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Direct Searches for New Physics

From Lectures 2 and 3:
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The Unsatisfactory Standard Model

, . ? e % The elegant gauge sector (tree parameters for EWK and
e i’ one parameter for QCD)
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The strong CP problem

e The less elegant Higgs sector:
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+ LK 15] M Y/\%' " - Carries the largest number of parameters of the theory
- - Not governed by symmetries
?
na {:D”#J[ i V (¢) - Gauge Hierarchy (and Naturalness)

- - Flavour hierarchy (includes neutrino masses)

More fundamental questions (not explained by the SM): Experimental anomalies and observations:

- Description of gravity at small distant scales?

- Why is the mu parameter in the Higgs potential negative? Is the Higgs composite?

- Why is the charge quantised and the charge of the electron equal that of the proton
(grand unification)?

- ... and many more!

- Anomalous magnetic moment of the muon (recently
confirmed by FERMILAB)

- B Lepton Flavor anomalies (see secures by Mark)

- and of course...



Unexplained Observed Phenomena

Astrophysical and cosmological observations:

- The mere existence of the universe and the matter/anti-
matter balance?

- The nature of Dark Matter?
- The nature of Dark Energy?




Why is the Hierarchy an Issue?

Naturalness

If the Higgs boson is an elementary scalar, loop 102 -
corrections to its mass are quadratically divergent: |
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Searches for Supersymmetry




Supersymmetry

An elegant, simple and complete solution...

Nutshell description:
- For all fermions degree of freedom SUSY adds a boson

degree of freedom
- To all bosons degree of freedom, SUSY adds a fermions
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What SUSY addresses:

- It resolves the gauge hierarchy (naturalness problem) 20 |- Standard - 20 - _
. . . - Model b

- It allows unification of gauge couplings o ) )
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- Local SUSY requires gravitino and therefore via SUSY N I T R s I TN ENPE ISP
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naturally brings the graviton and is an essential log,, (1/GeV) log,, (1/GeV)

ingredient in string theory
- It provides a natural candidate for dark matter

The main predictions of SUSY
- Superpartners that should be at a reachable scale!
- A candidate dark matter particle: the neutralino (typically).
- An extended Higgs sector. Its minimal realisation is the
MSSM (2 Higgs doublets so 5 Higgs bosons, 3 neutral and

2 charged).

The only few (non negligible) issues:
- It has not been found! If it exists it has to be broken
- If the super-partners are too heavy fine tuning re-
emerges and one of the main issues (naturalness)

reappears).
- With a much larger number of fields come a much

larger number of parameters!



tan 3

Reaching SUSY from an extended Higgs sector

The MSSM Higgs sector at tree level is governed by

only two parameters (mA and tan /).
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SUSY could modify the couplings of the Higgs

From the combination of all channels presented in Lecture
3, from constraints on up versus down Yukawa and
coupling to vector bosons, limits in the MSSM parameter
space can be set.

Direct searches for additional Higgs bosons
(neutral and charged) have been performed:

- Neutral heavy Higgs to tau tau
- Charged Higgs to tau neutrino
- Heavy neutral Higgs to ZZ

- Charged Higgs to tb

- Heavy neutral Higgs to ZH

- Heavy Higgs boson to HH _ _
Search for Higgs to top pair

35.9 fb~! (13 TeV)
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Searches for Natural and Strongly Produced SUSY
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Searches for Natural and Strongly Produced SUSY

Stop Stop 2L
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More intricate scenarios

Weak production of charginos, Weak production in

. _ R-Parity violating SUSY
neutralinos and sleptons compressed scenarios

Scenarios where the charginos, neutralinos

Resulting in topologies without LSP in

1 to 4 leptons (including taus) in the final or sleptons are close to mass degenerate .
state. Including decays to electroweak with the lightest SUSY particle (LSP). the final state and therefore no MET.
bosons.

1 _

/ a 1 T Y
i/lijkLiLjEk + /lijkLiQka + i/liijiDjDk + k; L; Hy

RPV components of superpotential



Searches for Charginos and Neutralinos (Examples)
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Very Large Number of SUSY Searches

In large variety of topologies and models
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Very Large Number of SUSY Searches

In large variety of topologies and models

' 1
I . .
* - -
ATLAS SUSY Searches* - 95% CL Lower Limits . ATLAS Preliminary T i ulation Prelimi
March 2022 v V5 =13TeV - earcnes Simulation Preliminary
. » . 1 HE-LHC, [£d! = 153" : 5cr Biscovery (95% CLexdusion) Vs =14, 27 TeV
Model Signature  [Ldr[tb7] Mass limit . Reference i '
T T T T T T LA | lI T T T T Mwel C,’l, T, y Jets Mass “mit 1 sectbn
4, G-, Ocu  2-6jets  EMS 139 1.85 m(¥))<400 GeV 2010.14293 ———— T T i
2 44, g—qX1 monojet  1-3jets Egliss 139 G [8x Degen.] 0.9 ] m(q)-mlo??):s GeV 2102.10874 2, B—qgt! 0 djets 2.9 (3.2) TeV| m{x})=0 211
BN 55, ioqa) Oe,pu 2-6jets EMs 139 |z ba m(rY)=0 GeV 2010.14293 53 5, opl diets 5.2 (5.7) TeV| ¥\ =0 2.1.1
S 8 §=aat ! F Forbidden 1.15-1.95 1 m(7))=1000 GeV 2010.14293 . BE, B—qdx, ° ! 1 (-7 mixi)
A 28, —qgWi\ 1e,u 2-6 jets 139 |2 a2 m(¥7)<600 GeV 2101.01629 § B, B—1i¥) 0 Muliple : 2.3 (2.5) TeV] m{¥)=0 21.3
O 35 soaa(tO)F° ee, it 2jets  Emis 139 | & A2 m(¥})<700 GeV CERN-EP-2022-014 W ) :
D 22 8—qq(lo)x, J T ! L o0
B 37, goqgqWZE Oeu  7-11jets EMS 139 | 1.97 1 m(¥)) <600 GeV 2008.06032 &, B—1eX| 0 Multple ' 2.4 (2.6) TeV m{¥1)=500 GeV 213
% SSe,u 6 jets 139 |2 1.15 o m(z)-m(¥1)=200 GeV 1909.08457 o o o ] 5.5 (5.9) TeM 24.2
S 5 5o 0-1e,pu 3b EPS 798 |2 ] o
SSeu  6jets 139 |z ! 1.4 (1.7) TeV (1)=0 212,213
. . miy,) =0  <&l.g <&l
7 mis: 4 1
blbl 0 e,u 2b ET S 139 g; 1 0.6 [0.85) Tev M[]-' ) ,i'l:}- m[{) 2.‘ .2
PO ~0 ~0 miss % i :
by1by, by —b¥ bh¥ Oe,u 6b EX! 139 b Forbidden 3.16 (3.65) Te\l
gg A [ake home Mmessages for HL-LHC: : S
Q - ) . - ™
§§ i, o) Otep  =zliet B 139 |7 . 0.66 (0.84) TeM} miE!)=0 221
¢S an,iowbi tep  Blets/th EPS 139 |7 I
S i, ioTby, 116 127 2jetsb EMS 139 |7 1 0.92 (1.15) TeV mF})=0 222
o - -~ £0 o o 0 miss ~
P , i ck) &, e—ck Oe,u 2 EXss 361 | _
g Mnnmefcend Ocu  monojet EPs  13e |7, : 1.08 (1.28) TeV| miF)=0 223
B B Bz 12eu 146 B 139 |G . . - I 0.9 Te m{¥!)=150, 250 GeV 224
WA S iscovery potential of gluinos up to O(2-3 Te . |
XX viawz Multiple ¢/jets ERS 139 [/ ] 0.25 (0.36) Te| m{{)=15GeV 2251
ee, i >1jet s 139 | X /X, 0.205 1 0.42 (0.55) TeV 15 GeV T
YK} viaww 2e.p ERs 139 | F 1 +4210.59) mix )= .
XiX; via Wh Multiple ¢/jets Ep™ 139 | F{/%;  Forbidden . . ' 0.21 (0.35) TeV Am(f:, £1)=5GeV 2252
=3 XXt vialy /v 2ep EPS 139 | X} .
S e T [fL TR [T046:03] o. -
Be ot 2 e |7 ISCovery potential or StoOpsS up to e L T T
S firlig, -0 2e,p Ojets ~ ER™ 139 |7 " (1.08)
ee, jijt >1jet s 139 |7 0.256 ' | ¢!
qH, A—hG/ZG Oept >3p  EPS 361 |@ 0.13-0.23 : 0.53 (0.73) TeV m{¥1)=0 231
4ep Ojets  EMs 439 | g X
Ocu >2largejets R 139 |1 . . I 047 (0.65) Te]  m(f1)=0, m{zs)}=m(ts) 232
_ i 1 0.81 (1.15) TeV/ m{{))=0, m{2;)=m(2) 2.34
Direct X1 X7 prod., long-lived ¥ Disapp. trk ~ 1jet ~ EMs 139 )g; .
X 0.21
° 1
S & stable g R-hadron pixel dE/dx Ems 139 | ! 0.8{1.1) TeV Wino-like X 411
SE  Metastable z R-hadron, g—qqi) pixel dE/dx Eps 139 | & @ =10ns] 1 0.6 (0.75) TeV Higgsino-ike 7| 411
S8 i Displ. lep EMs 139 |aq : 0.88 (0.9) TeV Wi DM
| ) 7 1 . .9) Te ino-ike 4.1.3
pixel dE/dx EF' 139 T 1
2.0(2.1) TeV Wino-ike DM 413
1
~tk~F ~0 =~ 0
/\:i/\:Z//\:(l) XTI >zttt 3e,u ' . 139 | . Pure Wino 2011.10543 s g MSSM. Electrowesk DM Disapp. trk. 1jet . 0.28 (0.3) TeV Higgsino ke DM 413
XiXT X, — WW/Zeeetyy dep Ojets  EF™ 139 1 m(1)=200 GeV 2103.11684 o
g2, 3-qah). X1 - aqq 4-5 large jets 36.1 1 Large ), 1804.03568 § S MSSM, Blectroweak DM Disapp. trk. 1jet DM mass ' 0.55 (0.6) TeV Higgsino-ike DM 4.1.3
S iR K o bs Multiple 36.1 1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003 1
& i, i—bX1,XT — bbs > 4b 139 Forbidden I m(¥7)=500 GeV 2010.01015 & R-hadron, f—qggt) 0 Muitiple 2 [r(# =0.1-3ns] 1 3.4 TaVl mi¥}}=100 GaV 4.2.1
fif1, hH—=bs 2jets+2b 36.7 ] 1710.07171 ‘R on. F->ae -i“ 0 Mulble 1 28 TeMl 4.2.1
i, fi—qt 2e,p 2b 36.1 0.4-1.45 ' _ BR(i—be/bu)>20% 1710.05544 & R-hadron, 2-geki ' 2.
o - 1u Dv 136 1.6 . BR(7i—>qu)=100%, cosf,=1 2003.11956 GMSB jiu displ. ) . p— R o
X /X2 /X1, XY ,—tbs, X1 —bbs 1-2e,u  2Bjets 139 | X} 0.2-0.32 . Pure higgsino 2106.09609 1
1
L L L L L L L L I : L L L L A A A A A A AL ‘ L . A A A AL L arxiv:181 2-07831
*Only a selection of the available mass limits on new states or 107! 1 1 Mass scale [TeV] 10” 1 IMass scale [TeV]
phenomena is shown. Many of the limits are based on 1 ]
simplified models, c.f. refs. for the assumptions made. .

2 TeV 3TeV

Example from ATLAS (same for CMS)

HL-LHC YR
1812.07831



Broad searches for new Physics
beyond the Standard Model




Panorama of Searches for Conventional Signatures

Searches for Vector Like Fermions

Simple additional chiral fermions are essentially ruled out by
Higgs data.

Fermions that are not Chiral

- The L and R components transform the same way under SM
symmetries.

- Interact with SM through mixing with SM quarks.

- Present in models where the Higgs is a pseudo Goldstone
boson (e.g. in Composite Higgs and little Higgs models).

- Present in Warped Extra dimension models.

Large variety of possible states and complex channels

- Heavy quark partners with charges -1/3, 2/3, 4/3 and 5/8.

- Complex channels looking for T(2/3), B(1/3): Ht+X, Wt+X,
Wb+X, Zb+X, Zt+X (Performed at Run 2) so far and T(5/3)
4tops final state.

And still many more !!

Searches for W’and 2’

High mass states motivated in many theories e.g. Grand
Unified and additional gauge symmetries.

- electrons, muons, taus, jets, b-jets and tops.

- di-bosons including vector bosons and Higgs bosons

Searches for high mass states of spin 0 and 2

Motivated in Randall Sundrum models (Graviton and radion)
Searches in various channels dijet, diphoton and di-leptons

Any many more

Quark compositness

Leptoquarks: predicted in grand unified theories and interest raised
by lepton flavor universality anomalies

Heavy neutrinos: produced in theories for neutrino masses (e.qg.
Seesaw)

High mass and high activity events: strong gravity (from extra
dimension theories), mini black holes, quantum black holes...
Searches for low mass states.



Searches for High Mass Resonances

ATLAS Dilepton search ATLAS 1903.06248 o E 3
- . — . . — T10°E ATLAS Preliminary -
S 10°E ATLAS - Dok =13Tev, 139" 1 ATLAS Dijet search
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Z e _ E ~ BumpHunter interval - ATLAS-CONF-2019-007
O o __ 10% = q,m. =50Te — .. .
i = oL E Limits on excited
OF . oa | : E 10 - quarks at 6.7 TeV
1 ;_ 22?25 l;?gdrm-:lnz :"f34 TeV, I'/'m=1.2% '. ‘ _; 10 ? ,gf\’/a(lju: 2C1)8 T E
E -------- Generic signal at 2 TeV, I'/'m=1.2% . ‘." . E 1=~ FitRange: 1.1-8.1 TeV =
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E I . I I
Run Number: 336852, Event Number: 1440436043 XC u S I O S
Date: 2017-09-29 11:44:35 CEST
up to ~5 TeV
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= di-electron 7 c
\ event ~4 TeV (T EXPERIIANN (central) duet

Event: 4144227629
2016-08-08 08:51:15 CEST event ~8 TeV
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More Searches...

Vs=13 TeV, 37.0 fb ATLAS
< ~ m>54TeV | eData —SM
%0.06_— S e Cln =-1,A=22TeV
Z - Cln =+1, A=15 TeV Searches for non-resonant features at high mass
— -1-: LL ’
0.04¢} ] Theoretical uncert.

. ] - Total uncertainty
0 06} T 49<m <54 TeV _ T A6<m <49 TeV _ Any deviation in the measurements with
Vo[ ' i ' - ' i ' ]

a special attention to the high energy
regime can be the manifestation of new
higher energy domain new physics.

0.04}

0.055, 4.3<m, <4.6 TeV 1

0.041 Key aspects: Jet cross sections predictions

and jet calibration with multi TeV jets

0.03F- $ ¢

0.05} 3.7<m;<4.0 TeV 11

Angular distribution

X = exp(|ly1 — y2|)
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Improving Reconstruction Techniques

Jet substructure reconstruction improvements reconstructing
a vector boson, a Higgs boson or a top quark.

35.9fb" (13 TeV)

: L 1 I I 1 I l L | 1 I 1 1 1 I Ll 1 L I 1 I 1 I | I 1 1 1 I L
| 8000 eMS ¢ Data e W(qq)+ets (x3)
X — Total SM pred. -« Z(qq)+jets (x3)
7000 e e
i Multijet pred. -= t/tt(qq)+jets (x3)

6000 B Z(qq). g =0.17, m,=135 GeV

Events / 5 GeV

5000 P, 600-700 GeV

3000

2000

|||||
“rnny

1000

—
-
=
=
=
—
-
-
-
—
=
=
=
—
-
-
=
=

4000
=
-
=
=
—
-
=
=
-
—
—
=
=
=
—
-
=
=
=

T , : : , : : : —
RX, 4 .
¢‘ 7 +§?T

60 80 100 120 140 160 180 200 220
Mgy (GeV)

Data/Prediction
()
©
[

Search for intermediate mass resonance as
a single jet investigating its substructure.

Searches for diboson in two boosted jets signatures

Di-boson full hadronic event

ATLAS

EXPERIMENT

Run: 299584

Event: 563621388
2016-05-20 08:26:49 CEST
M(JJ)=2.40 TeV R

Di boson candidate event in a fully hadronic search, each
jet has a mass compatible with a vector boson (W or 2).



ATLAS

EXPERIMENT

A Spectacular Heavy lon Event

Run: 366994
Event: 4537656063
2018-11-26 18:32:

| |

03 CEST

Observation of Light-by-light scattering (Central
Exclusive Production)

ATLAS-CONF-2019-002

Events / GeV
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PbPb (5.02 TeV) — vy, observed
PbPb (5.02 TeV) — vy, expected
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m, (GeV)

ATLAS Preliminary
Pb+Pb SNN =5.02 TeV

—e— Data 2018, 1.7 nb™"
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Constraints on
ALP (Axion Like
Particles)
assuming sole
coupling to
photons.




Very Large Number of Searches

(in large variety of topologies and models)

Overview of CMS EXO results

CMS . 36 fb~! (13 TeV) _
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Example from CMS (similar for ATLAS) - latest plot in the backup!



Very Large Number of Searches

in large variety of topologies and models

Overview of CMS EXO results
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B% excited light quark (qy), fs=f=f =1,A=m, My |1711.04652 (y +j) r'z.....i.......a‘........‘.... :
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). 4 T January 2019 8 Tev

Example from CMS (similar for ATLAS) 1812.07831



Unconventional Signatures

Many extensions of the Standard Model predict new particles that are long lived heavy (neutral and charged)
and can decay after several cm or even meters.

disappearing or ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary
displaced kmked tracks' Status: March 2079 [Ldt=(34-36.1)fb" V5=8,13TeV

Model Signature  [£dt [fb7'] Lifetime limit Reference

- - , . ——TrTTrT T —T—TTTTT r —T—TT-TTT r —T—TT17T7 r —T—TTTTT r ——r—T
mU ItltraCk Ve rtlces .‘ 0‘ . RPV % — eev/euv/uuv  displaced lepton pair 20.3 x‘l' lifetime I l m(g)= 1.3lTeV, m(x3)=1.0TeV 1504.05162

’ '; n Q n.upo ihti ng GGMy? - ZG displaced vtx + jets 20.3 x‘l' lifetime

m(g)=1.1TeV, m(y{)= 1.0 TeV 1504.05162

p - ; h GGMY? - ZG displaced dimuon 32.9 x‘l’ lifetime 0.029-18.0 m m(g)=1.1TeV, m(y?)= 1.0 TeV 1808.03057
-
.--=~" (converted) photons -~ - |
- - GMSB non-pointing or delayed y  20.3 X lifetime _ SPS8 with A= 200 TeV 1409.5542

AMSB pp — xixd. xi x7 disappearing track 20.3 Xf lifetime m(xy)= 450 GeV 1310.3675

AMSB pp — x3x9.x{ x;  disappearing track 36.1 X lifetime 0.057-1.53 m m(x})= 450 GeV 1712.02118
AMSB pp — xix9. xf x7 large pixel dE/dx 18.4 XT litetime _ m(xy)= 450 GeV 1506.05332
d . I d I ) Stealth SUSY 2IDMS vertices  19.5 | § lifetime T orocoe  (z)- s00Gev 1504.03634
IS p B 1 © pto ns , eme rg i n g j etS Split SUSY large pixel dE/dx 3.1 | g lifetime >09m m(Z)= 1.8 TeV, m(x?)= 100 GeV 1808.04095
I e pto n -l ets J O r Split SUSY displaced vtx + E}"i“ 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(y})= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +EM= 361 [glifetime 0.0-21m m(g)= 1.8 TeV, m(y?)= 100 GeV | ATLAS-CONF-2018-003

lepton pairs

P

multitrack vertices in the

H-ss low-EMF trk-less jets, MSvtx 36.1 | s lifetime 0.18-120.0 m m(s)= 25 GeV 1902.03094
FRVZ H = 2yq + X 2 e—, u—jets 20.3  |[JHIEHRE o-3 mm m(yq)= 400 MeV 1511.05542
FRVZ H — 2y4 + X 2 e, u—, 1—jets 3.4 | yqlitetime 0.022-1.113 m m(yq)= 400 MeV ATLAS-CONF-2016-042
FRVZ H - 4yq + X 2 e—, u—, n—jets 3.4 | yalitetime 0.038-1.63 m m(yy)= 400 MeV ATLAS-CONF-2016-042

H— ZyZy4 displaced dimuon 32.9 Z, lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057

trackless,
low-EMF jets

H— ZZ4 2 e, u + low-EMF trackless jet 36.1 Z4 lifetime 0.22-5.3m m(Zy)= 10 GeV 1811.02542

(200 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094

d(1TeV) - ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o xB=1pb, m(s)= 150 GeV 1902.03094

I VH with H — ss — bbbb 1 —2¢ + multi-b-jets 36.1 | slifetime 0-3 mm B(H — ss)=1, m(s)= 60 GeV 1806.07355

HV Z'(1 TeV) = quqv 2 ID/MS vertices 20.3 s lifetime o x B=1pb, m(s)= 50 GeV 1504.03634
m u O n SpeCt ro m ete r HV Z'(2 TeV) - q,qy 2 ID/MS vertices 20.3 s lifetime r x B=1pb, m(s)= 50 GeV 1504.03634
L LAl ll L L L L Ll 1 L L L L Ll L L L L L L1l L L L L 1l l ' L
0.01 0.1 1 10 100 cT [m]
Vs =13 TeV
llll' 1 L L llllll 1 1 1 IIIIII 1 ' L Illlll 1 1 L IIlIll
.01 A 1 1 1
*Only a selection of the available lifetime limits is shown. 0.0 0 0 00
7 [ns]

Sample for ATLAS (same for CMS)
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Image from H. Russel egn . . . g i i
J Difficult signatures requiring specific complex reconstruction and trigger!



Following Up on Anomalies




LFU Anomalies In B decays

Part of the “Footprints™ of rare B decays anomalies “C. Cornella et al. 2021
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https://arxiv.org/pdf/2103.16558.pdf

High energy phenomena with taus and b’s
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-025/

Probing (g-2) and flavour Anomalies at High energy

Eur. Phys. J. C 80 (2020) 123 29
e ———e ‘
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http://Eur.%20Phys.%20J.%20C%2080%20(2020)%20123

Generic Searches for Dark Matter




Generic Searches for Dark Matter

Production at colliders & E ATLAS
s M DM % = By ineC < 0.24 is =7TeV, 4.7 fo’
5 =100k All limits at 90% CL Vs =8TeV, 20.3fb"
= : = Vs =13 TeV, 36.1 fb’
= = - .
= = = Higgs portals
= 10742 : % Scalar WiMP
q M DM © - VT & Fermion wiMP
. = Other experiments
Annihalation aab Cresst-I|
10 .= DarkSide50
o= LUX
Complementarity of searches at _ T PandaX-ll
colliders, direct and indirect searches! 10746 M === Xenon1T
1 10 10° 10° 107
Myivp [GeV]
Searches for Dark Matter at the LHC
X
€ ZI.""lA
- Invisible Higgs searches (Lecture 3). \
X Monojet signature! One
- In order to be observed invisible final states need 1 of the most sensitive

additional objects to be associated with. Mono-anything channels!
searches: Mono-jet, mono-V (leptonic and hadronic), / %a;
Mono-Higgs (various modes), Mono-photon, Mono-top.



Generic Searches for Dark Matter

ATLAS

EXPERIMENT

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST

A jet with pT of 1707 GeV.
The ETmiss of 1735 GeV
IS shown as the white
dashed line. No
additional jets with pT
above 30 GeV is found.

Mono jet search prospects

Reach close to TeV range at HL-LHC
(model dependent)

ATLAS Simulation Preliminary

Vs=13TeV, 3000fb" —— 3o

) ) - 50
Axial-Vector Mediator
exp. sys. x1, th. sys. x1
Dirac Fermion DM
exp. sys. x1/2, th. sys. x1/2

gq =0.25, gX =1 exp. sys. x1/4, th. sys. x1/4

Projection from Run-2 data
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Generic Searches for Dark Matter

Searches for the dark matter mediator
IN e.g. In dijet events extending at low masses

O- 1 I I 1 1 | I | UL |I|IIllllllllllllllllllllll
o | e
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Cover |Ower masses e-g.: __________________________________________________ - Expected
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------------------------- Phys. Rev. D 91, 052007 (2015)

—— Boosted dijet + ISR

36.1fb "
arXiv: 1801.08769
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ATLAS-CONF-2016-070
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—— Dibjet

2438&36.1b "

Phys. Rev. D 98 (2018) 032016
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] 368297
— Phys. Rev. Lett. 121 (2018) 081801

SM SM - Trigger level analyses

Dijet Trigger level analysis
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Eur. Phys. J. C 78 (2018) 565

Axial vector mediator Y12l < 0.3 . — Dijet
005 [ Dirac DM J 1yisl <0.6 B 37.0fb""

. Phys. Rev. D 96, 052004 (2017)
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Offline jets, single-jet triggers
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Outlook and Conclusions




Searching with Precision and High energy Phenomena

Measurement of SM processes in the high energy domain
Higher energy phenomena
Effective field theory and (e.g. VV scattering)

measurements of non resonant

Higgs couplings at low energies
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Lo . Measurement of di-boson in the high mass regime
in high transverse momentum regime



Towards HL-LHC and Precision Physics at LHC

Evolution of exclusion search sensitivity for generic Towards HL-LHC still a factor of 20 in luminosity:
strongly interacting particle (e.g. gluino)

- Still room for discoveries!
0 50 100 150 200 250 300 1000 3000

3000 |
We are here! ‘ - Given that the doubling time of the luminosity is now
Y counted Iin several years: discoveries will take time, and
@)
3 times for spectacular discoveries (in the sense of immediate)
2500 = are over.
e LDD:
- a
> S - Low hanging fruits typically have been (or are being) harvested!
© S Immense amount of work in trying to expand search reach
& | Q
2 2000 | % beyond the root-L.:
S i | S
| g - With new ideas and developments at all levels.
_ 9 ICHEP 2016 | N
Qi3 | : | i ision (theoretical and imental) will
% % i < - Improving precision (theoretical and experimental) wi
o 19 | ) !
15001 {8 i3 : 8 be key
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; | |
| 8 Tev | Also: Increase in centre-of-mass energy from 13 TeV to 14 TeV
0 50 100 150 200 250 300 1000 3000 gives an increase in high energy phenomena such as (g* or
Line [f6™1] QBH) production of 2-5!

http://collider-reach.web.cern.ch/collider-reach/



Anomalies Iin the Searches done so far?
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Conclusions

The first 10 years of the LHC running with the immense progress in theoretical predictions
have been an immense success with major landmark results:

- The LHC has proved not to be only a discovery machine with a vast potential in direct
searches, but also a broad range of precision measurements machine!

- The discovery of the Higgs boson, and the measurement of its properties all compatible
with the Standard Model Higgs boson.

- A vast campaign of searches at the energy frontier leaving no stones unturned, which have
so far revealed no signal of physics beyond the Standard Model.

This has completely changed the field and opened new opportunities!

The LHC physics program is broad, diverse and exciting with
great opportunities for you!!



Outlook

See lectures by Frank Simon and Barbara Dalena







Quick Mini Quiz

EXPERIMENT

alll Metbos ~ + SYATLAS

Run: 299584

Event: 563621388
2016-05-20 08:26:49 CEST
M(JJ)=2.40 TeV h

Run: 302393
Event: 738941529
2016-06-20 07:26:47 CEST

1.- If not the production of Dark Matter what process is this event likely due to in the Standard Model?

2.- What is the most likely interpretation of this event with two large-R jets with masses compatible with the
W or Z boson?

3.- Can the Higgs Boson decay to neutrinos?




Further Reading




-
©
=
=
=
T
"
0
£
O
. -
©
0
/)
7,
O
i)
O
X
LL]
)
>
O

Dark Matter

Heavy
Fermions

Leptoquarks

String resonance

Zy resonance

Wy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt+ ¢, pseudoscalar (scalar), g2, x BR(¢-2£) > = 0.03(0.004)
tt + ¢, pseudoscalar (scalar), g?op X BR(¢—21) > =0.03(0.04)

quark compositeness (££), Numrr =1
quark compositeness (), Nurr = — 1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

vector mediator (qq), gq =0.25,gom =1, my =1 GeV

vector mediator (££), 94=0.1,9o0m=1,9,=0.01,my >1TeV
(axial-)vector mediator (qq), gq=0.25,gom =1, my =1 GeV
(axial-)vector mediator (xx), gq =0.25,gom =1, my =1 GeV
(axial)-vector mediator (£1), gg=0.1,gpw =1, g1 =0.1, My > Mpeq/2
scalar mediator (+t/tt), 9q=1,9om=1,my=1GeV

scalar mediator (fermion portal), Ay =1,m, =1 GeV

pseudoscalar mediator (+j/V), gg=1,gom =1, my =1 GeV
pseudoscalar mediator (+t/tf), gq =1, gom=1,my=1 GeV
complex sc. med. (dark QCD), Mg, =5 GeV, CTx,, =25 mm

Z' mediator (dark QCD), Mgar = 20 GeV, riny = 0.3, Qgarc = A5y
Baryonic Z/, gq=0.25,gpm =1, my =1 GeV

Z'—2HDM, gz =0.8,gpw =1, tanB =1, m, = 100 GeV

Leptoquark mediator, =1, B=0.1, Ax,py = 0.1, 800 <M, <1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

ADD (jj) HLZ, ngp =3

ADD (VY, ”) HLZ, Nep = 3
ADD Gk emission, ngp =2
ADD QBH (jj), nep =6

ADD QBH (eu), ngp =4
ADD QBH (eT), ngp=4
ADD QBH (ut), nep =4

RS Gyk(£t), k/Mp = 0.1

RS Gi(yy), k/Mp =0.1

RS Gkk(qd, 99), kiMp = 0.1
RS QBH (jj), nep =1
non-rotating BH, Mp =4 TeV, ngp = 6

3-brane WED gk(¢ + g~ 9gg), 9grav = 6, 9g, = 3, € = 0.5, m(¢)/m(gxx) = 0.1

split-UED, p=2 TeV

excited light quark (qg), A=mg
excited electron, fs=f=f=1,A=m;
excited muon, fs=f=f=1,A=m;

UMSM, |Vey|?2=1.0, |Vw|?=1.0

VMSM, |Ve,\,vzj,\,|2/(|ve,\,|2 +|V|?)=1.0

Type-lll seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

Vector like taus, Singlet

scalar LQ (pair prod.), coupling to 1%t gen. fermions, B =1

scalar LQ (pair prod.), coupling to 1%t gen. fermions, 3=0.5
scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1

scalar LQ (pair prod.), coupling to 2" gen. fermions, =1

scalar LQ (pair prod.), coupling to 2" gen. fermions, B =0.5
scalar LQ (pair prod.), coupling to 3™ gen. fermions, =1

scalar LQ (single prod.), coupling to 1t gen. fermions, =0,A=1
scalar LQ (single prod.), coupling to 3 gen. fermions, B=1,A=1

Zp, harrow resonance

Zp, harrow resonance

SSM Z'(f)

SSM Z'(qq)

Z'(qd)

Superstring Z;,

LFV Z’, BR(eu) = 10%

LFV Z’, BR(eT) = 10%

LFV Z’, BR(uT) = 10%
Leptophobic 7’

SSM W'({fv)

SSM W'(tv)

SSM W'(qq)

LRSM Wg(uNR), My, = 0.5Myy,
LRSM WR(eNR), MNR = O.SMWR
LRSM WR(TNR), MNR = O.SMWR
Axigluon, Coloron, cotf =1

.
Nirr
Nirr

CMS preliminary

16-140 fb™1 (13 TeV)

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV]

" 0790 191103947 (2) 137 fb~t
v S 035 171203143 (2 1y 20 + 12+ 1) 36 fo
" SR 2106.10509 (4 + 1) 137 fp?
u 0725325 ] 1808.01257 (3 + 1) 36 b
u 0537 191103947 (2) 137 fo!
v S350 1911.03947 (2) 137 b7
M|  0015-0075 1911.04968 (34, = 4) 137 fb~!
M I 0108-034  1911.04968 (3¢, =4f) 137 fb~!
2103.02708 (22) 140 fb!
M 02550611 200104521 (26 + 2 7707
M 02571 200104521 (20 +.2) 77 o7
M 0.35-07 | 1911.03761 (= 3j) 18 fb~1
M i 02-1.92  2103.02708 (2e, 2p) 140 fp!
M i 0:5=2:8 1911.03947 (2j) 137 fb!
M : J <1.95 2107.13021 (= 1j + pi'ss 101 fb~!
M i 02-4.64 2103.02708 (2e, 2p) 140 fb~?!
M ! <0.29 1901.01553 (0, 1£ + = 2j + pi'ss) 36 b1
M d : <15 2107.13021 (= 1j+ py'ss) 101 fb~?!
M i <0.47 = 2107.13021 (= 1j+ py'ss) 101 fb~?
M ! <03 1901.01553 (0, 1£ + = 2j + pf's*) 36 fb~!
M ! : <154 1810.10069 (4j) 16 fb~!
M 1.5-5.1 12112.11125 (2j + piss 138 fb~!
M ! ! <16 1908.01713 (h + py'ss) 36 fb~?
M d 0.5-3.1 1908.01713 (h + p}'ss) 36 fb~?
M 0.3-0.6  1811.10151 (1p+ 1j + pI'ss) 77 fbt
Z O 0B=052)  1808.03124 (25 4 36 b7
Z N OIE0720 1806.01058 (2) 38 b
g O 180601058 (2) 38 fp-?
TS 18101002 (6) 36 fo!
" 1803.08030 (2j) 36 fb~!
u 1812.10443 (2y, 21) 36 fb~!
M 2107.13021 ( = 1j + py'ss) 101 fb~?!
" 1803.08030 (2j) 36 fb1
M 2205.06709 (ep) 137 fb~!
M 2205.06709 (eT) 137 fb!
u 2205.06709 () 137 fb~!
M 2103.02708 (22) 140 fb~!
y 1809.00327 (2y) 36 fb~!
v 0552061 191103947 (2) 137 fo!
M 1803.08030 (2j) 36 fb!
" 1805.06013 (= 7j(£, V) 36 fb~?
i) 25431 220102140 (2)) 137 fo!
1R 0281 2202.06075 (£ + ) 137 fo~!
v O =630 1911.03947 (2) 137 fo!
M 025393 181103052 [y + 2e) 36 fo!
M 02531811 181103052 (Y + 24 36 fo!
M 0.001-1.43  1802.02965; 1806.10905 (34(l, €); = 1j + 2L(p, e)) 36 b1
M 0.02-1.6  1806.10905 (= 1j+ pu+e) 36 fb!
M 0.1-0.98  2202.08676 (3f, = 4f, 1T + 34, 2T + 2/, 3T+ 14, 1T + 2/, 2T+ 11) 137 fb?!
M 0.1-1.045  2202.08676 (34, = 4f, 1T+ 34, 2T + 2{, 3T+ 14, 1T + 2/, 2T + 11) 137 fb!
M 0.125-0.15 2202.08676 (3(, = 44, 1T +3(, 2T+ 20,31+ 14, 1T+ 2(, 2T+ 10) 137 fb~!
M ! ! <1.44  1811.01197 (2e + 2j) 36 b1
M i <127 1811.01197 (2e + 2j; e + 2j + p}'ss) 36 b1
M : : <1.53 1808.05082 (2u + 2j) 36 b1
M - 0.8-1.5 1811.10151 (1p + 1j + p{'ss) 77 fb1
M i <129 1808.05082 (2 + 2j; u + 2j + pF'ss) 36 fb~!
M : . <1.26  CMS-PAS-EX0-19-016 (27 + 2j) 137 fb~!
M ! 1-1.6  2107.13021 (= 1j + pJ'™s) 101 fb~!
M i <0.75  CMS-PAS-EX0-19-016 (2T +b) 137 fo~?
m|  00115-0.075 1912.04776 (2p) 137 fb?!
M - 011-02 1912.04776 (2p) 137 fb1!
Z 025,151 2103.02708 (2, 20 140 b1
u 052091 1911.03947 (2) 137 fo~?
Wl o001 100510331 (3j, 1v) 36 b~
M 021 210302708 (22, 24 140 fo>
M S 0250 20506709 (e 137 o1
Z 02543 2205.06709 (ex) 137 b~
M 0254 2205.06709 (k) 137 fb~t
Z 005045 190904114 (2) 781!
u 0T 2202.06075 (£ -+ B 137 fo!
u OB CHS-PAS-EXO-21-009 (x + ) 137 fo~!
u 05536 1911.03947 (i) 137 fp?
M 12112.03949 (2p + 2j) 36 fb!
" 1 2112.03949 (2e + 2j) 36 b1
" 1811.00806 (2T + 2j) 36 fb!
v 0661 19103947 (2) 137 o~
" " " " " 1 " " " " " " " " 1 " " " " " " " " 1 " " " " "
0.1 1.0 10.0
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