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Testing BSM Ph

e LHCisworld’s most powerful discovery machine
o Hope to find hints of BSM physics in direct searches and &
measurements as well

e Program driven by BSM and experimental results
o Explaining unresolved mysteries in SM
m Hierarchy problem, Unification, Dark matter,
neutrino mass, Matter-antimatter asymmetry ...
o  Strong hints from measurements
m ug-2,B-anomalies, direct detection of DM,
cosmological constraints, neutrino oscillation ...

e Program driven by signatures in detector
o Trigger and reconstruction algorithm are important
o Improving techniques (ML) to explore more exotic world
m Allow us to test new signature, more sensitivity
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) Higes Physics @ LHC

EXPERIMENT

e Inthe SM,only 1 complex Higgs doublet is responsible for EWSB :
One neutral, CP-even (Scalar) Higgs boson = h

. . Origin of EWSB?
But many questions remain ! £ZRSETEEE. Higgs Portal

Universe to Hidden Sectors?

The Higgs boson is connected to Naturalness Stability of Universe
numerous fundamental questions

Fundamental CPV and
Plenary talk on 12 June or Composite? Baryogenesis

Theoretical Perspectives on Higgs Physics
is covered in the talk by Christophe Grojean Is it unique? Origin of masses?

BSM Higgs sectors triple Higgs couplings Origin of Flavor?
is covered in the talk by Sven Heinemeyer
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@ BSM Higgs @ LHC

e Examples of the interplay between experimental observables and fundamental
questions connected to the Higgs boson

Exotic ; Lol
Higgs Mass . . i
Decays Higgs signal Higgs Width » s‘::ngs
Self % strengths N > Y Electric

coupling b W S el < A | ; Dipole

measurements L N 9 28 T B * s 4 ' ; Moments
Multi-Higgs ¥ ’ ';’ ' - . ~ e i . M v e lpsadinn B0

resonances leferentu'al
Sl Cross Sections

: ; \% : Baryogenesis
S

Higgs Portal 1 \BS Origin of EWSB?
to Hidden Sectors? s

Origin of Flavor? CPV and

Thermal History of

Universe | Stability of Universe
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BSM Higgs Models @ LHC =

There are many interesting BSM models to guide us at the LHC:
Higgs Singlet, 2HDMs, 2HDM+a, Composite Higgs, Higgs portal to Dark matter, FCNC ..

Two Higgs Doublet Model (2HDM) extends BSM Higgs sector to include 2 complex H doublets
(CP-even) h, H, (CP-odd) A, H*, H"
O Parameter : mass, tanf (ratio of vev, v2/vl) , a (mixing angle between the h, H)
Type 1: One doublet couples to V(fermiophobic), one to fermions
Type 2 : MSSM like model, one doublet couples to up-type quark, one to down-type quarks
Type 3 : Lepton-specific model, same coupling to quarks as Type 1 & to lepton as Type 2

O
O
O
o Type4:Flipped model, same coupling to quarks as Type 2 & to lepton as Type 1

2HDM+S : This model is an extension of 2HDM with an additional EWK scalar singlet.

Minimal Super Symmetry SM (MSSM) provides an elegant solution to the hierarchy problem,
and potential Dark matter candidate

o More specific MSSM model Mh*?* fully determined at tree-level by m, and tanp

o The NMSSM is a particular case of 2HDM+S Type 2.

In MSSM/2HDM Type 2, the couplings to b-quarks and t-leptons are enhanced at high tanf3
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How to Search for BSM Hig LHC B

At the LHC, large group of BSM Higgs searches being covered with full Run-2

o Only a few instructive and very recent results will be showing.

ATLAS-CONF-2023-035
CMS-PAS-HIG-20-002

Additional Higgs, .45 pHys pus-2022-043 The width (?f the observed
BS.M neutral H. A CMS public Higas Summary Plot resonance is very narrow, small
particle Charsed I-;”/' H*+  AILAS HDBS-2020-12 coupling to BSM particles can lead
searches 8 ATLAS-CONF-2023-034 to observable exotic decays of the
arxiv:2302.05225v1 nggS bOSOﬂ at the LHC

LFV, h> Il cMS-PAS-HIG-22-002

. CMS_'P ASHIG-22:007 \+ s 1ipBS-2020-12
Light pseudoscalar h»aa axxiv.2208.01469
arxiv:2209.06197

h->Invisible, h»> dark photons ariv.2301.10731  ATLAS HDBS-2019-13
arxiv:2303.01214 ATLAS-CONF-2023-016

re:onangg: CMS public Higgs Summary Results Many other list can be found in

ATLAS Publication List
X > HY Searches 7145 conr2023-031 CMS Publication List
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L#  Low mass SM-like H » =

EXPERIMENT

Is the 125 GeV Higgs the lightest Higgs ?

Result of a fit of the S+B model under a
mass hypothesis of 95.4GeV

e Search for SM-like Higgs in di-photon mass _ x10°CMS preiminary 1322 fo” (13 TeV)
100 —]
spectrum, 70 - 110 GeV g [oon 4 Data ]
. . . P MirSer ey — S+B fit :
e Diphoton triggers with p_>30, 18 GeV i . BAEEpEREE -
. . . > i +1 ]
e Background: SM yy, dijet, y+jet, DY(ee) % ool 512‘; .
e Eventselection based on BDT photonID £ ¢ ]
. . ‘S 40 ]
e Event classes with extra jet & year = B i
e Extract Signal from the Background usinga ¥ 2| ]
parametric fit to diphoton mass. R S D
600 — component subtracted3
400 =
A previous CMS result at 8+13 TeV Data after 200
Local (global) significance 0of 2.80 (1.30)  gybtracting the - ?
@ 95.3 GeV. fitted background-4o0 E
Phys. Lett. B 793 (2019) 320 component 70 80 90 100 110 120
)

m,, (GeV
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e Maximum observed excess for a mass hypothesis of 95.4 GeV with local (global)

S'gmflcance of 2.9¢ (1.30). first result using full Run-2
-1
2 CMS Preiiminary 132.2fb™ (13 TeV) CMS Preiiminary 132.2 fb" (13 TeV)
1_'"'|""I""|""I""l""l""l""_ () IS LML L L L L B L LN LN L=
»n - =
~ : bl —% Y — Observed ] % ]
= 09F — S ]
T z . Expected + 16 J a £\ ] 1o
5 o8 :_ Expected + 2 —: § ;
m . U e 3 O [ N ]
0.7 - 120
XI 09 (103E°. - 10—2:_ —
© 0.6 —: E H— 7Y E
a5 05 - NN 1 S |
og . i e = o
8 04 = - g
; - E - —— Observed 13 TeV (2016) i
0.3 3 g ——— Observed 13 TeV (2017)
T E g L ' E_ ——— Observed 13 TeV (2018) _E
E 0.2 b surmssssesecssencocuoooioo d4c
om E |l ——— Observed 13 TeV (Run 2) _
x  01= 107 e
i Coov b b e B e i b n Lag iy Evova v b b b s b by g by 149
© 70 75 80 85 90 95 100 105 110 70 75 80 85 90 95 100 105 110
m,, (GeV) m,, (GeV)
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LEP experiment

CMS experiment

ATLAS experiment

(2003 July) (2023 March) (2023 June)!!
PLB.565(2003)61-75 CMS-PAS-HIG-20-002 ATLAS-CONF-2023-035

.qa CLep D T CMS Preliminary 132.2 b (13 TeV) o
@) 1 L B o L R R RN RS R RN RRRRE R % _
— E : T ¥ g E

X o T n VAR AR\ { w

- g
10 1 \\\ 3 ----------------------------------------- E

AN 1072
\, §° Bl T e ——
W/ R /| N -
2 L 3 0% imi 3
10 __ :)‘he:::;for“ ,,,,,,,,,,,,,,,,,,,,,,,,,,,, B Observed 13 TeV (2016) ATLAS P relmllnary — Observed E
Expected-for-baclk grour 10_4 __ Observed 13 TeV (2017) 2023 updated f=13TeV’ 140 fb
30 % Observe d 13 TeV (2018) 30 S
. g et PR 1.0 i B ]
198 85 90 95 100 105 110 115 120 0‘5?‘ e T e e 00 T
_ 2 75 85 90 95 100 105 110

mH =80 - 120 GeV  m,(GeV/c’) mH =70 110 GeV m,, (GeV) mH = 66 — 110 GeV m, [GeV]

140 fb™* of pp collision data @
c.0o.m energy =13 TeV
local 1.7 0 @ mu = 95.4 GeV

2461 pb! of e*e” collision data
@ c.0.m energy = 189-209 GeV
local 2.3 0 @ mu = 98 GeV

No significant excess with respect to the background-only hypothesis is observed.

132.2 fb™* of pp collision data @
c.0.m energy =13 TeV
local 2.9 0 @ mu = 95.4 GeV
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of 125 GeV Higgs (eT, u1).

Search for the Lepton Flavor Violating decays

In the SM, Higgs couplings are diagonal Y,

(
e Thediscovery of LFV would suggest a Flavor Structure
LFV Decay widths
apy _ MH 2 2
[(H = £8) = o (Yeues | + |Yope )
Branching ratios
['(H — ¢%¢P)
H — *¢F) =
BH = &) = 1@ 5 48) 1 Ty
e Multivariate techniques like BDT and DNN are

employed to achieve maximum separation between
signal and background to enhance sensitivity

Events / Bin

Data—Bkg Data / Pred.

o,

v, T> hadrons+v
L L T L L
ATLAS 4 Data B Hout, B=0.11%

. Hoyt, prefit WM H-et, B=0.09%
VS =13TeV, 1380 C3 Boasxi00 mem Zoet
H = UThag [ H-er, preiit Top-quark
MC-template B=0.1% x100 Misidentified
VBF, postfit 7 Uncertainty I Others

=5
(O]
3
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https://arxiv.org/abs/2302.05225
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032013

e Observed (expected) limits at 95% CL :
BR(H->eT)< 0.23 % (0.12 %) & BR(H->pT) < 0.17 % (0.09 %)

e Best-fit BR(H->pT)-BR(H->eT)
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@ LFV H, X » e*u” Search P

e Search for ‘both’ SM and BSM Higgs boson H, X>el, where 110 <m, <160 GeV,
following a bump hunt strategy.
® Obs (exp) BR: BR(H.__.»>eu) <0.0044 % (0.0047 %)

125
Prelimin 138 fb™! (13 TeV CMS Prellm/na 138 b (13 TeV. o
- CMS|e|ary‘ ..,‘3‘8.,‘(‘3‘%‘ > sop T T (L. NN ... (.,.e,) CMS Preliminary 138fb (13TeV)
ggcat : N _||||||||||!||||||||l|| L
0.52 (0.81) x 10 I 2 so0 - + Data E 8F  95% CL limits local ( lobal)
ggHcat1 I 85T cL limis i % : e Zf)r:tponent ] : b d g
Led . ie==ss 4 —e—— observe
0.84 (0.80) x 10° I *  Observed o 400 Bio = U 3.8 (2 8)0' _;
= - Expected + 10 o r ] - expected + 16 b
ggHcat2 2 5 [+20 ] 6k E
x| Expected + 2 Z 300 - ]
140 (130) x 10° . XROCOC +eg _% g L expected + 2 @146 GeV:
- ] ; F <)
10.34 (6.97) x 10 (7)
X
%)

VBFcat0

2.08 (1.72) x 10 -
VBFcat1

3.96 (3.25) x 10 -
Combined I
0.44 (0.47) x 10*

95% CL limit on o(pp — X — ep) [fb]

b b b b b by b by s by

IS US| PN PRI RV AR BN I
0 2 4 6 8§ 10 12 14

95% CL limit on B(H(125)- ep) [x 10%] m,, [GeV] m, [GeV]

115 120 125 130 135 140 145 150 155 160

Also, set obs. upper limits on LFV Yukawa coupling : /1 Ye + 1Y, <1.9 x 10
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Results for MSSM Higgs Boson Search : h___interpreted as lower mass Higgs boson
Regions of the [m , tanf] plane excluded in the hMSSM via direct searches for heavy Higgs boson
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CMS public Higgs PAG Summary Plot
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e BR(H-»aa) depend on the Types and model parameters.

e Typically searched light Ma < MH/2

e Assuming the S has no direct Yukawa couplings, coupling to
fermions are a result of mixing with the Higgs sector.

Exotic decay mode:

SM H » aa search can constraint
2HDM+S that conserve observed
features of the SM.
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______ HsaasdySearch K4

Search for SM-like H~>aa >yyyy : well isolated four photons (resolved):

AR(y, y) or AR(yy, yy) > 0.2 = Probes the pseudoscalar mass range 15 <m(a) <62 GeV
To improve sensitivity, train a 4 photon event classifier using variables uncorrelated to

m(4y) and look for a 125 GeV resonance in the m(4y) spectrum of the signal-like events.
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CMS arxiv:2208.01469
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e Search for very low mass pseudoscalars decaying promptly to a merged di-photon
e Probes the pseudoscalar mass range m(a) < 1.2 GeV
e Probe merge I candidates in the SM H>vyv final state using novel photon reconstruction

technique of end-to-end deep learning

e Fit 2D distribution of invariant masses m(Fl) and m(l'z)
* First search in this topology
-1 3 -1
- 1_2CMS 136 b (13 TeV) %10 o = 10_1: | 1% I(1|3|TeIVE)
R —— ™. - 04 GoV. 75% 5 o |4 [°MS 95% CL upper limits ]
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e 0.8 o T [ 68% expected
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0.6 3 ~ 5 E5 CMS H - 1y
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04 :.‘\ ‘,v 2 G>) g
W s
0.2 1 > 10 =
| 2
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<
. ~
A \\
— 1 mergedreco I’
~

| BR(H>aa»>4y) < (0.09-0.33) %

Best constraints for this
decay mode in very low
mass (0.1 <m<1.2 GeV)
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e Search for a pseudoscalar a produced with tt, where a decays 3

into clean di-muon (high mass resolution)

Focus on two direct productions: tta, tt witht>H" » W*a’

e Predicted in 2HDM+S, NMSSM, Explain excess of galactic
gamma-ray emission.

® 15<m.<72GeVand 120 < mu:<160 GeV

® Mild excess at ma=27 GeV: 2.40 (local) = Run-3 data g
< ' ; ; - ‘ ‘ —_— 8 ; ; ; = 1073 ' ' ‘ ' -
2 [ ATLAS e -fakes efkes |2 ATLAS 12 c ATLAS Observed Limit
P r - - y = —e— Ob! d Limit ] = —e— Observed Limi E
£ {5 Vs=13TeV, 139" = i - ?:’(:5 cevy| T 7F VS-13Tev, 130! _— Ex:::tl:d Limi = L Vs=13TeV,139 b --- Expected Limit |
@[ w w2 SystUne. || = | 95%CLLimits mmm Expected 10 13 - 95%CL Limits BN Expected o
L M SingleTop+Z ¢ Data | I’ 6 Expected +20 a3 4 Expected +20
| Signal Region (epy) ™= WZ 13 E ——- Theory (NLO) E§ 10 E my =140 GeV 3
101 1« 55 Ba-pp=tg=007 4T 1
1w r 1T - R
AdE F 1. i + + + i
: » R tta 4t [ t>Hb,H >Wa
T } o 21 F :
i II! daad N ee— Jo f -
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i | J( i J( T # T 30 40 50 60 70 0 & 30 35 40 8 V‘;S
Q 20 30 40 50 60 70 . m, [GeV] — m, [Ge
mycevy  95% CL upper limit ‘ 95% CL upper limit
o( tta)BR(a~»> pp) : (0.5-3) fb o(t> H'b, H*> Wa>pp):(0.9 - 3.9)x10° fb
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Search ”

Spin0or2 _ -~ H  Higgs pair searches (fullRun2): * H

- bbbb (ATLAS, ), bbWW (CMS) ww | 2% | aex < Branching Ratio of
X O~ . - bbtr (ATLAS), bbyy (ATLAS, CMS) R HH > xxyy
- WWWW, WWtT, Tttt (CMS) = | x| x| osx
Yy 0.26%
CMS Preliminary 138 fb™ (13 TeV)
IE IIIII 1 I 1 IIIIIIIIIIIIII T I 3 "]""]""|"'||"'||||'|||||'||||'||||||_
;1045_ ATLAS Preliminary 2 % stk S0 ———— Mulilepton - Sub. to JHEP (2206.10268) |
T r ‘/§= 13 TeV, 126 — 139 fb_1 ] = E =" hbyy - CMS-PAS-HIG-21-011
1 B Spin_o ] Q ——— bb WW merged-jet - JHEP 05 (2022) 005
X i —— Observed limit (95% CL) | <" ———— bb bb merged-jet - Sub. to PLB (2204.12413)
© 1035_ ---- Expected limit (95% CL) 3 é ----- Expected 1
F » =1 Comb.exp. limt+1c ] ' —— Observed
T Comb. exp. limit+20 | o Assumes SM H BR
i 1 1T £ Narrow Width appr. _|
10% R :
E a o
; 1 E
- — 8 =
1L -
10°E bbbk X
r - 1 w
r —— bbt*t 1°%° | 0 TN ST
- —— bbyy 1 E N e T :
10% —— Combined = —
Ev 0l I | 1 TR S B N B A AN A A | ] L e Lo Lo Lo Lo Lo Lo T Ly
500 1000 1500 2000 2500 3000 3500 4000 4500
200 300 500 1000 2000 3000 ] R M,, (GeV)
ATLAS-CONF-2021-052 mx [GeV] CMS public Higgs Summary Results
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ATLAS

EXPERIMENT

e Search for heavy scalar X - singlet (S)+ SM Higgs
e Appearing in 2HDM+X, NMSSM

e Mx:500-1500 GeV, Ms: 200 -500 GeV

® Require:

H>thTh , S>VV > 1or2leptons(=e, W)
WW > lvqq’ (1), WW > lvlv (2l), ZZ > llgq, llvv (21)

e Utilizes BDT discriminant parameterized over Mx
e Fake th measured from DD using CR techniques

c ARALBARIRARNRARS AR AR RARE RARS RARNRARY EP LSS AR AR AAA RARS REAS RAR RS
f " ATLAS Preliminary ¢ Data ----X(500)~S(300)H f E ATLAS Preliminary @ Data -~ X(1250)-S(300)H]
@ 10°E (5=13TeV, 140 10"  [in Miv E 2 F (s=13TeV,140fb" [@dv  [iv 1
5 E X — SH - WWr, 1. [oiboson [[Jotners & 10k X - SH—> WWe_ g, [loibeson [[Jotners -
o [ 1427, SR WFake v, 7 Uncertainty | o E 1427, SR WFaker,, 7/ Uncertaimy 3
10° Post-Fit -~ Pre-Fit I Post-Fit -+~ Pre-Fit |
E E 3L
: X(500) > S(300)H: 10° X(1250) > S(300)H
| 10 E
10 ¥ +
1
0
ki 5 107
g g:’ 1.25
— 1; z + 0555455555 — 1?//,4////0///#//,4,%/// - W W { 7
£ 0.755 ¢ < 0.75F
© E © E
0 0.5 0 0.5%
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
BDT score BDT score

c(pp—>X—SH) [fb]

—
o
"

Resulting upper limits @ 95% CL :
o(pp~>X>SH) range : 72 - 542 fb

ATLAS Preliminary Vs=13 TeV, 140 o™
Exp. limits (95% CL) Obs. limits (95% CL)
m,/25 = [20,30,40,50,60] =+ WW1£21.4  —— WW1¢2Th4
F mg = [200,300,400,500] " WW2£21,.y = WIW2£2T,.4
w0 Z2202Th 4 — Z72£2T;4
=xus COmb. *+ 1o = Combined
[ Comb. + 26

I ! I | | | | | | |
220 240 260,320 340 360 430 460 530 550

320 350 Mg+m,/25 [GeV]
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ggF °  b-associated

e 2HDM, baryogenesis : CP-odd Ma > Mu

e Consider mass ranges:
Ma > 800 GeV, Mx >350 GeV (2 x Mtop)

e llttChannel:Z- I, H > tt (semi-L)
o 3leptons: eee, eey, epy, HUU
o = 4jets and exactly 2 b-tagged

e vvbbChannel:Z->vv,H->bb
o me‘SS > 150 GeV, no charged leptons
o = 2jets, exactly 2 b-tagged (ggF)
or >2 b-tagged (b-associated)
e Max. local significance of 2.85 0
at (Ma, Mn) = (650, 450) GeV for Lltt

my [GeV]

Events / GeV

A->ZH->IItt

ATLAS Prehmmary - v3'+avvv 3
-1 B
\s =13 TeV, 140 o B W W it b
A > ZH > it [ R4
P . twz
I, L3hi, Zin, Hin450 Tt
. . - ttz
S|g:a| Region Uncertainty
&= Pre-fit Background
Fig 2HDM model
ggF

(m,. m) (650450)GeV

cand _ ,,,cand

Am:mA miy

ol vl vl vl

s e [ e

n 15 =

8 %#++++ + _
8 05 *

0 200 400 600 800 100012001400160018002000

Am [GeV]

> L
§ 10°e ATLAS Prolminary _®. 23
@ {0k 1s=13Tev, 140" —3
5 E A ZH-vibb vt
ﬁ 1025_2[”39 -single-tnptw
E 0L, Hin300 Signal Region M Single-top (s+t chan)
10 E Uncerlalnly
E g 2HDM model
1= ggF 124.2 b
E {m, m-F='600,300) Gev
10"E
102
10°E
104 E |
§1.5— "‘+++‘I—
s 1B 00000040004, + + =
© E =
D0‘55....|....\‘..$‘\..H|.H.5
0 500 1000 1500 2000 2500

A-)ZH-)Wbb

m(VH) [GeV]

First result in lltt channel & high M(H-)bb)

ATLAS Preliminary v/s=13TeV, 140 fb~", gg — A — ZH — (/tt %
£ 95% CL upper limit exclusion, type-| 2HDM 1S
=1 tanp=0.5 Obs. / T
=== Exp. S
F —-= A width 25%
[ tanp=1 Obs.
=== Exp.
[ —— Awidth 25%
[ tanp=2 Obs.
[ === Exp.

y ]
/
500 600 700 800 900 1000 1100 1200
mp [GeV]

500

[ —— Awidth 25%

F === Exp.

ATLAS PreI|m|nary f 13 TeV, 140 fb~ i , bbigg — A—> ZH —>vvbb
[95% CL upper limit exclusion, type-Il 2HDM

[ tanp=20 Obs. . LT
--- Exp. 4 ol
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[ tanp=5 Obs.
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bb+DM

t/t+DM t4+DM

Heavy Flavor

plus DM
To extend our searches to -
unreached scale, weneedto
o . Higgs
add additional particles D Other Tnvisible
N 4 Decay
on the top of dark matter. L
o
Mono-X Dark Higgs y
Dark sector portals o

22

% L4V, mono- Dark Photc :
dark photon eB A”U e Dark Photon

* dark scalar H  k|H|?|S|

* sterile neutrino yHLN

2HDM+a combination
ATLAS-EXOT-2018-064

Summary of Higgs Invisible decay
ATLAS arxiv:2301.10731
CMS arxiv:2303.01214

mono-Higgs
ATLAS arxiv:2305.12938

dark higgs (WW+MET)
CMS-PAS-EXO-21-012

dark photon(ZH-»llyA’)
ATLAS HDBS-2019-13

dark higgs dark photon (Z->hoA’)
ATLAS-CONF-2023-016

Public DM Results : ATLAS , CMS

* ALP G B
T H > py H = ypy Recent results of Dark Sector @ LHCb

(VBF) (ZH)

LHCb-TALK-2023-060

Stefania Gori *dark photon (A", v, ..) *dark higgs (s, h, ..)
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A@ Combination of 2HD

M+a DM Searches %

EXPERIMENT

Resonant non-resonant

9
g __ (mono-Zfh) Z/! Z/valn

L /A

t ————

t a\\rrx

bb |n|t|ated (mono Z) (mono-h)
Ala I ___4
—"( A/a ”’— ( a

(mono-jet) ) bglnducetd (t\é\I+DM)
. -

Higgs not only provides mass, it could
also serve as a portal into darkness !

mono-jet
g

resonant bb/tt t/b associated prod
g b/t 9 b
- t b/t b/t/x t
< g )
X i b/t b/t/x Y
9 b/t g

2HDM+a, Dirac DM, sin6 = 0.7, tanf = 1, m = 10 GeV, g,= 15 m, =my=my,

2000 T
* T'/m>20%
1800F / .
4+ Limits at 95% CL
—  Observed
1600 .- Expected ]
1400] |
1200F
1000k
800
600
400
200.. ALY . I I\ Y I T IR
100 200 300 400 500 600 700 800
m, [GeV]

I

h»>aa

(low mass) f/x

fIx

— ET™°+h(bb), 139 fb’
JHEP 11 (2021) 209
ET+h(yy), 139 fo'!
JHEP 10 (2021) 13

— ET's+Z(Il), 139 fb”
PLB 829 (2022) 137066
ET4tW, 139 fb!
arXivi2211.13138

— EM'*4j, 139 fo'!

PRD 103 (2021) 112006

toH(tb), 139 fb”"

JHEP 06 (2021) 145

— tiif, 139 fb”!

arXiv:2211.01136

— h—invisible, 139 fb'
arxiv:2301.10731
— Combination
EI™*+h(bB), ET*+Z(Il), tbH(tb)

ATLAS-EXOT-2018-064 arXiv:2306.00641
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A@s Combination of 2HDM+a DM Searches

2HDM+a, Dirac DM, sin6 = 0.35, tanf = 1, gX =1, m,=my=my = 1.2 TeV

; o T |\ s :T’i/'/iT/:I/:/’,/f’;'::'fi/jli/jif:{f{:{:!f/j/‘fi/lj:{l:{l/i/ | E-nr]lss+h(b§), 139 fb—1
[ .y e \\ JHEP 11 (2021) 209
18 _ — . . . =1 .
h S 1% ATLAS § | hooinvisile, 139107 | next slide
>aa->XxXxyy é< I Ys=8TeV,20.3 1" ) — -
(low mass) 1 E =13 TeV, 36.1 - 139 fb 1.7} ] h—>aa—>uu’t‘l:, 203 fb
| - PRD 92 (2015) 052002
DN I N\ S — h—aa—upuy, 36.1 o
a\\ F'/x @ T JHEP 06 (2018) 166

— h—aa—ppuy, 139 b’

JHEP 03 (2022) 041

h—aa—bbbb, 36.1 fb™

JHEP 10 (2018) 031

— h—aa—bbuy, 139 fb”
PRD 105 (2022) 012006

— Observed Relic Qh? = 0.12

*first time, including h-> aa
searches in this limits

o I $ mono-h
S < i 10 A - Gev102 1 03 v (I <
< ? @ m, [GeV] > ( )

(d) VBF + photon topology Ok teniioa
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Search for possible Higgs decay in Dark Matter

SM expectation BR(H->inv) ~ 0.1 % (given by ZZ* - 4v)

= Enhanced decay in models, where mom < mu/2 light enough
Combination between all the signatures in Run 1+2

ATLAS : BR(H»inv) <10.7% (7.7 % expected) @ 95% CL
CMS :BR(H»inv) <15% (8 % expected) @ 95% CL

B(H — inv)

— Ciny
Fsm+Tiny
Ty = 4.07MeV

95% CL upper limitonB,,_, .,

ATLAS

Exclusion

| ogu(H)

— Observed
Vs=7Tev, 476" ... Expected
Vs=8TeV, 203"
Vs =13 TeV, 139 fis!

o
of

m:v
22

B(H — inv)

lIIIIIIlIIII[IIII'IIII|IIII|III|IIIII|IIII

(Il

2 08F

0.2,
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F T T I T B

GGk 95% CL upper limits _5

0.7F

Owivp-nucleon [cM?]

0.6F
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0.3F
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107%

1 0—41

1 0—45
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. 491" (7 TeV), 19.7 o™ (8 TeV), 140 o' (13 TeV)
0 g T ——T
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S|

o
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.,
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.
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..........

90% CL limits -
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Higgs portal modeIsE
=~ - Majorana fermion DM ?
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Uv-cor

Direct-detection -
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*1en DarkSide-50 3
=sas PandaX-4T
sses LUX-ZEPLIN
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LI E s |
ATLAS
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10?
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B,y <0.093
All limits at 90% CL

Higgs Portal WIMP:

Majorana

Vectorgeq

Vectoryy mogel, o= 0.2

-] Other experiments:

——  Xenon1T-Mig

—— — DarkSide-50
PandaX-4T

s e LUX-ZEPLIN
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ATLAS

EXPERIMENT

i A

Discriminators :

(mr of subleading lepton and p_™S- mu ) in di-leptonic channel

ues BDT in semi-leptonic channel

Most stringent limit for mon =200 GeV : ms <350 GeV exclude at mz =700 GeV
mz <2200 GeV excludes at ms=160 GeV ~

CMS Preliminary 137 b (13 TeV)

c s S e m e ——
el 10 E I Other background I Drell-Yan

; 108 r I Higgs [ Non-prompt

€ E ww tW and tt E

o 105 ;: m =160, m, = 100, m,, = 500 Total uncenaintyé

u E AR, <1.0 3

10* E e =

E - E

10°E m. m. ?

. 90-120 >120 -

10 -

10 gk sl TE

iyt 3

8 - | =+ E|
] SO e T VAR A
S osf VSRS SN < e ) D
5 08 E ! Tt S | El
a . (; & . 10 15 i pmis;l]
Di-leptonic  binnumber (m -m*)

CMS Preliminary

101.2 b (13 TeV)

o £ [ Higgs
10 I Drell-Yan

Events / bin width

—
WV + Vy + VWV
[ Non-prompt

3 E
a Yk o
8 o8t I S
5 4

-1 05 0 05 1

Semi_leptonic BDT discriminator

Search for Dark matter and dark higgs in WW (decay of dark Higgs singlet s) +pT'“iss
m, : 100 - 300 GeV, mz : 200-2500 GeV, ms: 160 -400 GeV ( WW highest BR)
2 final states : Di-leptonic (e, ep) , Semi-leptonic(l lep+ = 2jets)

CMS Preliminary 137 b1 (13 TeV) ‘e W
< 400 = T T T T T Dark Higgs, Z' — DM + s (WW) 2
O] C Majorana DM, m_ = 200 GeV 2 w+
oS, L e=0.01,gq=0.2'5, g =1 %
E"’ 350 ? m— Expected 95% CL 10
L m—— Observed 95% CL
: - i1std. dev. _ 0 25
300 an o1 ga=u.
C gr=1
C 1 .
250/ sin6=0.01
200~
B 107

500 1000 1500
Combined result

2000 2500
m,, [GeV]
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shotons Search (ZH->llyy.

95% CL limit on BR(H—)yyd) [%]

A BDT has been used to distinguish signal events from the SM background

f+
% 9
H> -~ 8
10000,
7.

95% CL exclusion limits on BR(H» yy,) for my,

10~ ATLAS
[ Vs=13TeV,L=1391b"
8:_ZH, H—yy
C Excluded
6_

— Observed

---- Expected

¥ Expected £ 10
Expected * 26

Search for SM Higgs boson decaying into dark photon ydin VH production topology. (leptonic)

my,  BROH = yya) ™ [BRH = yya)sy
[GeV] [%] (%]

0 2.8 2878

1 219 27145

10 221 273t

20 217 2.695)

30 232 R
40 252 31156

[ J
e Considering the signal with massless/massive yad
o
e Set constraint on BR (H> yyd) ~2 %
ﬂ R LRI IR B 2R BE R L O BEAELEL N NN B O
c 10" ATLAS
o 10°EVs=13TeV,L=139fb"
108 E-SR, ee+uy, Post-fit
107 ® Data [ Fake ET
5 vy [ titi+y/single t
10 ey /| wy
105 CttH, VH === ZH(yY)
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104 & %% SMtotal
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ATLAS

EXPERIMENT

A search for the dark photon A’ produced in association
dark Higgs boson ho via rare SM Z decays.

Higgs strahlung : sensitive to coupling A'-SM (¢) and A’-
In final state : at least two A’s decay into pairs of leptons

with the q

ho (OtD)

Discriminator : average dilepton mass

mee = (Mg, + Mese,) /2

Focusing on ma: 5 -40 GeV, mnp : 70 GeV (mnp > ma)

* First search in this topology

% 7““‘III([“‘“"III(H““"III(“““"III7N 10_1 I I | I IIII|III|III|III||I||||||||||IIIIIIIIII
S 10~ ATLAS Preliminary SR B-ackgfoung;i wD ATLAS Preliminary’ Belle Obs. ATLAS Obs.
E - {s=13TeV, 139 fb ™ gzke . 5 1 0_2 E PRL 114(2015)211801 —my = 20 GeV
wogl _— o F (s=13TeV, 139107 m, =1GeV =y, = S0 GeV veto
- Slgnal(sw(r:g)»,err;v) +/ D);ta. ] 10 , my = 3 GeV —my = 40 GeV .
- esa0ce i 104 90% CL ' .eeom, =5GeV —m, =50 GeV m(Y) region
6 135,40 Gev ] ! ----th=7GeV — m, =60 GeV
i 1 s | =eeemy =9 GeV —m, =70 GeV [8.8-11.1] Ge\
B 1 10 ' 2 °
4 — — 1
= = 1
- . 107 \\/«_
2 e - \/ =
S 2 T T T T 10°® m,__w.: + Cover significantly wider range
© 1.5 b A Y .
ol //HI{/M”W - 1070 B W + complement with prev. result
‘505_ i ' 1 n | | | | b b b b by s by by b b Ly
S 0TTE M0 Y5 2025 30 35 4045 0 1 2 3 4 5 9 13 17 21 25 29 33 37 41 45

my, [GeV]

m, [GeV]
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ATLAS

EXPERIMENT

W’ > tb Search

W'->Inu Search with full Run2 (CMS)
covered on Tue Parallel: Collider Physics

q b

q

Selecting jet from top decay
M(lvj) closest to top mass
AR closest to lepton and subleading

138 fb” (13 TeV)

5 CMS 4 Daa — wasTev(1%) RH o S

§2} 104 Preliminary -OtherbackgroundsD Qcb 5 102
c

210 R2B, muon Y stat+ systune [ O/ O ~

w10 f
- T 10

10 =3

o

10 m

1 X

Largest local (global) excess around W @3.8 TeV
for 1 % width with significance : 2.6 0 (2.0 0)

No Interference 138 fb™' (13 TeV)
E e T pp S w, St G
- CMS A
§_ Preliminary 95% CL upper limits —;
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L 1% Median expected_
g I 68% expected 3
N 95% expected

W’k < 4.3 TeV

R R L o A RRARS LRSS REARS RAAAN AR AR RARAS RROC:
<

018 Simulation —— W'3.6TeV(10%) RH ]

14= Preliminary

Search for W’ range 2 - 6 TeV, following a bump hunt strategy in m
Event with one muon or electron + At least two ak4 jets
Probe different width scenarios(lw/Mw): 1, 10, 20, 30%
Categorization based on N» and b-tagging
condition of top jetand W’ jet

(13 TeV)

F CMS —— W'36TeV(1%)RH

W' 3.6TeV(20%) RH _]
— W' 3.6TeV(30%) RH

1 1 |

= T L L Ll
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W’ > WZ(H) Search

SSM Z' — ¢ 2epu = 139 Z’ mass 5.1 TeV 1903.06248
SSM Z’ — 7T 27 - - 361 |2Z'mass 2.42 TeV ATLAS 1709.07242
2 Leptophobic Z’ — bb = 2b =5 36.1 Z’ mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oep >1b>2J VYes 139 d 4.1 /m=12% 2005.05138
'é’ SSM W’ = ¢y Teu - Yes 139 | W’ mass 6.0 TeV - 7906.05609
SSM W’ — 1v A N Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S | SsMw’ - tb - z21b21J - 139 | W mass 4.4 Tev ATLAS-CONF-2021-043
=1 HVT W' —» WZ — fvggmodel B 1e,u 2j/1J Yes 139 W'’ mass 4.3 TeV gv=3 2004.14636
g HVT W’ —» WZ — ¢y {'¢’ model C 3 e, u 2j(VBF) Yes 139 | W’ mass 340 GeV gven=1,8=0 ATLAS-CONF-2022-005
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" CMS
&9 Conclusion P!

e Alotof progressin BSM Higgs, W’, and DM searches have made with LHC Run-2
datasets with excellent ATLAS and CMS detectors.

e Some of mild excesses worth keeping an eye on, but no convincing sign of BSM
physics have shown up yet.

e Aspecial role will be covered by the Higgs boson

e LHC data will be 2 times in size for Run 3 (2022-2025), and up to 10 times in size
for the high-luminosity LHC (expected 2029 -)

e Run 3 will provide a significant boost in statistics to search for New Physics.

Stay tuned for many more interesting results with Run-2 & Run-3 !!!
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e Coversrange 15,12 <m(a) <62 GeV (Resolved) SRl it el e
e Type-independent limits on BR(H>aa-llbb) in 2HDM+S < @ .

are derived combining pubb + ttbb as a function of m_ B i =D any
e pupbb + ttbb combination: a - bb

BR(H-~aa) values excluded above 23% (Typ-2 tanf > 1), 7% 2m, 2m, 2m, m,
(Type-3 tanf3 =2.0), and 15 % (Type-4 tanf3 =0.5) ~02GeV~35GeV ~8.5GeV
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LFV H » e*t’

e  Background
e  Thetop-quark processes :34%-54% of the total background, Z - 77 :23% (11%) of the total background in the non-VBF (VBF) SR
e Diboson:19%-32% of the total background, Z- uu : 2% (sizable on prt)
e  Misidentified : A data-driven method is used - contribution from events having at least one light lepton originating from
heavy-flavour decays, photon conversion, a jet or a zh misidentified as a light lepton
Selection tre {Thad Systematic unvertainties
exactly le and 1y, OS exactly 1€ and 11paq-vis, OS 1 POL Impact on observed [10~]
Thad-VeEto ThadTighl ID Source of uncertainty §§(H — eT) | @(H — uT)
Baseline Medium eBDT (ethaq) Flavour tagging 0.6 0.4
: b-veto b-veto Misidentified background (£7haq) 2.1 15
pi! > 45 (35) GeV MC-template (Symmetry method) pL > 27.3GeV e e e . .
p.i.z > 15GeV p.?‘""‘“’ > 25GeV, |r_]7*‘*“‘""i-‘| <24 Blockronsai msios 0.2 0.5
30GeV < my, < 150GeV 2 cos Ag(i, EX'®) > —0.35 Luminosity 0.6 0.5
- i=€, Thad.vis Hadronic 7 decays 0.9 1.0
0.2< p‘TI:aCR([’Z = e)/p%lusler({az =e) <125 (MC—templatc) |A77([~ Thad—vis)l <2 %zg;y E;g:l'aclt)s rocesses) (l)g (l);
track d, significance requirement (see text) S i S : :
; eory (top-quark processes) 0.3 0.3
|zosin B < 0.5 mm Theory (diboson processes) 04 0.7
¥ Z — (¢ normalisation 0.2 0,
: Baseline : Symmetric background estimate 0.2 0.1
VBF > 2 jets, pJ_l]. > 40 GeV, pJ.; > 30 GeV Background sample size 42 24
|Al]jj| > ) mjj > 400 GeV Total systematic uncertainty 53 3.9
- — Data sample size 29 27
Baseline plus fail VBF categorisation Total 6.1 4.7
non-VBF - veto events if

= 90 < mvis(e, Thad-vis) < 100 GeV

ATLAS arxiv:2302.05225v1, CMS PRD.104.032013, Lee (SNU), 15 June 2023
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Table 2: Event selection for the £*¢~tf channel. SR, CR and VR next to the region name indicate that this region is

S
used as a signal, control or validation region in the fit, respectively. 8
A->ZH-lltt £
Cut Regions
ss(CR) | L3hi Zout(VR) | Hlo/Hhi(CR) | n L31o Zin (VR)
N leptons 3
PT ([1) > 27 GeV
N jets >4
N b-jets 2
imais <2.2+0.0004 - m$and —0.0011 - méind
) > 13 GeV [ >7GeV & < 13GeV
Lepton flavour eeu/upe eeeleep/ppe | pup
OSSEF lepton pairs 0 =il
(M — mz| <20GeV | > 10GeV & < 20 GeV <10GeV |
I I
st oy MO Z500GEV: i >032-mp" | <0.32-mp" i
|mH —mg | hypo hypo h
mpP > 500 GeV >024-mp> | <024 mpP
Table 3: Event selection for the v#bb channel. SR, CR and VR next to the region name indicate that this region is _
used as a signal, control or validation region in the fit, respectively. E
=
i Regions Max.local &
2L(CR) | e (CR) [ 1L (VR) | Hlo/Hhi (CR)|[ Hin (SK) . ep
A->ZH-»vvbb N 75 significance of
N b-jets >2
mnd > 50 GeV 2850
N hadronically decaying t-leptons 0 —
pr(V) > 150 GeV at (MA, MH) =
min; A¢(ET'“i”.[7‘;.°') > /10

< 3.3 (2 b-jets)

AR(b1,b2) <3.5(2 3 b-jets)
N leptons 2 | 1 0
Lepton flavour eefup | ep | elu -
pr(6r) > 27 GeV
[m3™T = mz| < 10 GeV -
SMET <5 - | >3 > 10
e = > 180 GeV
Mgy - > 200 GeV]
nx;'_';“" - m'zp“| - >02- m;w II <02 mljw

(650, 450) GeV
for litt
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Fig 1. The energy signature of a single A—yy decay as it would be seen by the CMS ECAL. The energy deposits are
indexed by their positions in azimuth (¢) and pseudorapidity (n). For ALP masses of mA = 1.0 GeV (left), the two

photon clusters are separated but begin to overlap. This merging makes it difficult to distinguish the A—yy energy

pattern from that of a single photon. For mA = 0.4 GeV (middle), the overlap is even stronger, though distinct

cluster maxima remain visible. At mA = 0.1 GeV (right), the merging is such that the two photons land in the same

crystal. These fully overlapping energy clusters are impossible to distinguish from the cluster of a single photon,

except through the use of Al

particle properties of interest.

End-to-end deep learning : the technique bypasses existing rule-based particle reconstruction methods typically
used in high energy physics analyses. It uses minimally processed detector data as input and directly outputs

Using inputs that are as unfiltered and
informationally rich as possible !

CMS arxiv:2204.12313

Jeongeun Lee (SNU), 15 June 2023
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e Search for dark matter (DM) appears as p,™* in association with a SM Higgs boson
e |n2HDM+a, pseudoscalar singlet ‘@’ could be a mediator between SM and DM
e First exploration of mono-H - tt signature with hadronically decaying tn

e M.:100-400 GeV, Ma: 300 1400 GeV
< e Guis<0.04-0.08 fb

e * . g I C e
t == ) e Nosignificant deviation from the SM prediction is found
g ¢ h\\ T
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Model

Higgs spectrum

Possible H pair mode from resonant

SM+Real Singlet (RXSM)

dark phase : hsw, DM, broken phase : hsw, S

DM DM, hswhsm, S S

SM+2Real Singlet (TRSM)

broken phase : hsu, Hi1, H2

hsuhsw, H1H1, H2H2 , H1H2 ,hsmH1

SM+Complex Singlet (CxSM)

dark phase: hsu, S, DM, broken phase : hsw, Hi, H2

hswhsw, S S, DM DM, H1H1, H2H2 , H1H2 ;hswH1

2 Higgs Doublets (2HDM)

CP conserving : hsw,H, A

hsmhsu, HH

2 Higgs Doublets, SUSY (MSSM)

CP conserving : hsw,H, A

hswhsu, not HH (due to constraints)

2 Doublets, 3 Higgses Mix (C2ZHDM)

CPviolating : hsw, H1, H2

hswhsw, H1Hi, H2H2 , H1H2 ,hsmH1

2 Doublets, 1 Real Singlet (N2HDM)

hsw, H1, H2, A

hsuhsw, H1H1, H2H2 , H1H2 ,hsmH1

2 Doublets+1 Complex Singlet
(2HDM+S)

hsm, H1, H2, A1, A2

hsuhsw, H1H1, H2H2 , H1H2 , hsmH1, hsmAa,
A1H1, A1H2

2 Doublets+1 Complex Singlet,
SUSY (NMSSM)

hsm, H1, H2, A1, A2

hswhsw, H1H1 , hsm H1, hsmA1, A1H1
(not H2H2, A1H2 , H1H2 due to constraints)
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