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Lecture Plan

Overview of the 2 lectures In the next days

* Lecture 1: Introduction to Experimental
Techniques at the LHC & Measurements
and test of the Standard Model

* Lecture 2: The Higgs boson and Searches
beyond the Standard Model, and a short
outlook to the future at the LHC




Multi Jet Event at 7 TeV 'jl,;,‘

Disclaimer:
ATLAS & CMS have very

similar results
Typically one chosen
for illustration

 Searching for Dark Matter
* New Searches

 Outlook

e SUMmMary




Summary: Cross Sectio

Standard Model Production Cross Section Measurements Status: March 2019
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All measurements in good agreement with the Standard Model predictions!!



Physics case for new High Energy MacH

p Understand the mechanism Electroweak Symmetry Breaking

» Discover physics beyond the Standard Model
Reminder: The Standard Model 4 T

= te”S us hOW bUt nOt Why 50 N«Id:\\?ﬁge
3 flavour families? Mass spectra? Hierarchy? 19 parameters!

10 ~.

- needs fine tuning of parameters to level of 10-30 | "

- has no connection with gravity / v —
- no unification of the forces at high energy 0 o700
Most popular extensions since 2000 :

MSSM

World Average

- Supersymmetry > ¥
- Extra space dimensions ’
Many other ideas: More symmetry and gauge bosons, composite 0
Higgs models, L-R symmetry, quark & lepton substructure, »
Little Higgs models, Technicolor, Hidden Valleys, 4t generation... 0

Higgsless models “disfavoured” these days -




The party 7 years ago
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2012: A Milestone In Par

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it
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The mass of the Higgs particle is my = 125.09 £ 0.24 GeV
following the Run-1 ATLAS+CMS combination arXiv:1503.07589




The Theorist and Experime

' The party in 2012!  Not everybody at the party
A. Pomarol ICHEP2012 eg higgsless models...
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Dilaton

But careful about resurrections, Higgs imposters‘




Tuesday 8 October 2013
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Congratulations!!!!




Higgs Production a
.

Not observed in run-1

$.6.9.9480)
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Higgs production mechanisms

ggF VBF
Run 1 Run 1 (ATLAS+CMS)

Higgs decay modes

AWV Wiz, b
t' Y N t/
i P i M o™ H & H
< ! - I .

Hyy HWW/HZZ HTT Hbb
Run 1 Run 1 Run 1 (ATLAS+CMS) 2018




Higgs Production

p — H+X) [pb]
S

%

ius ‘
LHC MOGS X WS 2914

Numbers taken from the
LHC Higgs Cross Section WG

See CERN yellow reports:

YR1: Inclusive cross sections

YR2: Differential cross sections

YR3: Properties

YR4: Deciphering the nature of the —
Higgs sector

200 300 400 500

1000
M, [GeV]

Processes
*Gluon fusion
e\/ector Boson Fusion

*W/Z associated prod.

*Top associated prod

*B-quark associated prod?

Higgs BR + Total Uncert

—
Q
N

10°

M [GeV]

| il
LNC HIGGS XS WG 2011




2012: A Milestone In Partic

Observation of a Higgs Particle at the LHC, after
about 40 years of experimental searches to find it

ihikiacis~ e 2014: Higgs Boson
well established.

g
T

T ¥ ] 1
fras 5&: Al v ATLAS =
JLas zo:m (B=0TeV 4 D 3
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Sgnal strength categores
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— Sign#
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Most accessible
channels studied

5 B & 8 B
N SAANEEEE R TrT

-Observation in WW,
ZZ and yy channels
tau tau at the limit
-bb and ttH not
observed in Run-1

0

znuuﬂr'modbm
h o w5 a

180

160

H-> gamgam
H-> ZZ
H->WW
H-> bb

H-> tau tau
H-> Zgamma
H-> mumu
H-> invisible

2018

Bl Results released
| In progress




Higgs: ATLAS+CMS Co

Production process Measured significance (o) Expected significance (o)

VBF 54 46 The Run-1 Higgs Legacy!

WH 24 217
ZH 23 29

e - 5 arXiv:1606.02266 /
Decay channel JHEP 1608 (2016) 045

H-1r 5.5 5.0

H — bb 26 37 5153 authors!!

ATLAS and CMS - ATLASSCMS LA SRR e e namure
LHC fun - ATUAS ETE 1= ATLAS and CMS 5 —
- oM % [ LHC Run1 w .
S 5 Physics paper sets record with
..u__ gt 10 Imore than 5,000 authors
: % Detactor teams at the Large Hadron Collicer
—"— sl the Miggs boscn
e e g The newly found boson has
properties as expected for
e e 104E ; A v i H .
T ST Y 10° 1 10 10° a Standard Model Higgs
Parameter value Particle mass [GeV]

Signal strength/SM: | u = 1.09%5 = 1.09%0 0] +00% (expt) T003 (thbed)*D 0! (thsig),



Higgs @ 13 TeV In

« Higgs partlcle Is still there ! ©
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* The mild deviations seen in Run-1 seem to be gone ®

* Observation of H—bb in the associated production channel
« Direct observation of ttH production

* No deviations from Standard Model Higgs expectations
yet!!

The Higgs Boson is still very

d +0.10
much Standard Model-like! [# = 1177510




Higgs ttH Producti

ttH production: Combination of all Higgs decay channels
and combination with the 7/8 TeV data of Run-1

- . 1] 1 1 T I ) 1 I L) T L L] I ] 1 1 T l ) T ] Ll I L] T
arxiv:1806.0425 -
o Total Stat. [ Syst. =— SM
fs=13TeV,36.1-79.81b"
Total  Stat. Syst.
t tiH (0B} +-lh1 079+ o5 (+ g 2053
L 3 tiH {multilepton) FE=— 156= gy (gt i)
----- H
’ t tiH fry) b———i 1392 13 (4% 12 8p)
‘ T
tH(ZZ) W <1.77 at 68% CL
Combined HE= 1322 o3 (£0.18,2 )%)
1 l ' ' l . L 1 | B l ' l [ X
-1 0 1 2 3 4
Oy Ut?:l‘

Observation of ttH production with:
— Run-2 alone: 5.8 o significance (4.9 ¢

expected)

— Run-1 and Run-2 combined: 6.3 o significance (5.1 o expected)

Observation of ttH!
Results in agreement with the Standard Model

arXiv:1804.0261

: 5.110" (7 TeV)+ 19.7%" (8 TeV) + 359" (13 TeV)
| ® Cobserved
CMS e 215 (L
+ i - o {Sysl)

: ' e 220 (st & 5y51)
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L |
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-
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ttH{bb) ;
748 TeV -—-—‘—-—-
13TeV o
Combined e
1. Ot IS TRt B 14-cy
-1 0 1 2 3 4 5 6 m 7
ttH

7+8+13 TeV data

3
Mg = 1.26 fg.zé

__Significance = 5.90 (exp 4.2¢ )



Higgs to bb De

H->bb decay: Combination of all Higgs decay channels
and combination with the 7/8 TeV data of Run-1

185,‘,7,‘.‘51 7 R E g 77217 (13 TeV,
I fme13Tev.7880" B VH, H — bb (=106}
[ 0stez aptons [ Dibosan 3 CMS b heny AR
16: ,.,;,..._ 2b-tags 7 Uncertainty 3 g Supplementary ;::“"_M
14_“ Welghted by Higgs S8 Dijet mass analysis 4 51@0 C]VZ:Z—vbb
120 3 7 S
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25100 N 0
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arXiv:1808.08238 arXiv:1808.08242 Wi
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More Higgs Stu‘_

arXiv:1802.04329
Higgs decay to invisible Higgs decay to charm search

HIG 17 023 3591 (13 TeV) 9b 2 F
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8 800 W
arXiv:1712.02758 = i
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Brief Higgs Summary (

~71 T w T
E | ATLAS and CMS Hry ]
z 6F —— HesZZ 1
c  LHCRunt —— Combinod 11440
F|4 " --eee Stab colyuncent. |
%N I
r : /]
A e} ._..,.._;"‘_
3- i / E
2 .."
1= / .
of il ol | o3
124 1245 125 1255 126
m,, [GeV]

Mass = CMS+ATLAS

125.09 £0.21(stat)

+0.11(syst) GeV

A B e R BB B
L ATLAS

[ H* — ZZ — 4120y ‘
“13Tov. 18"

[ %t = Sov ot

Width
< 14 MeV
(95%CL)

Couplings are
within ~10-20%
of the SM values

2
Ky

We know already a lot on this brand New Higgs particle!!

“ ATLASand CMS = - ]
2-LHC Run 1 | 2/ 1
S = ]
1 |
L — wae /

pseudo-expenments

10 20 3

log(L(JF = 0"/ LUP =07))

Spin =
0+(+) preferred
over 0-,1,2

We continue to look for anomalies, i.e. unexpected decay modes or couplings,
multi-Higgs production, heavier Higgses, charged Higgses...



Brief Higgs Summar

Combination of all Higgs production/decay channels at 13 TeV
Check overall consistency of the couplings

CMS Preliminary 35.91b"' (13 TeV)
Rhdd| T T T ] €l> 1_ T T T D AL T
> 1 ATLAS Preliminary - lg_ ; wZ
% F V5=13TeV, 36.1-79.8 1" Z: ;
5 | m,;=125.09GeV, |y | <25 W' ] S} 107k -
---------- SM Higgs boson Il é‘l: -
o = * 1072 3 E
4 i : 2 SM Higgs boson |
#+7 b % — M, ¢] fit
10 Ligs E
= | lz20
":' m YT
i L
Eotl vl il .%
il A 4l o doa sl aadaal
107 1 10 10° e " 1 10 107
Particle mass [GeV] Particle mass [GeV]

ATLAS-CONF-2018-031 CMS: arXiv:1809.10733

Results in agreement with

_ 0.09
the Standard Model pu=1137

-0.08




The Future: Studying the Hig

NN
% W=/ ==
7 = 26k @ eMore LHC Data 2021-2023

=
ﬁ_\{\ — — A )

T e

90001253

'°og;)u,¢;

Many questions are still unanswered:
*What explain a Higgs mass ~ 125 GeV?
*What explains the particle mass pattern?
eConnection with Dark Matter?

*Where is the antimatter in the Universe?
*What is the origin of neutrino masses?

*LHC upgrade | 2026-2036

*Experiment upgrades!!
*Other/new machines?
-> see |ater

SU(3)exSUQR)xU(1)y

hidden Higgs quarks
sector sector leptons



Physics Beyond the Standard Mo

Important SM paramezer — stablllw of EW vacuum A Higgs at 125 GeV
o iiiiia m—— 212056497 Precise measurements of the
' top quark and the Higgs mass

y

arXiv:1403.6535 We also know that:

Universe content

visible matter 5%
e L

New Physics inevitable?
But at which scale/energy?

/) =F - ‘f T '.' ‘,’ B ¢ under exploration right now
/ / rently -————————eeee—- B
\c.j_,/% | f / {” (e i AR /_ Ver "ﬁib{ there)
Y Searches!!

] — 0 500 1000 1500 2000 2500 3000 3500 4000
N. ArkanI_Hamed particle mass (GeV)




New Physics

- New Gauge Bosons?  gypersymmetry  ZZ/WW resonances? _
- aus - | il Technicolor?

7= 3 . W oo
/ z

~

o |
0225

o .|
&N

E
; L,»ww
i3 JL=0.1fb! -

Events/50 GeV/D.

. eqZZ (SM)

28

=i
l.&w 600 TO0 S0 900 1000 1100 1200
My, (GeV)

Little Higgs?

0 600 1000 1200 1400 1600
Ww mass (GeV)

Hidden Valleys?

|\ T—=2Zt —=llblv T

ATLAS
300 fb*

| A Conceptual Diagram

nn 1800 anng

Il blv mass (GeV) ——

What stabelizes the Higgs Mass? Many ideas, not all viable any more
A large variety of possible signals. We have to be ready for that



New Physics Hunters @ the LHC.

Muon Detectors llle Calorimeter Liquid Argon Calorimeter

The ATLAS experiment

The CMS experiment

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Dete

...And also LHCb and MoEDAL

LHCD MoEDAL




Careful with “Discoveri

EVIDENCE FOR A MASSIVE STATE IN THE RADIATIVE DECAYS OF THE UPSILON

T PDFs/TH
gl 1
- —1 Analysis error! fof §
40 effect - el 130
1| =t
:\6 Statistics! g .
o 3 S L T £
ﬁ zg ) E [~
8 Th |
c & *r
o
> 2 o
W 10" E(c)
oS EaM, <25 Gev Excess_ ||.1 inclusive Jet?
S04 H1 analysis: substructure?
Is the X(8.31 GeV) the e
Higgs particle? A lot of  E. .00 3 NON of these were
- 100 150 200 250 . .
excitement summer 1984 i actual discoveries!!
. e

Excess of events at high Q2 in ep DIS at HERA, mainly in H1:
7 events found with an electron-quark mass of ~200 GeV, expected ~1 event
*4 events found with expected 2 events in ZEUS  -> Leptoquarks?



Searches for BSM Physics




Supersymmetry: a new symmetry in Nature?

Standard particles SUSY particles

dark energy 68%

SUSY particle production at the LHC



Detecting Supersymmetric
|

Supersymmetric particles decay and produce a cascade of jets, leptons
and missing transverse energy (MET) due to escaping ‘dark matter’
particle candidates

Very prominent signatures in CMS and ATLAS



Why SUSY is good for you!!‘

 << + Elegant solution + (Gauge unification
g ! to the hierarchy
- problem (i.e., why
6 the Higgs mass is
. . not at the Planck
| scale)
AM;,~ 4 J" [(m,—m7)log | ;rx‘b )]

+ Dark matter candidate with the right abundance



*‘Whote's Waly?* (¢} Classic Modia Distribution Limitod, All rights resarved.

| Finding Wally in 2 dimensions is already tough.
3 What about finding SUSY in 105 dimensions?




Supersymmetry: Gl

pp:—> 99, g —>qu° July 2018
; LU IO L 2 D O IS I U R e | TT T T
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S- 2400,
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£ 1800}
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- 36.1-79.81b"
C AL limits @t 5% CL

1400F- kY

No significant signal to date
Within the context of the SMS:
Exclude with gluino masses ~ 2200 GeV for neutralino masses up to 800 GeV

| A li' ..l:

........

Interpretation in simplified models (SMS)
e PP =90, 921X, Septaeen 20t

230 jels expecied 3
— 2> 3b jets observed ]
SS leptons expected |

SS leptons observed
Run 1 expected =
Run 1 observed g
2 30 jets. QONF 2015041 —
S5 eptons: 70803731

Rurt 1 anv-1807 08523 e

N I S T
1000 1200 1400 1600 i800 2(X)0 2200 2400 2600

m(g) [GeV]




What is really needed from S-

End 2011: Revision!

N. Arkani-Ahmed
2011 Cm P“L""“I /ij Si Usf
_—7 J > —_—
~

Papucci, Ruderman,

Weiler arXiv:1110.6926 [ZSoe j

LHC data end 2011 \\(

Stops > 200-300 GeV

Gluino > 600-800 GeV ~ e
LI'DU l-J'R. > L

Moving away from \L

constrained SUSY models L-

to ‘natural” models 2.0 —

Natural SUSY survived ‘ N\

LHC so far, but we unawiiﬂut '\‘mn it (H.ff_.) ) (?.ﬂ{;)

are getting close to . MI Mj

push it to its limits!
I 32 20




Top Squark Search

Partner of the top quark — the stop— plays
a prominent role in Natural Models

T, producton, T+ b1 5, /T ¢ 70 /T~ Wb T /Tt 5 May 2018

;am’_“Tl"“lf'lTl'T]T“‘]"l"'f’f"'l‘TY[""TIT'YI’IT
® © ATLAS Prelimina B=13 TaV, 361 1" o 800 I
€ I mi-grws o oa (1709.04183) & oo CMS 35.9 b (13 TeV) |
700f— SST =15 /T =Wb7 /T=bIr} i 71111520} - =
@. o -T:'-l:‘IT:-WbéIT,-blrif a [1708,03247] . T =1704.07781, O-lep (H™) ««Expected ]
£ - -.1,...;5:?,—»”1" Manajst [1711.03301] i~ = 1705.04650. 0-lop (My,) = :
800 #i-ci oL 180501649 £ 700— —1707.03316. 0-lep (stop) Observed —
E &5 s Tov, 508" s 1506.00516) =~ 1706,04402. 1-lop (stop) :
r : —1711.00752, 2-lep (stop)
500 — Observed limits ++-+ Expectad limts Al imits at 85% CL 600 —1711.00752, 0, 1- and 2-tep {stop) E
i _— 500

400" ¥ :

300~
- ]
200— =
1007
\ = 4 é : : ]
! X of el . | . . TR ST ] | -
200 300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200

m(f) [GeV] m; [GeV]

Within the context of the SMS:
Exclude with masses up to 1100 GeV for neutralino masses up to 500 GeV

Is this getting critical for Natural Models??



The SUSY SEARCH C

ATLAS SUSY Searches® - 95% CL Lower Limits ATLAS Preliminary

March 2019 Vi« t3Tav
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SUSY (as seen from outside H

But not giving

November ‘16 reported by The Economist (1?!): up as yet!!!
So far 2016

data analysed

Keep the party
ready..

2017+2018 (4x
more data) is
coming !

http://www.economist.com/news/science-and-technology/21709946-supersymmetry-beautiful-idea-there-still-no-evidence-support-it
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We still believe in supersymmetry

3 91 ¢
v, ' &
- v B
3 v
-

" Ny




Dark Matter Searches at the LH

DM Direct DM DM _ Indirect a
q % q o - ;
Collider @
g Photon+MET g Jet+MET
S _- DM 7 _- DM
0 - 0, -
! [2? ,,',' ',I,I, '/'
s - ~
D t ": /"/“ s = %é-é ~ .
b q DM q DM

eIdentifying Dark
Matter is one of the
most important

questions in physics

Is Dark Matter
a new weakly
interacting particle?

4

undetected particle
eCan it be produced
at the LHC?




A High p- Mono-jet event

p/* = 602 Ge
Ermi“ = 523 GeV

B EXPERIMENT

Run Number: 180309, Event Number: 36060682
Date: 2011-04-27 02:33:15 CEST

A high-p_ monojet event - SM interpretation Z - w + jet




Mono-object Searche

« Mono-jets: Generally the most powerful
* Mono-photons: First used for dark matter Searches
« Mono-Ws: Distinguish dark matter couplings to u- and d-

type of quarks _ Are Dark Matter weakly interacting
 Mono-Zs: Clean signature massive particles (WIMPs?)

* Mono-Tops: Couplings to tops ~ EectieFieldTeoy e
« Mono-Higgs: Higgs-portals Mm
* Higgs Decays? x
a A
[ A

Example MoanetS o .’;-’*"'ﬂjm ® T M g coupg e
B R / " ‘ o Vaid when Q72 « 2 > TEEC

-

L

L

y Shin-Shan Eiko Yu

‘;;:"

Dark Matter? wmer




Comparison with Direc

No signal seen in any of the “mono”-signals so far
Extend limits by search for the mediator w— >|_<

Axial-vector mediator and Vector mediator and
Spin-dependent direct limits Spin-independent direct limits

Z, — 107 I e s .
E = Dijet E ATLAS Preliminary July 2018 i
O Odet M= 123 TWV, 0708 " = 10 38 2 L : i m‘“wm
—~ Prys Pew. O 96, 052004 (2017} = ‘ ) '
S OptTLA Wa 13 TeV. mat' 8 10_" :?;‘:.:rw.mu
§ :::::nw.'ua' g Dot 4 18R = 13 TeV, 1850
s 5 ATLAS COME-2018-070 g? 104 CRESST il ATLAS-OONF-2018-078
‘- = ?’x = +X
5 — .,:.x:n.v,.u.,- "; 10" s:\l-unv.um'
@ - Eur. Phya. . C 77 (2097 393 ) . . 4. 77 ot 0.
. Er et W 13TV, 380 0 104 ET™ ot Ve 13 TWY, 3801
JHEP 1001 QO T2 JMEP 2001 0NN 18 ;
20 = Tev, 610" 43 ET™ a2 =13 ToV, 381 &
1074 PLB 776 2017) 318 10 LB 770 (2017 08
E7 i) @ o 12 TeV, 301 8" 104 \ :,--Mi::;v‘xm‘
ATLAS CONF. 2018005 . TLASCONF-20)
10° T Lux VL3 S=CRESST Il
- - Prys By Lot 118 020300 0O1T) 10'45 e . w1 T SheNe
10"‘ - Poyn Fov Latt 116, 141302 @016 w -/'>/_ —x 1T
10 == A—‘j;—-‘w e ke 1008 12502
/e —
{7 Aibvecon ey, Do D0 e[ Jedar medeir, Dis M o N
- -0, - q | " Som =
b A e s SO o ATLAS s o 957 L. Gt ettt o 90% CL. o DarkSide
10 P 3 1 10 10° 10  —Lwx
1 10 1 10
DM Mass [GeV] 0 S—" DM Mass [GEV] o fm iom 110, 1a1208 v
e 1 13
90% CL limits

Mono-jet/V & Dijet searches are typically the most sensitive ones



g ° N\
: Extra Space Dimensions ‘

. S - . . - ¢
o B ‘. . ) 4 - Y /
. » . . =

e ML By CRE - g o

) .v. v.. .. . . . : 4 -

mpw = —— = 246 GeV
(Gpv/2)2

359 (13 TeV
T T T T
CMSs
—e— Observed
—&-- Median expected
I 68% expected
95% expected
- CMS, BTeV, 1970

EXTRA-DIMENSION

A

’/ Graviton
|

Search for monojets

2 3 4 5 6
Number of extra dimension

No signal found yet
New Planck scale is
M larger than 6-10 TeV

|
1
(1 mm)™" 1R M* Mpianck
1 T

itational force can beco




Search for Micro Black

emowmson Extra Dimensions!  2015: 12 jet event with S;=5.4 TeV

Graviton CMS

Planck scale

= a few TeV?
R4
%, = 8
P

UNIVERSUM S~beane

3597 (13 TeV) aI‘XiV: 1805.06013

Look for the decay producs 3k oms oL F10g p— Uw..ni.if'ii;‘&"“
of an evaporating black hole 5 10} T e s :,ozi Nomolting BH . el
£ 10°% BT M TV, M8 TeV. o6 Gl s epeed
Define S to be the scalar @ "% ™ m?ﬁmivi%af:vi:ﬂ ' : Ny oAt
i T % 3
sum of all high p; objects - ;
found in the event - ; T
-Look for deviations o B ol
at high S; L
(=] 3 L !

E L i O A e g B G s
345 6 7 8 8 10 111213 L TR . S CE R I
S, [TeV] My [TeV]

Black hole mass excluded up to ~10 TeV depending on model assumptions I




Dijet Resonance Searches @13TeV

—_—

ATLAS

EXPERIMENT

Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST

Two high-pr central jets (pr= 3.79 TeV), m(jj) = 8.12 TeV




Search for Di-jet Reso

Search for dijet

on 2016+2017
data sample

PAS EXO-17-026

Slow increase in
100 GeV

More Luminosity
-> test smaller
couplings

2 2

e

da/dm, [pb/TeV]

resonances based

T n'a %
® Data
— Fit Method

== 0g {20 Ten
aQ (4.0 Tev)
qq (6.0 Tev)

LNDF = 4011/ 37

L/NDF = 30,37/ 31

L'bf_l;ll.o_.nwa

Uncertainty

(Data-Prediction)

2 3 4 5 6 7 8
Dijet mass [TeV]

— — Scalar diquark
—_ Color~oc|etscalar(kf:%)
i WP

llIlII

40 5E e Lo L, TR
2000 3000 4000 5000 6000 7000
Resonance mass [GeV]

Observed (expected) mass limit [TeV]

mass reach of ~ few

Model Final 36fb! 77.8b!
State 13TeV 13TeV
String g 77077 7.6 (7.9)
Scalar diquark qq 7.2(74) 7.3 (7.5)
Axigluon/coloron qq 6.1(6.0) 6.2 (6.3)
Excited quark qg 6.0(5.8) 6.0 (6.0)
Color-octet scalar (k2 = 1/2) gg 34(36) 3.7 (3.8)
w’ qq 3.3(3.6) 3.6 (3.8)
Z' qq 27(29) 29(3.1)
RS graviton (k/Mp; = 0.1) qq.gg 18(23) 24 (24)
DM mediator (mpm =1GeV) qq  26(2.5) 2.5(2.8)




Are Quarks Elementary P

Rutherford experiment: ©
Unexpected backscattering - - -0
of a-particles: o

Evidence for the structure
of atoms !l (1911) \\°<
[+




Are Quarks Elementary Part

!Jr \1 \Ief 2 § 0.14 —— Rutherford Scattering
T § * R T
E ‘: qx) 2 p > <€ \9 p E 01 i a
L qix) - R
:{ Je‘l' 1 0.06 ‘-.‘..i"a-l ........... jl |
% , 2 4 6 8 10 12 14 16
Xaie: = EXPUY,~Yal)
CONF-2016-069 —— _
| f=13TeV, 1571 ATLAS Prolminary Measurement of the production angle
: WA G stair of the jet with respect to the beam
oot B -> High Energy Rutherford Experiment
1 I Total uncestamty

006, 46<m <54TeV E 40<m <46 TeV 4 \ep-ex] O electron

0 oaEq i _ : p <10"°cm

7 S E . B

0.06 34<m <40TeV 5 3i<m <3476V - N8 proton

- |- s (neutron)
e - é\q“ PP B \ quark

002 2 3 ' [~ :

Q0o 2_8<m.<23.1 Tev i} 2.5<m.<'2.8TeV ] i :?Bde::rsn

004r @ _ & _ . e atom~10"*cm ~10"3%em

0.02 iF :

! ‘ < 5x10°8 cm

1 2 34567 10 20 1 2 34567 10 20 30
x X

Quérké remain elementary particles after these first results .




E.g. Di-lepton R

o | T T T T T

Plot the di-lepton
Invariant mass

A peak!!
A new particle!!
A discovery!!

Porerit e e
N
i
=
=

Eventa/50 GeVv/o.1 b’

Of €00 800 1000 12@_ 1400 1600
Wu mass (GeV)

Example : The Di-lepton channel
Z G(KK)

An, Zy y1/Z
(Little Higgs) (TeV-! Extra Dimensions)

60
(Randall-Sundrum)




Lepton+MET/Dilepton S

ﬂrch for dilepton resonances (Z'...) or lepton+MET (W'...) searches

414 ' (13 TeV)
; ek bl

Y2 »se’e
B 5w, WW, WZ, ZZ,

Events / GeV

ATLAS Preliminary —W'(3TeV)
5=13Tev, 798" —W (4TeV)

W' — uv selection

ATLAS-2018-17

— W (5TeV)

W’ in context of sequential SM excluded
—— up to 5.5 TeV wth 80 fb-1
Extended from 5.2 TeV (36 fb1)

Data / Bkg
DO

op b

Transverse mass [GeV]

7731 (13 TeV, ee) + 36.3 b (13 TeV, u*y)
T T L l. T Ll T ' T L] T L ' L] T T T ] T T T L ' T
CMS \ *, = Obs. 95% CL limit
3 .

------ Exp. 95% CL limit, med

., [ Exp. (68%)
., ] Exp. (95%)

Analyses that include
2017 data!



Do we see any deviations??




Low Mass Diphoton

A search for X->yy at low mass

An excess is observed in the 8 TeV data (20 at 97.6 GeV) and 13 TeV
(2.90 at 95.3 GeV) -> Combined gives a 2.80 local excess at 95.3 GeV

CMS-HIG-17-013 ATLAS-CONF-2018-025

e Sl T

- ATLAS Preliminary ~— Observed
2005 5= 13TeV, 80" e Expected
1805 X-y Blitio
160 E2o
1405
1205

{ .
1005 Ao
80~ i
60 N

407 =g
F

95% CL Upper Limiton o, - B [fb]

70 75 80 85 90 95 100 105 110
m, (GeV) 70 80 90 100

Probably not ® ... ATLAS does not see the same size of effect...
Let’s see with more data in future...



Search for New Resonar-

NMSSM Higgs inspired search in mass range 12-70 GeV ~ arXiv:1808.01890
-Search for bump in muon pair mass spectrum with associated b-jets
-SR1: 2 muons + one central and one forward jets (|n| >2.4), atleast 1 b
-SR2: 2 muons + 2 central and no forward jets, at least 1 b

8 TeV Data Both regions are independent
5[ ——tey Excess seen in the both
(] i SR1 3 3 Data 1 .
Sk s i f:“"P B s ] regions around 28 GeV
é v ? gxo'E 10 3
o 10° D e '

SR1: 4.2 local significance
; : (~3.0c global sign.)
§fm.++”+,+*.u*.»*n.,w».-.m»-'-.«e SR2: 2.9 local significance

20 30 40 50 60 70 80 90 100

(=]

L R )

o -

DataMC

o .
ﬂ#h} fﬂﬂ+#+,.,+§+,ww“ PG ™ §
20 30 40 50 60 70 80 90 100 S

m,, [GeV) m,,, [GeV]
Has new ghost particle manifested at Large
Hadron Collider?
~25 _c“s.1 _‘9."_}.’ 8 TevV) ~ 40 CMms "‘_7%'1 (8 Tev) b s
CMs 97% (8 Te\ T T B o e o TR Rt b .
SR1 — gl s R GrORNg 1R 3 ; SR2 — Sgustadgoud Th e G u a rd Ia n
senn Bachground-omny | 35 CLLLE] by <oy
Dackgron Ty 1t o Bockground-onty i
5%} : 31/10/2018
c
Qas)-
w i
155
[
st =




Search for New Res

13 TeV Data

. L PT———— ....No significant deviation..

(0]

Pl zﬁﬂm SR1 ' SR SR 5 SR2
€ vent category 1

g 10’ Dol sgriicane () 5 S LI TR ¥ V.77
> Ns N0+76 08495 W5+93 —149+10]

Ns observed upper limitat9%5% CL. 404 “7 %9 322
Ns expected upper limitat 95% CL. 183 76 prf s 356
rm

0274001 0284001
Q.2 Q.2 Integrated luminosity, £ (") 197 £05 39+09
ik st 05 (1) AT£14 42417 14409 15410
80'5 20 30 40 50 60 70 80 90 100 go.g 20 30 40 50 60 70 80 90 100 Oervad wper Rt 4R CL08. <74 b i a2
mlm [GeV] rnm‘ [GeV] EX]IM I.lWﬂ'hmlf at 95“0CL(&) 34 52 27 35
5313 TeY
— e oo R 3 CMS 19.7 b (8 TeV) and 35.9'b"(l3TeV)
SR1 i . 0
: | Fiducial cross
O T | e — Observed

BE q-wg:vm ‘sectlc_)n_angl
B | e “prediction

O%Yevx 25 -
i ; for 13 TeV
‘,gafcvx 15 Pt
E -1
_ o | | ——ot— —i2o
so S 2 Ao. L.b,AA.10AA..115..‘20
m,, [GeV] Fiducial cross section [fb]

Are the 13 TeV data a killjoy? © ATLAS results @ 8 TeV?...



LHCDb: Tests of Lepton U

A few puzzling results from the LHCb experiment...

Comparing the ratesof B — Hu"p"and B — Hete | H=K,K*, ¢, ...

If confirmed, independent checks
o P na will become very important.
B A g Belle II? ->in a few years form now

b 4

o 1 CMS has installed a special trigger
04f e © to collect an unbiased b-sample
o2f ® o] which is active since 2018
PP S T T U i A -> about 1019 b-pairs collected

o & [éevz/cf] during 2018 via parked data stream

0.6610 4% (stat) £ 0.03 (syst) for 0.045 < ¢2< 1.1GeV2 21-23¢g

R T
K 0.6910 57 (stat) £ 0.05 (syst) for 1.1 < ¢2 < 6.0 GeV? 24-250

et (B — D"rp)

LHCb Update eagerly awaited © !!! Also: | Fie = 555 o)




Updates from Moriond

% -1, Imperial College
Rk result with 2011 to 2016 data LHCb-Paper-2019-009 (K88 ohdon
Using 2011 and 2012 LHCb data, Rk was: 2o
< L
Rk = 0.74579:99 (stat.) + 0.036(syst.), - LHCb
151 , .
~ 2.6 0 from SM (PRL113(2014)151601). : : I i
1.0 :_..: ....................... I ............... " S
Adding 2015 and 2016 data, Rk becomes: S T
051 1 « Belle
Rk = 0.846 *{05 (stat.) 2513 (syst.) O OO . < ek
0 5 10 15 20
~ 2.5 o from SM. ¢* [GeV¥/c']
2.0
Belle preliminary
*
Updates presented at the 15| R(K")
Moriond winter conference: . I
- LHCb (Ry) s o0f % ——
- Belle (Ry«) 'S $ sete
05} ; LHCb
. o, BaBar
Effect did NOT become C J—
more significant ® 005 5 10 15 20




Third Generation Lept

couplings to second/third generation.
-> Check in ATLAS and CMS

Example search in the b r h
tau-b final state EXO-17-029

35.9 fb" (13TeV)

YT]TIT'

f
Candidate explanation: Leptoquarks with L
b LQ’/' T

CMS Preliminary
‘< 2.5 .I (JBL ) l \ LI l LA l v '.:'
- = Observed i

[ Expectedt1c ]
2.0F ) preterred by 7
[ Baomay:te |
1.5 T Exciuded by

ptola,

Scalar LQ
p=1

0 piie ] poe gy T gegi) g ol gaea Lyl
'900 400 600 800 1000 1200 1400
Leptoquark mass (GeV)

Blue region is preferred by the B-anomalies...



Exotica Searchesl

ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2019 JLdt=(32-139) ! Vs =8,13TeV
Model Ly Jetst E',"'" JLdm) Limit Reference
Trrry - T—r—r—r—rrrT + ——r—r—rrrrT - +~—v—
ADO Gux +g/9 Dey 1-4) Yes R 1 x TITeV =2 171108301
ADO non-resonant yy 2y - - ®7 M BTV .- 3MZNO 1707 04167
ADO QBH - 2| - 0 IMe aaTeV o0 1703 08127
ADO BH high ¥ py 2lep 22 - 32 |Ma BTV e =6 My = 3 TV ol BH 1606 02265
ADO BH muniet - 23j - 16 M. . 8s5TReY  n =6 My = 3TV ot BH 161200688
RS1 Gy — ¥y 2y - - T T A1 Tev MMy =01 1707 0a147
Bulk AS Guu — WW /22 mutschannet %1 |G 23TeV MMy =10 1408 02380
BUlk RS Guu -« WW/2ZZ v qqqq D e 2J - 139 |Guwwsss 28TV AN = 10 ATLAS-CONF 2018000
BUk RS gy 1t Tep 2102103 You 351 Rk AT Fim = 15% 1804 10823
2UED/ RPP fep 22b0.23) Yes 361 |KKows 18 TeV Tior (100 S{AM < pr) =1 1803 00678
SSMZ — U 2ep = - 1} |Tesss s 1903 05248
SSMZ —rr 2r - - 3B | T . 2427V 170807242
Legtaphobic Z2° — bb - 20 - B R 21 TeV 1605.08299
Leptophobic Z° — tt Tep 210213 Yes 361 |2 mess . 30TVeV Fim= 1% 180410823
SSM W' — fy Tep - Yes 798 |Wieass . S6TeV ATLAS-CONF 2018017
SSM W —n 1y - Yes 31 [Wiman ITTeV 1601 06002
HVT V' -« WV — qaaq modeB  Dep 22 - 139 IR s e =1 ATLAS-CONF 2019000
HVT V'~ WH/ZH medel B mubschannet Bt [V = S 283TeV =1 1712.06618
LRSM W, -+ th mub-channel 3B | Woimens 225 TeV 1807.10473
. Clagea - 2 - e A AATeV 0, 1703 00127
Clitgq 2ep - - »tr [N O WoTew 1007 (2424
Cl eree tleg 21021) Yem 3Bt AT 1Cad = &x 1811 (2305
Axal vector mediator Dkac OM) O e 1-4] Yes 381 (o 2025, g, =10 miy) = 1 GeV 171100301
Colomd scalar medator (Dwrac OM) 0 e p 1-4)  ves M1 Mg £=10.miy) = 1 GaV 1711.08301
VVyy EFT (Dirsc DM} Den 10,21 Yes a2z I miy) < 150 GaV 1608 R372
Scalarreson 4 — ¢ty DkcDM) Oleyn 1B O1J Yes 351 |me y = 04,0 =02 m{y) = 10 GV 181206743
Scatar LO 1 gen L 22) Yes 361 JLOmass TATEV f=1 1902.00377
Scatar LQ 2** gen 12p 22§ Yes 351 [LOmess 1.56 Tev f=1 1902 00377
Scatar LQ 3" gen 2r 2b - %1 Jrogmas 100 TeY LG b} = 1 1902.06103
Scular LO 77 gen 01 e 2n Yer 361 [LOTmas U70 GeV By =) =0 1902 08103
VLD TT — He/Ze/Wh 4+ X mutschanmel E R LI TeV SULR) doutslet 1808 (2343
VIO B8 «« Wi/ 2o+ X matschannet %1 |Hmes 13TV SUR) doutiel 1808 R3¢3
VIO Tys Tl Ty —= Wt « X 2085123 e 210,21 Yes 351 | Tamasn C LBATeV BTy = We)e Ve[ Ty W)= ) 1807 11663
VIQY —« Wb+ X fep 21021 Ye ¥ - 188 Yo BLY o Wh)e 1 gy (VW) 1 18120734
VIQB « Hb+ X Dep,2y 210,21 VYes ns v 05 ATLAS-CONF 2018024
VLD QQ —~ Wowg Ten 24 Yes 203 1508 04261
Excted quark q° — qp - 2| - 139 anly " and @' A = mlq) ATLAS-CONF 2018 007
Excted quark g° — qy 1y 1) - »7 only e’ and @ A = mig’) 1709, 10440
Excled quark &° — bg - o - ¥ 1805 09288
Excted epton Jep - - 23 A« 3D TeV 14112821
Excted Wpton v Jept - - 2.3 A 18TV 14112921
Type Il Seesaw Teu 22 Yes 708 ATUAS-CONF-2018 000
LRSM Majorana v 2u 2] - 361 ool W) = 01TV &~ gn 1809 11105
Higgs wriplet H** — &/ 234ep0iSS) - - » DY preduction 1710.00748
Higgs riplet 1** — Ir Jeur - - 23 DY produnton, B(M* ~ fr) = | ange
Multicharged particles - - - .1 DY poducion, 4l = Se 1812 00673
Magnetic monopoles - - - 7.0 OY prduction, lg| = 180, spn 1)2 1509 08059
s 5 a s 2 s sl M PR TN,

10 Mass scale [TeV]

“Only a selection of the aviniable mass imits on new states or phenomena s shown
{ Smalk-racius (large-radiug) Jets are denoted by the letter | (J)




A Global View! Generic S

arXiv:1807.07447 Model independent search

*Divide events into exclusive classes
o selected Study deviations from SM predictions
Events , . . .
| in a statistical way
O Object jet  b-jet electron muon photon E
control plots data  of Label j b e p Y Exp™
Y ey pr (min) [GeV] 60 60 25 25 50 200
o -
AU
® O,) zorllllllllllllllll]lllllllllll]lllllllll]l
C . 2 “F ATLAS o paazors  [ostop  [Wlvose lizwvww e [Dsingte top
event classes // % Wk f5=13TeV, 321" Botrtoson  [@zwerty [Diivets Trinsiots W zvesiots  [Jenumjots
= B : __ @ 1o | &
le+1ly y+3jet | | 2p+ly S Lf | exampl e
(kinematic) =
distributions

events

search

.n
s +
-+ + .
""""I Y, algorithm
4 4
00
I"“""il s

O SM expectation  (kinematic) quantity

2.5 fb¥/13 TeV (>700 classes)
—Checking for bumps in invariant
and effective mass of objects

# No significant deviation found

Beyond what is expected f




Are we leaving no stone un

« The LHC BSM searches are indispensable and should be
continued in the new energy regime and with increasing
statistics (higher mass, lower couplings)

« But if we still do not see more than a 2 sigma at the end of
run-3, the HL-LHC will be likely mostly a precision physics
machine, searching for subtle deviations

* Are we looking at the right place? Time for more effort in
thinking of complementary searches?

\

Are we looking at the right place?




Searches for Long Live

displaced W BsM

dilepton M ‘epton - =
| )/p i Increasing interest and effort:

HSCP

— charged
— any charge

e Look for unusual signals in the
e detector from long-lived particles

disappearing
track

eExample disappearing tracks ->

G e ..' : '...: -'_‘-...... displaced ’
W ': 4{\ ' ik eSearch for charginos, almost
displaced

- degenerate with neutralinos
T et ouotime decays (eg AMSB models)
Present coverage? g g PRI e 2820
e arX|v1712 02118

-~

W al
2
1

"

—

I aaf-. ry A
’ 9 02} ....... PO
g R ATLAS T
(s=13TeV, 36.1 0" -

——— Observed 95% CLlimit (<10, ) 3

. . 0.045 ....... Expected 95% CL limit (=1 0,,,) |
LHC-wide organized study -> oce] ﬁhﬁﬁ%ﬁ
https://indico.cern.ch/e/LHC_LLP_October_2017 e P B/ S Y e

me (GeV]




Search for Heavy Ne_

Neutrino portal: vMSM (Neutrino Minimal Standard Model)
Minimal extension of the SM fermion sector by Right Handed HNLs: N1, N2, N3.

Ihree Ceneations
of Maner Fermansjann e
L} L

¥
EE
NN |

" u )
s

-> HNL hunting also focus of the SHIP experiment proposal



Multi Charged P

Pixel tracker

T YT TTTYTY | BRE |

. Z—-n - data
CZ—=yu*y MC
—MtZOO GeV, 2=2.0
o ~-M=B00 GeV, z=20
o, M=1400 GeV, 2=2

1/N dN/dS(pixel dE/dx}

e leny 1114 # . H
40 60 70
S(pixel dE/dx)

TRT tracker

0.3F ATLAS
0.251-

ll[AAlAl

1 {s=13TeV, 36.1 b

: o Z—p'y data
: CJZ—=u'y MC s
. —M=B00 GeV, 2220 -
< M=800 GeV,z=45
M=800 GeV, 2=7.0 -

1/N dN/dS(TRT dE/dx)

15 20
S(TRT dE/dx)

10

i Exclusion between 50 GeV and 980-1220 GeV

Use central tracker and de/dx measurement
to search for particles with electric charges

of 2e to 7e
arXiv:1812.03673

:g: 1 03 LEEEL ) (LB D TR SR BN S o (Rl ET S T (F EEEL BT S M [ A M I T
B - ATLAS
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Searches for long-lived particles at the LHC: Second workshop of the LHC [EXll
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Next workshop: 27-29 May 2019 CERN
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White paper — chapter statuses and roundtable

draft here (18 Oct : ing finali
[ draft here (18 Oct)] White Paper being finalized

*Simplifed models — First draft done!
*Experimental coverage — First draft essentially done! InPUt from ATLAS/ CMS/
LHCb, proposed specialized
experiments and theory
—> discussion today [ live doc! ] Comp|eted March 2019

* Re-interpretations / recommendations (N 300 pages)

*Triggers, upgrades, HL- / HE-LHC opportunities

+Backgrounds — arXiv:1903.04497

*Dark showers




Monopole Searches: MOEDAL

2016 data analysis base on 222 kg Aluminium to “stop” the monopoles and
search for them with a SQUID precision magnet (2.11fb1) arXiv:1712.09849
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New: ATLAS Monopole

arXiv:1903.08491 | 2016 data
?g%snv, 344 % 10°E\\\ %%srev. 244 m-"%

Use high ionization in the transition
radiation tracker and pencil-like
energy deposit in the ECAL
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Results interpreted via Drell-Yan production for Dirac charges 1 and 2




LHC Monopole Se

V. Mitsou

o5 Drell-Yan production with B-independent coupling May 2019
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Monopoles Stopped in the Be

ADR et al., Eur. Phys .J. C72 (2012) 2212

Test performed with pieces of material from the LHC from 18 m away from
the interaction region
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Faulty connecting “fingers” were removed
and scanned in a SQUID in Zurich

| .
Want to use the 2012 CMS beampipe! MoEDAL officially got it since 18/2/2019!!
A beampipe analysis effort has been put into place in MOEDAL

-> The analysis preparation effort is starting now




Proposals for New Experim

MilliQan: searches for CODEX-b: searches for long lived
millicharged particles weakly interacting neutral particles

bpbsei

shield veto
UXA shield Ph shield P8

MATHUSLA: searches for long lived FASER: searches for long lived
weakly interacting neutral particles  dark photons-like particles

200m

. 100m | 20m Surface Detector |

I‘I 00m iside view)
[ 1

| I




L HC Outlook and Plans

* Peak luminosi “Integrated luminosity
[fni] [mmz] [mn3] =

5.06434 + + | ~3000 fb*
— A4.0E+34 ?:e’;es Lm :l?:i . / mo%
E ~ o~ N < Ty - E )
> o < 4 4 4 /4 5 Al LHC experiments plan upgrades
2 206434 f—f for either 2019-2020 or 2024-2026
1000 = . . .
3 . 2 for the High Luminosity LHC upgrade
LOE+34 = -
p—L " (ATLAS, CMS and LHCb, ALICE)
00Es00 ~+—— nd
10 11 12 13 M4 15 16 17 M 19 20 1 22 23 4 25 26 27 28 29 30 31 32 33 34 35 36 37 CMS Phase-z Detector Upgrades Shiors
Year * Complete coverage in forward region
Tracker {new GEM/RPC technology) |n|>1.6
Approved LHC prog Fam to CO”eCt 3000 fb'l . Radiati_on tolerant - h.igh granularity - less material * Investigate. muon-taggipg lip to nA'“ZA-S
. . * Tracks in hardware trigger (L1) * New RPC link-boards with ~1 ns timing
in total with the LHC (HL-LHC) * Coverage upto ~ 4 B
Maximize the reach for searches and for - R atmney 2 1251

* Latency 2 12.5us

precision measurements (eg Higgs)

LHC will run till ~2037
Only ~5% of the collisions delivered
so far... R
Then a high energy LHC (28 TeV)? _[ecessirrten

* Investigate fast-timing

This option is discussed @ CERN.. Barrel ECAL

* Replace FE electronics



Summary

Measurements of Standard Model processes show good
agreement with predictions. Precise measurements require
precise calculations.

New Higgs measurements at 13 TeV. So far the Higgs is very
consistent with Standard Model expectations. All main decay
and production channels now observed

No sign of new physics in the 13 TeV data so far... This starts
to cut into the ‘preferred regions’ for a large number of models,
like SUSY. Naturalness? ...There are a few 3-sigma effects...

Dark Matter and lonmg lived particle searches are being
explored in a systematic way. 1

New physics in the flavour sector? New TH para

The LHC is continuing to explore the Terascale. &) L
significant deviation to show the way!! Collected
13 TeV . ...And hopefully one day soon now:
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