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10 years after the Higgs discovery, we continue to face deep questions:

Setting the context

* |s there additional structure to the mechanism
of electroweak symmetry breaking?

* Is Dark Matter part of such a deeper theory?

* How exhaustively can we test the possibility of
a GeV-TeV scale thermal relic?

250 ———— f——— f———f f——— f———A |
LHC Run 2 has provided a large dataset of ~ |*MS = Cimerorn /
‘3 200+ 1
high-energy collisions to probe weakly- _ Run 2 « /
coupled theories. =

150+

 We are pushing our detectors to their
limits; new capabilities (more next talk)

« Strong theory collaborations — new | /

signatures & search techniques. / _ 3 3 -
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Supersymmetry

SUSY @LHC ?hemo crash course

v New spacetime symmetry.
v ~ Double the SM particle content.
v Lightest SUSY Particle = DM?

v Direct Sparticle production at LHC.
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Supersymmetry

SUSY @LHC ?hema crash course

v New spacetime symmetry.
v ~ Double the SM particle content.
v Lightest SUSY Particle = DM?

v Direct Sparticle production at LHC.
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Supersymmetry 4
SUSY @LHC ?hem) crash course n : gg :%Xg?iv;)
v New spacetime symmetry. gmo_ e

v ~ Double the SM particle content. ?O_z

v Lightest SUSY Particle = DM? : )

v Direct Sparticle production at LHC. |
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SUSY: where are we today? #

Since early 13 TeV data, the most (s=13TeV, 36.1 - 139 fb1 March 2023

T 1 | T 1 | T 1 | T 1 T 1 T 1 T 1 | T
spectacular signatures face tight - an olep poi014203  ATLAS Prellmlnary
constraints.

g— bby, =3 b-jets [2211.08028]
= 3 b-jets + = 2 lep. SS [2211.08028, 1706.03731]
qﬁWX 0 lep. + 1 lep. [2010.14293, 2101.01629]

— qgZ XO 2 lep. OS SF [2204.13072] _

3500

o

X.) [GeV]

— Most notably Strong SUSY '€ 3000

(Ql (Ql (Ql

quZ/ =7-12jets+1lep. + =2lep. SS
[2008 06032, 1708.08232, to appear]
— qG(II/w) *viaTv 2 lep. OS SF + = 2 lep. SS [2204.13072, to appear]
= 11 [1808.06358]
> 1y [2206.06012]
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ATLAS Strong 2 Same-Sign & 3L svsvzzr

Workhorse final state: excellent for scenarios with long decay chains,
complex spectra, and/or RPV couplings due to small SM background.

Craft dedicated Signal Regions for each target model »
based on #leptons, (b-)jets, ptmiss, hadronic energy.

“LQ D”

2 20 — p
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Targeting the electroweak sector #

LHC signatures will be dictated by the few (lightest) sparticles.
— target Simplified Models, where the heavier sparticles decouple.

’ Higgsino § 0%

7p) By

% (K)

=

o ) Wino

o ;

] A (M2)

0 o

O Qo

S .

= Bino n.b. mass-ordering
g (M) not known a-priori
7p)

17

2 Y. . .

< g3(visible) Aim to systematically cover
- >Mz2 all production channels, and

— _ mass spectra
Next-to-lightest sparticle (NLSP) mass
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CMS Electroweakino combination suszi-os

Statistical combination of six analyses targeting “ptmiss + (W/Z/h)” final-states.

Complementary low/high-pr, leptonic/hadronic channels.

Imyuﬁs
., | v'Sus-18-004
% | v 5US-20-001
& | vSUS-19-012
7| v sus-20-003 é\ N
@] v sus-20-004 QO N
o v SUS-21-002 j,b S ’
= - S &
© Vv \2\\ O
7] >N X P
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Next-to-lightest sparticle (NLSP) mass

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-22 01:55:51.795904 GMT
Run / Event / LS: 320024 / 660213826 / 398

Missing pr
247 GeV

N pr=324 GeV
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CMS Electroweakino combination suszi-os

Statistical combination of six analyses targeting “ptmiss + (W/Z/h)” final-states.
Complementary low/high-pr, leptonic/hadronic channels.

Imyu&s Signal event, 800 GeV chargino/neutralino/
., | Y 8US-18-004 4
A | ¥ SUS-20-001
& | vSUS-19-012
A | v'SuUS-20-003 @A\ »
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Boosted Higgs — bb

Next-to-lightest sparticle (NLSP) mass
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CMS Electroweakino combination sz 2=

CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 b (13 TeV)
S 70 ~0 —0~0 S’ 700_ 0 —0~0
o PP — %%, =~ WZx X ...« Expected 2 [ PP~ X, > WZ X ---- Expected
= — 2/3l soft = B 2/3l soft
£ 60 . 3] — Observed g 600— _3) — Observed
o Combined [ —— 2lonZ
£ 50— : 500 —— Hadr. WX
_ . ——— Combined
40 :_ 400—
- 300 e ]
30_— B ,"““ X
§ 5 iy A A o\
200 S N
200 . B S I
] 10064 7 S N
10 oAl
: L1 1 1 | L1 1 1 |-'F'-----“ ‘I“I L1 | L1 1 1 | L1 1 1 O_ i | ll:‘ ] ] | ] ] ] | ::I ] E. | ] I.:I EI | ] ] ]
100 150 200 250 300 350 400 200 400 600 800 1000 1200
Mg, = M. [GeV] Mg, = My, [GeV]

Broad sensitivity to Am of 3-50 GeV. Together the 2L, 3L, & hadronic

(Improved signal extraction procedure w.r.t. channels probe (nearly) TeV Winos.
the initial paper result.)

For the latest ATLAS results on EWK SUSY, see talk by S. Passagio.
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CMS Photon + Jets + prmiss sus 21000 S

GMSB scenario: EWKinos decay to y + Gravitino . ;
* Search considers both strong+weak production. t ,@ Z

G
~~__ X G
Selection: 100 GeV photon and =2 jets t ‘@ y

« Categories (ptmiss, #(b-)jets, and W/Z/h-jets)
probe a range of production modes.

2OOOCMS 137 b (13 TeV)
-1 < e ~ ~
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CMS Stealth DiPhOtOn, IOW pT,miss SUS-19-001 #

“Stealth” SUSY extends MSSM w/ (~mass degenerate) Singlet+Singlino

Experimental signature without pT miss! q a g G s
Targets events with 2y, significant energy. ffr—/;s S‘%ﬁg :
CMS Preliminary 138 b (13 TeV)
% 10 g_ N, sets) = 6 ==== Predicted Background (post-fit) ¢ Data% g g
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" I l — 1200 1400 1600 1800 2000 2200
scaling functions in St = > ai lprl. eV
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Dark Matter searches at the LHC #

Simplest WIMP scenario adds only 1 new state: the DM candidate itself.

X X x\/x X1 % X1

7 h ' W/Z

N N N/\N N N

; t\'l_l — L AL L P
i 2211.11084 K i .
(7)) : Higgsino .E. _\ ATLAS R (i:Fln.:<O.§scj)CL
N = imits at 90%
CTD § § 1073 & \\\' Vs= 7TeV, 471" = |
1 ®) : Relic 9 B \\ Vs= 8TeV, 20.3fb" | Higgs Portal WIMP:
= < _ L 4]
6 E abundance % 10-41 i 0 Vs=13TeV, 139fb™ 54 - Scalar
o E 03 S \\ _ Majorana
— T UTeeal s — ]
9 . :_ sl | ] Vectorgpr
107 F T T -4 .-
3 Muon Collider 3 TeV = ; ~"—" :'—_‘__"_.—-.'_.‘..‘—-—"—’__' VeCtoruvade|’a=o-2
LE 207 clsappearing track i . - ] Other experiments:
Muon Collider 10 TeV 1.4 Bl 50, disappearing track 10_49 :_ . ol KPR . _: . Xenon1T-Mig
I * . . Q (it n
py '1 m(es) [TeV] coherent elastic neutrmo—nucleus scattertr gz o DSSO-MigNQ
. 1 — - DS50-MigQF
53 [.7° 1 - --. -
For weak N-plet mpu~1-3 TeV 107 g~ - PandaXeat
_ o ) S T et LUX-ZEPLIN
likely requiring larger Vs collider. 10 1 0 1?10
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ATLAS summary *

Minimal s-channel models

New mediators may facilitate SM-DM interaction,
leading to several degrees of freedom:

- mpm, Mediator masses, couplings to DM, SM.
» Mediator: (Pseudo-)scalar, (Axial-)Vector?

- DM: Dirac, majorana, (scalar, vector)?

c)c' 1_| T T T T T T T[T |||||||||||||||||||||||||;|||l; m 95°/OC|_upper|imits & 10_37 e . A Y N ?
| ATLAS Preliminary  Vs=13TeV, 3.6-139 fb™"./ /| — Observed £ . 3 [ATLAS -
L / [/ --- Expected 2. 10 =
I/m,=0.15 July 2023 'S 4 ~-39 ;

~ N ~| —— Boosted dijet + ISR 10”
0_5 —r/rr]Z'=()"I ,'/ — gi;sfbl:en.5788(2019) 316 8 O JU|y 2023 ?
0.4  1/m,=0.07 _| — Boosted di-b-jet + ISR S 1074 g:
- . i%fgg:‘cow-zms-osz c 41 Dljet :

b-trigger 1 -

0.3r | — Resolved dijet + ISR =10

. . K /' Phys. Lett. B 795 (2019) 56 n 1 0_42
A single y vy +jets S ’ o @) =
0.2 trigger trigger ; e - Resolved di-b-jet + ISR a3 f
h /\ ¢," /' Phys. Lett. B 795 (2019) 56 1 O E
, </ \ e - : J —— Dijet TLA -44 -
o / g‘fyifzage'i.ffgn. 121 (2018) 081801 1 O Eg
g | Dib -45 [
0.1 . By 107 F
\ ] e N:
\ - Dijet 10077 F E
— ]ggEbe;a (2020) 145 47 C ]
lyi.l <0.3 1077 & |
0.05 Axial-vector mediator "et tiager m Bgit angular E Vector mediator, Dirac DM >
O 04 . Dirac DM J 99 n Phys. Rev. D 96 (2017) 052004 1 0_48 E gq =0.1, gI =0.01, gX =1 =
' m,=10TeV,g =1.0 lyiol <0.6 —— 7 resonance E ATLAS limits at 95% CL, direct detection limits at 90% CL -
| § * | | | | 36.1 b -49 ] —— ] —— ]
O 03 1 1 1 1 1 1 1 1 LA L L LU L L L L |||||||m Eu}.Phys.J.C78(2018)565 1 O 2 3
100 200 1000 2000 1 10 10 10
m,, [GeV] m, [GeV]
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

CMS WW+pT,miss oz IR

Dark Higgs model adds a light scalar that can’t decay W-
invisibly (ms<2my, ‘secluded annihilation’).

* Relic favors large s-Z’ couplings — dark h-strahlung.
New CMS result: s=WW for 212v + lvgq’ channels.

- Template fit to mi/mtmin (2L) and BDT analysis (1L).

CMS Preliminary 137 b (13 TeV)
C 7 T T T T I T T T T T T T T I T T T T
o) 10 IET- Other background I Drell-Yan _§|
= ~ I Higgs I Non-prompt . )
£ 100 ww W and ff E CMS Preliminary 137 fb" (13 TeV)  CMS Preliminary 137 fb™" (13 TeV)
o s T[] m =160, m =100, m_ =500 Total uncertainty S A0 T hakcHiggs, z — omMesoww)| JF T T T DarkHiggs Z - DM+swWW)| ] E
T 1 O :g S X Z' . E: (] C Majorana DM, mx =150 GeV n i Majorana DM, mX =300 GeV f;’
= mi:12-60 AR, <1.0 = S, B 6=0.01,g =0259 =1 |k 6=001,9 =0259 =1 \g
104 = ._E_. —- Ew 350 B Expected 95% CL —[ = Expected 95% CL — 10
= = L == Observed 95% CL ] = Observed 95% CL 3
C B 60'90 90_1 20 1 20 . —— = 1std. dev. —— =1 std. dev.
1 03 mi: mi: my> — 300 = + 2 std. dev. ;Zhstd.gi\;
= — Q. h?=0.12 2 =0.
10° = I 1
E 250~
10 = P
7 200
1 - 10™
yo) 500 1000 1500 2000 2500 500 1000 1500 2000 2500
O HE m,. [GeV] m,. [GeV]
o T E
= 1E
L o8k
I Resul ' f f
0 esults are interpreted for range of my values.

. Imin’ miss
bin number (m"- my Pr )
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CMS WW+pPT,miss ol -

Dark Higgs model adds a light scalar that can’t decay W g,f
invisibly (ms<2my, ‘secluded annihilation’). w

* Relic favors large s-Z’ couplings — dark h-strahlung.
New CMS result: s=WW for 212v + Ivgq’ channels.

- Template fit to mi/mtmin (2L) and BDT analysis (1L).

CMS Preliminary 137 b (13 TeV)
S 10 E g Otherbackground | [ Drel-Yan = July 2023
- s C I Higgs Non-prompt 5 S BN
g o . wast 2O NN T R RN SRR
o s [ ]mg=160,m =100, m,=500 [[1] Total uncertainty | - Al N
o 19F AR <10 T @ 400r SR RO U]
C . _ 1] . - N
10* :;DHJ 2-60 = ATLAS Preliminary i
= 'y . . 3 T, Vs =13 TeV, 79.8 - 139 b~ |
g mi:60-90 = mi:90-120 | mi>120 1 N AN . ! - mmar
10° : : ! = 3001 Limits at 95% CL | Su ary
E : — omenes | of ATLAS
E ......... Expected | h
10 i - : Thermal Relic Density
e 200~ T Q22012 | searc
1 channels.
o E : : : = B
9 1.2 E .............................................. = 100 \ —
D\“'S 1E bt R S8 et i }Q
— 08 : A : S
8 E H C0 1y K| oo e e e e ey
0 5 10 15 _ 500 1000 1500 2000 2500 3000 3500
bin number (mII - ml;”‘”’ Pr ) mz [GeV]
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Uv complete mOde|S: 2HDM+a EXOT—2018-64#

Z/h 9

Model adds Type-ll 2HDM (h, H, H%, A) plus °
pseudo-scalar mediator and DM (a, X). f H/A(;

- Recent ATLAS summary considers several
benchmark scenarios.

« Combines 3 of the

EMss 4 7(£6) [74]| EMS + h(yy) [84] h — invisible [86] 7 — aa — fff'f" [79-83]
th+(tb) [76] Emlss + h(rT) [78] EF™ +Z(qq) [126] EMss 417 [127, 128]

Ieadlng Channels Efrnlss + h(bb) [75] Emlss +tW [77] Emlss + bb [127] titf [85] EmISS + ] [45]
2HDM+a, Dirac DM, sin6 = 0.35, tan 3 = 1, m =10GeV,g =1, m, =my=m._.
x A H 1065 ----------------------------------------------- 102 EM5541y(bB), 139 fo
— 2000 e T S : ; =2 T B+ ’ _
% e ATLAS i é - VATL{'\S‘?reV 139 2HDM+a, Dirac DM g Jl_T"EP 11 (2021) 209
(. 1800 Vs =13 TeV, 139 b Combination L 10°r S i 1 Tev 100 _gmss, 73, 139 fb”
< ET™+h(bb), ET™+Z(1), tbH'(tb) o . . sin6=035tanp=19 =1, % PLB 829 (2022) 137066
€ 1600 Limits at 95% CL m, = 400 GeV o=
— Observed tbH*(tb), 139 fb™
1400} - = = Expected JHEP 06 (2021) 145
i N —ftf, 139 fb”
1200 - 2 G arXiv:2211.01136
C — Em'SS h(bb) —Combination
1000 mlss Z(l) ET*+h(bb), ET**+Z(ll), tbH*(tb)
800} th (tb) —..Expected Relic Density
600 f Ci/Gtheory= E
[ 1L i Limits at 95% CL ~ __| 15
E i —10
400 10 - \' — Observed =
C ] - i - Expected -
200F . ,— IIIIIIIIIIIIIIIIIIIIIIII 10—2 ............................................... 10 6
100 200 300 400 500 600 700 800 %50 100 150 200 250 300 350 400 450
m, [GeV] m, [GeV]
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ATLAS 2HDM+a: mono-h(tT) HDBS-2018-50

Most recent addition: mono-Higgs(ThadThad) channel, ,
sensitive to a wide range of ma and ma.. :

- Challenges: broad Higgs mass peak (due to vq),
and Diboson (tTtvv) background.

- Signal regions target high/low ma-ma based on the o - <

total transverse mass. P B |

PRl
o+
> 10°E | ! ! 'g > F ] I I 9 1600
8 S ,;TL:\SSTeV . 4 Data ~SM+1c 1 8 105 = ?TLAS 1 ¢ Data £ SM+1s = E ?TLAS 1 2HDM+a model, sin(®) = 0.35, tan(p) = 1
g - (s= , . - E {s=13TeV, 139 fb _ 1 1400 5=13TeV, 139 fb° N
™~ 404 - Gommon S D!boson B Fake Taus - 8 - E Common S Diboson [l Fake Taus B L Limite at 95% CL ___ Expected Limit (+10,,)
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c 3L Postit Top 4 o " Postfit Top ] -
g) = - T ey = ey Sn o3 1 03 == - === m,=800GeV, m_ =300 GeV, sin © = 0.355 —
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B = O e =B e s e=0T 1 > - m, = 600 GeV, m_ =250 GeV, sin ©=0.7 L
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1 .................. 1 400_—
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T 05 . . . S s ] More results in the
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Aug 8, 2023 C. Herwig — 30th Recontres du Vietnam



AT L AS Z H ( — ny) HDBS-2019-13

Search for invisible dark photons in Higgs
decays, coupled through a new dark sector.

New ATLAS result in the ZH channel:
 BDT purifies signal region, mainly based on:

on Yp mass.

o(ptmiss), MT(Y,PT.miss), and decay angles. Ya
2 O AT T T ATLAS| CMS
> 9 -1 < . .
D 10°E-Vs=13TeV,L=1391b I
108 E-SR, ee+uu, Pre-fit ~ aaplTITTITITIITITIOOIONN ZH 23% 2 g(y lelts On
; NAMIMDGES 970 :
0 ESw S ftoartingle AN VBF | 1.8% H 19gS BR
10 | Cagl ./ wy
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10% %44 SM total S, —
—o 101~ ATLAS ) — Observed
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ATLAS Z-Dark photons s 01052 R

Search for Z =3A’, mediated by a dark Higgs.

.. : : : /(%)
A minimal selection requires =4 leptons, with 4
a pair of consistent 2-body (yp—Il) masses.
> IR R R I IR R RN I
S 10 ATLAS SR EmOthers ]
i2 — B Fake — A’
& [ Vs=13TeV,139fb" M qq — 4¢ 3
O [ . C\lwmg LI R L L R R
L Signals  (ma, my, ata . — . -
L - (1 2f 40) GeV) - B ATLAS _ArI :I‘:S_ggtzasev ]
6:—:@2 ;‘3; 23 s _: 104 Vs =13 TeV, 139 fb" - thiig gzx N
n . = «,=0.1,90% CL m.” = 50 GeV =
4l ] - — m, =60 GeV ]
- i 108 ——m, =70 GeV ]
- - e ¢ oflea] ¥ i 10—6 W\‘/\ =
° 2 ' ' ' ' T N AL ' .
s Lol Yy | /J%/JWJV% /%/: -
g F Mowsom o wosos
O g 5 {0 15 20 25 30 35 40 45 5 10 15 20 25 30 3 40 45
r?lf,; [GeV] My, [GeV
| Compare to Belle & direct LHCb, CMS
Average A’ candidate mass searches for the minimal A’ (pp—A’— ).
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ATLAS Semi-visible jets exor 2022 #

Dark
' DS :
< Dark

Strongly-coupled Dark Sectors may lead to “Dark |
Showers” analogous to the QCD parton shower.

- Some fraction of the resulting o, po may decay to SM.

“R 73
New ATLAS search for DS production in the t-channel. Towk v
- Categorize events by the min/max dd(jet,pr,miss) jets. Ds<

w 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | ||||| e e é T '1¢' | T T
= 8 ATLAS ¢ Data |S|gnal m, [TeV], Rinv o - ]
¢ 10 Ys = 13 TeV, 139 fb” ] W-ets =106 0.8 - This i
L 7 SR : [ Z+jets »a:1,0.8 i
10 [HT26OO GeV, E:“SSZ6OO GeV] Bt nin 2, 0.4 SearCh g .
6 Post-Fit B Single top 1112, 0.6 i ; pT miSS+J et'
10 [ Diboson =113,0.2 - ' ’ .
[ Multijet w1 3,04 L _
10° /7 Bkg. Unc 0.6

ATLAS

10% e @WANMIATAAEE TS ST T ey = :
3 T s e S - /s =13 TeV, 139 fb’
107 &=, b - i = 04 7 - \ 1 -
10° I — SV jets t-channel |
10 im IIIIIIIIIIIII o . — PRD 103 (2021) 112006
g 11 e L = 0.2 — observed --- expected
E 1 4 Z Z / {1 T T T NN AN RN S Y NN A S
g = ///////////;////;////V// //zf///é//;ﬂ//é///éf/%//xé///%///////// ; - . -
| | | | | m, [TeV]
9., -0 11 0.0-2.02.0-27 2.7-3.2 0.0-2.0 2.0- 2727-3200-2020-2727-32
0<p*™<0.6 0.6 <p*™<0.9 09<p*<1.0  Also see the CMS s-channel search.
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o
Summary —$—

- The significant 13 TeV dataset deliver by the LHC during Run 2 has lead to
an expansive program of searches at ATLAS and CMS.

- Many state-of-the-art efforts are only possible through an understanding
of our detectors and reconstruction developed w/ 10+ years experience.

» Portfolio of SUSY and Dark Matter searches following similar trajectories:

- A comprehensive program of searches, combinations, and new
summary results target a critical set of benchmark models.

* Meanwhile, new ideas in theory and novel reconstruction techniques
expand our sensitivity to previously-unconsidered signatures.

- Looking ahead, more LHC data (and new triggers, upgraded detectors) in
Run 3 and the High Luminosity LHC will significantly extend our
reach to new weakly-coupled states!
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