plous|os uony edwo)

_
Lol
DD
- s
14
Wia
- I
Z <
0 0
b Z
L
_|
Z
mS
0 5
mT
v O
0 Z
NS
L W
F m
2
mc
N
e
1
0

OcCT. 21sT1T, 2022

M&U DAYS 2022

A NT

-

Lo Y .y

SXT AR !



https://cds.cern.ch/record/2276856

PHYSICS AT THE LARGE HADRON OCOLLIDER

New Phenomena

Standard Model (SM)



Other

Dark Matter

CMS preliminary

A DEDICATED SEARCH PROGRAM

Overview of CMS EXO results

16-140 fb~! (13 TeV)

Extra Dimensions

Excited

Fermions

Heavy

Fermions

Leptoquarks

Heavy Gauge Bosons

String resonance N 05-79 1911.03947(2j) 137 b-!
Zyresonance N 035-4 171203143 2p+ 1y; 2e + 1y; 2j + 1y} 36 fb~!
Wy resonance M 15-8 210610509(1j+ ly} 137 fb~! -
Higgs y resonance M 072-325 180801257 {1j +1y) 36 fb~!
Color Octect Scalar, k7 =1/2 N 05-37 1911.03947(2j} 137 b-! I
Scalar Diquark N 05-75 1911.03947(2j) 137 b-!
r§+ $, pseudoscalar |scalar), g2 N 0.015-0.075 191104968 (3¢, =41} 137 fb~!
tt+ ¢, pseudoscalar(scalar), g2 N 0108-0.34 191104968 (34, =4t} 137 b~! I
quark compositeness {££), Nuss =1 Ko <247 210302708 (21) 140 fb-! I
quark compositeness (£f), ugs = —1 K =360 2103.02708 (2t 140 fb-!
Excited Lepton Contact Interaction M 02-56 2001.04521{2e+2j} 77 fb~!
Excited Lepton Contact Interaction M 02-57 200104521 (2pu+ 2j) 77 b1 I
vector mediator (gq 025, gow =1,m, =1 GeV N 035-07 191103761 =3j) 18 fb~!
vector mediator (. 1goe=1 =1 TeV N 02-192 210302708 (2e, 2p} 140 fb-!
{axial-}vector mediator { 25,goe =1.m, =1 GeV N 05-28 191103947 (2j) 137 fb~!
{axial-} vector mediator | m,=1GeV N <105 | 210713021{=z1j+py~} 101 fb~!
{axal}-vector mediator {{f),g, = ).Lm,>m,,.2 N 02-464 210302708 (2e,2p) 140 fb-!
scalar mediator {+t#), g, = 1.gou=1.m, =1 GeV N <029 19010155310, I + =2j+p7™) 36 fb~!
scalar mediator {fermion portal), A,=1.m, =1 GeV N <15 210713021 =z1j+py=) 101 fb~!
pseudoscalar mediator {+jV), g, = 1. Gowe = N <047 210713021 { =z 1j+ py™) 101 ! I
pseudoscalar mediator {+4/ ,=L1.0me= N <03 1901015530, 1t + =2j+p7™) 36 fb~!
complex sc. med. {dark QC e =3 GeV, N <154 ' 181010069 (4j) 16 fb~!
2 mediator {dark QCD), m, M 1551 211211125 2j+ p7*™) 138 fb~!
Baryonic Z, g, M <16 | 190801713 (h +py™) 36 fb~! I
7 -2HDM, g, =1m, eV N 05-31 | 190801713 (h +p7™) 36 fb~!
Leptoquark mediator, B= 1, B=0.1, Av. o = 0.1, 800 < M5 < 1500 GeV M 03-06 181110151 (1p+ 4 +p7™) 77 b1
RPV stop to 4 quarks M 008-0.52 1808.03124 (2j; 4j) 36 fb~! I
RPV squark to 4 quarks M 0IZ0720 1806.01058 (2) 38 fb~!
RPV gluino to 4 quarks M 01-141 38 fb~! I
RPV gluinos to 3 quarks 1] <15 36 fh-!
ADD (jj} HLZ, reo =3 * o) H i . .
100 11423 ATLAS SUSY Searches™ - 95% CL Lower Limits ATLAS Preliminary
ADD Gyx emission
ADD QBH {jj}, e =6 March 2022 \/-S‘ =13 TeV
ADD QBH {ep), neo =4 . 1 T
ADD QBH e, o= Model Signature  [£dr[fb7"] Mass limit Reference
ADD QBH {ur), T T T T T T T T T T T T
RS Gxcltl), kiM: - . i =
sa Gip, G—g¥) Oep 2-6 jets E‘,: 139 | @ [1x,8x Degen.] 1 1.85 m(t")=400 GeV 2010.14293
@ mono-jet  1-3jets [ 139 G [8x Degen.] 0.9 m(g)-m(¥})=5GeV 2102.10874
RS QBH (ji), Mo = - . iss - N
r:r ~rctat.li‘r; BH. Mo =4TeV.mo=6 % ‘": -’;'_’(/‘7\,(1) Oe, H 2-6 jets E‘T“‘-‘ 139 ¥ = ~m“ .;)=0 Gev 2010.14293
3-brane WED greld + g 99g). Gorwr =6, Go. =3, £=0.5, m{dNmiger) = a g Forbidde 1.15-1.95 m{t)=1000 GeV 2010.14293
SPR-AKED. 22 TeV B 23 3oggWi 1ep 2-6 jets _ 139 |& 2.2 m(¥")<600 GeV 2101.01629
excitedlight quark (qg), A=m; o 2@, i—ygg(tOx) ee, iy 2 jets R 139 F 2.2 m(t")=700 GeV CERN-EP-2022-014
e e g 2. 5oqqWZR) 0e.p 71ljets Eps 139 | 1.97 mif}) <600 GeV 2008.06032
. 3 SSe,u 6 jets 139 g m(z)-m{X;)=200 GeV 1909.08457
S a = oot 0-1e,u 3b  Ep™ 798 |2 2.25 m(¥;)<200 GeV ATLAS-CONF-2018-041
Type-lll seesaw heavy fermions, Flavor-democratic SSe, H 6 ]etS 139 & m(z)-m(Xy)=300 GeV 1909.08457
Vector like taus, Doublet S 3 -
Vector like taus, Singlet h| h| 0 eu 2b I'.";”'\‘\ 139 l_)| m(_\;'-J}c;400 GeV 2101.12527
, . by 0.68 10 GeV<amib, X1)<20 GeV 2101.12527
scalar LQ {pair prod ), coupling to 1* gen. fermians, R 0 - iss . -0 -
scalar LQ (pair prod J, coupling to 1* gen. fermions, w = bb. h,—pb\":l - b/z.y? Oep 6b Izz.‘f' 139 by Forbidden Am(A"..,\:}');1so GeV, m(f")=100 GeV 1908.03122
scalar LQ {pair pred ), coupling to 2™ gen. fermions, E .g 27 2b E.I."M 139 by 0.13-0.85 A{n(f_. _,\_"],):130 GeV. m(\_"_‘])zo GeV 2103.08189
scalar LQ (pair prod ), coupling to 2™ gen. fermions [} - . N . -0
scalar LQ {pair prod ), co.tphr; to 2™ gen. fermions §'~§ I I-| . I-] —>l\/(|) 0-1e. H =1 jet El}“” 139 1 m(\/ll.)=1 GeV 2004.14060,2012.03799
s:::v tg Enarw ‘:rcact- Icocd:hr\;rw;"’lﬁer :E;Emzr; - S Qi ﬁ‘w,f‘l’ 1ep Bjets/t b EPS 139 i Forbidden  0.65 m(t}1=500 GeV 2012.03799
scalar LQ (sing rod.), uph ge rmi . - . - -
scalar LQ {swr;le zrc-: ) co.xshr: to 3" ;er fermion % B 1-1 1-1 . ’_] —T by, T1—1G 1-27 2 JetS” b I‘.‘?«"'“ 139 31 Forbidden m(7;)=800 GeV 2108.07665
3 £ i, hodt) i todk] 0ept 2c¢  Ep™ 361 @ 0.85 m(E})=0 GeV 1805.01649
i ::Evf ::Z:::Z QiaS) Oeu mono-jet E.,."“‘ 139 f1 0.55 mif, ,z-).m(f‘,‘)=5 GeV 2102.10874
o, oW res o
SsMZ't) My, -ty W7/t 1-2e.p 1-4b P> 139 | i 0.06 m(¥3)=500 GeV 2006.05880
;5”2 (ad) Iriy, iy + 7 3epu 1b EMS 139 | Forbidden 0.86 m(¥1)=360 GeV, m(i,)-m(¥})= 40 GeV 2006.05880
Superstring Z,, —ob o ) . -miss ~4 o . .
LFV Z, BRley) = 10% ViXs via wz Multiple ¢/jets ) Ex 139 | ¥/ 0.96 & __ m(¥})=0, wino-bino 2106.01676,2108.07586
LV Z, BRleT) = ee. i 2 ljet ™ 139 XXy 0.205 b miii)-m(t))=5 GeV, wino-bino 1911.12606
LFV Z, BRiuT) = 1 —tF iss -~ o . .
ptophone 7 VAT via ww 2ep Em 139 |&* 0.42 m(#?)=0, wino-bino 1908.08215
zzx W) XY via Wh Multiple £ /jets l:.'l'.‘f“‘ 139 | Xf/¥)  Forbidden m(t})=70 GeV. wino-bino 2004.10894,2108.07586
SSMWig =8 YiX] via (( Ly 2e.p 139 [ 1. MF.7)=0.5(m(¥ ) +m(i])) 1908.08215
. W 7, fotl) . 2r Ep® 139 | T HFL.TRL 0.16-0.3' 0.12-0.39 mit)=0 1911.06660
N fLrlLr, (=X, 2eu Ojets KT 139 i 0.7 m(t})=0 1908.08215
LRSM Wy 8 S . - x ~0 .
Axigluon, Coloron, cotf=1 €e, pu > | jet t-f-”m 139 { 0.256 mif)-m(X7)=10 GeV 1911.12606
HH, H—>hG{7G Oep >3b l:-:['(-'f“‘ 36.1 )il 0.13-0.23 0.29-0.88 BR(-Y";' — hG)=1 1806.04030
) 4ep Ojets  EM™ 139 H 0.55 BR(Y) — ZG)=1 2103.11684
Selection of observed excl limits at 95% C.L. (th taint] . i 4 ) 2
election of observed exclusion limits a eory uncertainti 0 et >2 Iarge ]ets t_!]’v_n» 139 i 0.45-0.93 BR(Y, — ZG)=1 2108.07586 |
Direct ¥, ¥; prod., long-lived ¥} Disapp. trk 1 jet Episs 139 ,g; 0.66 Pure Wino 2201.02472 ? | X-t I I I V ~ -1 r ‘ -t
_8 e 0.21 Pure higgsino 2201.02472
w .
> O Stable g R-hadron pixel dE/dx L 139 z 2.05 CERN-EP-2022-029
=0 - . , " - _ 0
&E Metastable g R-hadron, Foqqt| pixel dE/dx EpPs 139 & [r(® =10ns] 2.2 m(t")=100 GeV CERN-EP-2022-029
S 8 i~ Displ. lep EPS 139 | ai 0.7 wi)=01ns 2011.07812
~ ) 7 0.34 r(f)=0.1ns 2011.07812
pixel dE/dx Eps 139 | 0.36 wf=10ns CERN-EP-2022-029
i | | |
T Wi ze—eee Bepu 139 | X{/¥; [BR(Zr)=1, BR(Ze)=1] 0.625 1.08 Pure Wino 2011.10543
YIS — wwizeeetyy dep Ojets  Ep™ 139 | WE, ym # 0,die # 0] 0.95 % 1.55 m(')=200 GeV 2103.11684
2. .fe—*(/)r/f(nl), ¥ > gaq 4-5 Iarge jets 36.1 - [M¥})=200 GeVY, 1100 GeV] 4 1.9 Large /), 1804.03568
S i ot X o abs Multiple 36.1 T [A,=2-4,1e-2] 0.55 1.68 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, fobXT XT — bbs = 4b 139 |i Forbidden 095 & m(¥T)=500 GeV 2010.01015
Iy, i —bs 2jets +2b 36.7 | lgq.bs) 0.42 0.61 1710.07171
niy, h—gt 2epu 2b 36.1 i 0.4-1.45 : BR(i, —be/by)>20% 1710.05544
1u DV 136 | i [1e-10< ), <1e-8,3e-10< &), <3e-9] 1.00 1.6 BR(f: —gu)=100%. cosf,=1 2003.11956
V1K, ), —tbs, ¥y —bbs 12ep  >6jets 139 | & 0.2-0.32 Pure hiagsino 2100.09608 ? F a St q d et e C-t O r ‘ ev e |
L L 1 1 L L 1 L L 1 L L 1
. A enlon Availz PR . , ofatoc Ar -1
Only a selection of the available mass limits on new states or 10 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made




STANDARD MODEL MEASUREMENTS

Standard Model Production Cross Section Measurements Status: February 2022
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STANDARD MODEL MEASUREMENTS

Standard Model Production Cross Section Measurements Status: February 2022
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2z SM process driven
2 Detector-corrected

7 Focus on precision/longevity

Monte Carlo
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HADRONIC JETS AS PROBE OF THE STRONG FORCE

Jet// JEt// Jei///% N jCMS | | | I 335 fb-1 (13 TeIVZ

quark § quark _ quark 1994 quark 2 quark Y i quark % - 04 %_ ® Anti-kT (R =0.7) _é
- /strong " ew O = 1L —_CT14NNLO ® NP ® EW ]

: : interaction _ | interaction O = o o y| < 0.5 (x 0°) =
je,t;g// je,tz{)/// Je,tz{// 3102.__1& = > = O.5<y<10(><10) .
<. A = A 1.0<|y|<1.5 (x10% :

- 'O|_10=—’— A - N 1.5<y<20(><10) E

3k Sensitive to the proton structure (PDFs) S 4L . ‘—+++ - i
, Y, F ' " la E

* Extract strong coupling ag(m.) % 107 .

least well known fundamental constant: 02’ :
aq(m,) = 0.1170 £0.0017 34: :
Most precise ag(m.,) from a hadron collider experiment 1075 _ _
3%k Probe physics beyond the SM 10°F :

0—7
arametrised with effective couplings ¢; 100 500 300 =000 2000

valid up to new physics scale A (EFT) Jetp_ (GeV)
For vector-like couplings new physics scale A > 32 TeV JHEP 02 (2022) 142



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-011/

ELECTROWEAK INTERACTIONS IN WW-TJETS

A ATLAS precise measurement of pp — eiv,uil/j

» Sensitive to electroweak boson self-interactions

and higher orders in the strong coupling

| | | | | | I

ATLAS
/s =13 TeV, 139 fb™
pp — € VUV |

| |

| | | | | | | I | |

—— 68% CL

.............. 95% CL

—— Linear

—— Linear + Quadratic

fe e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o

Cy /A2 [TeV?]

JHEP 06 (2021) 003

I | | | | | | I | [

ATLAS
/s =13 TeV, 139 fb™
pp — e*vu'v |

Data
258 + 4 (stat) + 25 (syst) fb

MATRIX 2.0 nNNLO
279 + 2 (PDF) + 18 (scale) fb

MATRIX 2.0 nNNLO ® NLO EW
278 + 2 (PDF) + 18 (scale) fb

Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*

| | | |

| | | | | | |
— Data
[ Stat. Unc.
Tot. Unc.
¢ Predictions

277 = 3 (PDF) + 44 (scale) fb

MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
263 + 3 (PDF) + 16 (scale) fb

Powheg MINLO + Pythia8 (0-1j@NLO)*

254 + 3 (PDF) + 21 (scale) fb

* + Sherpa & OpenlLoops gg—WW

100 150 200

300

Integrated fiducial cross-section [fb]

Compared to state-of-the-art

theoretical predictions

Differential distributions
constrain effective couplings



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-34/

SUMMARY

2k We have only scraped the surface of the potential of the LHC data

#k SM measurements constraint BSM physics
beyond the LHC direct reach

Monte Carlo

Inclusive tt cross section [pb]

900

800

CMS Preliminary

3k Only touched upon two 13 TeV results, 700
but Run3 data is already with us 6Ys [TeV]

CMS-TOP-22-012



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html

BACKUP

T:
: e —
e /
Display of a two jet
event in CMS 5

CMS Experiment at the LHC, CERN
Data recorded: 2016-Sep-27 14:40:45.336640 GMT
Run / Event / LS: 281707 / 1353407816 / 851




*k QC

P

INCLUSIVE JETS AND ag(m,)

Joint determination of t

using the CMS jet and

D analysis at NNLO QCD

ne proton PDFs and ag(m,)

HERAZ2 DIS data

?  Avoid circularity: jets -> gluon PDF, jets -> a¢(m,)

XK

Data statistics Parametric uncertainties

ag(m,) = 0.1170 £ 0.0014(fit) = 0.0007(model)
+0.0008(scale) = 0.0001(parametrisation)

QCD scale variations

PDF functional form

L] with CMS jets

—

—
— - O
;‘

] without CMS j j

o
©
l

gluon fractional
uncertainty

W|th/W|thout CMS Jets 74

107 10‘3

10—2 107"

gluon fraction x of the proton momentum

Most precise ag(m,) f

'om single experiment,

IN agreement with wor

d average

ag¢(m,) at hadron collider from jets data

NNLO

NNLO

NNLO

| | | |

+  CDF Incl. Jets : PRL 88:042001 (2002)

+ ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)

| | | | | | | | | | | | | | | | M
H1 multijets at low Q® : EPJC 67:1 (2010)

ZEUS incl. jets in y p : NPB 864:1 (2012)

H1 multijets at high Q? : arXiv 1406.4709 (2014)
H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)

H1 incl. & dijet : EPJC 77:791 (2017)

DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

CMS tt cross section 13TeV : EPJC 79:368 (2019)

CMS multi-diff tt 13TeV : EPJC 80:658 (2020)


http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-011/

JETS & NEW PHYSICS

CMS NLO Hessian fit uncertainties
. . : : : € ) CMS 13 TeV jets & ti + HERA
2k Unbiased search for Contact Interactions in high-prjets o 0\ [ .
; - \ | SMEFT LL CI A=10 TeV
7 Issue: SM prediction based on PDFs including LHC jet data 601
B : . : B 40| No risk of absorbing BSM
Solutloln.l BSM eﬁgcts are not absorped into the PDFs by : e e PO
determining them in a simultaneous fit 20/
e | PSR 1 Dbl S G (P 1YY AR =
§1_05_ —— (SM-!-C') / SM //Z?
= W77,
3 1= —— — "“';;;;;z;;;;;/’j;/i/i/f/,4374;3312222222///:
§0.95 .
CMS SMEFT NLO 13 TeV jets & tt + HERA T T T
- 95% CL fit+model+param. unc. : gluon fraction x the proton momentum

A=50TeV

— 68% CL fit+model+param. unc.
— 68% CL fit unc. only

5k Results consistent with the SM

Axial vector-like e @t | 3 Constrain new physics scale A
VeCtOr-llke """ '—I_._F_'I """ ; assuming Cl e — 1
Left handed ......... T S N S TR :
e e b 2 A > 32 TeV for vector-like coupling
0.002 “0.0015 ~0.001 ~0.0005 0 . /A2

JHEP 02 (2022) 142



http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-011/

%k Physics

PHYSICS AT THE LHCEC

Beyond the Standard Model more elusive than expected

3k Time to rethink our approaches

Standard Model

measurements

New Physics

Effective Field
Theories

Precision

I . Il I = = = EH = = = = = = = = =N !
|
i

Indirect searches Direct searches

2k Effective Field Theory: parametrise high scale physics at low energies

2k Access energy scales much higher than those directly accessible

12



EFFECTIVE FIELD THEORIES

%k If BSM physics is heavy we can “integrate it out”,
eaving higher dimensional operators in the Lagrangian - an EFT

c; Wilson Oi(d) operator of
coefficient dimension d
Nye
& = Zau+ Y =400 +
SMEFT — SM A2 o
i N New physics to show up as ¢; # 0
scale of
Fitted to experimental / new physics
measurements

sk Contribution of certain operators grows with partonic center-of-mass energy

> Increased sensitivity in TeV region

%k Dim-6: 1000s of operators, complex phase space to explore
sk Complementarity between different measurements and processes

13



STANDARD MODEL AT THE LHGO: THE BEGINNINGS

Standard Model Production Cross Section Measurements

10°

Ototal [pb]

10°

10°

10°

10

Status: March 2013

35pb™’

35pb"

10"

—_)

i

1.0 b~

4.7 b~

ATLAS Preliminary

LHC pp Ys =7 TeV
Theory
" Data 2010 (L=35pb")
o Data2011 (L=1.0-4.7b")

LHC pp Ys = 8 TeV
s Theory

® Data2012(L=581%"

. 5.81b"
-1 :
4617 : . o 3 ¥
- 4.7 0"
WZ Wit ZZ

Discovery of the Higgs

Precision measurements

of QCD and

=\ processes

—xploration of BSM

physics via direct
and Indirect searches
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LGLOBAL EFT FIT TO DIBOSON DATA

3k ATLAS combined interpretation of WW, WZ, ZZ, and VBF Z measurements

Allows to constrain more flat directions in the EFT space

ATL-PHYS-PUB-2021-022

- ATLAS Preliminary s =13 TeV, 36-139 fo™ —®— Lin, individual
—&— |in, profiled

Results in agreement with
SM prediction (c; = 0)

A=1TeV

—— Lin+quad, indiv

—¥— Lin+quad, prof

i

0.5

Parameter Value
o
— e e
— e
—*—
— ——
—
—ep—
——

S VE—
—_
—_——

e et
——

i — 68% CL -
—-0.5— ]
: - 95°/o CL :

- 3) 0 It 2 0 10 Z

] - Cw Chq C v C vt C v Cog2l C4q —

2k First step towards global EFT interpretations of multiple processes
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