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Higgs couplings with W and Z

® Electroweak Lagrangian that is invariant for a local gauge transformation:

o = g 3 il iy 9 7
L="Y y* [/au—gI .Wu(x)—?Y-BJ‘PL + ¥ y¥ {IBM—EY-BJ‘PR +L__(W,B)

* Replacing in the Lagrangian the field ¢ obtained after the spontaneous symmetry
breaking

(x)—i[O j
A= J2 \v + H(x)

we get the Higgs couplings with the gauge bosons:

W Z
7 H 7 My _ cose,
> \ > \ mZ
W Z
gv  2m; g2 m2| v-—1_ <246 Gev
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Higgs couplings with the fermions

» After the spontaneous symmetry breaking we insert in the Lagrangian the field

and we get:
gV _ _ g r_ _
L=-=_|e,e +e6e, |—-=25|ee +ee, |H
\/5[ REL L R:I x/i[ REL L R:|
A A
Mass term Higgs coupling with the electron
m = eV

|:> _ m, \ - N.B. the coupling constant is proportional to
L =-m.ee- eeft the fermion mass
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Vs (GeV)
With a luminosity of about 100pb_I and reasonable detection efficiency,
sensitive to a cross section of J(0.1) pb.

Need LEP2 to produce my = 65 GeV. Reach My < \/”3— Mz

Must take into account many background processes
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Higgs Branching Ratios

L

A

Higgs BR + Total Uncert

| A lllllll
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M, [GeV]

The dominant decay channel is H=>bb up My= 120 GeV
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Higgs decays Branching Ratios

“Higgs couples to mass”
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HZ decays

Four jets, 60%

et Z°’< X H—>bE.Z—>qE_
ez b

4 B-tag

* Higgs boson decays into a b quark pair

 According to the Z decays we have q _
different event topologies:

e 7 - e*e; uu (small B.R. but very
little background, it was the golden

channel)

 Z > VvV (good compromise between
B.R. and background)

 Z - qq (High QCD background)

+ +
e oru

Leptonic, 6%

NO HIGGS FOUND AT LEP e
H—Dbb,Z— ¢
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Missing energy, 18%
H-bb,Z—>w

b

.

e,

e oru i1

+
T

Tau channels, 9%

H — bb(t*t), Z — t* 7 (qq)




Fit to data from LEP,
SLD, Tevatron...
Electroweak variables
depend on M¢ and

log My through radiative
corrections

Consistency between
predicted top and W
mass (Z pole) and direct
measurements
Preference for low Higgs
mass.

Global electroweak fit and Higgs mass

806 —m 11—
| —LEP1, SLD Data
| == LEP2, pp Data
80.51 68%cCL
>
()
© 80.4-
<
&
80.3
|my [Ge y
80.2 114 ",)’0. '1Q0I0' 'Plreli'mi'nalry
130 150 170 190 210
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Electroweak fits
my < 237 GeV (95% CL)

Theory: self consistency
of SM to GUT scale

= 10'° Gev

130 < my < 190 GeV.
My higher - theory
non-perturbative,

My lower - vacuum
unstable.

6_ - T
:[ll Theory uncertainty
. G-
5_ Aahad -
. —0.02761+0.00036
i 0.02747+0.00012
4 - i+ incl. low Q data
3_
2_
1 il
1 7
0 Excluded

~ Preliminary

20

400



Installed in 26.7 km LEP tunnel

Depth of 70-140 m
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Installed in 26.7 km LEP tunnel

Depth of 70-140 m




LHC ring layout

Total length 26.66 km, in the former LEP tunnel. CMS

8 arcs (sectors), ~3 km each. C‘f@%ﬂ\

8 straight sections of 700 m.

p=9gRB

/_—‘»I

RF and beam
instrumentation

O 0O O O

Beams cross in 4 points.

Beam dump

Design energy 7 TeV  obtained
superconducting magnets operating at 8.3 T.

SECTOR

56

A<

2-in-1 magnet design with separate vacuun
chambers.

O 2 COUPLED rings.

Momentum
collimation

Betatron
collimation

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-II Vessel
Spool Piece -
Bus Bars R To, Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Radiation Screen

Thermal Shield eam ATLAS eam
The i €

15-m lon

rin e LHC cryodipole Design Vs=14 TeV
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Production cross-section at LHC

proton - (anti-)proton cross sections

dN/dt:LG ; -:-.§1o9

o, — ———— {1 «<—/total cross section:
HE J 407 108 evts/s (dominated

Teva:tron :LHC: LHC 1 by strong interaction)

1 b=10"2* cm?

Background is around here
(QCD bg)

<> max. read-out:
~ 103 evts/sec

£(2016)=103%* cm=2s-' =» x 10 the ev/s
<> O(1) top-event/sec

Tnb «——>b o_(E.* > 100 GeV)

<> O(1) Higgs/min

events / sec for £ = 10 cm®s™

S (M, =125 GeV) // 1% Rare events/interesting events
Oun(1=125 Ge) {10’ are around here
1fb —— 4 10°

WJS2012 . ' .
lll 1 lll] A 1 1 llllll

0.1 1 10

We need a very high luminosity \s (TeV) We need a very high background rejection capability
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Collider Luminosity

The key parameter for the experiments is the event rate dN/dt. For a physics
process with cross-section o it is proprotional to the collider Luminosity L:

dN/dt — LG unit of L : (surface x time)1

Population N Population N
. . N1eN2 encounters
, second
P [ }
area A Y
L
LHC Design
k = 2808
N = 1.15x10"1

o*=c", =16 um
L ~ 10° cm2s-1
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LHC: parton-parton interactions

Low energy

08 (NNLO)
=10 GeV?

Q2=10 GeV?

f.(x,Q2) fo(x, Q)

=

Interaction between the partons which
constitute the hadrons:

not well defined parton energy but
energy distribution > pdf

g/10

g/10

PDFs are parameterizations of the partonic content of the proton:
at Hadron Colliders cross-section calculations are a convolution of the cross-section at parton level and PDFs

S\
Ix = Z/ dzdzdf(za, flave, Q%) f(zy, flavy, Q%) Oap—sx (Ta, Tp, Q%)

ablV0
| J \
v \\ \\\\\;

hard scattering cross-section

Sum over initial partonic states a,b Parton Density Function
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Luminosity: 2011, 2012, 2015 and 2016
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Recorded Luminosity [pb "70.1]

180
160
140
120
100
80
60
40
20

OO
(9)]

2011/12: 50 ns bunch spacing

III|IIIII|III|II|I|IIIIIIIIIIIIIIlIIIIIII

ATLAS Online Luminosity
[ Vs=8TeV, [Ldt=208 1", qu>=207
[0 Vs=7TeV, [Ldt=52" <u>= 9.1

IIIIII[III[II[[ll[[ll[I|III|III|III|_
III|III|IIIIIII|II[|III|III|III|III|_

II|II|I|II O | OO O O o[ A |

10 15 20 25 30 35 40 45

Mean Number of Interactions per Crossing
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Delivered Luminosity [pb/0.1]

2015/16: 25 ns bunch spacing

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

200 _ 1I—:
(g0 ATLAS Online, {s=13TeV  [Ldt=33.5fb" 1
- B 2015:<p>=137
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Inner detector (|nj< 2.5, B=2T) Il:ler)grt]f;: gg m Hadron Calorimeter (|n|<5)
Tracking, vertexing, dE/dx, e/= ID elg . m Trigger and meas. of jet/Emiss
> Si pixels, Si strips, Trans. Rad. det. Weight: 7000 t > Fel/scintillator (central), Cu/W-LAr (fwd)

> 0lp; ~3.8x10-4p{(GeV)=0.015 > O/E ~ 50%/E(GeV)23%

Magnets 4 Superconducting -
» Central Solenoid (B= 2T) ‘
» 3 Air core Toroids(B=3-8T)

EM Calorimeter (|n|<3.2)

ely 1D trigger measurement
» Pb-Lar accordion

> OIE ~ 10%ME(GeV)e1%

25m

150108 electronic readout channels
40 MHz collision rate
104 B/s raw data flux

Tile calorimeters

x LAr hadronic end-cap and
‘ forward calorimeters
R Pixel detector

Toroid magnets

LAr electromagnetic calorimeters
Muon spectrometer (|n| < 2.7)

Trigger & meas. of muon
» CSC+TGC+RPC+MDT Semiconductor tracker

» 0lpr <10 % up to 1 TeV

Muon chambers Solenoid magnet | Transition radiation fracker

Planning & construction 1990 to 2007; operation from 2009 to ~2035




Z->up candidate in 7 TeV collisions
Run Number:154822, Event Number: 14321500
Z: Minv=87 GeV, Pt=26 GeV

Pt(u+) =45 GeV, n=2.2

Pt(p-) =27 GeV, n=0.7



ATLAS: 50 years in one slide

p+p -y +u +X

| 1 1 lllllll

g ) J L =40 pb'1
)
ol EF_muilb
B,
*

L

Peak positions are
used to check scale
momentum calibration

_—

-

Gy
T T

wp b

dN,,/dm,, [GeV")
8&

IIll|,|_|,|,| IIIIIII,I,I llIII|||| 1L

1= ATLAS Preliminary

40 Data 2010 Ns=7 TeV
1O1El lllllll' 1 1 lllllll 1 1 lllllll

1 10 10°
2 . - \2
m,, = \/(E1 +E,) — (D, +D,) Invariant mass p*y- My [GeV]
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The Higgs boson

- !
>

The first Higgs seen in the ATLAS Experiment
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%ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71992630
Date: 2012-06-10
Time: 13:24:31 CEST
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Boson Production

-l_- 1 I I I I 1 I 1 1 I = - -
I8
ﬁ 2 \s=8 TeV . §
< A0E -
T F 38
1 £ ]
g8 1 =
-1 3
107 =
10%g E
l: 1 I i 1 1 1 1 1 1 1 :
80 100 200 300 400 500 G QI?OO
andv 11010593 E
Production Cross section [pb] W
process Vs=7TeV +s=8TeV ggF ~86% Gluon Fusion
2gF 50216 192220
VBF 122003  1.57+0.04 VBF ~7% Vector Boson Fusion
WH 0.573 £0.016 0.698 =£0.018 oo _
ZH  0332:0013 0412£0013 VH 5% Higgs-strahlung
bbH 0.155+0.021 0.202 £ 0.028
e 0.086 +0.009 0.128 < 0.014 bbH/ttH | ~1.5% ttbar associated production
tH 0.012+£0.001 0.018 £0.001
223 +2
Total 174£1.6 223+20 Gtot(1 3 TeV) — ~20tot(8 TeV)
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,o\?. 1;—I I I I 1 I I | li 1 1 I I I 1 WW 1 I -g
g - ) Eg
S 10 A 4
[ —
S P — ' :
+ -_- o
%10-25_ -
7)) = -1 .
(=)} = ]
2 = &
2 - -~
r :
-3 e ~ _
e | S A M. N .. Most used decay modes are built

o s 120‘1' e 18!\(/)|H [Ge\2/? 2 using isolated leptons (e,u), photons
Decay channel Branching ratio [%] and MISSINg energy
H — bb 571+1.9
H-— WW* 2009
H - gg 8.53 +0.85 A 0
B 6.26 +.0.35 H>ZZ*->4l(e,u) |~0.013%
H - ct 2.88 +0.35 = 0
H - 72* 273 0.1 H2vv 0.23%
H-yy 0.228 + 0.011 ~B 20
H- Zy 0.157 = 0.014 H=271T 6.3%
ilad. = HOWWlvlv | ~1.1%




Higgs Boson Mass Measurement

Events/5 GeV

> Precise measurement of mH from channels with the best mass resolution:
H—yy and H—-»ZZ*—4l (e,y) (but B.R.=0.25% only)

» Dominant

photon energy scale (H—vyy), statistics (H—4l)

H> ZZ* > 4l (e,p)

OF mmonionse  ATLAS e —
C i " -
C m,=124.3 GeV (fit) H->ZZ7"—4l . £ [ ATLAS
s [ Background Z, ZZ* fs=7TeV [Ldt=461 & aF s=7 TeV [Ldt=4.5 fb™
r ’ {s=8TeV JLdt=20.7 b

w
o

[ Background Z+ets, tf

- Vs=8TeV [Ldt=203 fo!
% Syst.Unc. ’ C

TTTT T

T

i

...... without systematics _:

T T T T T T TTI]

ombined yy+41

H—yy ]

H—2ZZ* — 4]

100

150

AT A VAR R N
123 123.5 124 1245 125 125.5 126 126.5 127 127.5

m, [GeV]

Events / 2 GeV

Events - Fitted bkg

uncertainties:

H-> vy

III|III|'III|III|

T
ATLAS

Data 2011+2012
SM Higgs boson mH:126.8 GeV (fit)

Bkg (4th order polynomial)

Hoyy

Vs=7TeV det =481"

Vs=8TeV ILdt =20.71"

110 20 T30 T40 750 160
m,, [GeV]

Combined mass: my=125.36+0.37 (stat)

+0.18 (syst)

GeV
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ATLAS-CMS PRL 114 (2015) 191803

Combined Higgs Boson Mass

ATLAS and CMS

my=125.09%0.24 GeV
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—e— Total Stat. m Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H—yy b—t—— 12602 +0.51 (+0.43+0.27) GeV
CMS H—yy —== 124.70 £ 0.34 (£ 0.31+£ 0.15) GeV
ATLAS H—-ZZ -4l , i 124511 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ—4l =l 12559+ 045 (+0.42+0.17) GeV
ATLAS+CMS 7y F-EF-' 125.07 £ 0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 4] I-—',E—'I 125.15 £ 0.40 ( =+ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l l-?—-l 125.09 +0.24 ( £ 0.21 £ 0.11) GeV
1 L 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 l 1 1 1 1 I 1 1 1 1 I L L
123 124 125 126 127 128 129
m,, [GeV]




Higgs Boson Spin Measurement

» Test SM (0+) against various models
= Spin-2 Higgs
= Spin-0 odd (BSM Higgs)
= (Spin-1 ruled out by observation of H-> yy decays)

» In all tested cases non-SM models rejected at >99% CL

g
§ T s 7 =
- — L N | 7 [73 | [ T 1 T | S L % |- 18
-] + . . s F
2 ! palisord O*vs. O Evecall Y 8 [ ATLAS O+ vs. 2*Hozz s u
F e K ] | VE 5-7TeV, 451"
5 - —D.m‘a Sy E - = Data 3=BTev. 2031
) S H— WW* > evuv g 10k — o' sm H o WW S ey
g [ ¢ 5= 0TeV, 203 16' S = 2 (xeak) el :
= I g 10 : 3
£ 10'F 5 5 E H- vy
< E < qL $=T7TaV. 450 ]
b F s=8ToV. 203 1"
102 . Wik ;
' 10°k b
-4 B ':'
107 E 10*}
.5— % | I 1050z &5 a2
105555 20 3 30 -20 30

(Multivariate analysis (MVA) based on angular variables)
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Comparison with SM expectations

Measure the ratio between observed rate and SM Higgs boson expectation

ggF

VBF

0 05 1 15

25 3 35 4
Parameter value

ATLAS and CMS Preliminary --ATLAS
LHC Run 1 - CMS
- ATLAS+CMS
— : —*1c
—E—o—— —x20
—— .
— ; Production
B i =
: o,
o= SM
®
——
IIII|IIII!IIII|IIII|IIII|IIII|IIII|IIII

(M on production modes have been
combined assuming SM BR for the decay)
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ATLAS and CMS Preliminary - ATLAS
LHC Run 1
€ Run ~CMS
| , -- ATLAS+CMS
uyy i. ° _i 16
——
1z _,,_—o— Decay
! m——
| i BR
E ‘u =—f
—_—— f
uWW = (BR )
—o— S ) sm
urr —0—
be _._E
*E
IIII|IIII!IIII|IIIIIIIII|IIII|IIII|IIII

0 0.5 1 1.5 2 2.5 3 3.5 4
Parameter value

Results are SM like (all pg ~ 1)




ggs Boson Couplings

E>|> lllll I | lllllll | I lllllll | I IIIIIII I
|£ 1 ATLAS and CMS t‘__é
E LHC Run 1 Preliminary IZi =
o E -
= = W =
= |> 10~ — Observed ' -
5 e SM Higgs boson =
1072 R =
5 g 5
E o 3
B b o
107° u ‘ st e, o
107%E =
:lllll 1 | lllllll | 1 llllllI 1 | Illllll | -

107" 1 10 10?

Particle mass [GeV]

Coupling strengths scale with mass just as predicted by the SM
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First look at 13 TeV data for H(125)

ATLAS

EXPERIMENT

Run: 280862
Event: 53564866
2015-10-02 16:24:44 CEST

A 4‘ \%k
The electrons have a transverse momentum of 111 and 16 GeV, the muons 18 and 17 GeV, the jets 118 and 54 GeV . The

invariant mass of the four lepton system is 129 GeV, the di-electron invariant mass is 91 GeV, the di-muon invariant mass is
29 GeV, The di-jet invariant mass is 2 TeV.
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First look at 13 TeV data for H(125)

> 100 T 77 T
(0] i e Data ATLAS Preliminary
e go 1 7 Bta\ckground VBF-enhanced N
- R - Signal + background 9
5 ++ — Signal {s=13TeV, 13.3 fb
The Higgs signal is “still” present in [ 60 i m, T 109 GeY
the 13 TeV data. TV G ) o (348
20F :
- J/\J * ++
O-' M T L NI B B
110 120 130 140 150 160
g 28“++|l """" ---- """"" LIS - LI YR . LIRSS . 7
§ _2OF. """ P R IR ..’I """ R (a  ats PRt A P S IE  al Tt
110 120 130 140 150 160
a N L L A A L I m.. [GeV]
2 100 ATLAS Preliminary — O,y mMy=125.09GeV _ n
I | N QCD Scale uncenaint n > _I TTT I T £330 I Y T ‘ 15 I TTT1T I |l 7R K I TTT 7T I TTTT l | 3 ) l_
) | AH- 0 H—ZZ*—4l y | o 35F P ¢ Daa -
) S ;b'y - svst unc. ™ Tot. uncert. (scale ® PDF+ct,) ] G 7| ATLAS Preliminary gy viggs (m, - 125 cev)
) 8oL comb. data yst. . N 0 E Hesy 275 =4 . ZZ g
i - o 30 ; B Z+jets, tt —
a ~ 13 TeV, 14.8 b tt+V, VVV _
i i = C w4 Uncertainty g
60+ = o 25 ]
- = 4 :
! ] 20 |- &
401 7 : ]
B ] 151 -
20E . 100 E
: \s=7TeV, 45fb" ] : :
: \s=8TeV, 20.3fb" - 5L J
Uy Vs=13TeV, 13307 (y7), 14.8 b (ZZ*) ] ’ ;
RN T ST SN AN T SN ST SUNT S S ST SUN SN SN S ST S SN SH S S SU SU SH S S S S S S
0]
7 8 9 10 " 12 13 80 90 100 110 120 130 140 150 160 170
Vs [TeV] m,, [GeV]
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A brief introduction to SuperSymmetry

* SuSy is a generalization of the SM: symmetry between
fermions and bosons

» Introduces sfermions and gauginos
—> doubles particles content with respect to SM
> Extended Higgs sector: h, H, A, H*, H-
 PRO:

» Alleviates hierarchy problem (m;, << mp)
» has a good Dark Matter candidate (neutralino)
> Allows for gauge coupling unification
« CONS:
»Over 100 free parameters (although with some ad hoc
assumptions we can reduce the number of parameters)

» wide range of possible experimental signatures

It was expected “something” at the TeV scale
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Search for susy particles

a few diagrams with susy particles in the final state, with the decay chain

q,b q,b,t

P q,b,t
%
79

P q,b,t
q,b q,b,t

O Lightest susy particle ( X!) escapes detection > Missing Transverse Momentum and Missing Energy

O Different analysis strategies according to many different final states
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;‘ [ | L | T T | T T T | T T >I 3 I. T T T T _I

s N L, eereess > 3b jets expected ]

O] 1400_6"“_‘3) Freliminary > 3b jets observed -

— Co- iy, e SS leptons expected

. i i

153 1200 = SS leptons observed._|

\E’ L \s=13TeV, 3.2 fb L Run | expected .

B . —— Run | observed i

1000 )«("\\ > 3b jets: to appear |

- @.\\ SS leptons: arXiv:1602.09058 —

0 B Run I: arXiv:1507.05525 ]

X 1 800 —

g0 .

No signal has been found (yet)! i i
4001— I

mm) | exclusion plot [ i
200 e —

i | L1 1 : 1 ; | | | El | I L1 1 | | I | _I

1000 1200 1400

1600

1800 2000 2200
m(g) [GeV]

From other susy searches many exclusions limits on the parameters phase space

now there is less and less room to “manouver”.

Particles masses higher and higher; cross-sections lower and lower




B ATLAS susy particles: Run2 results

ATLAS Preliminary
Vs=7,813TeV

ATLAS SUSY Searches™* - 95% CL Lower Limits
Status: March 2016

miss B B s
Model &p, Ty Jets ET [Laim™ Mass limit V5=7,8Tev [W5=13TeV| Reference
T T T T —
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(3)=m(g) 1507.05525
33, G—at 0 2-6jets  Yes 82 m(E7)=0 GeV, m(I* gen. g)=m(2™ gen. §) ATLAS-CONF-2015-062
«w 3 G—4¥i (compressed) mono-jet  1-3jets  Yes 3.2 m(G)-m(¥})<5GeV To appear
L @ q—’q(f{{ﬁ/ ] 2e,pu(off-Z) 2jets Yes  20.3 820 GeV m(t})=0 GeV 1503.03290
S 32 8- 0 2-6jets  Yes 32 m(¥))=0 GeV ATLAS-CONF-2015-062
3 @ 3oqgt7 qqui)(, Ten 2-6jets  Yes 3.3 me)<350 GeV, m(¥*)=0.5(m(¥})+m(z)) | ATLAS-CONF-2015-076
(% B} g—»qq([’[/[v/vv))(l 2ep 0-3 jets - 20 1.38 TeV m(¥))=0 GeV 1501.03555
[ g—>quZX| 0 7-10jets  Yes 3.2 m(¥}) =100 GeV 1602.06194
) GMSB (7 NLSP) 1-274+0-1¢ 0-2jets  Yes 20.3 g 1.63 TeV tang >20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 |z 1.34 TeV ¢7(NLSP)<0.1 mm 1507.05493
£ GGM (higgsino-bino NLSP) Y 1b Yes 203 |2 1.37 TeV m(¥1)<950 GeV, cr(NLSP)<0.1 mm, u<0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets Yes 203 |2 1.3 TeV m(t})<850 GeV, ct(NLSP)<0.1 mm, x>0 1507.05493
GGM (higgsino NLSP) 2e,1(Z) 2jets Yes 20.3 g 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'/2 scale 865 GeV m(G)>1.8 x 107* eV, m(z)=m(g)=1.5TeV 1502.01518
% 2 gobbt) 0 3b Yes 33 [ENEEEEEEEEEEEEEEEEEe eVl m(t))<800GeV ATLAS-CONF-2015-067
'EU) S ‘??' g—nt‘){ﬁi 0-1e,pu 3b Yes 3.3 g m()z/z):o GeV To appear
S0 38, —biX) 0-1e,p 3b Yes  20.1 g 1.37 TeV m(¥1)<300 GeV 1407.0600
o Db, biobt 0 2b T ] m(¥})<100 GeV ATLAS-CONF-2015-066
j‘xa S biby, by —>tX| 2e,u(SS)  03b Yes 32 |b | 325-540 GeV m(¥})=50 GeV, m(X.) m(¥})+100 GeV 1602.09058
3 S #f, bk 1-2e,p 1-2b Yes 4.7/20.3 | #117-170 GeV 200-500 GeV m(¥7) = 2m(¥), m(¥})=55 GeV 1209.2102, 1407.0583
(7] E fif, IlaWle or 1,\(1 0-2e,u 0-2jets/1-2b Yes 20.3 h 90-198 GeV 205-715 GeV 745-785 GeV m(t))=1GeV 150608616, ATLAS-CONF-2016-007
g 58 fi, FAs 0  mono-jet/c-tag Yes  20.3 i 90-245 GeV m(7,)-m(¥7)<85 GeV 1407.0608
© 8 7ifi(natural GMSB) 2e,pu(2) 1b Yes 203 |# 150-600 GeV m(¥})>150 GeV 1403.5222
W bbhboh+Z 3eu(  1b  Yes 203 |& 290-610 GeV. (10)<200 GeV 1403 5222
hiy, h—i +h leu 6Gjets+2b Yes 20.3 2 320-620 GeV m(¥])=0 GeV 1506.08616
[L ROL) R, AN 2ep 0 Yes 203 |# 90-335 GeV m(¥})=0 GeV 1403.5294
)?.)?f,)?. —Iv((7) 2ep 0 Yes 203 )gz 140-475 GeV w )=0 GeV, m(Z, #)=0. 5(mu, )em(E )) 1403.5294
- X1X1 X1 =) 27 : Yes 20.3 X 355 GeV 0)=0 GeV, m(z, #)=0.5(m(¥; )+m(/h)) 1407.0350
= § TR TLVIL L), VT LY) e 0 Yes 20.3 )?f,)?g 715 GeV m(7)= m(Xz) m(,m 0, m([ 7)=0.5(m(¥7)+m(t})) 1402.7029
W )(wa‘)z,y 2-3e,u  0-2jets  Yes 203 )?f,)?a 425 GeV ;m(x‘;), mp\/ )=0, sleptons decoupled | 1403.5294, 1402.7029
X6X —>W)(1hX|, h—bb|WW/tt|yy & HY 0-2b Yes 20.3 AZI, % 270 GeV m(¥T)= m(X ), m(¥})=0, sleptons decoupled 1501.07110
O, X3 >l dep 0 Yes 203 |X; 635 GeV m(E9)=m(¥3), m(¥})=0, m(Z, »)=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Tep+y : Yes 203 |Ww 115-370 GeV cr<imm 1507.05493
Direct Y] X} prod., long-lived Y]  Disapp. trk 1 jet Yes 203 |Xf 270 GeV m(¥;)- m(X )~160 MeV, 7(¥$)=0.2 ns 1310.3675
Direct ¥1¥} prod., long-lived ¥7  dE/dx trk - Yes 184 |X; 495 GeV (/Fi) -m(¥})~160 MeV, 7(¥;)<15 ns 1506.05332
E @ Stable, stopped g R-hadron 0 1-5jets  Yes 279 |& 850 GeV mur.) 100 GeV, 10 us<7(3)<1000 s 1310.6584
S S Metastable 7 R-hadron dEdxik - - 32 [E AT mif))-100 GeV, r>10ns To appear
2% GMsB, stable 7, Hot@ e 124 - - 191 L 537 GeV 10<tanB<50 1411.6795
Sa GMSB, =G, long- IlvedX(,] y - Yes 203 )?5 440 GeV 1<T(X/°)<3 ns, SPS8 model 1409.5542
g X 1—>€€1ge,uv/;1;1v displ. ee/ept/pp - - 20.3 ih 1.0 TeV 7 <cT(X|)< 740 mm, m(3)=1.3 TeV 1504.05162
GGM g3, ¥1—ZG displ. vix + jets - - 203 | X 1.0 TeV 6 <ct(¥})< 480 mm, m(3)=1.1 TeV 1504.05162
LFV pp—¥: + X, Vr—ep/et/ur epLeT .Ut - 20.3 | ¥ 1.7TeV  45,=0.11, A132/133/233=0.07 1503.04430
Bilinear RPV CMSSM 2e,1 (SS) 0-3b Yes 20.3 q.2 1.45 TeV m(@)=m(g), ctrsp<1 mm 1404.2500
TR, WY, X —eei,, euv, dep - Yes 203 | 760 GeV m(¥)>0.2xm(¥5), 1121 %0 1405.5086
> NN H oW K orovery, et - Yes 203 |¥ 450 GeV m(E})>0.2xm(E}), 41350 1405.5086
& 2z, g—»qqq 0 6-7 jets 8 203 | & 917 GeV BR(1)=BR(b)=BR(c)=0% 1502.05686
28, 8—94%1 e 0 6-7 jets - 203 |2 980 GeV m(¥1)=600 GeV 1502.05686
88, g—iit, 1 —bs 2e¢,u(SS)  03b Yes 20.3 g 880 GeV 1404.2500
f1f1, fj—bs 0 2jets+2b - 20.3 7 320 GeV 1601.07453
fi1, fi—obl 2epu 2b - 203 |74 0.4-1.0 TeV BR(7, —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, ¢—ct'| 0 2¢ Yes 203 |é@ 510 GeV m(E))<200 GeV 1501.01325
*Only a selection of the available mass limits on new -1
4 10 1 Mass scale [TeV]

states or phenomena is shown.
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Evidence for Dark Matter

Expected
from
luminous disk

. . . . 10
Comprises majority of mass in Galaxies Rlknc)

Missing mass on Galaxy Cluster scale Zwicky (1937) M3 Bolation: Gunve

Large halos around Galaxies
Rotation Curves Rubin+(1980)

6000 ¢ .
E ' T
5000 £ £ X
E f
E -
4000 £ \
E /
3000 E 7 4
E # - A
E 7 B ¥y X 4
2000 £ / T ok
E 7 A x
E 4
1000 E = 7
F
3 "

Non-Baryonic Big-Bang Nucleosynthesis,

CMB Acoustic Oscillations
WMAP(2010),Planck(2015)

Almost collisionless
Bullet Cluster Clowe+(2006)
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DM SM SM SM
DM SM DM DM
Indirect Detection Direct Detection
SM DM SM DM
SM SM

Contact interaction (EFT) el
I:> “works” if the scale A >> Q2 :
(like Fermi theory).

SM gl\l\llll otherwise we need a Simplified
Model with (at least) a Mediator

DM
SM SM

Colliders
(Simplified Models)

Colliders
(Contact interaction)
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Detecting Dark Matter at LHC

Non-interacting DM particles .
> Missing transverse energy (MET) General analysis strategy

(N

X (jet, photon, etc..)

Require MET
Select for X

Veto other objects

Additional cuts to suppress background

Data-driven techniques to estimate
background = invert vetoes

Results are interpreted in the Simplified Model
x(my) . . . .
framework to allow comparison with Direct Detection
A, » Mediator particle connects the SM quarks to DM particles:
- = Axial Vector, Pseudoscalar, etc...
» Model depends on four parameters:

p i = DM mass, Mediator mass, SM-mediator coupling,
9 X(my) DM-mediator coupling
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B3 DM at ATLAS; one example: monojet

Backgrounds

O Main backgrounds are EW processes
with intrinsic E;™s, accompanied by jets:
» Z(vv)+jets: irreducible background

» W(lv)+jets: with unrecostructed or
misidentified lepton

O Both estimated from data using leptonic Z
or W control regions

O Other backgrounds:

» Non-collision background (data)
» Multijet background (data)
» Z—>ee, top, diboson (MC)

Events / 50 GeV

T——————T
ATLAS Internal
—ILm-aszE-tuuv

Signal Region
p.>2% GaV, E:"->250 GaV

L3 3 £

N
.
! . »
¢ e
‘b 3 ™ :
. % & K
e e b

= No excess observed

Dominant uncertainties:
Statistical (3-10%), top (~3%), boson+jet modeling (2-4%)
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B3 DM at ATLAS; one example: monojet

Results

T T T T | T T T T T T T T | T T T T I T
ATLAS - - - - Expected limit (= 10,,)
s = -1 . PDF, scale,
ls=13TeV,3.2fb —— Observed limit (= 1o, . ™)
Axial Vector Mediator L
. . Perturbativity Limit
Dirac Fermion DM
9,= 0.25, 9= 1.0 Relic Density
95% CL limits

4 | Il | | | 1 | | Il | EI II 1 | | 1 | | | | |

500 1000 1500 2000
m, [GeV]

Limits as a function of DM & mediator mass
= Axial vector mediator, fixed values of g,,, & g\,
DM excluded up to 250GeV for 1 TeV mediator

Claudio Luci — Introduction to Particle Physics — Chapter 13

T |II||\I| T T TTTTIT T |II|II|| T T T TTTTT
ATLAS 90% CL limits
Vs=13TeV,3.2fb" —— XENON100

- === LUX
PICO-2L
PICO-60
—— Axial Vector Mediator
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(x-proton) [cm?]
S

Dirac Fermion DM
gq =0.25, gx =1.0
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LHC limits reinterpreted as limit on
DM-proton scattering cross-section
= |HC complementary at low m

B1\Y|




SAPIENZA - End of chapter 13
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