisch et al JHEP05(2017)138

— Pseudoscalar mediators: advantage of avoiding constraints from DM direct detection experiments
— Recommended by the LHC DM WG (arXiv:1810.09420)

« Model parameters :]Ei g t tHZ ) g t tAh
— 14 in total, g . .
- 2HDM parameters: my, my, my+ ,my, A3, VEV, tanf, cos(f — a)
- Additional parameters on the pseudoscalar:

- mg,: mass of the pseudoscalar
— Quartic couplings with a: AP1, AP2
— 0: mixing between a and A

- Additional parameters on DM: m,, y, (the coupling between a and the DM)
— reduced to 5 with some assumptions

° Mg, My, My, tanf, sinf
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https://arxiv.org/abs/1701.07427

SHDM

- X, Y, and Z are coupling functions of four parameters of a unitary matrix U

G* 2 i i f
O I Uk UL, UL

2 2 U(Jlrl U'I.l Ul;rl
i} :

The values of d, u, and | in these matrix elements depend

on which of the five distinct 3HDMs is under consideration el
3HDM (Type I) 2|12(2

3HDM (Type II)  ||2[1]1

3HDM (Lepton-specific)|[2 |21

3HDM (Flipped) 2(1(2

A.G. Akeroyd, Stefano Moretti, Muyuan Song, SHDMU(Demoertic) []L3

arXiv:1810.05403
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https://arxiv.org/abs/1810.05403

Summary plots: generic (narrow width) neutral scalars

ATL-PHYS-PUB-2023-007

Status: March 2023 Status: March 2023

ey R L L B L L B L B LI o) R L B L B L B L B LI
S 10* = ATLAS Preliminary —— lllsvvil[EPJC 81 (2021)332] 5 = 10° = ATLAS Preliminary —— lilsvvIl[EPJ C 81 (2021)332] 5
- ] N — _

i 10° L Vs = 13 TeV, 139 fo” vvqa+ligq [EPJ C 80 (2020) 1165] | 1 (oL Vs =13 TeV, 139 fb’ vvqq+ligq [EPJ C 80 (2020) 1165]
g_ E — Observed E >’F E —— Observed E
o L - L -
© 10? 2 R Expected = \% 10° . s Expected =
5 = - c - -
E B _ "g I ’ "\ |
5 °F 3 E 10 N :
O - ] _ - W =
R F - o  F S :
s 1 E 5 1= E
- - S -

[ 99F X— ZZ B [ VBF X— ZZ]] -

10_ EI 1 I 111 1 I | | | I I | I | | | 111 1 I 111 | | 111 1 | | | 111 I—IE 10_ 5| 1 I 111 | | 111 1 | | | | I I | I 11 1 1 I | N I - | 11 1 1 | 111 1 | 1 1 1 l—'E
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 35 4 45 5

m(X) [TeV] m(X) [TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-007/

Summary plots: diboson resonances
SRy PUE2025.007

ATLAS Diboson Searches - 95% CL Exclusion Limits ATLAS Preliminary

Status: March 2023 £=1391b! \s=13TeV
Model Channel’ Strategy* Limit Reference
Bulk RS (knr. = 35,Ag =3TeV) R - WW,ZZ — wqq, tvqq, ttqq resolved, boosted I I I I I 0.3-3. TeV I l I Eur. Phys. J. C 80 (2020) 1165
Bulk RS (knre = 35, Ag = 3TeV) R — WW — evuy resolved ATLAS-CONF-2022-066
» Bulk RS (knre = 35, Ag = 3TeV) R—> WW,ZZ - qqqq boosted JHEP 06 (2020) 042
§ RS1 (k/Mp; = 0.01) Gkk = vy resolved ] Phys. Lett. B 822 (2021) 136651
é RS1 (k/Mp; = 0.05) Gk =y resolved Phys. Lett. B 822 (2021) 136651
S RS1 (k/Mp =0.1) Grk =y resolved Phys. Lett. B 822 (2021) 136651
g Bulk RS (k/Mp = 1.0) Gk — ZZ — Lot wtt resolved Eur. Phys. J. C 81 (2021) 332
- Bulk RS (k/Mp; = 1.0) Gkk — WW — evuv resolved ATLAS-CONF-2022-066
Bulk RS (k/Mp = 1.0) Gk = WW, ZZ — vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k/Mp; = 1.0) Gkx = WW,ZZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W - WZ - o't resolved arXivi2207.03925
HVT model A W' - WZ — vvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A W’ - WH — tvbb resolved, boosted arXivi2207.00230
HVT model A W' — WZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model A Z' - WW — evuv resolved ATLAS-CONF-2022-066
HVT model A Z' - WW - vqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
@ HVT model A Z' > WW - qqqq boosted JHEP 06 (2020) 042
§ HVT model A Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
8 HVT model B W' - WZ - tve't resolved arXiv:2207.03925
§“ HVT model B W’ — WZ — yvqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
8 HVT model B W’ - WH — tvbb resolved, boosted arXiv:2207.00230
HVT model B W' — WZ - qqqq boosted JHEP 06 (2020) 042
HVT model B W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model B Z' - WW — evuy resolved ATLAS-CONF-2022-066
HVT model B 7' WW > tvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model B Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
HVT model B Z' > WW > qqqq boosted JHEP 06 (2020) 042
HVT model B Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model C W' - WZ - ovt't! resolved 1 0.3I-0.34 TeV | | | | | | | arXiv:2207.03925
0.5 1 1.5 2 25 3 35 4 4.5
HVT model A: gr = —0.55, gr = —0.56 Excluded mass range [TeV]

HVT model B: gr = 0.14, gy = —2.9

HVT model C: gr =0, gy =1 .
7 / 4 /2 3 *small-radius (large-radius) jets are used in resolved (boosted) events 37
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Summary plots: hMSSM and 2HDM

ATL-PHYS-PUB-2022-043

tan

September 2022
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-
20 -

-
- ~eo
-
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hMSSM, 95% CL limits
Run 2, Vs = 13 TeV

— Observed
--- Expected

2 |

ATLAS Preliminary

[ gg/bb H/A, H/A — <t
P 139 fb!
= Phys. Rev. Lett. 125 (2020) 051801
[ tlo) H', H — v, 36.1 fo'
] JHEP 09 (2018) 139
[ b(b) H/A, H/A — bb
- 27.8 o™
Phys. Rev. D 102 (2020) 032004
[ H > ZZ - 4l/ivy, 139 fo™!
Eur. Phys. J. C 81 (2021) 332
— [ 1 A—>Zh h—>bb, 139"
arXiv:2207.00230
[0 tb) H', H — tb, 139 fb
JHEP 06 (2021) 145
T H—>WW - viv, 36.1 fb"
— Eur. Phys. J. C 78 (2018) 24
I H — hh — 4b/bbyy/bbtt
- 126 - 139 b
ATLAS-CONF-2021-052
—{ === h couplings [x,, k,, k4]
36.1-79.8fb"
Phys. Rev. D 101 (2020) 012002
[ ttH/A, HIA — tt, 139 fo
ATLAS-CONF-2022-008

1000

2000
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@_ . | T j T T T T T T T T T T T T T T T T T T T
g - ATLAS Preliminary /s =13 TeV, 126-139 fb~!
17.5}F 95% CL limits, cos(p—a)=+0.1, type-l 2HDM ;
1 5.0 I H Wldth g SOA AHFL:S>-2CI;]NF—2021—052 '_
i 3 Obs. ]
— ---- Exp. |
12.5 I ]
I AH—- 1t
L PRL125(2020)051801 1
10.0f BN Obs. -
[ —-— Exp. -
7554 A zh ]
arXiv:2207.00230
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Summary plots: Georgi-Machacek

ATL-PHYS-PUB-2022-008

H5 plane benchmark of the Georgi-Machacek model
’ March 2022

;?E "" E R — VV (semi-leptonic)
E/ O 9 Eur. Phys. J. C 80 (2020) 1165
= : [

0 - 8 Width=10% ; ATLAS-CONF-2022-005

1 EEy-aY .

| Eur. Phys. J. C 81 (2021) 332
{ [ op - HHT > W'W'WW
' JHEP 06 (2021) 146

0.7
0.6
0.5
0.4 N
0.3 |
0.2 BINCA N SRR

ATLAS Preliminary
0.1 GM Model, 95% CL limits
0 1 L L 1 I 1 1 I 1 I 1 1 I 1 L I

F - 13 TeV, 139fb‘
200 300 400 500 600 700 800 900 1000
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Summary plots: X — hh

ATL-PHYS-PUB-2021-031

)
&, 50 .. Combined 27.5—36.1 fb~1 =
510 = ATLAS Preliminary — [P?\r;s.lrl]_?ett.BSOO (2020) 135103] 3
T - VS =13TeV, 27.5-139fb~! __ bbbb 126—139 b1 .
1 [ Spin-0 [ATLAS-CONF-2021-035] i
X 4 ____ bbt*t (resolved) 139 fb~!
+ 10 F [ATLAS-CONF-2021-030] E
=3 - ____ bbt*t™ (boosted) 139 fb~2 ]
£ - [JHEP 11 (2020) 163] -
© .0 _ bbyy 1391 T
10°F [ATLAS-CONF-2021-016] =
2
10°F E
1
10 F _ E
E —— Observed ]
ol Expected T~ |
10 = L I ] I L by v vl I ] 3
200 300 500 1000 2000 3000
Mx [GGV]
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Boosted a — VY arXiv:2211.04172

- Shape parameterized with analytical functions
— Background modelling uncertainties reduced with Gaussian Processes

>14000 .
O] - ATLAS e I\D/Iatcjll 5
— — Mode —
B12000 (5_13Tev, 138167 . 1oy ]
%1 0000_— -== Power-law ]
= N X -- Power-law x Activation
2 8000f; E
LIJ » -
0100 U e R R SRR R R R =

s \ _myy

4000¢- hto(myy; fo,mr0) =1 - (1 - fo)e ™

2000~ B L ST i
O_ 1 1 1 1 | I I ! 1 | 1\1 1 .1...1..-:...1".'.1'.-.-.- .... -
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Boosted a — yy

arxiv:2211.04172
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Low-mass resonance X — yy

A diphoton BDT is used to discriminate between diphoton events CMS PAS HIG-20-002
from Higgs boson decays and those from the diphoton continuum
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Low-mass resonance X — yy

ATLAS-CONF-2023-035

- Background-only fits to data
— Background modelled with analytical functions

— Modelling systematics reduced after smoothing with a Gaussian Process regression

Model-independent
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vy 423746 71.5 331118 67.0 64521 57.3
Bin 1 vj 124037 209 118863 24.1 33610 299
Ji 40357 6.8 35958 7.2 9217 8.2
DY 4263 0.7 8289 1.7 5255 4.6
vy 379797 7477 279785 69.7 55632 64.5
Bin 2 vj 102841 20.2 96895 24.1 23029 26.7
Ji 24437 4.8 22205 5.5 6037 7.0
DY 1473 0.3 2761 0.7 1577 1.8
vy 205134 80.3 153411 73.5 30061 66.6
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DY 486 0.2 1160 0.6 758 1.7

The DY background is modeled using a

DSCB function
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Heavy resonances, X - WW

ATLAS-CONF-2022-066

» Results are interpreted in 5 signal models
— a Higgs-like narrow width scalar
— a Higgs boson in the Georgi—Machacek model
— a radion particle arising in the bulk Randall-Sundrum model

— a spin-1 heavy vector triplet
— a spin-2 graviton
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tta,a — uu

arXiv:2304.14247

« 2HDM+a Results

Expected and observed lower limits on tanf
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t > HTh,HT > cb

arxiv:2302.11739
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++ pyt++ + 1+ .
_ - = — [ — arXiv:2211.07505
H*= H** — [*]
* Results .
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A—- /ZH - litt + vvbb

ATLAS-CONF-2023-034
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X - hh, hh — bbtt arXiv:2209.10910
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X — hh,hh - bbtt

arXiv:2209.10910

95% CL limits on & (pp — X — HH) [fo]
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