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Lecture Plan

Overview of the two lectures Iin the next two
days at this school

* Lecture 1: Introduction to physics Beyond
the Standard Model (BSM) and searches
for exotic phenomena at the LHC

* Lecture 2: Searches for Supersymmetry,
the connection to dark matter searches and
an outlook for the future.




e Qutlook for Run-II
* Far Future Outlook
e SUMmMary



Searches for New Physics

Important SM parameter — stability of EW vacuum Precise measurements

0 S =] arivi1205.6497
hsabiy e of the top quark and
e R T e first measurements of the
= - . arXiv:1403.6535 Higgs mass
; Meta=stability: - - l 2.3 -
= | A We also know that:
e Universe content
} i0 Stability | . visible matter 5%
B0 122 124 126 128 130 13 v, |

Higgs pole mass M;, in GeV

. dark matter 27% ,
New Physics inevitable?
But at which scale/energy?
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dark energy 68%




New Physics”

- New Gauge Bosons?  gypersymmetry ZZ/WW resonances?

v CMs

Technicolor?
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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
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LD NN N X S I Mok s i N I
Supersymmetry: a new symmetry in Nature?

Standard particles

SUSY particles

¥ "One day all these trees will
be SUSY phenomenology papers”
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Su persymmetﬂ

Supersymmetry (SUSY) — assumes a new hidden symmetry between the
bosons (particles with integer spin) and fermions (particles with half
integer spin). Stabelize the Higgs mass up to the Planck scale

boson fermion

A + == \ =~ (0

| V' gauge

\ ] boson gaugino
—e ~
g2 g g 0

Fermion and boson loops cancel, provided m_ < TeV.




Why weak-scale S

.
~ stabilises the EW scale: |[mr— mg | < O(1 TeV)

~ predicts a light Higgs m,< 130 GeV

7~ accomodates gauge unification

7 accomodates heavy top quark

v dark matter candidate: neutralino, sneutrino, gravitino, ...

~ consistent with EW precision tests

Discovering SUSY — A revolution in particle physics!!




Summary: Why SUSY Is good for -

) i T + Elegant solution + Gauge unification
) to the hierarchy
o problem (i.e., why
¢ the Higgs mass is
not at the Planck

H H

scale)

» n\: » 5 o p J“
AM;~ F[I m,—m)log(—)]
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+ Dark matter candidate with th right abundance




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



...Some Interesting Collisions... I

...already in 2010...
SOATLAS

AT Y 2= EXPERIMENT
xperiment at . LY AR <
Data recorded: Tue Oct 26 07:13:54 2010 CEST . o s e ]
) vent: 148953 / 70626194

=
i section: 49
rbit/Crossing: 12688625 / 466

*Events with five jets of particles and large missing energy

which could come from a possible dark matter particle
*But a few events is not enough too prove we have something new
No visible excess has been building up with time...



SUSY Searches: No signal yet

Status in 2013

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0
T

= BREREREVER] LA BN B BN IR 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 fOUI‘ld
3.)-4000 K d I IOWGCI = Observed limit (+1c o\ )]

~o- Beecedimitlew) - e\\e can exclude regions

3000 where the new particles

could exist.
2000
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eSearches will continue for
the higher energy in 2015
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Plenty of searches ongoing: with jets, leptons, photons, W/Z,
top, Higgs, with and without large missing transverse energy

Also special searches for contrived model regions



Limits on Squarks an

Results depend on the topologies studies, assumed mass of the LSP etc.

LSP mass [GeV]

9-g production, g— q 5(“?
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What is really needed from _

End 2011: Revision!

N. Arkani-Ahmed
N 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 ~ ~
Yoo LR

Moving away from \L

constrained SUSY models L-

to ‘natural’ models 2.0 -

Natural SUSY survived ‘ N\

LHC so far, but we uhawiiﬁu"- '\‘mn it (ﬂff_.) ) (iﬂ{;)

are getting close to . MI Mj

push it to its limits!
I 32 20




Natural SUSY

Direct Stop Search
t, production, t,—> b ff 7 /{> c X, /> Wb T, /T > tX] Status: Feb 2@
600 L I L l L l | R T I L

L ATLAS Preliminary L,=2010" 's=8 TeV L, =47 1" /s=7 TeV t
Bt ig 0L [1406.1122] oL [1208.1447] F p
500 = -t 1L [1407.0583] 1L [1208.2590] . - 0
oty " 2L [1403.4853), 2L [1412.4742] 2L [1209.4186] t _ - X1

Emt-ow QZ 1L [1407.0583], 2L [1403.4853] - il it
Bl tocy, 0L [1407.0608] . .
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3
- - p
— Observed limits ==== Expected limits
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400
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Recent New Direc

Multi-jet (=6), no MET

~0

0-9 production, n—qu %, 999

=0

I I (I by I ro o r X

E"W-'“' Jet Counting, No B-
L P nting, -lags

E"m"d Total Jet Mass
Observed

i Expected o1 Counting, With B-tags
Observed

\s=8TeV,20.3fb"

L All limits at 95% CL
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Summary of SUSY Se

In short: no sign of SUSY with the data collected so far (similar for CMS)

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

Status: Feb 2015 Vs=7,8TeV
Model ey Jets ET™ [Ldidm) Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 203 |&E 17TeV  m(@=m(z) e
qa, q—»q)?‘f 0 2-6jets Yes 20.3 q 850 GeV m(¥})=0 GeV, m(1" gen. )=m(2™ gen. q)
@ v 3k (compressed) 1y Odjet  Yes 203 [a 250 GeV M) = mic
-5 & &—qak) Y 0 2-6 !els Yes 203 ? 1.33 TeV m(,\:lllj=0 GeV _ .
g 2z g-—»qq)(,’—»quiﬁl. Tepu 3-6 !eis Yes 20 g 1.2 TeV mq,]dque\f, m{t")=0.5(m{¥' )}+m(z))
@ BB B—qq(fl/tv/m) 2e.p 0-3 jets - 20 |& 1.32 TeV m(¥})=0 GeV
©  GMSB(7NLSP) 1-27+0-1¢ 02jets  Yes 203 |& 1.6TeV  tang>20
& GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(¥})>50 GeV
g GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥})>50 GeV
£ GGM (higgsino-bino NLSP) b 1h Yes 48 m({})>220 GeV
GGM (higgsino NLSP) 2e,u(Z)  0-3jets Yes 5.8 m(NLSP)>200 GeV
Gravitino LSP 0 mono-jet  Yes 20.3 F' scale 865 GeV m(G)>1.8x 107 eV, m(z)=m(g)=1.5TeV
- gobbT] 0 3h Yes 201 |& 1.25 TeV m(¥})<400 GeV
ST it 0 710jets Yes 203 |E 1.1Tev () <350 GoV
B E ¥ 0-1ep 3h Yes 201 z 1.34 TeV m(¥})<400 GeV
el o piv; 0-1e,p 3h Yes 201 |& 1.3 TeV m(¥})<300GeV
o e bibi,bi—bt] 0 2h Yes 201 | 100-620 GeV m(¥})<90 GeV
X8 bbbtk 2¢,u(SS)  03b  Yes 203 |b 275-440 GeV m(¥})=2 m(¥})
g S ff. -k 1-2ep 126 Yes 47 | i H10467.Gev . 230-460 GeV mEFT) = 2miEy), m(F))=55GeV
@S ff, i —WhE or ] 2e.p 0-2jets  Yes 203 | 90-191 GeV 215-530 GeV mi)=1 GeV
£ 8§y, h—i 0-1ep 126 Yes 20 |7 210-640 GeV miTl)=1 Gev
&g ff1. i ol 0  mono-jetctag Yes 203 |7 90-240 GeV mi7)-m(¥})<85 GeV
?ﬁ 5 fif1(natural GMSB) 2ep(2) 1h Yes 203 | @ 150-580 GeV m(i})>150 GeV
faiy, =i + Z 3epu(Z) 1b Yes 203 |7 290-600 GeV mi¥})<200 GeV e
v 2ep 0 Yes 203 |7 90-325 GeV mi})=0 GeV 1403 5204
2ep 0 Yes 203 |k} 140-465 GeV m(T})=0 GeV, m(Z. 7)=0.5(m(F] }+m(i) 1403.5294
= E )?z;?g,xl.'ﬁjy(m ) 27 - Yes 203 ,ff . 100-350 GeV m(i})=0 GeV, m(#,7)=0.5(m (i} J+m(i})) 1407.0350
o~ TR L viLEGv), (VELEGY) e 0 Yes 20.3 T 700 GeV m(FF)=m(F2), m(F1)=0, m(Z, )=0.5(m(F5)+m(¥})) 1402.7029
T nh-wi b 23eu  0-2jets  Yes 203 [F.A) 420 GeV M} )=m(i3), m(t)=0, sleptons decoupled | 1403.5294,1402.7029
FEO =W R, hobb/WW ity Y 0-2h Yes 203 | XA 250 GeV m(¥;)=m(¥%), m(¥))=0, sleptons decoupled 1501.07110
OB el dep 0 Yes 203 |R, 620 GeV m(E%)=m(F4), m(})=0, m(Z, #)=0.5(m(F2)+m(i})) 1405.5086
Direct X1 %, prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 | & 270 GeV M )-m(F)=160 MeV, (¥} )=0.2 ns 1310.3675
g @ Stable, stopped g R-hadron 0 1-5jets Yes 279 |& 832 GeV m(¥})=100 GeV, 10 us<r(g)<1000 & 13106584
=G Stable g R-hadron trk - - 19.1 H 1.27 Tev 1411.6795
DT GMSB, stable 7, ¥\ > (@, fiy+r(e. ) 124 s - 191 | & 537 GeV 10<tang<50 1411.6795
= g GMSB, ¥ =G, long-lived ¥ 2y - Yes 203 | &) 435 GeV 2<r(i})<3 ns, SPS8 model 1409.5542
qd, f',’_.qqu (RPV) 1 2, displ. vix - - 20.3 q 1.0 TeV 15 <cr<156 mm, BR(u)=1, m({})=108GeV | ATLAS-CONF-2013-092
LFV pp—=i + X. ¥ —e + 2ep - - 46 A3,,=0.10, 4,3,=0.05 1212.1272
~  Bilinear RPY CMSSM 2e.u(SS)  03h Yes 203 |&# 1.35 TeV m(@=m(g), ctesp<1 mm 1404.2500
& B, X W K e, eut, dep - Yes 203 [F 750 GeV m(E))>0.2xm(E}), 4,220 1405.5086
B, K oW K srov,ers, Beu+T . Yes 203 |# 450 GeV m(E])>0.2xm(X} ), 13320 1405.5086
8949 0 6-7 jets - 203 |& 916 GeV BR(r}=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—nt, [y —bs 2e.u(SS)  03b Yes 20.3 3 850 GeV 1404.250
Other Scalar charm, z—ct} 0 2¢ Yes 203 |& 490 GeV | m(i)<200 GeV 1501.01325
=8TeV -1
- {u" data 10 1 Mass scale [TeV]




Dark Matter: Complementary Search.

After the discovery of the Higgs particle @ the LHC:
Dark matter is the next important physics problems to tackle for the LHC

The search is complementary to other experimental techniques used.




Astronomers found
that most of the .
| matter in the Universe
must be invisible Dark }
Matter

- F. 2Zwicky 1898-1974

Distance




Particle Dark Matter?

The Dark Matter Candidate Zoo

Neutralinos (higgsino, bins, winos, singlinos) From D. Hooper

Axinos

Gravitinos

Sneutrinos

Axions

Sterile neutrinos

4t generation neutrinos

Kaluza-Klein photons

Kaluza-Klein gravitons

Brane world dark matter/D-matter
Little higgs dark matter

Light scalars

Superheavy states (ie. “"WIMPzillas™)
Self-interacting dark matter
Super-WIMPs

Asymmetric dark matter

Q-balls (and other topological states)
CHAMPs (charged massive particles)
Cryptons, mirror matter, and many, many, many others...




Dark Matter @ LHC?+

Search for WIMP candidates in events with Missing Transverse Momentum
EG: SUSY searches, monojet and mono-photon searches, W’ searches...

arXiv:1305.1605

Dark Matter

Leptons
electrons, muons,
taus, neutrinos

DM DM
: DM + :
Direct o, Indirect

M S SM -,
, Particle | Astrophysical ™,
Detection ) Detection Colliders Probes

SM DM SM oM DM

Nudear Matter
quarks, gluons

Photons, Other dark
W, Z h bosons particles

+ CAST experiment, searching for axion




Direct Searches for Da

Underground low noise experiments No non-ambiguous signal yet!!

There is a very large number of projects which are

under construction or being planned for the future.
10-39 i : . . Monroe at EPS-HEP,
’ ARRY Adapted from Snowmass

1040L community summer
study, 2013
2012) :
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The Generic Dark Matter Conne
y

Searches for mono-jets and mono-photons can be used to search for
Dark Matter (DM)

DM Indirect

o c . = - . q
Ry g DM q
' \ _ Collider
DM
Indiréct ' ' y ’
Collider
Direct : \ \\\\
| \DM
Use effective theory
or better simplified g FPhotonHiET a Jet4MET u w
models to relate
measurements to oo o
Dark Matter studies - \ 772N -

q DM q DM




Mono-object Searches i-

_ PhD: Elsayed Tayel (Alex)
* Mono-jets: Generally the most powerful

* Mono-photons: First used for dark matter Searches
* Mono-Ws: Distinguish dark matter

Effective Field Theories for DM

Couplings to u- and d-type of quarks interpretation are under scrutiny!
] Alternatives such as SMS proposec
« Mono-Zs: Clean signature : 1
« Mono-Tops: Couplings to tons A s aXivi1407.8257
_ _ ! " arXiv:1411.0535
o - . - - e TR S S
Mono-Higgs: Higgs-portals e S L R A
. Projected90% .. : B ]
° H|ggS DecayS? éLIimi’(s1 g__tgﬁ‘(;‘;fn"‘;?fb 9q=ou=1 ~ ¥
15001 9a=0ou= oo vbackground | pgp- =< === = | \\
3 Pl 3 L
Example Monojets e e O G D Tt
= /’ » LN el Bl
| [ — LHC14:300fb"1 | |
graviton, = \ | = ::;iic:;;:f??/? fb- | ! ,':
o s | 101k~~~ vbackground ' r /./
................ i

MET ipiile e o nats )
Dark Matter? % 2000 4000 6000 10
Mmed [GeV] Mred [GeV]




Some Recent Res

The cross section can be estimated to be

-30
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Cite: “Why should 5% of the mass density have
all the fun?”

Visible Sector Portal
4 N
oy 1 N Yy Y W
w fiaem gluon Higge | . " Z e .~
i'md S 'Ab Y . :
i::.w‘! "."'J" "-.f.-.-“ | i.l'w‘m J !:------..-- -----.---:.
ool el ol ?
R R D W e b T
| SUL(3) x SUL(2) x Uy (1) |

Dark Sector

\

Multiparticle Spectrum
()22
(2)

New Gauge Symmetries

Can motivate alternative searches to MET + X from dark sector



Dark Matter and the Higgs

W -
S— » “higgs portal models”
Eg: arXiv:1205.3169




Invisible Higgs Dec

CMS-PAS-HIG-13-005

CMS Prefiminary 5 = 7 Tew, L &1 06" 05 = & TaW, L 16906 i
5[: T TTTITJIATTTITITITITITITIT]

*Possible decay of the Higgs in Dark Matter %'4.5:- %% By [ —Otmans £
particles (if M<M,,/2) o 40F —
*Different searches: o it ;
-Direct search 250 E
Look for the invisible decay channels 2.0¢ 3
-Indirect search ] E
Make a global fit of all production and ost /- E
decays (and some modest assumptions) L NUTARDLN ST




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)<58%/(44% exp) at 95% CL.

for a Higgs with a mass of 125 GeV

= 2 .
e? | CMS 95% CL limits o arXivli404.1344
::.".,_1_8_ H H . . — '//Illl T ¥ ll||||I . .
g F gﬂmﬁ'"atiﬁ’\:}s?glgBF and —— Observed limit 8 02 2 Hes sl cms
$ 16— P HVRIIE Expected limit ~2 103k §=gg%\;t= l%%;‘s(;:)b'(wﬁzm
C =8 TeV (VBF + ZH .. 0 = =ERICY. L= B(H— inv) <0.51 @ 90% CL
% 14— {E_ 18 9?1 g{? 'b-1+ ) - Expected limit (15} o} 104
- == 10 . o E ]
X 4o ¥5=7TeV (Z(I)H only) Expected limit (2c) S 10°
© TE L=491" 8 10°
ks T L S A
08— 8 10° e =R
- o -9 p——
— 10 e T
— c . F fermion .=z
D'E: 8 100 e e
- e NE, .27V
0.4f S 10" E
C c 10"2F
I}-2__| 1 I 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I || g 10-13 !
115 120 125 130 135 140 145 10 10° 10°
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Searches for BSM

« Exotic Higgs Decays

« Search for new Higgses: high and low mass
— 2HDM, MSSM, NMSSM...

* Charged Higgs searches
 Summary

* No significant signal to report so far
« Exclusions of BSM space




arXiv:1408.3316

MSSM Neutral Higgs -

«Study of the Neutral Higgs h/H/A to tau tau

eInclude channels with associated b-quark production

eUpper limits on 0.BR (95% CL)

19.7 fb' (8 TeV) CMS ¢-u

19.7 fb™ (8 TeV)

aQ
—
...E_,
Q
=
>
&
o)
c
o
=
l§
-
O
32
0
o

—=— OQObserved

---------- Expected for SM H(125 GeV)
[ = 1o Expected

[ ] =20 Expected

gg¢

95% CL limit on o(bb¢)-B(o—t) [pb]

—— Observed

Expected for SM H(125 GeV)
[ = 1o Expected
[ ] =20 Expected

bb¢

200 300 400 1000
m, [GeV]

200 300 400 1000
m, [GeV]




Vioolvl Neulldl riyys —

h/H/A to tau tau

*Include channels with associated

b-quark production

*Study of the Neutral Higgs

*No excess found so far
—> exclusions (95% CL)

m, M3 scenario;
mhmod+ and mhmod+
scenarios

with modified

stop mixing

CMS hHA-= 19.7 fb (8 TeV) + 4.9 fb™! (7 TeV)
% 60 : T I LI L] T I Ll LI T I L Ll L I T l"-
H - |CL (MSSM,SM)<0.05: 4
8 L
50 [ | — Observed
I Expected
- + 1o Expected
40
[ + 20 Expected
30
20

au

40

(77 miS$W 3 1253 GeV |

MSSM m[** scenario

e

00 800 1000
m, [GeV]

arXiv:1408.3316
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VISOIVI NCULlladl iy

Reanalysis of the 2011/12 data.
hadronic tau p; categories...

CMS pPreliminary ¢t 19.7 b (8 TeW)

2

—t
L=

)
2
E
&
2
=
)
e
5
£
3
Q
>
e}

1000
m, [GeV]

300 400

200

NEW: Update of the MSSM results with new tau finder

MVA hadronic tau analysis, b-quark categories and

J° I

HIG-14-029

Huge gain ~70%!
i.e. like 3x the lumi

60 CMS Preliminary, hl>ll ?—YX de%tsw + a9 b '@ Tev)
C% ¥ T
= ; mod+
¢ CL_(MSSM,SM)<0.05:
sof |- i
¥ — Observed 5
S| ----- Expected i
40 :— B - 1o Expected _:
30F ’
20F —‘
& SSM m;’ °I scenario _
10k 7 mMSSM 3 125.3 GeV ]

800 1000
m, [GeV]



VISSIVI INCULl al gy

arXiv:1506.08329

Search for H->bb with one or “ 5
two b-quarks associated

g
CMS, 19.7 fb' (8 TeV) CMS, 19.7 fb” (8 TeV) + 4.9 b’ (7 TeV) CMS, 19.7 o' (8 TeV) + 4.9 fb" (7 TeV)
E103....l.---|-|||||||||-”-|uu||||||| ----- %60 I r 2 T
= 95% GL limit ] S m’"°d scenario Light-T scenario
= B e Expected 1 W =+200 GeV u = +200 GeV
% - +1o expected : 50 myy# 125+3 GeV N My n # 12543 GeV
Y +20 expected . :
o 102 — Observed -
o0 E 40f
<
+ L
g 30F
‘1:;- 10
© i o 95% CL limit 9?.??}2:22‘:;,
----- Expected
[ +16 expected - - f;‘; Z);F;chttzz
+20 expected R \ — Observed
1E — e A TR
Eruin oy Poaoobeerales,s, [onuuBRRRERRES - 100 150 200 250 300 350 400 450 500
200 300 400 500 600 700 BOO 900 100 150 200 250 300 350 400 450 500 m, [GeV]
A
m, [GeV] m, [GeV]

Exclusion limits for different MSSM scenarios



Search for LFV Decays:

. 19.7 b (8 TeV)
arXiv:1502.07400 S Tow T T
o r wt_ 0-Jet [ | Bkgd. uncertainty |
= 50_— ¢ I sM Higgs ]
w - :|z-n —
5 - [ Otner ]
Lﬁ 40— . T ]
- i=» [] Misidentified leptons -|
. . . . . r i +wees LFV Higgs (B=0.84%) _|
Previous best limits on B(H—pt) <~ 10% from reinterpretation 30~ -
of LHC H— 1t searches and from tT—py amiv209.1397 20l -
— Can do better with first dedicated search . ]
10—
* Consider hadronic (t,) and electron (t,) tau decays .
= 0 . =
. . N . Elon ek 1 E
» Same basic event selection and jet categories as SM H— 1t g,g"f,; T30 WL et
: : : & 0.5 + A
analysis (0-jet, 1-jet, VBF-tag) al g 120 20 %o
M(uz) , [GeV]
* Differences in kinematics , 197 15" @ TeV)
> I B
_ T T 8 - CMS ® Data, B
Harder muon p, spectrum hm‘i hﬂ-}j S o e Todet Ew_mmim E
' ; | Fo® SM Higgs E
— A¢ between y, 1, /7., - g F Tz :
- - — h —
missing energy vector - —J ;
C [ ] Misidentified leptons
H H 4o - LFV Higgs (B8=0.84%)
/ / 3o =
. [ 2of- 3
e P :
Hoo 10—
[ . 11 B
gl 0? E
g%"";; FUUIE S FOUE S S ST e
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Search for LFV Decay

Comparable sensitivity cms 19.7 16" (8 TeV)

ut , 0 Jets e !
from all channels % . « Observed

2.04% (obs.) X Expected

ut , 1 Jet N
e - Expected =+ 1o

. B(H— ut) <151%at95% e B o

ut,, 2 Jets

s o0) EEEEN

3.84% (obs.)
ut, 0 Jets
2.34% (exp.)

* Large improvement of 2.61% (obs)
ue, 1 Jet

previous limits o6 (oo,
tor [
ut , 2 Jets
2.h31%(exp.) - ®

« Background-only 3.68% (obs)
p-value of 0.010 (2.4 o) | Mo oo % .

-— Best fit . 1 .51% (ObSl) 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1
0 2 4 6 8 10

B(H — ut) = (0.84153)) %. 95% CL limit on B(H—u), %

Mild excess giving a 2.40 effect... To be watched!!!
Not contradicted by ATLAS at EPS... ©



What Deviations did we Observe? I

March 2015

B. Hooberman

Max Significance

Dilepton mass edge CMS 8 TeV 2.60 CMS-PAS-SUS-12-019
WW cross section CMS 7 TeV 1.00 EPJC 73 2610 (2013)
WW cross section CMS 8 TeV 1.70 PLB 721 (2013)
32+E;Mss electroweak SUSY CMS 8 TeV ~20 EPJC 74 (2014) 3036
49+E;Mss electroweak SUSY (see backup) CMS 8 TeV ~30 PRD 90, 032006 (2014)
Higgs— ut (lepton flavor violation) CMS 8 TeV 2.50 CMS-PAS-HIG-14-005
15t gen. leptoquarks (eejj / evjj channels) CMS 8 TeV 2.60/2.40 CMS-PAS-EXO-12-041
ttH with same-sign muons CMS 8 TeV Hyn = 8.5%33 arXiv:1408.1682v1 [hep-ex]
Dijet resonance search CMS 8 TeV ~20 arXiv:1501.04198 [hep-ex]
Heavy right-handed neutrinos CMS 8 TeV 2.80 EPJC 74 (2014) 3149
32+E,mss electroweak SUSY ATLAS 8 TeV 2.20 PRD 90, 052001 (2014)
Soft 2¢+E,™ss strong SUSY ATLAS 8 TeV 2.30 ATLAS-CONF-2013-062
WW cross section ATLAS 7 TeV 1.40 PRD 87, 112001 (2013)
WW cross section ATLAS 8 TeV 2.00 ATLAS-CONF-2014-033
Z+jets+EMiss ATLAS 8 TeV 3.00 arXiv:1503.03290 [hep-ex]
Monojet search ATLAS 8 TeV 1.70 arXiv:1502.01518 [hep-X]
H=—h(bb)h(yy) ATLAS 8 TeV 240 arXiv:1406.5053 [hep-ex]
+ WH (2.80) +LHCb (3.707)



A Global View!

Model independent search

*Divide events into exclusive classes

CMS Study deviations from SM predictions
’ in a statistical way

o Selected
Events

Distributions in each class

O
control plots data o 4 @ > p7 - Most general
2 container (7
o ® @ M; ~ - Good for resonances
i &_/ @ MET - Escaping particles
AU
0 . [9)
s ATLAS-CONF-14-006
T T I T T T T ‘ T T T T ‘ T T T T

event classes

{d‘; | T T T | T T T T I T T T ]
le+ly| [ly+3jet| |2p+ly 2 ATLAS Preliminary Variable: m, .

heitd- © 10° = _[L dt=2031", s =8 TeV o Data 2012 =
c - -
o (kinemati_C) y . % r E“pseudp-experiments sM-onIy h
45 dlstrlbutlons | ? ? ‘ including sys. correlations |

> : seudo-experiments SM-onl|
3 slearchh 102 5_ 1 ; l g Eﬁminclud‘usg sys. oorrelaﬂonys _E
algorithm - i : . -
 eee - £ ; ATLAS for 20fb1 -
(kinematic) quantity - H 1 ; , , -
10 S : E
z E z
Probability distribution as expected X = co 1

1 1 1 ‘ 1 1 ‘

1 5 1 1 1 1 6
-Iogm (p-value)

o
-

for 35 pb-t for CMS L e R
—muons, electrons, photons, (b)jets, MET




Are we looking at the right place




New Physics in Rare _

Analysis of the BO—K*u+u- decay (full run-I data-set q“
y T y ( ) “\ 58

http://Ihcb-public.web.cern.ch/Ihcb-public/Welcome.html#P5p

|

A | l ' 2
Angular LHC'b' :
observable 0.5 prelimiirary r
" SM from DHMV ;
. 1 :
=1 :
-0.5_— _+—' _rl;
A aia
L ]

. 0 5 10 15
2.90 for each point Mass of the pu system g2 [GeV?/c4]

3.70 naive combination



Particles with Milli-Charges? %

CMS search for fractional charged particle arXiv:1210.2311 r
Q=1/3e > 140 GeV; Q=2/3e >310 GeV  (95% CL. dE/dx) |

L.

Existing Wall

A “new” idea -> Hunting for particles with
charges ~ 0.1-0.001e arXiv:1410.6816

Looking for milli-charged particles with a new experiment at the LHC

Andrew Haas, Christopher S. Hill, Eder Izaguirre, Itay Yavin
(Submitted on 24 Oct 2014)

We propose a new experiment at the Large Hadron Collider (LHC) that offers a powerful and model-independent probe _
for milli-charged particles. This experiment could be sensitive to charges in the range 1073e — 107" e for masses in the ’i/J
range 0.1 — 100 GeV, which is the least constrained part of the parameter space for milli-charged particles. This is a new

window of opportunity for exploring physics beyond the Standard Model at the LHC.

Existing LHC Detector

1.000
0.500F Colliders

0.100} i
© 0,050} J |
G |

'

105_,,,,,,7,‘,_._._...:T‘,‘i-,:i\\ ‘ \/E: 14 TeV 1

J,L - | L=300 fb! "2 1000
CMBNetr | B <
0.010 (indirect) / % o ' s

L=3000 fb! ol

0.005F ¢ ac Mmillig B
------------- == Vs=14Tev §
””””””” “ ’ Detector 45° wjr to transverse plane :
OO 61 0.1 T 10 0w - 01 e A "
' ' ' 05 10 5.0 100 50.0 100.0

M cp(GeV) M mcp(GeV)



How does it feel to be a (BSM) Theoris

H. Murayama
ICFA Seminar October 2011




Other New Physics

« Plenty!
— Compositeness/excited quarks & leptons
— Little Higgs Models
— leptoquarks F
String balls/T balls Strong dynamics
Bi-leptons A o
RP-Violating SUSY e e
SUSY+ Extra dimensions W' Z 0 e
Unparticles
Classicalons
Dark/Hidden sectors
Colored resonances

And more....

funpegm Appaw . ——=

-—

1 or 2 Higgs doublets




The Future...




The Future: Studying the Hig
L_J JLJJ LJII-HL

TE= z: & The Higgs is the new

— particle that may give
',;. us crucial insight into

2dAll the new physics world

We will have to study it!!

—iggs as a porta

® having discovered the Higgs!?
Many queStlonS are St|” unanswered: e Higgs boson may connecf the Standard
«What explain a Higgs mass ~ 125 GeV/? Lodelto ot et

*What explains the particle mass pattern? SU(3)exSUQ2)xU( 1)y
hidden

eConnection with Dark Matter?

*Where is the antimatter in the Universe?
«®

B

Higgs
sector

quarks
leptons
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—Integrated luminosity

Year

® Peak luminosity
Injectors
upgrade
RN
1N
R
o ® i-

10 11 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
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The Future Program

[{-Sz-wa] AlisourwinT




Prospects for Searches

WIS2013

i

[ ratios of LHC parton luminosities: 13 TeV / 8 TeV

luminosity ratio

—g9_

==== 109

B qg Strong interaction o
10F dominated processes o

§ ]

/1 0.5-1fb* would be enough for first
analyses entering new territory

We should collect that during summer 2015

Cross section ratios: 14 (13) TeV / 8 TeV

Minimum bias

1
| Electroweak processes / MSTW2008NLD WH
1 e e el t (s-channel)
M, (GeV) H (ggF)
. H (VEF)
~Reach we had with 8 TeV ¢ (t-channel)
20 fb-1 tt
\\ ttH
With 1 fb-—l we Wi“ produce stop pa"- (0.7 TeV) 1 (for 13 TeV / B TeV: B.4)
. . . \\ stop pair (0.9 TeV) (for 13T€V /B TeV: 12)
"“tWICE as ma‘ny QIUInO palrs * gluino pair (1.5 TeV) 72 ifor 13 TeV /8 TeV: 46)
at1.5TeVasinfull Run1 gluino pair (2.5 TeV) 5700 (13/8: 2700
With 5 fb-1 we will produce 7 SSM (3 TeV)
~twice as many stop pairs at Q' (4Tev)
0.7 TeV asin full Run 1 QBH (6 TeV) | e e s bt 2 B
1 10 100 1000 10000 100000




SUSY Prospects @ 20

Expect ~ 10-20 fb!in 2015 & 40 fb1 in 2016 (present guestimates)

Now 2014

8

LSP mass [GeV]
8

- 7 ~0 lrnird .

§-g production, §—tty, 1 production
VAR RARAS ARAE RARAE RRAMA UARAS RAREASARREBRIAS S 500 7T T LA L L L L BN
cms Preliminary — susi2020iep(Eeriproan’y 8 £ CMS #rellmmary E
/s 8TeV —mumEenEr] 0 (G- gTe — Observed E

= SUS-13-016 2-lep (OS+b) 19.7 fbo"' —| E L
NOA —— 5US-13-013 2-lep (SS+b) 195 fb"! ] E 400 £ SUSY 2013 Expected =
B g:im:g A gsusY = SUS-13-008 3-lep (3l+b) 195 0™ | % F —— SUS-13-004 0-lep+1-lep (Razor) 19.3 fb™! (> t5) 3
‘theary - E |
350 | —— 5US-13-011 1-lep (leptonic stop)19.5 b {iati?) =

300

1000 1100 1200 130 1400 1500
gluino mass [GeV]
CMS Preliminary, 19.5 fb™, /s =8 TeV
800 10
pp—>G46,§—~ qi“’ NLO+NLL exclusion
—Observed = 10, _,

0600 700 800 900

msp (GeV)

95% C.L. upper limit on cross section (pb)

1000 1200

m, (GeV)

[ ARV S A I L 1
100 200 300 400 500

| —— SUS-13-011 1-lep (leptonic stop)19.5 fb ! ({- hi:, x=0.25) -

ol ST

A S
600 700 800
stop mass [GeV]

CMS Preliminary, 19.4 fb', {s = 8 TeV

pp—BB,5— b¥, NLO+NLL exclusion
.| =Observed + 1oy,

200 300 400 500 600 700 800
Mgpottom (Gev)

107

95% C.L. upper limit on cross section (pb)

2015-2016
Cross Section Scaling 8 -> 13 TeV |

WIs2013

100 T T .
ratios of LHC parton luminosities: 13 TeV / 8 TeV f
/
1/
—4dg ’
] = /
T ---- Igg /
> —Tqg Ve
:
£ il
E
=]
MSTW2008NLO
1 " L " " n P " "
100 1000
Mx (GeV)

Xsection Ratios 13/8 TeV

1350GeV gluino: x30
950GeV squark: x20
750GeV squark: x9
350GeV X*X% x3
top pairs: x4

~1/fb of 13TeV data surpasses our best gluino limits.
~3/fb of 13TeV data surpasses our sbottom and stop limits.
There will be no relevant SM measurements at 13TeV
by the time we have already stepped well into new territory!!!

0.5-1 fb'! would be enough for first analyses entering new territory
We expect that have such a sample by Summer 2015!!




Beyond the LHC

*Proton-proton machines at higher energy...
Electron-positron machines for high precision...
*Both? And allowing for electron-proton collisions..?

New projects will take 10-20 years before they turn
into operation, hence need a vision & studies now!




The FCC Project

Future Circular Colliders: The return of studies for circular machines!

80-100 km tunnel infrastructure in Geneva area —
design driven by pp-collider requirements (FCC-hh)
with possibility of e+-e- (FCC-ee) and p-e (FCC-he)

Future Circular Collider Study

12-15 February 2014
University of G
Switzerland

C. Potter, F. Zimi

SCIENTIFIC OR

FCC Coordination Groi .
. :
L |

p. Collier, J. Ells, Schematic of an
e - 'l 80 -100 km
‘ ¢ long tunnel

-
‘--- -

[B]] & LveRsITe [ [RY reoidcecemh ‘am A world-wide study...




A High Energy Proton-Proto

“Machine Options”

"High Energy LHC"

First studies on a new 80 km with 20T magnets

tunnel in the Geneva area

= 42 TeV  with 8.3 T using LHC
present LHC dipoles »
=80TeV with16T based | ...~ "
on Nb,Sn dipoles fi( | Y A
100 TeV  with20 Tbased — & %
on HTS dipoles KSR A

Conceptual Design Report by end of 2018 in  *
time for next European Strategy Update

L 3
ﬂﬂﬂﬂﬂﬂ




FCC-ee: The Electron-Positron O

Circular e+e- collider

alIn July 2011 a proposal was made to (re)install a 120 GeV / beam with \/S energy In the
e*e collider in the LEP-LHC tunnel — nameclLEPB Work on LEP3  range of 90-350 GeV
started in a series of workshops.

Q The 80 km TLEPJmachine appeared in 2012 in parallel with the Can serve 4 experiments
feasibility study for a 80 km ring for a future hadron collider around . |
CERN. TLEP and LEP3 were presented in September 2012 at the SImUItaneOUSIY-

European Strategy meeting in Krakow.

Q In October 2013_TLEP was integrated into the FCC study and is Cha”engmg but no _
now known as|FCC-ee. showstoppers!! (2 rings)

Energy loss/turn ~ 8 GeV

Vs (GeV) | <L >(ab-1/year)* eeT:?\a(\z‘rzgns Years Statistics The PhySiCS Case iﬂClUdeS
" - hind 3 hadiihonn. @ Precise measurement (0.1% to 1% ) of the
160 16 25 12 2 107 W pairs Higgs Couplings
¢ Improve precision (statistics x 10° ) on the
240 0.8 3 5 § 10° HZ events measurements of the Z parameters [ Mz, 'z ,
a0 a4a . . o 10 Re, Rb, Re, Asymmetries & weak mixing
' angle]. Z rare decays.

ach ek f R ¢ Scan W threshold ( aiming at 0.5 MeV
Tera-Z, Oku-W, Mega-H, Mega-top ——— precision). W rear decays
¢ Scan ttbar threshold (aiming at 10 MeV)




FCC-he: The EIectron-Proto-

*Future possible hadron and lepton colliders will be excellent QCD explorers

*High luminosity (1034-103°) and/or energy lepton-hadron colliders

->Dedicated facilitie studies include the LHeC (Europe) and EIC (US) projects
and now FCC-he

ep: 60 GeV x 7 TeV ep: 60-175 GeV x 50 TeV ‘

PSB Ps (0.6 km)
SPS (6.9 km)

LHC (26.7 km)

Use FCC-ee ring or
Energy Recovery Linac




Linear e+e- Colliders

Electron-positron machines for high precision and
possibly high energy (few TeV) ...
Avoid Synchrotron radiation from a circular machine

Studies and R&D work on linear colliders started in
the '90’s and they have achieved a very high level
of maturity now...




ILC Layout

Japan has expressed a strong interest to host this collider! Under discussion...

The In.ternational Linear Collider
— A Worldwide Event

From Design to Reality

12 June 2013

Tokyo, Geneva, Chicago

ww.linearcollider.orgiworldwideevent _SZgli

[ELAS I—

(4TPs)

TLEP

10°

—
o

Luminosity [10* cm2s1]

Comparison of different _

5 plan to double the luminosity
s [GeV] (not included in the figure)




CLIC: Two Beam Acce

CLIC parameters

oy *—' — ‘4 L (cmsd) 5.9x1034
!" i 0.5 ns
1

;u”rr(iil TR H”' 7 separeton

[ALELERRLCLRREREN

#BX / train 312
Train duration (ns) 156
Rep. rate 50 Hz
Two Beam Scheme:
Duty cycle 0.00078%
Drive Beam supplies RF power
" o,/ o, (nm) =45 /1
Accelerating gradient: 100 MV/m 12 GHz bunch structure o
* low energy (2.4 GeV - 240 MeV) o, (um) 44

* high current (100A)

Main beam for physics
* high energy (9 GeV - 1.5 TeV)

©~ cuant e Parameters for Vs
oS *500 GeV

o .,."..,,,o:::f z:t:",:,.o.,..m.. .cw.,..m 1.4 TeV
N T = M_rm '”ev

aesssssne. U semmm—

/
electron main accelerator electrons positrons positron maln accelerator
main beams

~1 km
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FCC-hh: Searches for Nev-

Searches for pair produced SUSY particles FCC-hh

| . -Reach sparticle masses
| . search up to about 16 TeV
Stopsisbottoms | | e for squarks of light quarks

Squarks/gluinos i* :mgﬂcm and. 7 TeV for StOpS
——2) -Excited quarks probe the

D — - ."_ vy
2os g o structure of quarks down to
Mass Reach, TeV 4X10_21 m
Eg. ZHOM In SUSY -Discovery of resonances up
M, My, MA, My tan 3 = (®2)/(®1)
FIne tuning and naturalness: (N.Craig, BSM@ 100 Wshop) to masses Of 40-50 TeV
Axsin?(20)TH  Aftanf=50)< 1__5&1 Tev . : .
o Extra H can be heavy,wgll ab.ove LHC Upper Ilmlt for hlgher nggs
reach, but cannot be arbitrarily heavy mass |n ZHDM models?

® Why 100 TeV?
® Need for O(100TeV) in the cards since the SSC days: fully
explore EWSB, probing in particular unitarization of WW

scattering at m(WW)>TeV, and explore dynamics well above
EWSB




Physics at et+e- Coll

Higgs Boson Couplings Higgs Boson decays

E?.. r Best Fit Predictions
210 HL-LHC ; e L e e
g [ |=icaso ’ h=m i
€ [ |=epsso i
§ S B hs 2z} —t
2 [ i = i | e
A i " =
L]
g o= }i- } { } H# = J{ +1% h—WW/ ‘ -
I . S B A S A ] BHE
— 5 | -
o : : . h—ggh T arXivl1308.6176
5L ‘ First laok at the physics case of TLEP
= * CMSSM high mass
r : ® CMSSM low mass
-10 r i A NUHM1 @
- HL-LHC : One experiment only . ] e Ihe TLEP Design Study Werking Group
W, Dioe,* II.D-’!T_LIVII._E(“ M. Detmastro,” T. Alecopeukes,”
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Fit to all EWK precision measurements P T
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9
OO0 ¢ H .

1120%

g -
‘E’ 80F e g% - ILC or TLEP-500, ILC-1TaV, CLIC-3TaV
g ﬁ{]: pp : HL-LHC, HE-LHG, VHE-LHC
£ a0f
2 20F
E. -
{3 0 = 5-5--9 ] '
-20
40 T
60 F "‘“ |
80 F
HHH cou:\ling
"ILC500, TLEP500, HL-LHC'  'ILCaTeV, HE-LHC' 'CLIC3TeV, VHE-LHC'
0.5 &kt 1 ab1 3 akm 1 abr? 3 ab 2 abr 3 ab

Difficult measurements!!:
Evaluation till ongoing
for HL-LHC sensitivity

e+e- machines with

sufficient energy and
FCC-hh can measure
this process precisely



Summary: The Searches are on! .

The LHC has entered a new territory. The ATLAS and CMS
experiments are heavily engaged in searches for new physics.
The most popular example is Supersymmetry, but many other
New Physics model searches are covered.

No sign of new physics yet in the first 20 fb-! at 8 TeV with the
analyses reported in this lecture... This starts to cut into the
‘preferred regions’ for a large number of models, like SUSY

More exotic channels are now being covered: monopoles,
fractional or multiple charged particles, long lived partlcles
Still many unexplored channels left to explore

The LHC did its part so far with a great run in 2
Collected about 20 fb-'@ 8 TeV by end of 2012

In 2015 the energy will be 13/14 TeV, excellent
And maybe one day soon:




End of Lecture I




