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History of elementary particle discovery
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History of elementary particle discovery
at colliders
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History of elementary particle discovery
at colliders
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History of particle colliders
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History of elementary particle discovery
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before the LHC
(-- 2010)

Model dependent studies
supersymmetry
extra dimension
composite higgs

little higgs
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[2006 CERN summer school]
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Spin analysis of
supersymmetric particles

Kentarou Mawatari (EEJE &2 KER)
(KEK — KIAS in Seoul from this Sep.)

with S.Y. Choi (Chonbuk U./DESY)
K. Hagiwara (KEK)
U. Martyn (DESY)
P.M. Zerwas (DESY/KEK)

in preparation ...
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SUSY vs. UED

* The cascade decay in SUSY and UED

q
QY- [A. Datta et al.
SUSY: - -iz --- </ {* (ncar) PRD72(2005)096006]
UED: o ) {" (far)
4 I-

x1 (LSP)
Y1 (LKP)

* In either case the observable final state is the same: g2 " 7
~ (+missing energy).

* The ori%in of the observed chain particles, SUSY or UED, can
clearly be unraveled by measuring the spins of the
intermediate cascade particles.

2006/8/1 K. Mawatari @ PPP2006 5
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The threshold excitations and
the angular distributions for smuons

l60 IIIIIIIIIIIIIIIIIIIIIIIIIIII 70 | | 1] | | 1 1) 1] 1} 1 1 1 | | 1 1 1
i T T T T T T ] T T T

- ~J -~ c a'a e o= : : do . o apen :
140 - ,3 Fe N G (fb): €€ = lghy ] b deosd ree = Holg
- ,/ A ee S, :“\\ e'e -, ILC1 chlﬁ/ -
. N N = N\ -
120 = / N M 300GeV ] - \\ \ __ larbitrary normalization} /’// -
- / N R 71 ] TN 27 —
’ N — \ \\ ”~ / —
lm - ’ \\\ - \\ \\ // / -
— T - X S e - / .
: : o(“Rl“RI) \\\ 40L \\ T // _
L oS [ UED: ™ ’ .
o | S ) DN _~"CLICI3TeV] -
- | e "~ 14 cos? 0+ (1 — B?)sin’ 0
| » , -
I N . -
| 20~ SUSY: ii, ~ sin” 6 3
[ - -
[ X -
| _ -
[ 10 .
I n -
[ B i
y L L L L l 1 L L L l 1 1 L L l L N
S0 600 700  s00 900 1000 1100 1200 03 0.5 0 G |
Vs (GeV) cost
[hep-ph/0612301, EPJC]
S. Choi, K. Hagiwara, H. Martyn, K. Mawatari, P. Zerwas
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PPP2008 by ZFHfi A (ATLAS)

Inclusive Searches

Generic features in Supersymmtry
» gluino/squark production dominates

» cascade decays to lighter sparticles

» stable LSPs (R-parity conservation)

- Multi-jets + MET + X topology

General strategy in ATLAS
» Select a few parameter points consistent

with DM constraints
» ldentify signatures with different topologies
» Perform full simulation studies on each
signature
» Scan parameter space with fast simulation

» Perform separate full sim. studies on “exotic”

signatures (not covered in this talk) :
- Long-lived states, R-hadron, etc.




PPP2008 by ZEfiE A (ATLAS)

Working Models

Most ATLAS studies performed in the framework of
MSSM with R-parity conservation

SUSY breaking scenarios considered :
» MSUGRA - minimal SuperGravity (most studied)
» GMSB - Gauge Mediated SUSY Breaking
» AMSB - Anomaly Mediated SUSY Breaking

MSUGRA Benchmark Points

mo min Ao ONLO mg / Mgq
(GeV) (GeV) (GeV) (pb) (GeV)
SUI 70 350 0 |0 10.9 830/ 750
SU?2 3550 300 0 |0 7.2 860 / 3550
SU3 100 300 -300 6 27.7 720/ 620
SU4 200 160 -400 10 402.2 420 / 420
SU6 320 375 0 50 6.1 900 / 870

tanf
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PPP2008 by ZFHfi A (ATLAS)

SM and SUSY Events
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» Common cuts » Common cuts

» no lepton » Exactly one lepton (p1>20 GeV)
» Ad(jet, ET™ss) > 0.2 » Transverse Mass > 100 GeV
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- =4(l) jets with pr>50(100) GeV i-leptons  j-jets
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- Transverse Sphericity > 0.2 — 2 lepton case separately analyzed
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300 400 500 600 700 800 900 1000
m_ [GeV]
Ug

[1108.1250, PRD]
Automized Squark-Neutralino Production to Next-to-Leading Order
T. Binoth, D. Goncalves Netto, D. Lopez-Val, K. Mawatari, T. Plehn, |. Wigmore



SM Higgs productions at the LHC
and the decays
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No new particles... only exclusion IImits...

ATLAS Searches™ - 95% CL Lower Limits (Status: SUSY 2011)
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Higgs discovery? (2012)
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Brout-Englert-Higgs

BEH characterisation framework

Kentarou Mawatari (55/E &AER)

(Vrije Universiteit Brussel and International Solvay Institutes)
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After one year...

N
~  Evidence for the spin-0 nature of the Higgs boson using ATLAS
Q)
. data
=
—
ﬁ-
™ .
o The ATLAS Collaboration
Q.
L
=,
> Abstract
N
:;.' Studies of the spin and parity quantum numbers of the Higgs boson are presented, based on
v proton—proton collision data collected by the ATLAS experiment at the LHC. The Standard Model
- spin—parity J” = 0* hypothesis is compared with alternative hypotheses using the Higgs boson decays
(.9‘ H—vyy, H - ZZ* — 4¢ and H— WW*— {vlyv, as well as the combination of these channels. The
— analysed dataset corresponds to an integrated luminosity of 20.7 fb~! collected at a centre—of-mass
> energy of /s = 8 TeV. For the H — ZZ" — 4¢ decay mode the dataset corresponding to an integrated
'>'E luminosity of 4.6 fb~! collected at /s = 7 TeV is added. The data are compatible with the Standard
? Model J# = 0* quantum numbers for the Higgs boson, whereas all alternative hypotheses studied
-

in this letter, namely some specific 7© = 0~, 1*, 1=, 2* models, are excluded at confidence levels
above 97.8%. This exclusion holds independently of the assumptions on the coupling strengths to the
Standard Model particles and in the case of the J* = 2* model, of the relative fractions of gluon—fusion
and quark—antiquark production of the spin-2 particle. The data thus provide evidence for the spin-0
nature of the Higgs boson, with positive parity being strongly preferred.
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Strategy of the Higgs characterisation

nNo
LO Only resonance!? BREENG more resonances
close to 126?
L | _Yes, excluded
BW resonance?

—_,,—37' S —

Spin 0? | or 2? no

YES
L I l y€es }‘ Graviton-like? —

+ Parity!?

", QI
- or mixed! —

- no

yes

mixed

SM couplings strength?

L2

~ We provide a complete framework, based

J\

'on an effective field theory description, that
‘allows to perform characterisation studies

of the newly discovered boson in all relevant

channels in a consistent, systematic and

v yes
S M S | accurate way.
Kentarou Mawatari (Vrije U. Brussel) 6 Aug.7,2013,YITP workshop
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Effective Lagrangian -- spinQ

- ## INFORMATION FOR FRBLOCK
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Ly = < CaksSM [ggsz ZuyZ" + guww W, W “] = oo oy
1.
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o Z | CaliyyIHy A“,,A T SaKay7 94y~ AM,,A ] ;.m : ::11
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1 : . I
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Kentarou Mawatari (Vrije U. Brussel) 35 Aug.7,2013,YITP workshop
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Mass and angular distributions -- spinQ
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After Higgs discovery

BSM: full SUSY spectra —> simplified spectra, compressed spectra,
RPV (R parity violation),
LLP (Long-lived particle),
simplified DM models,

Higgs: kappa framework —> SMEFT (SM Effective Field Theory)
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Full SUSY spectra to simplified spectra

s =8-13 TeV, 20.3-140 fb March 2023
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2024 Vs =13TeV
. = .
Model Signature  [Ldt ™) Mass limit Reference
L] L] L] L] L] L] L] L] I L] L] L] L] L]
ad, 44" Oe,p 2-6 jets Eﬁ?“ 140 1.85 m(¥})<400 GeV 2010.14293
% mono-jet 1-3jets  EMS 140 G [8x Degen.] 0.9 m(G)-m(¥))=5 GeV 2102.10874
'§ 28, §—qat" Oe.u 2-6jets  EP™ 140 |2 ' 2.3 _an?):o GeV 2010.14293
5 F4 Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
& 88, §-qaWi] Tep 2-6 jets A 140 |2 2.2 m(¥})<600 GeV 2101.01629
L gz F—qG(LOX) ee, ppt 2jets  EP™ 140 |2 2.2 m(E))<700 GeV 2204.13072
& 2z goqqWZH) Oe,u 7-11jets  EPS 140 | & 1.97 m(/??g <600 GeV 2008.06032
% SSe,u 6 jets 140 |2 1.15 m(Z)-m(¥})=200 GeV 2307.01094
= gz gt O-1e,p 3b Ems 140 |z 2.45 mu?g)<5oo GeV 2211.08028
SSe,u 6 jets 140 |2 1.25 m()-m(F2)=300 GeV 1909.08457
biby Oe,pu 2b EPS 140 | By 1.255 m(t))<400 GeV 2101.12527
by 0.68 10 GeV<Am(by X1)<20 GeV 2101.12527
0w < biby, bi—bts — bid" Oe,u 6b EE%SS 140 | b Forbidden 0.23-1.35 Am(¥3,¥])=130 GeV, m(¥})=100 GeV 1908.03122
§ 2 27 2b EPSss 140 | by 0.13-0.85 Am(¥s, ¥1)=130 GeV, m(¥})=0 GeV 2103.08189
o .
§g i, ity 0-1e,u 21ljet  Ep 140 f 1.25 m(¥})=1 GeV 2004.14060, 2012.03799
c g hinhowhl Teu Bjetsb EPS 140 | Forbidden 1.05 m(E?)=500 GeV 2012.03799, 2401.13430
g) i f1f1, i1 >T by, 711G 127 2jets/t b EP'S 140 7 Forbidden 1.4 m(7)=800 GeV 2108.07665
= £ An, Rl /8, ek 0eu 2c - ER® 361 |E 0.85 m(E})=0 Gev 1805.01649
SRS Oe,u mono-jet  ER' 140 i 0.55 m(7;,&)-m(¥|)=5 GeV 2102.10874
Ay, -89, B9—Z/ Wi} 1-2ep 146 EPS 140 | 0.067-1.18 m(¥9)=500 GeV 2006.05880
b, hoh +Z 3eu 1b EFss 140 | § Forbidden 0.86 m(¥)=360 GeV, m(f;)-m(¥})= 40 GeV 2006.05880
XX via wz Multiple ¢/jets BRSO 140 ER 0.96 - mi)=0, wino-bino 2106.01676, 2108.07586
ee, i >1ljet EM 140 X1 1%, 0.205 m(tT)-m(¥])=5 GeV, wino-bino 1911.12606
/\71:/\71: via WW 2e,u E]n}fss 140 if 0.42 m(,??):(), wino-bino 1908.08215
YR via Wh Multiple ¢/jets EMS 140 | X5/¥)  Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
L~ KX vialy/v 2e,u EDs o140 |y 1.0 m(Z,7)=0.5(m(¥)+m(E})) 1908.08215
L R 27 EPs 140 [EERERIoiss) 0.5 m(¥)=0 2402.00603
WS 7 gl 1o 2e.u Ojets  EX™ 140 7 0.7 m(¥)=0 1908.08215
ee, jijt >ljet EPS 140 |7 0.26 m(?)-m())=10 GeV 1911.12606
HH, A—hGjZG Oe,u >3b  ERY 140 | A 0.94 BR(Y| — hG)=1 2401.14922
de,pu 0 jets Eﬁfss 140 i 0.55 BR(T; — ZG)=1 2103.11684
Oepu =2large jets EP™ 140 H 0.45-0.93 BR(¥} — ZG)=1 2108.07586
2e,u >2jets EPY 140 | & 0.77 BR(Y} — ZG)=BR(¥} — h()=0.5 2204.13072
Direct ¥1¥7 prod., long-lived X7 Disapp. trk  1jet  EP™ 140 | ¥} 0.66 Pure Wino 2201.02472
o X1 0.21 Pure higgsino 2201.02472
1%} .
_g % Stable g R-hadron pixel dE/dx B 140 g 2.05 2205.06013
&S Metastable g R-hadron, Fqgh) pixel dE/dx EpS 140 g [7(&) =10ns] 2.2 m(¥})=100 GeV 2205.06013
S g 0, t—tG Displ. lep Eps 140 i 0.74 7(0)=0.1ns ATLAS-CONF-2024-011
— ) 7 0.36 (@) =0.1ns ATLAS-CONF-2024-011
pixel dE/dx ET' 140 T 0.36 7(f) =10 ns 2205.06013
TR IR W s ze—eer Be.u 140 Pure Wino 2011.10543
T I8 — Wwyzeeeevy dep Ojets  EMs 140 m(@))=200 GeV 2103.11684
88, §-qa") X\ - qqq >8 jets 140 2.34 Large A7), 2401.16333
S 07 ot X o ths Multiple 36.1 mM(¥))=200 GeV, bino-like ATLAS-CONF-2018-003
SL: if, isbXT, XT — bbs > 4b 140 Forbidden m(¥})=500 GeV 2010.01015
i, h—bs 2jets+2b 36.7 0.61 1710.07171
o, h—-qt 2e,u 2b 140 0.4-1.85 BR(f} —be/bu)>20% 2406.18367
1u DV 136 1.6 BR(71 —qu)=100%, cosf,=1 2003.11956
/?T/)?g/)??,)z?z—)tbs, X{ —bbs 1-2e,u >6 jets 140 | ¥ 0.2-0.32 Pure higgsino 2106.09609
L L L L L L L L I L L L L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

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




125GeV SM Higgs productions
at the LHC and the decays
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Standard Model Total Production Cross Section Measurements stus: Juy 2014 20 ] 4
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Standard Model Total Production Cross Section Measurements
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Precise measurements
= |[ndirectly predict new particle masses
via quantum loop effects
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Precise measurements
= |[ndirectly predict new particle masses
via quantum loop effects
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A new particle
at the LHC in 20257



Toponium (x)! ...

ATLAS [CONF-2025-008]

CMS 138 fb~1 (13 TeV)
Hagiwara, Sumino, Yokoya [0804.1014, PLB] ¢ Data mmm tX Unc.
Sumino, Yokoya [1007.0075, JHEP] tt mm Other
Fuks, Hagiwara,Ma, Zheng [2102.11281, PRD] > T oo <1 i _ o <1
Fuks, Hagiwara,Ma, Zheng [2411.18962, EP|C] 8 103! .« 3 hel 3 han
Fuks, Hagiwara,Ma, Munoz-Aillaud, Zheng [2509.03596] g *++*
1 }’E’ h u}{
- sirglet v ‘e
R g:,nc:gl Lﬁ 102 *+*
.o Q. ociet T : .
= sumofall — | e
% 2 —
s 3 10 . B
\9‘: ! + 1.1} Postfit (FO pQCD + BG + n;)
g | A '
E I
8 | 8 TL-LIJ_ +
| ¢ il
o | AR 1 1
L
o .
0 e | (ny) =8 8+12 b
O — , = 0.0_7°
2 0.9t Nt O, 140
©
o

400 700 1000 1300
ms [GeV]

A - BBSDNEBSME T FHIVIE R ZZ S [T VWD, AR - EERRN T D
= 1C X7 SM background (CIEENTWSAIEEME | §3X 7 - B AR ELRAIR |




History of elementary particle discovery
at colliders
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