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Particle physics and LHC
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« All elements of the Standard Model (SM)
are confirmed and SM continues to
describe observations successfully

Mysteries of the SM

* Flavor structure, mass hierarchy

Symmetry between quarks and leptons

* Origin of the electroweak (EW) symmetry
breaking (EWSB)

Unexplained phenomena

« Gravity is not included in SM
« Dark matter, dark energy

et

* Deepen understanding of the SM by
precision measurements
« Search for new physics
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LHC Upgrade

2018 data taklng has started'

+ Run-2 (end of 2018) { . T S
. 5 =13 TeV, 150 b R L

«  Run-3 (2021 - 2023) % ]
« /s =14 TeV, 300 fb! 5 :

« High-Luminosity LHC (2026 — 2036?) I ~ Dok
- /s =14 TeV, 3,000 fb! 5 ..
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Day in 2018

LHC - HL-LHC
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 — R2E project 11T dipole & collimator installation

Civil Eng. P1-PS ﬁ
2019 | 2020 202 2022 | 2023

ATLAS - CMS
R upgrade phase 2

experiment upgrade phase 1
beam pipes 2 x nom. lurm Y 2.5 x nominal luminosity
nominad luminosity ALICE - LHCb fmm—
upgrade

EX (300" e
NOW



2018/5/30 Asian Linear Collider Workshop 2018

Physics cases at the LHC

SM (incl. top) Higgs particle
measurements and EWSB
* Inclusive and differential cross « Mass, width, spin, parity, ...
sections « Cross sections
« Mass, coupling « Couplings to other particles
« Anomalous gauge couplings « Heavy Higgs searches
« Top quark properties and
Interactions
[ : J [ SUSY and BSM J
Flavor physics
searches
« B-hadron properties « Direct search of new particles
« CP violation « SUSY, dark matter candidate etc.
 Rare decays * Resonance or non-resonance

« Flavor structure with top
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Standard model summary plot

Standard Model Production Cross Section Measurements

Status: March 2018
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Standard model summary plot
Standard Model Production Cross Section Meas « (Cross-section measurements are
Q' o o) ATLAS Preliminary done for many processes, down
N . o, Run 1.2 vs = 7,813 TeV to about 1 fb | |
E o « QCD, EW Interactions
0E o - Particle production
ok o + Many precision measurements
. F : i are with 7, 8 TeV data
ETp OTwet. « Measurements at /s = 13 TeV
10° £ B0 gl MEoguww o are still to come
o b il I 3] :W:jﬂ ; .« Good agreement with SM
b :n : 8 oA predlc_tlon over many orders of
; g © 0 oH” gl magnitude
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EW production of same-sign W pairs

+ EW production of vector boson pairs (Vector o EMS____ ssen'usTen
Boson Scattering, VBS) probes the . mewww
triple/quartic gauge interactions £ M Nonprompt

+ CMS observation at 5.5¢ D100 | o,

« Limits on the coefficients of dimension-8 effective A\

operators
* Limits on the sy parameter for the Doubly charged
Higgs in the framework of Georgi-Machacek |
model of Higgs triplet 800 1000 1500 2000
* sy > 0.18 (0.44) for my+ = 200 (1,000) GeV m; (GeV)

Observed limits Expected limits Previously observed limits

50 SIS

\\\\\\3\\\\\\\\&\\\\\\\\?\\\\\\\\:

Phys. Rev. Lett. 120 (2018) 081801

(TeV —*) (TeV %) (TeV %)
fo/A* [-7.7,7.7] [-7.0,7.2] [—38,40] ,[11]
fo1 /A*  [-21.6,21.8] [—19.9,20.2] [—118,120] , [11]
famo/ A [—6.0,5.9] [—5.6,5.5] [—4.6,4.6] ,[36]
fapr /A2 [—8.7,9.1] [~7.9,8.5] [—17,17] , [36]
fve/A* [—11.9,11.8] [—11.1,11.0] [—65,63] ,[11]
fuz/ A% [-13.3,12.9] [~12.4,11.8] [~70,66] ,[11]
fro/A*  [~0.62,0.65] [—0.58,0.61] [—0.46,0.44] , [37]
fri/A*  [—0.28,0.31] [—0.26,0.29] [—0.61,0.61] , [37]
fro/A*  [-0.89,1.02] [—0.80,0.95] [-1.2,1.2] ,[37]



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
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Prospects of same-sign WW at HL-LHC

ATL-PHYS-PUB-2017-023 CMS-PAS-SMP-14-008

« Same-sign WW VBS
« Expected uncertainty of the cross is
about 5% at HL-LHC
« Longitudinal WW component can be

extracted using sensitive variables,

lept
e.g. Ad)jj,pTep on

« WZ VBS is more difficult
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https://cds.cern.ch/record/2220831
https://cds.cern.ch/record/2298958
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Top mass and cross sections

m; = 173.34 + 0.76 (world average)
Cross section well described by NNLO+NNL

QCD calculation

LHC Top working group

ATLAS+CMS Preliminary
LHClopWG

World Comb. Mar 2014, [7]
stat
total uncertainty

ATLAS, l+jets (*)
ATLAS, dilepton (*)
CMS, l+jets

CMS, dilepton
CMS, all jets

LHC comb. (Sep 2013) LHciopwa
World comb. (Mar 2014)

My, SUMmary, fs = 7-13 TeV

total stat

mygp T total (stat + syst)

172.31+ 1.55 (0.75 + 1.35)
173.09 + 1.63 (0.64 + 1.50)
173.49 £1.06 (0.43 + 0.97)
172.50 £1.52 (0.43 + 1.46)
173.49+£1.41 (0.69 + 1.23)
173.29 + 0.95 (0.35 + 0.88)
173.34 + 0.76 (0.36 + 0.67)

ATLAS, l+jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS, l+jets

ATLAS comb. (::1:03.7.)
CMS, l+jets

CMS, dilepton

CMS, all jets

CMS, single top
CMS comb. (Sep 2015)
CMS, l+jets

[3] JHEP 12 (2012) 105

(*) Superseded by results
shown below the line

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

[4] Eur.Phys.J.C72 (2012) 2202
5] Eur.Phys.J.C74 (2014) 2758
[6] ATLAS-CONF-2013-102

172.33+1.27 (0.75+ 1.02)
173.79 + 1.41 (0.54 % 1.30)
175.1£1.8(1.4+12)
1722421 (0.742.0)
172.99 +0.85 (0.41+ 0.74)
173.72+1.15 (0.55 + 1.01)
172.08 +0.91 (0.38 + 0.82)
172.51 £ 0.50 (0.27 +0.42)
172.35+0.51 (0.16 + 0.48)
172.82+1.23 (0.19+ 1.22)
172.32+ 0.64 (0.25 + 0.59)
172.95+1.22 (0.77 + 0.95)
172.44 +0.48 (0.13 + 0.47)
172.25+0.63 (0.08 + 0.62)

[7] arXiv:1403.4427
[8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] Phys. Lett. B761 (2016) 350
[12] arXiv:1702.07546
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https://arxiv.org/abs/1801.02052
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ttZ and ttW cross sections

- cmMs = |35l.9fb'1l(1§T?V)
* Interesting final state to investigate as O : Data ltFEre =tril\gfnprompt tOX
extensions of SM may alter the couplings =
to top or EW gauge bosons 2 g0l CMS-TOP-17-005 |
. . . 4 i
« Within the SM, it probes the top neutral T /% _
. . 40 é |
g current interaction C %{/% :
t r 2 7
! 20 - B PR -
. Z/y"
50 100ZI 150 GeV]
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https://cds.cern.ch/record/2264544
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
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Higgs production and decay

Production processes Decay mode  Branching ratio (%)
bb ©) 58.4
ww 21.4
(99) 8.19
1T 6.27
(cc) 2.89
ZZ 2.62
144 0.227
( ): No observation for these decay
modes
© @ « (*) Evidence at 3.50 (ATLAS), 3.86(CMS)

« Gluon-gluon fusion (ggF) process has the largest
cross section followed by vector boson fusion (VBF),
WH/ZH associated production

« ttH is useful to probe top-Higgs coupling
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Higgs observations (WW, ZZ, yy, tt, bb)

ATLAS-CONF-2018-004 JHEP 11 (2017) 047 ATLAS CONF 2017-046
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https://www.sciencedirect.com/science/article/pii/S0370269318301035
https://link.springer.com/article/10.1007/JHEP12(2017)024
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-004/
https://cds.cern.ch/record/2273853
https://link.springer.com/article/10.1007/JHEP11(2017)047
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ttH

CMS-HIG-2017-35

000000000000 ———————
g t 9 b t a5 51m [7TaV}+19?fb [8Ta\-‘]+359fb (13TaV}|
_ o ——
e : - CMS — Qomoned g
. - SM expected ;
b ) 30 — 13 TeV
g “BO0000000000 ——————— 1 g t - . - — 7+8 TeV

Phys. Rev. D97 (2018) 072003

5 1045_' ATLAS eDaa  [WiH E
g - {s=13TeV, 36.1 fb [J{IW [z ]
L%’ | 2¢SS [ Diboson  [Non-prompt |
5| Post-Fit M gmisid  []Other
10 3 7/ Uncertainty --- Pre-Fit Bkgd. 3
10° E S — ——— 52 35 3 35
_ _ — tiH
o « Large background from tt + bb
: « ATLAS (only Run-2 data):
i ) . _ +230
Y T N P A Y B B B O-ttH_790 210fb1420-(380-)
8 et s W observed (expected) significance
— 1 Bl e A 5 5 A 7 - . .
St " S - CMS: Observation with at 5.2¢
05 17208 —06 —04 02 0 02 04 06 08 1 ° Run-1 and Run_2 Combined
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/index.html
https://arxiv.org/abs/1712.08891
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Signal strengths at production and decay

CMS Preliminary e Observed CMS Preliminary ® Observed
35.9fb" (13 TeV) = +1G (stat ®sys.) 35.9 b (13 TeV) = +1G (stat.®sys.)
= 1 1G (SY5.) = +1G (SYS.)
- : — *20 —+2¢
U - -
ggH | utv - —
Hgr| ————
- : pdzz —
M . — :
— uww | e
B T — .
i bb 5
IIIIIIIIIiIIIIIIIIIIIIIIlIIIIIIIII|IIII 1 — 1 l 1 | 1 'ill 1 1 | 1 1 1 1 |II 1 1
0 05 1 156 2 25 3 35 4 0 0.5 1 1.5 2 2.5
Parameter value Parameter value
- Limited by systematics in several channels CMS-PAS-HIG-17-031

« Similar results are also available from ATLAS (ATLAS-CONF-2017-047)



https://cds.cern.ch/record/2308127
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Higgs mass and coupling

« Coupling measurements
* About 10~20% uncertainties
« Consistent with the SM Higgs boson

CMS-PAS-HIG-17-031

« Mass (precision of 0.2%)

o, USRI PO« my =124.98 + 0.24 GeV (ATLAS)
z | s « my = 125.26 + 0.21 GeV (CMS)
s“cll v ATLAS-CONF-2017-046 (ATLAS)
2 o2 JHEP 11 (2017) 047 (CMS)

------- SMHiggsbosonf e e B s B S B A B

— [M, €] fit ] ATLAS Preliminary Svst
107} -Er 10] 3 Vs=13TeV, 36.1 fb" b Total | |Stat [ Syst
|:|; o 3 Total  Stat. Syst.
N - LHC Run 1 125.09 + 0.24 (= 0.21+ 0.11) GeV
= 1?5.. el P | P
wn ME L ' H—ZZ*—4] | 124.88 + 0.37 ( = 0.37 = 0.05) GeV
o 1
g 0.5 H—yy — 125.11+ 0.42 ( = 0.21 = 0.36) GeV
m UII_ Lo vl Lo el ool .
c 10° 1 10 102 Combined 124.98 = 0.28 ( = 0.19 = 0.21) GeV
Particle mass [GeV] A R B R R R R
124 124.5 125 125.5 126 126.5

m,, [GeV]


https://cds.cern.ch/record/2308127
https://cds.cern.ch/record/2273853
https://link.springer.com/article/10.1007/JHEP11(2017)047
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H — cc and total width

Phys. Rev. Lett. 120 (2018) 211802

——
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> C ]
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= i ot ]
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107 E
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S 12
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m .
w 06BE L. . 1.1l el
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« Upper limiton c(pp —» ZH) -
Br(H - ccC)
e 2.7(3.97%1) pb at 95% CL
« SMvalue: 26 fb

Phys. Lett. B 736 (2014) 64-85

q
g VWWWW-Z, g t 7
H
q q 8 T S—
g 3 YWWWW\-Z, g t 7
CMS 19.7 fb" (8 TeV) + 5.1 b (7 TeV)
.E T 1777 | L B | I LI I LI ‘ LI I T T '—
0 | e Data T
~ 10 buti SM 7]
w - All contributions (I'y = 10<I'}", p = 1) 1
S gg+VV —»ZZ (T, =T p=1) i
5 e EHa-zz _

- Bl zx MELA D, > 0.65

300 400 500 600 700 800
m,, (GeV)

[y <22 MeV at 95% CL. 5.4 times the
SM expectation with my = 125.6 MeV



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802
https://www.sciencedirect.com/science/article/pii/S0370269314004821
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BSM Higgs

« There could be more than one Higgs boson in extensions of the SM
5 Higgs bosons (h, H, A, H*) in two Higgs doublet model
« Search channels
e HY > tv,th,H— ZZ, WW,tt, hh,aa,tt,yy, A = Zh
* No signal found and limits are set in the hMSSM or general 2HDM
« Interpretation of results in the context of nAMSSM for many analyses.

Other interpretations are tried as well, e.g. H - tt, A - Zh
Limits in the context of hMSSM

Phys. Let. B 777 (2017) 091 - R
— 1 02 T T [ \s=13TeV. 361 1"
O I © _ arXiv:1709.07242 [hep-ex]
a A-n_ A S e Observed 95% CL + e
— ¥ s =13TeV, 14,
N 1oF VE=13TeV,36.1fb" "7 Expected 95% CL 5 o Sse e cee
\ —-= ({qq Expected 95% CL 20 F : _ \e - 13TeV, 381 1"
/]\ : ATLAS-CONF-2017-058
\ -== vvqq Expected 95% CL : 99> A Zh
E y Y H Vs = 13 TeV, 36.1 fb”!
e} “ W Expected +10 ' = :|TLAS EONF 2017-055
= — " — — i
X C \\ EXpeCted +20 1 0 _ ' — TeV, 132 b
T ol = = | i_aﬁmm
N N NURUPPRT TE #7] ATLAS Preliminary - S
o s hMSSM, 95% CL limits : — o B reped
3 102 4 — Observed — bb yy/tt
b EF 3 EXPECIEd 7] s=8 Te;’, :::Vg‘y
L Phys. Rev. D92, 092004 (2015)
o 2 LA h ey
_F "N . ATLAS-CONF-2016-004
o » i h couplings [k, K, K]
[ \s=7and8TeV, 251"
JHEP 11 (2015) 206
4l
10 200 250 300 350 400 450 500



https://www.sciencedirect.com/science/article/pii/S0370269317309887?via%3Dihub
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BSM Higgs : A/H — tt

Phys. Rev. Lett. 119 (2017) 191803

x10°
3PS anassmumon
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Higgs prospects at HL-LHC

* Percent level uncertainty for couplings (currently 10~20%)
e Ty = 4.2712 MeV from the interference between on/off-shell production
(ATLAS-PUB-2015-024)
« EXpect 70 observation of H — uu (CMS-PAS-FTR-16-002)
« Only 2"d generation fermion accessible at the LHC
« Di-Higgs production (most promising channel is HH — bbyy)
—0.8 < 1/Agy < 7.7 (ATLAS-PUB-2017-001)
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BSM searches
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SUSY strong production

Many analyses are done in various
production and decay modes
Gluino mass below ~2 TeV are excluded
Stop mass
« m(t) < 420 GeV for mass degeneracy
with the lightest neutralino
« m(t) < 700 GeV otherwise

ATLAS-SUSY-2016-10
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Limits for 3@ generation SUSY particle

« Top squarks are searched for in various final states /
* Low p object selection to explore compressed PN e N
scenarios i ______ .
Small Am(£;, ¥°) = soft decay products TN
- Direct ¥ production = no sensitivity yet =
CMS-PAS-SUS-17-002
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-17-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SUSY/
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SUSY EW

- Searches for the production of 7i,, #9, [* which decays into # and leptons

« For mass-degenerate chargino and neutralinos, masses up to 1,100 GeV
are excluded for m(79)<550 GeV, but depends heavily on the scenario

« Very little exclusion for direct chargino production, and none for direct stau
production

March 2018 ATLAS Preliminary  1s=8,13 TeV, 20.3-36.1 fb' ATLAS-SUSY-2016-24
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Dilepton resonances

« Search for a resonance in the dilepton invariant mass spectrum
« So far, no deviation from the SM is observed by ATLAS and CMS
« Extend the Z'gqy, limit from 4.5 TeV to 4.7 TeV

CMS-EXO-16-047

35.9 b7 (13 TeV)
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https://cds.cern.ch/record/2309470?ln=ja
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Dijet resonances

ATLAS-EXOT-2016-20

» Dijet search with trigger level analysis
« Aim for low-mass resonances with small coupling (e.g. leptophobic Z’)
« Low mass objects (m;; < 1 TeV) are usually not triggered
« One could use trigger-level objects to analyze and save minimum data
at high rate
* Only jet four momenta and calorimeter variables
Limits on the Z" coupling (g,) Is set against my, for 450<m,,<1800 GeV
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Non-resonance searches

Eur. Phys. C 78 (2018) 291

q 40 7 aomt x * Mono-Z search
B « Ageneric search for dark matter candidates
X « x: dark matter candidate
Z ‘ « Z’: A messenger particle which couples to both

SM and the dark sector
« Final state: Two leptons from Z + E7"'°®
« Many other mono-X searches are also performed

q I
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SUSY prospects

ATL-PHYS-PUB-2015-032
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Mass [GeV] m( ¥, x; ) [GeV]
« Currently, exclusion of squarks and gluino masses go up to ~2 TeV
« Limits on gauginos and slepton masses are lower (500 — 1,000 GeV)
« More data will extend the reach for these particles significantly
» Exclusion limit: m, <900 (1,100) GeV with 300 (3,000) fb


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-032/
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Prospects for gluinos S AT Y

« Large production cross section
* Gluino masses up to 2.2 (1.8) TeV and LSP mass up to
500 (400) GeV can be discovered with 3,000 (300) fb

In case gluino decays preferentially to top
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CMS Simulation, s = 14 TeV CMS Simulation Vs =14 TeV
—~ 1000
I o . —_— _T T T T T I T T T T I T T T T I T T T T ]
> pp—>§8,§—aqy, 5o Discovery Reach 3 1800 Expected 50 Discovery E
G 90| .| —300f" Phase |, <PU>=140 S ool T Phasel <PU>=0, L300 b .
— _ _ -1 —
3= goo| —L =3000 fb”, Phase Il Conf3, <PU>=140 g - -+ Phasel, <PU>=140, L=300 f :
= - — Phasel, <PU>=0, L=3000 fb . .
i 7 1400 - — Phasell Conf3, <PU>=140, L=3000 fb .
700 - - N T
. R 1200 ]
600 - .
u ] 1000 —
500 - - C ]
- . 800 |- ]
400 -] C ]
s . E 600 N ]
300 ‘. B - .
: b . 400 .
200 \ - i .
- \ . 200 ]
100 | | | | | : | | | e | | | FE 1
il N | 111 111 111 111 L1 I‘ 111 11 I 1 1 1 17 B 1 1 1 L 1 L i L 1 1 1 1 : : L 1 L 1 ]
600 800 1000120014001600 180020002200 2400 0500 1000 1500 2000 2500
My (GeV) m (GeV)


https://cds.cern.ch/record/1607141

2018/5/30

Asian Linear Collider Workshop 2018

Events / pin
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Prospects for new particles

CMS Preliminary Simulation 3000 fb”, Vs = 14 TeV)
T

\lll\\llll\\lll\\llll\‘III\‘\III‘\III7 .
L e+ieis N =1 Ewty + 21T+ W _
L b tags [E11 + Single-Top n
- W', m=2.5TeV x 20 [ ]
— “--W', m=3.0 TeV x 20 ]
- =Wy, m=3.5TeV x 20
o W', m=4.0 TeV 20 ]
[}

Extrapolation from the Run-2 analyses
Wg — tb, Z’ search
« Exclusion up to 4 TeV
Mono-jet search for DM candidate
« For an axial-vector (AV) and pseudoscalar
(PS) mediator, mediator mass up to 3 TeV
(900 GeV) can be excluded

CMS-PAS-FTR-16-005
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Conclusion

- LHC provides a unigue opportunity to investigate a wide
variety of SM processes

- QCD and EW processes, gauge couplings, top and Higgs
properties, etc.

- Precision measurements are also used to probe anomalous interactions
- Higgs boson observation (WW, ZZ,yy, tt) and evidence (bb)
- Signal strengths are consistent with SM Higgs
- HL-LHC will improve the precision of couplings to percent level
- Many direct searches for BSM physics are pursued
- Resonance and non-resonance searches
- Still no hint of new physics

- HL-LHC will extend the reach above 1 TeV for gaugino masses and
multli TeV masses for various resonances



