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Collision at 7 TeV in ATLAS ]
with large missing E; « Introduction: Searches for

New Physics

* A bit of news on the Higgs

» Supersymmetry Searches

» Exotica Searches

* New Experiments at the LHC?
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Reminder: This Is what

proton  proton

- . 13 TeV

...40 Million times a second - 24/7 (if we could)
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Out comes the new physics (or not)




New Physics Hunters @ the LHC.

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
|

The ATLAS experiment

1 | \ The CMS experiment
Toroid M(;gne'rs Solenoi‘d Magnet SCT\. Tracker Pixe\l Dete }7/ S C M S
) 5““ a er r ECAL 76k scintillating

PbWO, crystals
£ ngth 20.7 M . MUON ENDCAPS
l \n d a I SO L H C b a n d M O E DAL HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
n Interleaved ~7k ch 432 Resistive Plate Chambers (RPC)
/) —- - 3.8T Solenoid

Si Strips ~16 m2
~137k ch

?
N
i

Steel + quartz
Fibers 2~k ch

Pixel

Tracker Pixels & Tracker
« Pixels (100x150 um?)

ECAL ~1m2~66M ch
HCAL -Si Strips (80-180 um)

LHCb MoEDAL Muons 200 BMEN  UON BARREL

Solenoid coil 250 Drift Tubes (DT) and
480 Resistive Plate Chambers (RPC




2012: A Milestone In Part

Observation of a Higgs Particle at the LHC, after about 40 years
of experimental searches to find it
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The Higgs particle was the last missing particle in the Standard Model
and possibly our portal to physics Beyond the Standard Model
B 200 B



2012: The Higgs

The party in 2012! Not everybody at the party
A, Pomarol ICHEP2012  ©9 Mggsiess modes. ..
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b= <
But careful about resurrections, Higgs imposters... pilaton

However: since then a PHD effect with theorists? (Post Higgs Depression?) I




Brief Higgs Summary fro

We know already a lot on this Brand New Higgs Particle!!
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Mass = CMS+ATLAS Width Couplings are Spin =
125.09 +£0.21(stat) < 24 MeV within ~20% of 0+(+) preferred

+0.11(syst) GeV (95%CL) the SM values over 0,1,2

SM-like behaviour for most properties, but continue to look for anomalies,
i.e. unexpected decay modes or couplings, multi-Higgs production...



We call it a Higgs B
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4 Not Everybody!
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Higgs: ATLAS+CMS Com

Production process Measured significance () Expected significance (o)

The Run-1 Higgs Legacy!

VBF 5.4 4.6
WH 24 2.7
ZH 2.3 29
VH 3.5 4.2
nH 4.4 2.0
Decay channel
H—r1r 5.5 5.0
H — bb 2.6 3.7
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Signal strength/SM:
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+0.11
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(stat) =

~ a

+0.04

arXiv:1606.02266 /
JHEP 1608 (2016) 045

5153 authorsII

Physics paper sets record with
|more than 5,000 authors

Detector teams at the Large Hadron Collider
collsborated for a more precise estimate of the sioe of
the Higgs boson.

. The newly found boson has
| properties as expected for

Standard Model Higgs

+0.03
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Search for LFV Decays:

ut,, 0 Jets
1.30% (0.83%)

ut, 1 Jet
1.34% (1.19%)

CMS preiiminary 35917 (13 TeV)
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The 2016 data does NOT confirm the 2.40 excess seen in Run-1

CMS pratminany 359" (13 TeV)
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arXiv:1712.07173

® It would
have been
nice...




Higgs @ 13 TeV In

« Higgs patrticle is still there | ©

CMS 35.9fb" (13 TeV)
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* The mild deviations seen in Run-1 seem to be gone ®
« Evidence for H—bb in the associated production channel
« Evidence for ttH production

* No deviations from Standard Model Higgs expectations

yetl! : : :
The Higgs Boson is still very

much Standard Model-like!



Standard Model Cross Sections at
.Jaijuaryzmsl _ CMS Preliminarv

D = R R A @ 7 TeV CMS measurement (L < 5.0 fb™)

a®: oo 8 TeV CMS measurement (L < 19.6 fb™)
s @ 13 TeV CMS measurement (L < 35.9 fb”)

=n jeg?s) S — Theory prediction

: R L Z Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7

Measurements in good agreement with the Standard Model predictions




Physics Beyond the Standard Mod.

4
Important SM parameter — stability of EW vacuum A Higgs at 125 GeV
. g X 12065497 Precise measurements of the
R top quark and the Higgs mass

1 arXiv:1403.6535

2
(o)
—

We also know that:

Universe content

[ 1 isibl Tt %
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=
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n
———

dark matter 27% N

170 =8 g ‘
t. “' Stability ‘ dark energy 68%
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Higgs pole mass M, in GeV

New Physics inevitable?
But at which scale/energy?

E)__L \ ’\.lﬂ _IS E LEJ{D under exploration r.i-g-llt_l:.c:\:v__'
" When
“l Whae ﬁ\j\ 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?

v cMs

Technicolor?

- It u 3 H'q-=‘ ) y B siond
LMY — :
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Little Higgs?

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



LHC Publications: EXx

Total Exotica Standard Model Supersymmetry Higgs Top Physics > 700 pU bI icathnS On
Heavy lon || B Physics | Forward Physics || Beyond 2 Generations pp (a nd pr / Pb Pb)
714 collider data papers submitted as of 2018-02-08 physi CS SI n C e 1 / 20 1 0

About 80 papers on
Higgs studies!!

Paper 16 was the
discovery paper!

a7 TV Leb )
\seBTeV Lesaty

S/(S+B) Weighted Events / 1.5 GeV.
(=]

Jtserved R Expoeid Sl 10

http://cms-results.web.cern.ch/cms- b -
results/public-results/publications-vs-time/ >8000 citations ==

my [GeV]



Supersymmetry: a new symmetry in Natur

e?

Standard particles SUSY particles f >

Universe content

visible matter 5%

S — o=

dark energy 68%
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SUSY particle production at the LHC



Detecting Supersymmetric
|

Energy produced in the detector

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



SUSY Searches: No signal yet

Status in 2013

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0
—t & | F = T ] &

= BRERERAYEM L DL LR B .

3 ATLAS preiminay  J  *S0 far NO clear signal of
ésooo [La-zamiiseev 7 SUpersymmetric particles
_:"3 8 0-lepton combined E haS been fOUﬂd

3.)- 4000 K d I IOWECI = Observed limit (+1c o\ )]

~o- Beecedimtte.s) { - e\\e can exclude regions
where the new particles
could exist.
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2000
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AE

*Searches continued for
the higher energy in 2016
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gluino mass [GeV]

Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for ‘difficult’ model regions



PP = G0, § = aaX°  Moriond 2017 pp = §g, § = bbX® Moriond 2017 pp — 9, G = t1X° Moriond 2017
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No significant signal to date
Within the context of the SMS:
Exclude with gluino masses ~ 2100 GeV for neutralino masses up to 800 GeV



What is really needed from _

End 2011: Revision!

CERN Nov 2011 mw,,.,, Aabd SUSY

and many many more ..

[Soe
LHC data end 2011 \\( j
Stops > 200-300 GeV
Gluino > 600-800 GeV " ~
Moving away from Yoo t
constrained SUSY models \L
to ‘natural’ models

120

Natural SUSY survived
LHC so far, but we

are getting close to uhﬂ”’”‘J L '\wujj (

push it to its limits!

I Also:Barbieri & Giudice (1988): Natural Models!




Top Squark Search Su

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

17, production, T b 15 /T ¢ L/ T> Wb % /T~ t% Status: Dec 2017 ~ o~ _
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Within the context of the SMS:
Exclude with masses up to 1100 GeV for neutralino masses up to 500 GeV
Sensitivity is ~ 200-400 GeV better than Run-1 reach & gaps being covered

Is this getting critical for Natural Models??-



The SUSY SEARCH Ch

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

simplified models, c.f. refs. for the assumptions made.

December 2017 Vs5=7,8,13TeV
Model e T,y Jets ET™ [Lanm™) Mass limit Vs=1, e TeV _ Reference
7 q—)qu 0 26jets  Yes  36.1 m(x")<zoo GeV, m(1* gen. q)-m(zm gen.q) 1712.02332
44, q-nm (compressed) mono-jet  1-3jets Yes  36.1 m(g)-m(¥})<5GeV 1711.03301
28,844 0 26jets  Yes  36.1 m(E})<200 Gev 1712.02332
33, 3oq90i —;ng*f 0 2-6jets  Yes  36.1 m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(2)) 1712.02332
. 28, 8—qq(tOX) ee, pp 2jets  Yes 147 m(¥})<300GeV, 1611.05791
2 gz, 3oaqqel T 3ep 4jets - 364 m(E)=0GeV 1706.03731
2 2%, 3qqWZE) 0 7-11jets  Yes  36.1 m(}) <400GeV 1708.02794
§ GMSB (Z NLSP) 127401¢ O2jets  Yes 3.2 1607.05979
£  GGM (bino NLSP) 2y 2 Yes  36.1 cr(NLSP)<0.1mm ATLAS-CONF-2017-080
GGM (higgsino-bino NLSP) i 2jets  Yes  36.1 m(E)=1700 GeV, cr(NLSP)<0.1 mm, u>0f ATLAS-CONF-2017-080
Gravitino LSP 0 mono-iet  Yes 203 | F'2scale 865 GeV m(G)>1.8 x 10* eV, m(g)=m(7)=1.5TeV 1502.01518
88 5z 301 0 3b  Yes 361 m(¥))<600GeV 1711.01901
ER E» 88, 8~ 0-1eu 3b Yes  36.1 m(¥})<200 GeV 1711.01901
B1by, by—bY) 0 2b Yes  36.1 m(¥))<420 GeV 1708.09266
2 S biby, b~y 2eu(88) 1bh  Yes 364 m(¥)<200 GeV, m(F; )= m(¥)+100 GeV 1706.03731
% fif, i —b¥i 0-2e,u 1-2b  Yes 4.7/13.3 117170 GeV [0 200-720 GeV! m(FF) = 2m(¥}), m(¥?)=55 GeV 1209.2102, ATLAS-CONF-2016-077
B i, Wb, or it} 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 190-198GeV 0.1951.0TeV m(¥)=1GeV 1506.08616, 1709.04183, 1711.11520
§ i1, i el 0 mono-jet Yes  36.1 m(i,)-m(¥})=5 GeV 1711.03301
g 17 (natural GMSB) 2eu(@)  1h  Yes 203 m(3)>150 GeV 14035222
28 hhboh+Z 3eu(@  1b  Yes 361 m()=0GeV 1706.03986
b, h—h +h 1-2e,u 4b Yes  36.1 m(¥})=0 GeV 1706.03986
TLriLR, I-60) 2e.pn 0 Yes  36.1 meE)=0 ATLAS-CONF-2017-039
XXy, Xy = B(ev) 2eu 0 Yes  36.1 m(E})=0, m(Z, 7)=0.5(m(¥ )+m(¥})) ATLAS-CONF-2017-039
iffif X5, X} —Fv(1v), Ka—Tr(v7) 27 - Yes  36.1 m(E)=0, m(7, 7)=0.5(m(¥} )+m(¥})) 1708.07875
> 5 Afs’-ahvz._e(w), V8 () 3ep 0 Yes  36.1 m(F})=m¥3), m¥})=0, m(Z, »)=0.5(m(¥; }+m(F})) ATLAS-CONF-2017-039
o Xx _.w,y 2-3eu 0-2jets  Yes 36.1 m(FF)=m(¥3), m(¥})=0, Z decoupled ATLAS-CONF-2017-039
xg—»wx,hx", h—bb/WW/tt/yy emy 02b  Yes 203 M )=m(E3), m(¥})=0, Z decoupled 1501.07110
Xy\’g, 2_3 —lrt dep 0 Yes 203 m{E)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod., ¥]—yG 1 e.u+y ) Yes 203 cr<imm 1507.05493
GGM (bino NLSP) weak prod., ¥1—»yG 27 - Yes  36.1 cr<tmm ATLAS-CONF-2017-080
DirectX; X7 prod., long-lived X7 Disapp. trk 1 jet Yes  36.1 m{¥; )-m(¥1)~160 MeV, 7(¥1)=0.2 ns 1712.02118
Direct X1 %] prod., long-lived ¥ dE/dx trk . Yes 184 m(E)-m(E})~160 MeV, r(¥7)<15 ns 1506.05332
Stable, stopped g R-hadron 0 1-5jets Yes 279 m(¥})=100 GeV, 10 us<r(z)<1000 s 13106584
Stable g R-hadron trk . < 3.2 1606.05129
. Metastable g R-hadron dE/dx trk = = 3.2 m(¥})=100 GeV, r>10 ns 1604.04520
Metastable g R-hadron, g—qg¥; displ. vix - Yes 328 (=017 ns, m(Z}) = 100GeV 1710.04901
GMSB, stable 7, ¥\ —7(z, fi)+7(e. 1) 1-2u - - 19.1 10<tanB<50 1411.6795
GMSB, ¥/ —yG, long-lived ¥} 2y - Yes 203 1<2(E)<3 ns, SPS8 model 1409.5542
28, X0 —eev/euv/upuy displ. ee/eu/pp - c: 20.3 7 <cr(¥)< 740 mm, m(z)=1.3 TeV 1504.05162
LFV pp—¥r + X, Vr—ep/et/pt ep,et Ut = = 3.2 24y =0.11, di32/133233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u(SS) 03b Yes 20.3 m(g)=m(g), cr5p<1 mm 1404.2500
TR, X > WEY, X —eev, epv, v depu = Yes 13.3 m(E})>400GeV, 21220 (k = 1,2) ATLAS-CONF-2016-075
E ffz\-’f,/\“’f—»wﬁ.i?—am,_m, Bepu+t - Yes 203 m({’f)>o.2xm()?f), 133#0 1405.5086
R - qqq 0 4-5large-Rjets - 36.1 m@)=1075 GeV SUSY-2016-22
88, 81X, X1 - qqq leu 810jets/0-4b - 36.1 m(P)=1TeV, A,,#0 1704.08493
88, g—it, [ —bs 1e,u 8-10jets/0-4b - 36.1 m(f)=1TeV, 432320 1704.08493
iy, i —bs 0 2jets+2b - 36.7 1710.07171
fify, bt 2eu 2h a 36.1 BR(7; —be/u)>20% 1710.05544
Other Scalar charm, ¢—c¥} 0 2c  Yes 203 |& 510 GeV l m()<200GeV 1501.01325
*Only a selection of the available mass limits on new states or =1
phenomena is shown. Many of the limits are based on 10 Mass scale [TeV]




Phenomenological MSSM an

SMS don't always fully cover signatures...
-> the 19 parameter phenomenological MSSM (pMSSM) analyses

arXiv:1606.03577

e three independent gaugino mass parameters M, M, and M3, -3 < MM, <3TeV,
o the ratio of the Higgs vacuum expectation values tan f = v2/v1, 0< Mz <3TeV,
o the higgsino mass parameter y and the pseudoscalar Higgs boson mass 14, -3< u < 3TeV,
e 10 independent sfermion mass parameters mg, where F = Q;, Uy, Dy, Ly, By, Q3, Us, 0< my <3TeV,
D3, L3, E3 (for the 2nd generation we take Mg, = Mg, , My, = mg,, mg, = mg,, My, = 2< tanf <60
J— . — — 7
mp,, and mg, = mp ; left-handed up- and down-type squarks are by construction
mass degenerate), and 0 <mg 27 T T, T, 50 T, TG, Ty, T, T, T, < 3TeV,
e the trilinear couplings A, Ap and A-. —7 <Ay, Ap, Ar <7TeV,
pMSSM CMS pMSSM CMS pMSSM CMS
2 L L L R > L L LA LN B = O NN LA i B
= ——— Combined, 7 TeV M E —— Combined, 7 TeV = —— Combined, 7 TeV
= —— Combined, 7 + 8 TeV e —— Combined, 7 + 8 TeV a —— Combined, 7 + 8 TeV
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gmass [TeV] Lt f, mass [TeV]
___—

108 points sampled: Leads to softer limits on the sparticles masses
Gluinos > 500 GeV, stops > 300 GeV => there is still low mass phase space left!



Desperately Seeking

Many SUSY analyses ongoing in ATLAS & CMS
More searches for topologies with top quarks
Searches for Vector Boson Fusion SUSY production
Searches for EWK SUSY particles
Charm squark searches
Compressed spectra and related difficult regions

-> Cover different parts of the phase space, allowing to find
SUSY in more different corners... but nothing so far

So far results released on the full 2016 statistics

New results on the full 2016/2017 data set expected by the
European Summer Conferences. These are mostly still
blinded at present



SUSY (as seen outside

November ‘16 on the web page of The Economist (1?!):

Supersymmetry is a beautiful idea. But no evidence supports it

S But we are not
-f- giving up as yet!!!

" Run-2/Run-3 will
be important for
the SUSY searches

P NS4

o, ‘ \\ | .
The Big Bang Theory recap: 'The ;
Retraction Reaction'

-

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



Astronomers found

that most of the .
| matter in the Universe

must be invisible Dark }

Matter

Distance




Dark Matter Searches at the LHC.

DM Direct DM DM _ Indirect q
q q DM q
Collider @
g Photon+MET q Jet+MET
Indirect ! ‘ o p;ﬁfz}»/f .-- DM 0 -~ DM
i Collider Gz 0
2 Ay I,’ 'q“ ,,,A’ 7 ~
D' t A\ / &, = %&:‘ S
IrSc B A\ q DM q DM

Identifying Dark
Matter is one of the
most important
questions in physics
today!

oIt is likely a new as yet

undetected particle

eCan it be produced
lat leLHC?

-==8 /4

j Is Dark Matter
a new weakly
interacting particle?

liun 3333333




Direct Searches for Dar_

s & N {K_ py  Pirect .

State of the art today: N
Driven by the results of
the LUX, Panda-X and

XENON 1T experiment

e ——————
. s arXiv:1705.06655v3
WE PRL accepted
o 1[}—-11-4-
L 3
)
=
[
S 10 B
C E
= -
Intensive campaign of a. .
direct detection = WU F
experiments since more =
than ~20 years 047 bt 0
101 10° 10?
. B T /2
No (real) sign so far.. WIMP mass [GeV /c?|



Mono-object Search#

« 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 Eective Field Theory

« Mono-Higgs: Higgs-portals q X

» Higgs Decays? >< = >
A A

Example Monojets Vg q X :

gluon Jet
® mpwm, M+, underlying coupling type,
p > ‘€ p DM types
._}
e o Valid when Qu? « M?

iy

Dark Matter? MET Shin-Shan Eiko Yu 7 q

Simplified Model




Comparison with Direct

No signal seen in any of the "mono”-signals so far -> limits

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

CMS Prellmlnal'y LHCP 2017 CMS observed excluslon 90% CL 3 CMS Pre"mlnary LHCP 2017 CMS observed exclusion 90% CL

(\'E' 10_36 T T T V T T L g Axial-vecior med., Dirac DM; ¢ =0.25,g _ =1.0 °E 10 T T T T T T T T Vestor med., Dirac DM, g =025, =10
S 109 \ ____ Boosted dljet (35.9b") L Boosted dljet (35,910
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° [}
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/ ; 0o o
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[EX0-16-039] " [EX0-16-039)]
10 > DM +2, (35.9 10") DM +2, (359 10°)
5 [EX0-16-052] [EX0-16-052]
10‘42 o, DDAD observed exclusion 80% CL DD observed exclusion 90% CL
) oy o PICASSO
43 i IR - = S = [arXiv:1611.01499) e CRESSTHI
10% o oW [arXiv:1500.01515]
[arXiv:1702.07666] CDMSlite
1 o Super-K (bB) T [arXiv:1500.02448)
10 [arXiv:1503.04856] PandaXl
p— ;*;;:g%’sm] = [anXiv:1607.07400]
'45 1 1 lIllllI 1 1 IlIIllI 1 1 Illllll iy = -47 1 | II\IIII 1 1 \\IHI‘ 1 1 IIII\I‘
10 7 5 IceCube (tD 10 ) 3 _— ﬂw-rmom&}
10 1 10 [arXiv:1601.00653] 1 10 10 10 g
Mpy [GeV] My [GeV]

90% CL limits




Invisible Higgs Decay

Search for invisible Higgs decays using
Z+H - 2 leptons + missing E;
VBF H = 2 jets + missing E;

Possible decay in Dark Matter particles

(if M<M,/2): Higgs Portal Models

Combined result from the three channels
BR(H—invisible)<24%(20% exp) at 95% CL.

for a Higgs with @ mass of 125 GeV  arXiv:1610.09218
HIG-17-023 ,

35.9 fb™ (13 TeV)

49" (7 TeV)+ 10.7 0" (8 TeV) + 2.3 67" (13 TaV)

~—— CRESST-II
= PandaX-Il
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=]
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[=]
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4 I :
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NOVEMBER 7

New Planck scale is
b ; S |arger than 3 TeV



8 Extra Space Dimensions B

mpw = —— = 246 GeV
(Gpv2)2

EXO' 16-048 159 fp! 1 3TeV)

I T T I 4
CMS Preliminary .

ErNuml:-erdof Extr:: Dlmensﬁions
No signal found yet
New Planck scale is
M larger than 6-10 TeV



Quantum Black Holes at the‘

Black Holes are a direct prediction of Einstein’s
general theory on relativity

Quantum Black Holes are harmless for the
environment: they will decay within less than 10-27
seconds = SAFE!

Alber Einstein

real collision

3-brans

—— Black holes with mass

Simulation of a Quantum Black Hole event
Below 9 TeV are excluded



/

S

Black HGTE
Hunters
_at.the LHC...




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




Dijet Resonance Searches

arXiv:1703.09127

.E T T T T LB T 1.1 I TTTTTTTT II|II1IIIIIIIIIrIIIIIII\IIIIIIII\HlIIIIIIII N
o ATLAS .
- 10 s=13 TeV, 37.0 fo™ y
= « Data (
a>) 10" 2= Background fit
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T s 22N
3 '-j'--,_‘r 0
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E Iy1<06 Ilhl
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E 2
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36 fb-1 limits from 13 TeV between
1.7 and 7.7 TeV, dependent on model

Background: QCD smooth shape fit
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— |||'|gl‘llI||l|||||||||[l|||||l||||||l
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_5F 95% CLlimits "~y
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10—5 IIlll?lllalrl I‘?ﬂlllll!lllllllh\lll Ikr
1 2 3 4 53 6 7 8
Resonance mass [TeV]
Observed (expected) mass limit [TeV]
Model Final 36fb~! 129! 24! 207}
State  13TeV  13TeV  13TeV  BTeV
String qg 77(77) 74(74) 7.0(69) 5.0(49)
Scalar diquark qq 72(74) 69(68) b6.0(61) 47(44)
Axigluon/ coloron qq 61(0) 55(56) 51(51) 37(39)
Excited quark qg 6.0(58) 54(54) 50(48) 3.5(37)
Color-octet scalar (k! = 1/2) gg  34(36) 30(33) — —
w’ qq 33(36) 27(31) 26(23) 22(22)
Z' qqg  27(29) 21(23) — 1.7 (1.8)
— RS Graviton (k/ Mp; = 0.1) qeg 17(21) 1.9(18) — 1.6(1.3)
DM Mediator (mpm =1GeV) qg  26(25) 2.0(2.0) — —




Are Quarks Elementary P

Rutherford experiment:
Unexpected backscattering
of a-particles:

Evidence for the structure
of atoms !! (1911)




I'J&_ JET 2 :?—, 0.14 — —— Rutherford Scattering
:f l‘ (I(Xl) “\1 9* E 0.12 _ " gS\EPhysics
Ly p p £ ol
1Al L
F Je.T 1 0.06 ; "....-a-.ln-"ll |
‘\,’ 2 4 8 8 10 12 14 16
) ) o Xdijc-_ = 9XD(|Y1—V2|}
. Measurement of the production angle
5 0.221 o— Data : :
& oa G ccopmderon of thfe jet with respect to the beam
S o tezzw kel -> High Energy Rutherford Experiment
5 o46) M, >3.0Tev Aluma =7 TeV (LO)
£ o e i ) shigan
01281  Apums =7TeV (LO) 1 <10"'%cm
) E oo Ay =T7TeV(LO) Y
= \ > :
. A : proton
.08 . 7 / (neutron)
= = — (- ‘ quafk
' +_+ | | ' ' 4 nucleus @
“-“2;‘ | | atom~10"*cm =W ~10"%cm )

< 5x1018 ¢cm

Quarks remain elementary particles after these first results .




A New Particle at 750 GeV: X

Excitement in December 2015
->Some excitement on an mild observed excess in both
experiments for a diphoton mass of around 750 GeV

ATLAS-CONF-2015-081 CMS EXO-15-004 _ CMS Freliminaty 12.9 " (13 Tev) s
[0} Dat
s T T G107} e THpaperproductlon
3 ATLAS Preliminary Q c1sd. i
e F » aa 2015 P .24
g UF = 5
é = —— Background-only fit = Lﬁ 10_ 2016
10° - E=13Tev, 320" 2 w
: ] " T .-
10 = C il T T
= = N
= 3 _ == —— -
C N N 11
= = i 0f Hesdg
= 3 o
il i < 2
R J i e o 400 600 800 100012001400160018002000

§:

l m,, (GeV)

2015: Statistical fluctuation? A new resonance? 7???
2015 data: CMS: 3.4 o ! ATLAS up to 3.9 o !! (local significances)
2016 data: CMS and ATLAS Nada!!




Is 96 GeV the New 75

A new result released this August 2017: A search for X->yy at low mass

CMS Preliminary 19.7 1™ (8 TeV) + 35.9 ™ (13 TeV)

1_6 T T | T T | 1T T T | T T | T 1 | T .__
H—yy — Observed .
14 B Expecied + 10 ]
----- Expected + 26 |

12 pect 20

|IIIIII|III|IIIl

0.8

0.6

S(H = V) o / IH = 1Y),

0.4

0.2

IIIIIIIIIIIIIIII|IIII|IIII
80 85 90 95 100 105 110

my (GeV)

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 excess at 95.3 GeV

So far seen only in CMS. Waiting for the ATLAS data to be released... © !!

CMS-HIG-17-013

——— Observed & TeV
— Observed 13 TeV '
——— Observed 8 TeV + 13 TeV

10%g Expected & TeV + 13 TeV
10—13 coa b by by by Ly
80 85 90 95 100 105 110

my, (GeV)



Are we Looking at the Right Plac




Searches for Long Lived

""" neutral displaced W BSM
= charged Bsae ; dilepton M lepton
~— any charge { W quark
L f 1 photon
N\ — A W anything
disappearing \\ = displaced
track | lepton
% AN
( ........ s : - // %
LN %
[J4 . A
' 1Y ¢ {
h[ ' -"‘/’:". \70":3 ; “ "
§ - i s sl feup®
L :'t BN b ]
// . i "- \\ .‘..
displaced b e \ 'o,' disrp:laced
dijet A = | = =7 %, photon
] i E =% ; \\ '\
Z - e
AR
displaced A V dis Not pictured:
placed
vertex Eotareion out of time decays

Present coverage?

bl

o
e \/

LHC-wide organized study ->
https://indico.cern.ch/e/LHC_LLP_October_2017

A White Paper in preparation!

detector from long-lived particles

~t 0 .
1o K Hp Xy production tanB=5,u>0
g ;l\\llllllll\ll.‘i..ll\\,‘vllllllwww|
3 "y 4 arXivl712.02118
3} -
LN
ol >
1= —
0.4]
03F e
0.2} ‘:::---.f‘...‘.‘.‘....;:;:; ...........................
0.1 ’ ATLAS -
{s=13TeV, 36.1 fo™" 1
L ~—— Observed 95% CL limit (1 o, ) 3]
004F 7 ... Expected 95% CL limit (+1 o,,,)
003 7 ... ATLAS (8 TeV, 20.3 fb, EW prod.) |
0.02F~* ... Theory (Phys. Lett. B721 (2013) 252) |
| lALEPH (Phys. Len‘. 533 (2002) 223)
I\\IIIIIII\Illlll\\llllll\\\
. OO'NReTT" 500 300 400 500 600 _ 700
m. [GeV]
1

Increasing interest and effort:
Look for unusual signals in the

eExample disappering tracks ->
Search for charginos, almost
degenerate with neutralinos
(eg AMSB models)

&




Heavy Stable lonizing P

Detection techniques used for (multiple/fractional)

heavy stable charge particles

e Abnormal energy loss (de/dx)

e Slower than speed of light (lowf) via time of
flight measurements with the muon system

25 (13 TeVv)

DYIQI 1e, M 1000 GeV
DY QI =2e, M =400 GeV—
DY 1Ql = 1e, M = 400 GeV

2
No. of tracks /[ 2.4 (GeV) x 0.03 (MeV/cm) ]

i
- : : 1 cd
6 10 Time of flight 5= =14+ L‘ EXO-16-036
4
2 Model Analysis Mass Limits
‘ L1 1 : tracker-only | M > 1850(1850) GeV
0 1 — y
500 1000 Gluino f =01 tracker+TOF | M > 1810(1810) GeV
1pg(9fbe (33 _— Gluino f = 0.1CS | tracker-only | M > 1840(1840) GeV
= e § 7 F | : tracker-only | M > 1760(1760) GeV
. ;gﬁ"ﬁma T'a°ke”T°F§ Gluino f =05 |\ 4 ersTOF | M = 1720£1720§ GeV
S 3 ‘_ 'Theoretical Prediction —-—gluinoi SO%g:;g _‘ Gluino f =05CS traCker-Only M > 1800(1800) GeV
£ _SI‘;';“(’J[‘;?,:[‘LL,” Iiiz;i‘“"%“’ i Sto tracker-only | M > 1250(1250) GeV
= B i, .o (L) - s k. ot p tracker+TOF | M > 1200(1200) GeV
Q10" | mmp-tew0) e fai-te 3 Stop CS tracker-only | M > 1220(1220) GeV
& i\ aa e I ] CMSB Stau tracker-only | M > 660(660) GeV
1020 ] tracker+TOF | M > 660(660) GeV
: - . tracker-only | M > 170(170) GeV
al g Pair Prod. Stau |\ \er+TOF | M > 360(360) GeV
L) = DY O = 1e tracker-only | M > 720(720) GeV
I ] - tracker+TOF | M > 730(730) GeV
10 000" 5000 ' DY Q — tracker-only | M > 670(750) GeV
Mass (GeV) o tracker+TOF | M > 890(890) GeV
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Searches for Exotic Long Lived Parti

E.g. Split Supersymmetry
« The only light particles are the Higgs
and the gauginos
- Gluino can live long: sec, min, years!

- R-hadron formation (eg: gluino+ gluon):
slow, heavy particles

« Hidden valley models: Plethora of e Y EG:ADR, J. Ellis et al.
possibilities for long lived neutrals S hep-ph/0508198

 Many more models: Neutral
Naturalness, GMSB, AMSB, Dark
showers

s \?—-'5% 53
Tt h ‘5()"5¢‘k\
+ 121 V(@)

\

Sparticles stopped in the detector, walls
of the cavern, or dense ‘stopper’ detector.
They decay after hours---months...

=Challenges to the experiments! Fool JUITTIAYTY —wmm

= 1800 | s=13Tev . ngmeaf;:,

: E, > 130 GeV, E, > 170 GeV < TeXpected (median)
1600 - E. »70Gev — Iexpecieﬂ +io

I ot s § eXpected +20
1400 |

Analysis searching for "decays” in calorimeter .., |4#
Limits on Mg, ~744 GeV and Mgn, ~1385 GeV =y

800 |

95% CL for lifetimes from 10 psec to 1000s oco |88

400

EXO'16'OO4 107 10%10°10*10°%10210" 1 10 102 10° 10* 10° 10°

T[s]




Search for Stopped Long Live

*Search for long lived particles that stop in the detector and
decay into jets after some time, non-coincident with pp collisions
e 744 hours trigger lifetime in 2015/16 included in this search.
*Searches for long lived gluinos with delayed muons

* No events observed in 2015/16.

arXiv:1801.00359 Benchmark g — qqx% x5 — putu x°

_ 2015 + 2016: 39.0 fb™' (13 TeV) 102 2015 + 2016: 39.0 b (13 TeV)
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[ ]
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Search for Heavy Neu

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

Three Generations

of Matter (Fermions) spin %%
I [} 1]

Yy
e

e g
. u . 'TE m.
arXiv:1802. 02965

o —
e T z 1 cMS 95% CL upper IImIts
>

o
=
L] m
10 ke ~GeV £
| =:17] [
Slectzpn = heutring S
0501 Meyv 105.7 MeV 1.777 GeV
2
[=]
w
Q

electran muon tau

Leptons

Leptons

prompt

[ ] =2 std. deviation
[ = 1 std. deviation
—— Observed

... Observed,
prompt N
decays

—— DELPHI prompt
—— DELPHI long-live
—— CMS 8 TeV

— ATLAS
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The LHCb Experiment

MoEDAL




Recent Measurement of B
Re 0> HIL

arXiv:1703.05747
* Recent LHCDb analysis based on Run 1 and Run 2 data (3+1.4 fb-)

* Hirst observation from a single experiment with a significance of 7.8 o

B(BY - ptp™) = (3.0£0.6703) x 107 ( 20%) Bsy = (3.65+0.23) x 107

B(B® — ptu™) <3.4x 107" at 95% CL Bobeth et al.
PRL 112 (2014) 101801

* Consistent with SM expectation at current level of precision

& — .
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Measurement of
e

* Sizeable effects expected in many MSSM models

Straub, arXiv:1107.0266
0 : —

15 | MSSM-LL

1.0

0.5

BR(By = pp) X 10°

BR(B, — up) x 10°




Measurement of BH

* Sizeable effects expected in many MSSM models

Straub, arXiv:1107.0266 |

Now |

BR(B,; — pp) x 10°

0 10 20 30 40 al)

BR(B, — pp) x 10°




LHCDb: Test of Lepton

A puzzling results from the LHCb experiment...

Comparing the rates of B — H,U,er,_and B Hetee H=KK"o,..

? -
Qzﬁ 1.0L - et o el s s _:

0.8F

0.6 _: e [y A

X A BIP ] 1 Il | - ]
04 ¥ CDHMV ] ]
N W EOS ] 0.5 ® LHCb
0.2 ® flav.io ] - M BaBar -
- LHCb . o 1 - LHCb A Belle -
0 O TR B A N TS NS SR N R S N B A 0.0 T SR TR T NN S SO N | T T N | T T S
' 1 2 3 4 5 6 0 5 10 15 20
¢ [GeV?/cY ¢ [GeV?/cY

0.6610-L% (stat) 4 0.03 (syst) for 0.045 < g2 < 1.1 GeV?2
0.6975-L2 (stat) +0.05 (syst) for 1.1 < ¢ < 6.0 GeV?

RK*:{



The MoEDAL Experiment .

LHCDb EDAL

Mo

y



Magnetic Monopole

Magnetic Monopoles to explain the quantization of electric charge (Dirac ‘31)

g = gm _ —n-gp~m-685 IS the Dirac unit
VE = 4 e 2006 magnetic charge -
V.B = 4rnp, *Symmetrizes Maxwell equations!
, *Dirac: Charge quantization consequence of angular
_VxE= l%’r + &Zjn . . .
e e momentum quantization in the presence of monopole
VxB=1%8 1 *'t Hooft, Polyakov: GUT monopoles
§ § *Cho-Maison: Electroweak monopoles in the TeV
F=q¢(E+%xB)+¢,(B-XxE) range. Recent discussion: Elis et al.:arXiv:1602.01745

Collider signature: pair production of very highly ionizing particles!

m //
Monopoles will ‘burn’
” *,/ through the plastic sheets
o o of the experiment or get
trapped in the dense
material of the trapping
Example

N ~ detector

production process M




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 11fb 1) arXiv:1712.09849
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2017 [£dt=(32-37.0)fb! Vs =8,13TeV
Model £y Jetst ET™ [rdm] Limit Reference
AL " " L 4 " o rrT ' N vt

ADD Gk +&/q Oep 1-4j  Yes 361 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
ADD non-resonant yy 2y - - 36.7 Mg 8.6 TeV n=3HLZNLO CERN-EP-2017-132
ADD QBH - 2j - 37.0 M, 89TeV n=6 1703.09217
ADD BH high ¥ p1 >leu >2j - 3.2 My, 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
ADD BH multijet - > 3j - 36 My, 9.55TeV »n—6, My =3TeV, rot BH 1512.02586
RS1 Gkk — »y 2y - - 36.7 | Gkk mass 4.1 TeV k/Mp = 0.1 CERN-EP-2017-132
Bulk RS Gk — WW — gqlv 1eu 1d Yes 36.1 Ggy mass 1.75 TeV k/Mpj = 1.0 ATLAS-CONF-2017-051
2UED / RPP le,p 220,23 Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(APY) - 1) = 1 ATLAS-CONF-2016-104
SSM Z" — (t 2e.p - - 36.1 2’ mass 4.5 TeV ATLAS-CONF-2017-027
SSM Z' — 1T 27 - - 36.1 Z’ mass 24 TeV ATLAS-CONF-2017-050
Leptophobic Z" — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
Leptophobic Z* — tt le,g 21b, >1J/2) Yes 3.2 2’ mass 2.0 TeV r/m=3% ATLAS-CONF-2016-014
SSM W' — (v 1eu - Yes  36.1 W' mass 5.1 TeV 1706.04786
HVT V' — WV — gqqq modelB O e, u 24 - 36.7 V' mass 3.5 TeV gy =3 CERN-EP-2017-147
HVT V' — WH/ZH model B multi-channel 36.1 V'’ mass 2.93 TeV gv =3 ATLAS-CONF-2017-055
LRSM W, — tb lep 2b,0-1] Yes 20.3 1410.4103
Cl gqqq - 2j - 370 |A 21.8TeV 7, 1703.09217

. Cl{tqq 2e,p - - 36.1 A 40.1TeV 7, | ATLAS-CONF-2017-027
Cl wutt 2(88)23ep210,21] Yes 203 (IS TE (Crel = 1 1504.04605
Axial-vector mediator (Dirac DM) Oe,p 1-4j Yes 36.1 Mpned 1.5 TeV 84=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060

. Vector mediator (Dirac DM) Oe,pu, 1y <1j Yes 36.1 Mined 1.2TeV £q=0.25, g;=1.0, m(y) < 480 GeV 1704.03848
VV yy EFT (Dirac DM) De,u 14,21]  Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar LQ 1°* gen 2e =2 2j - 3.2 LQ mass 1.1 TeV £=1 1605.06035

. Scalar LQ 2™ gen 2u =2j - 3.2 LQ mass 1.05 TeV £=1 1605.06035
Scalar LQ 3" gen leu =21b>3] Yes 203 [LOFESEGaoGew B=0 1508.04735
VILQTT — Ht+ X Qorteu 22b,23) Yes 13.2 T mass 1.2TeV B(T —Ht)=1 ATLAS-CONF-2016-104
VIQTT - Zt+ X lep 21b,23] Yes 361 T mass 1.16 TeV B(T = Zt) = 1 1705.10751
VIQTT — Wb+ X lep =1b =1J/2) Yes 36.1 T mass 1.35 TeV B(T — Wb) =1 CERN-EP-2017-094
VLQ BB — Hb+ X lep 22b,23) Yes 203 B(B — Hb) = 1 1505.04306
VLQ BB = Zb+ X 2/>3e,u  22/21b - 20.3 B(B - 2Zb) =1 1409.5500
VLQ BB — Wt 4 X 1e,p =21b, 2102 Yes 36.1 B mass 1.25 TeV B(B - Wt) =1 CERN-EP-2017-094
VLa QQ —» WqWaq lep =4j Yes 203 1509.04261
Excited quark g* — gg - 2j - 37.0 q* mass 6.0 TeV only u* and d", A = m(g") 1703.09127
Excited quark g* — gy 1y 1j - 36.7 q" mass 5.3 TeV only u” and d”, A = m(q") CERN-EP-2017-148
Excited quark 6" — bg - 1b,1j - 13.3 b* mass 2.3 TeV ATLAS-CONF-2016-060
Excited quark &* — Wt tor2e,u 1b,20) Yes 20.3 fe=fi="fr=1 1510.02664
Excited lepton {* 3ep - - 20.3 A=3.0TeV 1411.2921
Excited lepton »* 3epnrT - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2e 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 DY production ATLAS-CONF-2017-053
Higgs triplet H=* — fr 3euTt - - 20.3 DY production, B(H}* — 1) =1 1411.2921
Monotop (nen-res prod) Tep 1b Yes 20.3 Bnon res = 0.2 1410.5404
Multi-charged particles - = = 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

AT | L 1 M RS A | N L a3 1 L P
Vs=13TeV .
- 107 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new slates or phenomena is shown.

+Small-radius (large-radius) jets are denoted by the letter j (J).
* D



Possible New Experime

MilliQan: searches for
millicharged particles

Existing LHC Detector

¥

MATHUSLA: searches for long lived
weakly interacting neutral particles

}20m Surface Detector |

iside view)

F SO [ iy

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

shield veto
UXA shield Pb shield IP8

FASER: searches for long lived
dark photons-like particles



Possible New Experiments

*September 2017:
Installation of a 1%

demonstrator.
*Collected ~ 27 fb1

- mostly for technical
i i tests

MATHUSLA Test Stand

< Two scintillator layers

Installation in ATLAS P1

0 ™
‘ D

a ' g

- .
1" ¢ o o % W 9

«Three layers of 4 RPCs each, two in x-coordinate and
two in y-coordinate

T

3

<5 m tall, 2.5 m by 2.8 m surface area

Lo HEE
m

= <~1.5 ns resolution for scintillators, ~1 ns resolution for
i 3m — I = RPCs
+TDC and ADC information for each scintillator

+RPCs have readout system from ARGO which includes
TDC information

S 1-week data taken in November



And more....

Many Other New Physi

« Plenty!

Compositeness/excited quarks & leptons
Little Higgs Models
leptoquarks

String balls/T balls
Bi-leptons

RP-Violating SUSY
SUSY+ Extra dimensions
Unparticles

Classicalons
Dark/Hidden sectors
Colored resonances

E

10 TeV

1 TeV H

200 GeV —

L A S

Strong dynamics

Triplet Higgs
possibly more scalars

W Z' 1 et

funpeym ApEpaw . ——=

-—

1 or 2 Higgs doublets



L HC Outlook and Plans

* Peak luminos =Integrated luminosity
HL-LHC
|Run1| |Run2| ‘Run3|

5.0E+34 + + [ ~3000 ot
ices njectors New : %
Ly 4.0E+34 %:Ld {lggr;de Icz:;iﬁsw = g
% — ~ ™ < N 2000 é )
z 4 4 20 4 /2 5 AllLHC experiments plan upgrades
E 206434 ¢ for either 2019-2020 or 2024-2026
3 : £  for the High Luminosity LHC upgrade
1.0E+34 4 £

[y . (ATLAS and CMS)

L
0.0E+00 = — 0

10011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

CMS Phase-2 Detector Upgrades Mmuons

Year * Complete coverage in forward region
Tracker (new GEM/RPC technology) |n|>1.6
Approved LHC prog fam to COI Iect 3000 fb']- * Radiation tolerant - high granularity - less material * Investigate muon-tagging up to n ~2.8
. * Tracks in hardware trigger (L1) * New RPC link-boards with ~1 ns timing
In total with the LHC (HL-LHC) oo

Maximize the reach for searches and for 7 R T
precision measurements (eg Higgs) —

LHC will run till ~2037
Only 3% of the collisions delivered

Endcap Calorimeters

SO fa r - * Radiation tolerant - higher 24

e Study coverageupton~3

Then ad hlgh energy LHC (28 TeV)? * Investigate fast-timing

Barrel ECAL
* Replace FE electronics




Summary -

« Standard Model measurements @ 13 TeV show no surprise.
E.g. W/Z and top cross sections according to expectations

* New Higgs measurements at 13 TeV. So far the Higgs is very
consistent with Standard Model expectations.

* No sign of new physics in the first 13 TeV data... This starts to
cut into the ‘preferred regions’ for a large number of models,
like SUSY.

« Dark Matter and Long Lived Particle searches are being
explored in a more systematic way

* New physics in the flavour sector? New paradigms in TH?

« The LHC is continuing to explore the Terascale. it
much data to look forward to: it takes on signific:
to show the way!! Collected >80 fb1@ 13 TeV sc

And hopefully one day soon:

\"ﬁ
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