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LHC long-term plan
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Introduction

LHC Run 3 just started: 10 years after the discovery!

years

HIGGS boson

Run-2 data are still being analyzed but a number of discovery

flagship analyses have been completed.

All measurements suggest what we have found is the

SM nggs' i . S - C.?IMS, S ‘1:?8Ift‘)'l1‘(‘1‘|3Te‘V)'
- What makes the Higgs? i ;‘TLAS s Els e e
- What stabilizes the Higgs mass? | g o “= e 1 5w |
- Where is the New Physics? ‘L G ek
g Quaks 102 e
Run 2: some excesses observed. 107 ; sIE—: ]
Run 3: improved searches, more b I B
parameter space covered. £ AT " L woil | . .
HL'LHC. “Higgs precisionu ZLL 1-21f [ . L * % 1;_} — 105{ . ;
improve our detectors, exploit the HL | o0 | |t 11 g ophe g g
10" 1 10 10° & o 1‘(')_1 ' ; — 1'0 ‘ 1(')2
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Continuing measurements in run 3

« Higgs and EW Precision:
* Couplings, Mass & Width, Spin Parity, STXS & Differential, W mass, ...

* New massive particles: new Higgs, new scalars, new vectors, Gravitons, Susy
» Diphoton, Dilepton, Dijet FS, etc.

« Massive diboson final states: VV, VH, HH
 Heavy Resonances

* Long-lived particles

« Effective Field Theory (EFT)

» B physics: CPV, CKM measurements, mixing, spectroscopy

« B anomalies related measurements

Categories overlap/correlate; classification helps keep track of various observables.
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SM Higgs precision in run 2

CMS 138 b (13 TeV)
T T L T w L L L
< C served best fi ]
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L Ve | Vu || Ve 4 ‘ i F 1 Kw —— 1.02+0.08 +0.05 +0.05
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Searches for BSM physics

A sample from run 2
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e Search for B® » K" z%u ¥
- partial * — z*z "7~ ("), reconstruction
BB° - KOrru~) < 1.0(1.2) x 107> @90%(95%) C.L.
BB° - K07 ut) < 8.2(9.8) x 106 @90%(95%) C.L.
LHCb-PAPER-2022-021, 2209.09846
e Search for Bg) — pu~

(also Baryon number violating)
BB - pu~) < 2.6(3.1) x 1072 @90%(95%) C.L.
BBY - pu~) < 1.2(1.4) x 10* @90%(95%) C.L.
LHCb-PAPER-2022-022 (in preparation)
o Search for B - K" u*e¥ and B? — gute™
RBB° - K%ute™) < 5.7(6.9) x 10~ @90%(95%) C.L.
BB - K%u~e*) < 6.8(7.9) x 10~ @90%(95%) C.L.
RBB° - K%u*e¥) < 10.1(11.7) x 10~ @90%(95%) C.L.
RBB? — pu*e™) < 16.0(19.8) x 10~ @90%(95%) C.L.
LHCb-PAPER-2022-008, 2207.04005

Candidates ( 25 MeV/c?)

5
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— total bkg.
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—-- semileptonic + x

5500 6000 6500
m(K*nute) [MeV/c?]




Lepton Flavour Universality: b—>s#

Ry [Nat. Phys. 18, 277-282 (2022 =3 JHEP 05 (2020) 040 .
g R;[[PRL 12?,I No. 19] = i 2’;’1 [[JHEP 08((2017)) 055]] Check LFU in b>s« decays
R [PRL 128, No. 19]
gl T T
r LHCb private compilation ) R Br(B — XM+M_)
0 S ——— =
: : Y Br(B— Xe'e)
0.9 | .
E ' £ = Run 1 + Run 2 results (9 fb™!) in bins of g2 for
08 [ | E RK (also see next slide)
0.7 ' i ] . . .
[ ; ! ' ] Updates with full dataset in preparation:
0.6:— T —: B RpK7 Rq)’ Rch
: : - Unified analysis of R Ry. with more g2
0.5 - = bins
vl N TN T W N T T W N T W N N T W U N T O U N W O O N =
0 1 2 3 4 5 6

¢ [GeV?/c']
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Lepton Flavour Universality

BaBar
0.1<g?*<8.12GeV2c*
Ref. 1°

Belle
1 1.0<g?<6.0GeV2c™

Ref. 18

LHCb 5 fb™'
11<q?<6.0GeVic™
Ref. '

LHCb 9 fb™'
11<q*<6.0GeV3c™
This work

Nature 18 (2022) 3, 277-282

New ‘L

CMS: BR(B,>uw) is SM like
CMS-BPH-21-006 (slide 30)

3-Oct-2022

1.5

3.1c anomaly

p p

To help overcome the challenge of modeling precisely the different e/u
reconstruction efficiencies, the branching fractions of B* — K*#*/~ decays
are measured relative to those of B* — J/wK*. Since the J/y — ¢
branching fractions are known to respect lepton universality to within
0.4%, the R, ratio is determined via the double ratio of BRs

B B (B" - Kutu) / B (Bt - Ke¥e™)
- B (B* = Jiy(— ptpu)K*) B (Bt — J/y(— ete )K+)
Ry probes the ratio of B-meson decays to muons and electrons.

Testing LFU in such b—s #¢ transitions: SM contributions suppressed,
theoretical predictions very precise.

Rk

u u > u
B* ~ K* B* ~ LQ K*
b —= b —— Y s
c* £
b s
Q- Lo BSM particles can
mediate b,s at tree level
S V
Iz Iz Iz Iz 9



LQ searches related to b-anomalies

ICHEP22: LQ coupling to bt CMS-PAS-EXO-21-009

q T
Exclusion limits on the mass and

coupling of LQ; the sensitivity of this
LQ analysis reaches into the parameter
space of LQ models that could explain
B-anomalies. Most stringent to date.

i~

Ve

138 fo'! (1/Tev
| T T

CMS Prellm/nary

I~

| T T T
: 95% CL Iower limits, best-fit LH
[ —— Observed
[ oeeee- Median expected
C [ 68% expected

95% expected

b-anomaly-preferred

LU L B L I B L B B
vl b b b b e e e

0 PR T AN T R I T S S Y SO RS N S

0 2000 4000 6000 8000 10000
m q (GeV)

ICHEP22: search for LQ to bt CMS- PAS EXO-19-016

palr b non resonant

tt+b, Tr4+bb, 7T

Tt continuum showed an excess:
» For a representative LQ mass of 2 TeV and a
coupling strength of 2.5: excess of 3.40

ATLAS similar analysis: ATLAS-CONF-2022-037

From both single and pair LQ production processes, under the
assumption of exclusive decays of scalar LQ to bz, LQ masses
below 1.26 TeV, 1.30 TeV and 1.41 TeV are excluded for a
scalar LQ Yukawa coupling to b-quark and z-lepton of 1.0,
1.7 and 2.5, respectively.
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SM

/ 6, xB(H - vy)

)QS%CL

6, X B(H - vy

CcMS 19.7fb™" (8 TeV) + 359 fo™' (13 TeV)
1.67"""""""“"‘“‘YI[!I!Y E 220__VVVIIIIII‘VV!V IIVI‘VVVII_I_
rHovyy — Observed = = ATLAS Preliminary — Observed ]
1'4:_ -Expectedtks_: o 200; {s=13Tev,80f6" ... Expected E
12 B - Expected +26 | © 180:_ X=vy -ir lo E
2 15 160F Ct2e =
£ 140F 3
2 120 =
R :
:JQ' 100:— 3
4 80F E
9 e0f =
N E B
§ 40 E
20F 3
0_ P N B E R BRI
IS IPPIPI PRTOTIE | RN OING, I 70 80 90 100 110
80 85 90 95 100 105 110
m,, (GeV) m, [GeV]
PLB 793 (2019) 320 ATLAS-CONF-2018-025

CMS 8TeV and 13TeV(2016)
data show an excess
Full run 2 result coming soon.

dN/dm.. (1/GeV)

Obs./Exp.
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CMS-HIG-21-001 August 2022, reports two excesses.

ATLAS: PRL 125 (2020) 051801:
no excess at 1.2TeV, but 100GeV not measured.

Observed excess with respect to the SM prediction,
which is maximal for a mass hypothesis of 95.3 GeV

with a local (global) significance of 2.8 (1.3) o.

Two excesses for ggF with local(global) p-values:

3.10 (2.70) at m, = 100 GeV
2.80(2.40) at m, = 1.2 TeV




scalar X->Higgs+Y->vyy+bb

Sultsa iRl Rt ) CMS Preliminary 138 fb™ (13 TeV)
— T T | T T T T T T T T T T T T_ T 1 T T
% 04 B s> m, - 300 GeV (x10™) pp—X—HY—yybb (Spin-0)
9 E 013 . m, =350GeV (x10") . Expected limit + 2 std. deviation
H/Y. 6 I_Q1 012 . - 400 GeV (<107 I Expected limit + 1 std..de.viation
X ‘ ?1 o' T Expected 95% upper limit
................. > ™ =450 GeV (x10") —e—— Observed 95% upper limit
. v ™ 0'” my = 500 GeV (x10™)
H ™ 10° m, = 550 GeV (x10%)
T q0f - —
g e — - 600 GeV (x10%)

m, = 650 GeV (x107)

m, = 700 GeV (x10°
B-only hypothesis: local (global) significance of 3.8 (2.8) o ————— . 75069V((X10;
i —_—— ="
is observed for my = 650 GeV and my = 90 GeV. - > m, - 500 GeV (x10)
» The HH limits are compared with predictions in the S ST

warped extra dimensional model. O T, — 500 GoV (10
» The HY limits are interpreted with the next-to-minimal g 1 e e, - 950GeV (x10) 0
super-symmetric standard model and the two-real D10 e o, 1000 GV (10)
scalar-singlet model. 0%
200 400 600 800 1000
m, [GeV]

X->Higgs+Y->bb+jj (Higgs to bb)
No excess. Set limits for signals with my between 1.5 and 6 TeV and
my between 65 and 3000 GeV
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h(650 GeV)>WW->22v

138 b (13 TeV)
s

10;‘ CMS -+ Observed E
F Preliminary ----Expected
r [ 68% expected
U3 []95% expected

— Exp. for SM-like Higgs]
107 Scenario: =1 3

L CMS-HIG-20-016
107 March 2022

95% CL limit on 6(H—WW-s2I2v) [pb]

100

ol e Ny oy oy
1000 2000 3000 4000 5000
m, [GeV]

Highest global significance 2.60 for a resonance mass of 650
GeV in the scenario where only VBF production is considered.

Heavy SM-like Higgs boson excluded at 95% CL up to 2100
GeV, assuming the relative contribution of ggF and VBF
production is SM-like and also assuming only VBF production.

6, X B(H— WW) [pb]

T T T T | T T T T T T T T T T T T | T T T T | T T T T | T
ok ATLAS —e— Observed 95% CL |

E Vs=13TeV, 36.1 0" ---- Expected 95% CL 3

T Ho WW— evpy (VBF, NWA) (INERY ]

- \:| + 20 .

1= EPJC 78 (2018) 24 E
107 E
107 E
:I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | |:

500 1000 1500 2000 2500 3000
m, [GeV]

ATLAS with 36.1 fb' shows no excess
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B(H — aa — bbuy)

50GeV excess In Higgs—>aa

Search for Higgs decays to two light pseudoscalars

10°
0.9 F— — ‘ e T
0.8 ATLAS ——— Observed 95% CL upper Iimit__
- Vs =13 TeV, 139 fb™ —— — Expected 95% CL upper limit _|
0.7 [ Expected limit (+ 1) —
Expected limit (+ 26) ]
0.6 —
05 H->aa->uubb -
0.4 _
0.3 |
0.2 _
0.1

Phys.Rev.D 105 (2022) 012006

Local (global) excess 3.30 (1.70)

3-Oct-2022

o,x B(h—a 1a1—>uubb) [fb]

35.9 fo' (13 TeV)

100

80
60

40

20

95% CL upper limits CMS
------- Median expected
[ 95% expected

I 68% expected
—e— Observed

H->aa—->uu bb

I FE R N N T SR N
25 30 35 40 45 50 55 60

my, (GeV)
PLB 795 (2019) 398-423

Full run-2 analysis
coming soon

CMs 132 o™ (13 TeV)
L e e e e e e B L
E 95% CL upper limits E
3.5 —
£ —e— Observed
L ---- Median expected
3 £ B 68% CL expected
C 95% CL expected
* H>aa>
i YV YY

-
[4)]
T
|

o(pp — H)x BR(H— aa — yyyy) (fb)

o T T I IR
20 30 40 50 60

m, (GeV)

CMS-HIG-21-003 2-Aug-22

No excess in new yy+yy result
.,



ATLAS: heavy particle searches

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2022 Jrdt=(36-139)fb VE=8,13TeV
Model t,y Jetsi ET [ratm] Limit Reference
T T — Ty T — T T —T
£ ADD Gk +¢/9 Oepry 1-4] Yes 139 [Mp 12 TeV! n=2 2102.10874
.©  ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2 | ADDQBH - 2j - 139 | M 94TeV n=6 1910.08447
@ ADD BH multijet - >3] - 36 | My 9.55TeV =6 Mp=3TeV,rot BH 1512.02586
£ RS1Gwk -y 2y - - 139 | G mass 45TeV 2102.13405 H
T BukRS Gkx — WW/ZZ multi-channel 36.1 | Gkk mass 2.3 TeV 1808.02380
8 BukRS Gkx — WV — fvqq et 2j/1J  Yes 139 | Gukmass 2.0TeV 2004.14636
> Bulk RS gkx — tt 1e,u =21b>1J/2) Yes 36.1 gkk mass 3.8Tev 1804.10823
w 2UED / RPP Tepu 22b >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AM) — tt) = 1803.09678
SSM Z" — £t 2ep - - 139 |2/ mass 5.1TeV 1903.06248
SSM Z" — 1T 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
‘g Leptophobic Z’ — bb - - 36.1 Z' mass 2.1TeV 1805.09299
S | Leptophobic 2’ — tt Oe,u Yes 139 | Z’mass 441 Tev r/im=12% 2005.05138
§ SSM W’ — ¢v Tepu Yes 139 W’ mass 6.0 TeV 1906.05609
SSM W’ — 7v 17 - Yes 139 W’ mass 5.0 Tev ATLASCONF—QOZVDH
% SSM W’ — tb - >1b>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
S HVTW - WZ - tvggmodel B 1 e, u 2j/1J  Yes 139 | W’ mass 43TeV v =3 2004.14636
8 HVT W’ — WZ — (v ('t' modelC 3eu  2j(VBF)  Yes 139 | W’ mass 340 GeV gven=1.g =0 ATLAS-CONF-2022-005
HVT W’ — WH — fvbbmodelB_ 1e,u  12Db1-0] Yes 139 | W’ mass 3.3TeV gv =3 2207.00230
HVT Z' - ZH — ¢¢/vwbbmodel B 0.2 e,u 12b,1-0] Yes 139 | Z’mass 32TeV g =3 2207.00230
LRSM Wg — uNg 24 1J - 80 | Wr mass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Clqqqq - 2j - 37.0 (A 21.8TeV 7, 1703.09127
Clttqq 2epn - - 139 | A 358TeV. 2006.12946
Gl eebs 2e 1b - 139 [A 1.8 TeV £=1 210513847 H
Cl ppubs 2pu 1b - 139 | A 2.0 TeV g=1 2105.13847
Cl ettt >leu 21b>1] Yes 361 A 2.57 TeV |Carl = 41 1811.02305
Axial-vector med. (Dirac DM) Oept,y 1-4j Yes 139 Mpned 2.1 TeV 25, g,=1, m(x)=1 GeV 2102.10874
= Pseudo-scalarmed. (DiracDM) Oer,7,y 1-4]  Yes 139 | Minea 376 GeV . m(y)=1 GeV 210210874 H
S Vector med. Z’-2HDM (DiracDM) 0 e, st 2b Yes 139 [ Miea 3.1TeV £2=08, m(x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 Mined 560 GeV tanp=1, g;=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen 2u Yes 139 LQ mass 1.7 TeV. B=1 2006.05872
QG ScalarLQ3" gen 17 Yes 139 ||LQ, mass 1.2 TeV B(LQY - br) =1 2108.07665
= Scalar LQ 3" gen Oeu  >2j,>2b Yes 139 LQ%] mass 1.24 TeV B(LQ; ~ tv) =1 2004.14060 >
Scalar LQ 3 gen 22epu 217 21j > - 139 LQ3 mass. 1.43 TeV BLQS > tr) =1 2101.11582
Scalar LQ 3 gen Oep 217 0-2j Yes 139 LQ‘,, mass 1.26 TeV 8(LQ%~» by)=1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 LQS mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl. 2108.07665
© VLQTT - Zt + X 2e/2u/>3epu 210, 21] - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
= g VLQ BB = Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
LS VLQ Ts;3TspslTs;z » Wi+ X 2(SS)z8eu>1b>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsi3 > W)= 1, ¢ Tz We)=1 1807.11883 H
S E VIQT - Ht/Zt lep  >1b>3] Yes 139 | Tmass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
‘%’ 8 VY- wh lepu 21b>1] Yes 361 [Ymass 1.85 TeV. B(Y - Wh)=1, cr(Wh)=1 1812.07343
> VLQ B — Hb Oeu 22b21j,210 - 139 B mass 2.0Tev SU(2) doublet, k=03 ATLAS-CONF-2021-018
VLL7 — Zt/Ht multi-channel ~ >1]j Yes 139 ' mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
‘g 'g Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) 1910.08447
2 O Excited quark ¢* — gy 1y 1] - 36.7 q" mass 5.3 TeV only u” and d*, A = m(q") 1709.10440
© E Excitedquark b* — bg - 1b,1j - 139 | b* mass 3.2TeV 1910.0447 H
[nj § Excited lepton £* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234epu >2j Yes 139 NC mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 361 [ Ngmass 3.2TeV m(We) = 4.1TeV, g = gr 1809.11105
w Higgs triplet H** — W=Ww#* 23,4 e,1 (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
_‘g Higgs triplet H** — ¢¢ 23,4 e, (SS) - - 139 1.08 TeV DY production ATLAS-CONF-2022-010 >
& Higgs triplet H** > (7 3eut - - 20.3 DY production, B(H;* — (7) = 1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV. DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — - 34.4 monopole mass 2.37TeV DY production, |g| = 1gp. spin 1/2 1905.10130
Vs=13TeV  Vs=13TeV Ll - R | . M | . M
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
TSmall-radius (large-radius) jets are denoted by the letter j (J).

Extra dimensions

Gauge bosons

Contact Interactions
Dark matter

Leptoquarks
Vector-like fermions

Excited fermions

Type lll seesaw, LRSM
Majorana, Higgs triplet, multi-
charged particles, monopoles



Long-lived particles

dE/dx > 2.4 MeV g~'cm? category

> 1 06 T T T T I T T T T I T T T T I T T T T I T T T T
----- neutral displaced W BSM ) !
—— charged HSCP dilepton = onton 5 10° ATLAS (s=13TeV, 1391
e aNy charge B quark o 4 SR-Inclusive_High p‘T"‘ >120 GeV, Il < 1.8
photon S 10 m(@) = 2.2 TeV, mz’) = 100 GeV, (@) = 10 ns
M anything — 1 03 . m(@ =1.3TeV, (%) = 10 ns + Observed
disappearing displaced ; -4-- m(T) = 400 GeV, t(?) = 10 ns
track lepton o 102 — Expected
< = 3
c 10 5
L 1 e}
W, 10°
/ .': “.‘ % .f”,’ 1 0—2 _______________
displaced B . displaced 1 (R Vo LT e
dijet E \ 0"‘ photon 10_3 KLU ARSI AN ANTRNNSRNr SR SN ST S S N IS AT
/ : v ‘ _O' 10 L T T T T I T U * TA I T A T T I T T T T I T T T T 4
Not pictured: () + 1 E
\ 4 displaced out of time decays DL_ ] F I+l++ l ]
icture from J. Antonelli ~ “™**”" 3 ATL-SUSY-2018-42 ~ Tt
P . 12_May_2022 _9 10—1 owvl vl oy v v e | o e ]
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MJE [dx = Preco/ﬂ')’( (dE /dx)corr)
m [GeV]

Reconstructed mass spectrum for the SM expectation (blue line) and observed data (black

dots). Different possible signals that are tested by the search are shown in dashed colours.

A small excess of events is observed above 1000 GeV in mass, the local (global)
3-0ct-2022 significance of this excess is 3.8 (3.3) o. 16



Long lived particle search status

Overview of CMS long-lived particle searches

CMS Preliminary 3-140f71 (8,13 TeV)
RPV UDD, §-tbs, ms = 2500 GeV § 2104.13474 (Jets with displaced vertices) 140 fb~* (13 TeV)
RPV UDD, §-tbs, ms = 2500 GeV g 2012.01581 (Displaced jets) 132 b7 (13 TeV)
RPV UDD, £~dd, mi= 1600 GeV t 2104.13474 (Jets with displaced vertices) [ 0000352008 140 b~ (13 TeV)
RPV UDD, £~dd, mi= 1600 GeV t 2012.01581 (Displaced jets) [ 0GE=0Eam 132 b (13 TeV)
RPV LQD, £-+bl, mi= 600 GeV t 36 b (13 TeV)
RPV LQD, £-+bl, mi= 460 GeV t |2110.04809 (Displaced leptons)  00001-10m 118 b (13 TeV)
RPV LQD, £-+bl, mi= 1600 GeV t 2012.01581 (Displaced jets) [IINNNNNGG05=024m 132 b~ (13 TeV)
GMSB, §-gG, mg = 2450 GeV g 2012.01581 (Displaced jets) 0.006-0.55 m 132 b7 (13 TeV)
GMSB, §-gG, mg=2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb~* (13 TeV)
Split SUSY, §-gdx3, m; = 2500 GeV § 2012.01581 (Displaced jets) 0.007-0.36 m 132 b7 (13 TeV)
Split SUSY, §~qdx3. m; = 1300 GeV § 1802.02110 (Jets + MET) <lm 36 b (13 TeV)
Split SUSY (HSCP), f5,=0.1, my = 1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) >0.7m 13fb~* (13 TeV)
53 mMGMSB (HSCP) tanf = 10, >0 , m: = 247 GeV 4 CMS-PAS-EX0-16-036 (dE/dx + TOF) >75m »[13fb71 (13 TeV)
3 Stopped t, t-ty{, mi = 700 GeV t 1801.00359 (Delayed jet) 60=15e%13'm (39 fb~* (13 TeV)
Stopped §, G-qdx?, fz =0.1, m;=1300 GeV § 1801.00359 (Delayed jet) 50-3e+13m (39! (13 TeV)
Stopped §, G-q@x2(HuX?), fzo="0.1, m; = 940 GeV § 1801.00359 (Delayed pp) 600=33e%12'm (39>~ (13 TeV)
AMSB, y *=x{n*, m,- =700 GeV x* 2004.05153 (Disappearing track) 07-30m 140 fb~* (13 TeV)
GMSB SPS8, x{yG, myg = 400 GeV © 1909.06166 (Delayed y(y)) 02-6m 77 7% (13 TeV)
GMSB, co-NLSP, +1G, mj=270 GeV i 2110.04809 (Displaced leptons) 5e-05-2.65 m 118 fb~* (13 TeV)
H-ZpZp(0.1%), Zo—pp, my =125 GeV, my =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~* (13 TeV)
H=ZoZ5(0.1%), Zo-p(15.7%), my =125 GeV, my=5GeV  x [2112.13769 (Displaced dimuon using scouting) 0.0001-0.25m 101 fb~* (13 TeV)
H-XX(10%), X—»ee, my =125 GeV, my = 20 GeV X 1411.6977 (Displaced dielectron) 0.00012-25m 207 (8 TeV)
g H=XX(0.03%), X~II, my =125 GeV, my= 30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb~* (13 TeV)
H=XX(10%), X=bb, my =125 GeV, my = 40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 b7 (13 TeV)
3 H=XX(10%), X=bb, my =125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137 fb~* (13 TeV)
H=XX(10%), X=bb, my =125 GeV, my = 40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 117 b~ (13 TeV)
dark QCD, mx,, =5 GeV, my, = 1200 GeV Xow 1810.10069 (Emerging jet + jet) 0.0022-0.3m 16fb~* (13 TeV)
L L L L L
1077 10-° 103 107! 10t 103
ct [m]
ICHEP 2022

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
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Higgs pair production

Higgs boson pair production
1) m) n) CMS T T T T
s o Tew o 1 100,  bbbb bb Tt E
Kx _ 7 H 3
b th Ve e —— 1
v ~H e I b
H B L LI o B q bg 10E ! E
S 105 T L s B L B B B L L B i\ F 5 ]
E . ATLAS —— Observed I_im.it (95% CL) T r -
T V/s=13TeV, 139 flo~1 ---- Expected limit (95% CL) T E E
g . HH—sbbyy [0 Expected limit +1c g E . , ) ) 3
L P v I I I I
u 10 3 Expected lmit 42 2 o2k bb yy Combined -
?r E== Theory prediction o 3
S Sﬁ( SM prediction E
S ATLAS-HDBS-2018-34 = I
103} o 10F E
------------------------------------ : ==
N 1
=
I Observed: «; € [-1.5,6.7] I I L I
| Expected: K € [-2.4.7.7] Eary, LHg,gspap/(;/,LL/‘/C + '(\)AZZ?;;I]eSXp
un !
L S N Nature 607 (2022) 60 ° [ 68% exp.
0108 % 4 2 0 2 4 6 8 10 (2022) [195% oxp.

K\

expected and observed limits on HH production in:
- early LHC Run 2 data (35.9 fb™1),

- present using full LHC Run 2 data (138 fb™)

- projections for the HL-LHC (3000 fb~1)

Observed and expected limits at 95% CL on the
cross section of non-resonant Higgs-boson pair
production as a function of the Higgs-boson self-
coupling modifier K, = Ay/ASMyLy.



Run-3 ATLAS and CMS upgrades

MUON NEW SMALL WHEELS
(NSW)

Installed new muon detectors with
precision tracking and muon selection
capabilities. Key preparation for the

TRIGGER AND DATA
ACQUISITION SYSTEM (TDAQ)
Upgraded hardware and software
allowing the trigger to spot a wider
range of collision events while
maintaining the same acceptance rate.

3-Oct-2022

NEW READOUT SYSTEM FOR THE NSWs

The NSW system includes two million micromega readout
channels and 350 000 small strip thin-gap chambers
(STGC) electronic readout channels.

NEW MUON CHAMBERS IN THE CENTRE
OF ATLAS

Installed small monitored drift tube (sMDT) detectors
alongside a new generation of resistive plate chamber
(RPC) detectors, extending the trigger coverage in
preparation for the HL-LHC.

LIQUID ARGON
CALORIMETER

New electronics boards installed,
increasing the granularity of
signals used in event selection and
improving trigger performance at
higher luminosity.

ATLAS FORWARD PROTON

(AFP)

Re-designed AFP time-of-flight
detector, allowing insertion into the
LHC beamline with a new “out-of-
vacuum” solution.

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

PIXEL TRACKER

All-new innermost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

HADRON
CALORIMETER

New on-detector electronics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

SOLENOID MAGNET
New powering system to
prevent full power cycles
in the event of powering

i problems, saving valuable
time for physics during
collisions and extending
the magnet lifetime.

BRIL

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

CATHODE STRIP
CHAMBERS (CSC)
Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

GAS ELECTRON
MULTIPLIER (GEM)
DETECTORS

i An entire new station of detectors

installed in the endcap-muon
system to provide precise muon
tracking despite higher particle
rates of HL-LHC.
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Run-3 particle searches

Particle Sample decays Comment
VV, VH, HH
W’, Z’ bosons ZO/TYTT 30-40% gains in o depending on mass.
W’ >tb/tB/Tb
New Higgs bosons X>HY, HH, ... Gains for heavy Higgs

Vector-like quarks and leptons

gg~>pair, qg—>single,

Can be pair-produced due to their coupling to
gluons, 1-2TeV ~20% gains. For single
production gain depends on mass.

Leptoquarks, diquark scalars

LQ(LQ)+top,LQLQ

Gains similar to VLQ, single/pair LQ large gains.

RS Graviton

tt, VV, VH, HH

For large width 10-20% expect ~30-40%
increase in o.

Dijet resonances

PP>S,, x> ()

Gain of factor ~2 (diquark to VLQ quarks)

Susy

Pairs of sparticles, etc.

Long lived particles

R-hadrons, etc.

RH neutrinos, excited quarks,
colourons, other particles.

t*>tg/ta, b*>tW,
X=>YZ, Resonances
to t/VLQ/W/Z/H

CMS-PAS-FTR-16-003

CMS-PAS-FTR-16-008

CMS-PAS-FTR-18-009
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Data scouting and parking

« Data scouting: a paradigm for LHC data analysis based on trigger-level event reconstruction.

« Events are reconstructed at the HLT using the online PF reconstruction plus other algorithms. Apply a
loose selection on the reconstructed physics objects. For each event passing the loose selection, save
the HLT-reconstructed physics objects to disk.=» Explore larger NP parameter space

« Discard raw data =» significantly increase of the number of physics events stored for analysis.

« Hadronic activity, electron muon scouting, PF scouting, ...

+ Data parking: select events at the HLT and immediately move them to tape, skipping prompt reconstruction.
Events selected in this way remain on tape until there are sufficient free computing resources to reco them.

* Run 2: a number of analyses profited, enhancing sensitivity (ATLAS/CMS/LHCDb arXiv:1808.00902)
» Dijet searches, light dimuon resonances, displaced dimuon resonances, ...
« CMS: 0.8 kHz of PF scouting in run 2.

* Run 3: enhanced sensitivity in BSM and new searches. Improvements in calo, muon, PF and LLP.
» Displaced signatures (extend beyond 11cm), Z’ searches, Susy search
» Target rates 30kHz

* HL-LHC: gains in displaced vertex analyses.
3-Oct-2022 22
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HL-LHC LHCb upgrades

5D Calo with precision timing (High Granularity) MUON #RWELL

D scintillator D mirror Top Copper (5 pm)
@ absorber ™ light guide Polyimide

I ————
Cathode PCB 70 pm
i \ gy

DLC layer (<0.1 ym)
p~10+100 MQ/TJ

st L p

front back
——p Beam direction

VELO

1" & 2" MAPMT SiPM array

Monolithic Active Pixel
Sensor (MAPS) Focussing block pepE—

MightyPix

Focussing block

=)

25m

Microchannel Si substrate
for bi-phase CO, cooling
in Upgrade |

Focussing

MCP-PMT
plane

TN il B
MightyPix1 tested Malta2 bench test
in a beam at DESY at Saclay

3D printed Ti substrate
3 already prototyped

1
“™ 1 em thick quartz
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HL-LHC 3ab-': precision Higgs

Total ATLAS and CMS
Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
Tot Stat Exp Th
GggH ; 16 0.7 08 1.2
GVBF el 3.1 1.8 1.3 2.1
GWH f 5.7 33 24 40
GZH == 42 26 1.3 3.1
GnH — 43 1.3 1.8 37
0 002 004 006 008 0.1 012 014

Expected relative uncertainty

CERN Yellow Report CERN-2019-007

3-Oct-2022

ATLAS and CMS
HL-LHC Projection

Total
—— Statistical
—— Experimental

—— Theo
y Uncertainty [%)]

Tot Stat Exp Th
26 1.0 1.5 19

29 12 15 22
28 1112 23
29 14 13 22
44 15 13 40

8.2 74 15 3.0

I iu L L L

19.114.3 32 122

0 0.65 0‘.1 0.15 0.l2 o.és
Expected relative uncertainty

VAR

Total
—— Statistical
—— Experimental
—— Theory

Vs =14 TeV, 3000 fb™' per experiment

e e e e e e o ey T

ATLAS and CMS
HL-LHC Projection

Uncertainty [%)]
Tot Stat Exp Th
18 08 1.0 1.3

1.7 08 07 13
15 07 06 1.2
25 09 08 2.1
3.4 09 11 31
3.7 13 13 382
1.9 09 08 15

43 38 1.0 1.7

9.8 72 1.7 64

o

0.02

0.64 0.06 0.68 0.1 0.12 0.%4
Expected relative uncertainty
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HL-LHC 3ab™": di-Higgs

CMS PAS FTR-21-004 Trilinear Coupling k, ~ ATL-PHYS-PUB-2022-005
CMS Phase-z 3000 fb_1 (14 Tev) —~ 20 et LI | LI | LI I LI I LI I LI I LI I T LI L
S L I I L IR I I S C e [ ]
E C Simulation Preliminary % Pseudo-data ] c I ATLAS Preliminary E
© 60:— pp—HH-yybb ... Nonresonant backgr. —: q E Vs =14 TeV, 3000 fb-" E
1 ol ggHH CAT 4 Full backgr. E 15[ gzg;ii:mamHH 3
§ C — Sig. + Full backgr. 7 E Asimov data (k) = 1) E
w B ; ] 125 —— bbt*T" =
40f- —— Signal - - e bbyy .
E E 10:_ —e— Combined _:
30 I :
E . E 7.5:— :
of TR . i3 £
- R N Sy -. bl -—_ 120
10 | 2.5 =
E, o~ ] N .. N D P DTN Bia W T
P05 "0 115 120 125 130 135 140 145 =2 40 1 2 3 4 5 6 7 K8
[GeV] . A
o Expected k, : 0.5 to 1.6, (1o interval)
2.160 expected sensitivity from bbyy o
bbtt+bbyy combination: 3.20 expected

CERN Yellow Report CERN-2019-007  ATLAS+CMS combined: 40 sensitivity (with older projections)

3061202 With latest projections, a 50 combined sensitivity is expected.
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HL-LHC 3ab-': examples

Vector Boson Scattering

CMS Phase-2 Projection 3000 ™" (14 TeV)
L L L L L I L

%.) Vy N\ BKkg. unc. |
(O] [ Wrong sign. W*W* 1
~ 3of [ Other bkg. IEWK WZ ]
§2] I . . mwz
c I WW signal region 7z
q>') I Nonprompt:
L 20 = % ]
P
10 s B

14 TeV

 cMs

| Phase-2 Projection

— WW rest-frame

===+ pp rest-frame

! | ! ! !
2000 4000 6000
Luminosity [fb™]

CMS Phase-2 Projection 3000 fb™ (14 TeV)

T T T T T

% Vy N Bkg. unc.
(O} Wrong sign W*W* ]
- [l Other bkg. lEWK WZ -]
n mwz T
c WZ signal region 7z

q>'> Nonprompt,
1]

10 Htvx ]

gOO 1000 1500 2000 2500 3000
m; [GeV]

Particle Searches

Z' (W’) to leptons reach out to 6TeV (7.5TeV)
KK excitations to ttbar to 5.7TeV

Susy particle searches.

LLPs

« disappearing tracks

Dark photons

Dark Matter

* mono-Z bosons 28



HL-LHC 3ab': direct searches

ATL-PHYS-PUB-2018-021 ATL-PHYS-PUB-2018-048 CMS-PHYS-FTR-18-001 CMS-PHYS-FTR-18-016
booq - 3 W
: Pt W ! : 0 ! Xt InVISIbIe nggs 3000 fb™ (14 TeV)
V 7 1 X1
j/é @ /,,4,\1 ,\?207""H‘HH‘HH‘HH_‘H"’
- o z X/“ oo r CMS Phase-2
== o %1 ~~o . 1 s 18[— Simulation Preliminary
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B-anomalies: B

decay

)
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LHCb in HL-LHC

Key observables in flavor physics

Lax ~ 4x1032 cm2s~1 L nax—2%1033 cm2s-1 Lax—1.5%x103 cm=2s~1
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Unprecedented precision expected in flavour and beyond




Several Run-2 analyses and searches with full luminosity are now complete, still a significant
number of them in progress
* Some excesses observed, waiting for more data.

Run 3 in progress, experiments accumulating luminosity
* New searches, great prospects
» Scouting/parking enhance sensitivity, push searches for resonances to lower masses
« LHCDb moving to a software-only trigger — extreme flexibility (e.g. even in strange physics)

HL-LHC: precise measurements of Higgs couplings and flavour observables.
» Push sensitivity of searches for new particles
Exciting times: we are ready to unlock the secrets of the Higgs field. We are armed with

new powerful detector upgrades.

3-Oct-2022 32
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Dijet excess intrigues at CMS

The Standard Model (SM) has been
extremely successful in describing
the behaviour of elementary particles
Nevertheless, conundrums such as the
nature of dark matter and the cosmo
logical matter-antimatter asymme
try strongly suggest that the theory
is incomplete. Hence, the SM is widely
viewed as an effective low-energy
limit of a more fundamental under
lying theory that must be modified to
describe particles and their interactions
at higher energies

A powerful way to discover new par
ticles expected from physics beyond
the SM is to search for high-mass
dijet or multi-jet resonances, as these
are expected to have large production
cross-sections at hadron colliders. These
searches look for a pair of jets origi
nating from a pair of quarks or gluons,
coming from the decay of a new particle
“X" and appearing as a narrow bump in
the invariant dijet-mass distribution
Since the energy scale of new physics is
most likely high, it is natural to expect
these new particles to be massive.

CMS and ATLAS have performed a
suite of single-dijet-resonance
searches. The next step is to look for
new identi-cal-mass particles “X" that
are produced in pairs, with (resonant
mode) or without (non-resonant
mode) a new intermedi-ate, heavier

particle “Y” being produced and
decaying to pairs of X. Such pro
cesses would vyield two dijet

resonances and four jets in the final
state: the dijet mass would correspond
to particle X and the four-jet mass to
particle Y. The CMS experiment
was also motivated to search for Y
+ XX - four

dijet pair 1
pt=3.49 TeV
mass = 1.88 TeV

/m,ex pair 2
pt =3.45 TeV

mass = 1.86 TeV

Fig. 1. Display of the highest mass event with a four-jet mass of
8TeV,inwhicheach pairof jets hasadijet massof 1.9 TeV.
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Fig. 2. Number of events observed (colour scale) within bins of the
four-jet massandthe average mass of the twodijets. Purple ellipses
show the 1and 2oresolution contours, respectively, fromasignal
simulation of a four-jet resonance (Y), withamass of 8.4 TeV,

decayingtoapairofdijetresonances (XX), eachwithamassof 2.1 TeV

jets by a candidate event recorded in
2017, which was presented by a pre
vious CMS search for dijet resonances
(figure 1). This spectacular event has
four high-transverse-momentum jets
forming two dijet pairs, each with an
invariant mass of 1.9 TeV and a four
jet invariant mass of 8 TeV

The CMS collaboration recently
found another very similar event in a
new search optimised for this specific Y —
XX -» four-jet topology. These events
could origi-nate from quantum
chromodynamics processes, but those
are expected to be extremely rare (figure
2). The two can-didate events are
clearly visible at high masses and
distinct from all the rest. Also shown
in the figure (in purple) is a simulation
of a possible new-physics signal - a
diquark decaying to vector-like quarks

with a four-jet mass of 8.4 TeV and
a dijet mass of 2.1 TeV, which very
nicely describes these two candidates

The hypothesis that these events
originate from the SM at the observed
X and Y masses is disfavoured with
a local significance of 3.90. Taking into
account the full range of possible X
and Y mass values, the compatibility

of the observation with the SM
expectation leads to a global
significance of 160

The upcoming LHC Run 3 and

future High-Luminosity LHC runs will
be cru-cial in telling us whether these
events are statistical fluctuations of the
SM expectation, or the first signs of
yet another groundbreaking
discovery at the LHC

Further reading
CMS Collab. 20

Search for resonant and non-resonant production of
pairs of identical dijet resonances EX0O-21-010

Data-driven search for pairs of dijet resonances in final states

with at least four jets:

® Resonant: Two events on the tail of the distributions,
with a four-jet mass of 8 TeV and an average dijet mass
of 2 TeV. Local (Global) significance: 3.9 ¢ (1.6 g)

® Non-resonant: Excess at average dijet mass of 0.95
TeV, Local (Global) significance: 3.6 ¢ (2.5 0)
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Effective Field Theory

ATLAS Preliminary
V5 =13 TeV, 36.1-139 b~

SMEFT A =1TeV
Linear parameterisation
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SM is extended by (non-renormalizable)
operators with dimension higher than 4.

EFT “valid” until some scale A.

Dim 5 brings in LFV, suppressed by data, so
dim 6 operators are the lowest order
measured.

Dimensionless Wilson coefficients can be
extracted from ATLAS,CMS, LHCb

measurements. 3
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CMS EXO searches summary
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Overview of CMS

EXO results
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