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How do web search for a
new par&éeta?

Higgs bosown: disaoverv and
measurement

Is there anything bevcmd the
Skandard Model?




How to search
for a new particle



Interesting processes are rare!
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There is no Higgs-boson detector!

this is what we are looking for...
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Step |: find events with the right ingredients

We are looking for e*e-u*p-...

Is this event ok?
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Step |: find events with the right ingredients

We are looking for e*e-u*p-...

What about this one?
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Step |: find events with the right ingredients

We are looking for e*e-u*p-...

And this one!?
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Signal and background

g
Irreducible background Reducible background
The final state is exactly the same, but it does The final state looks like the same, but some f
not come from the particle you are looking for  the particle fakes what you are looking for
+
fake e™ |
q g M
Z
q g -

fake e-
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Loose some signal,

® Cut on particle properties to
reduce reducible background
v" Shower shapes, track
properties, ...

® Cut on event properties to
distinguish signal from
background
v" Particle kinematics, decay
kinematics event shape, ...
¢ Try to keep signal while
reducing background!
v" Increase S/B...
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suppress backgrounds...
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Step 2: reconstruct properties of initial particle

® We have 4 particles...

v" ... with their energy (calorimeters), charge and momentum (tracker)

® Use pairs of opposite sign e*e and P*H-

2 2
® Reconstruct invariant mass from the 4 particles )] — \/(Z EZ) — (Z ﬁb)
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Extract signal from background
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Extract signal from background
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Extract signal from background

> T :
8 00l ATLAS Simulatign o |
2 2 0 F I i ]
7\1 — E E § — 2 007 o my = 125 GeV | |
- ) - ) g I —— Gaussian fit 1
¢ Pi £0.061- : : |
210 05:, H—>ZZ*—2u2e/2e2p I I B
E 7 f fs=8Tev T
1 > 0.04f m=124.23+0.01 Gclkl I =
? 5] L 6=217 £0.01 GeV : ]
pd 0-03§ Fraction outside + 20'I 17% I =
0.02F 1 . 1
C X . [ ° I 7
0.01F Without Z mass consialnt S I ]
o statistically estimate o z
——
S background from 80 100 120 [ ; 4(\)/ |
. 3 m e
> “control regions Buselzezy
)
Y
o
| G-
o
€
-
Z
My,

Marco Delmastro (experimental) LHC physics



Extract signal from background

® Background gets estimated...
v ... from simulation (normalized to data)

v ... directly from data (“control regions”, enriched in background events)
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How significant is an excess!?

* pO0: probability that the excess is due to a fluctuation of background
* Significance: P S 7
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VB V2

- 3ois an evidence (py = 0.27%)

* Convention:

- 5Soisadiscovery (py = 5.7.107

> 35 UL NI L LIS L L L L L B L L L LY LN Y L BB Q_o [T T T T T T T T T T T T | T T T T | T T T T ]
3 C fs=7Tev |Ldt=4.83f" Nov 3,2011 ] = 1 0°E ATLAS Preliminary =
s OF . E S Hs 220 41 i
P T ys=8TeV | Ldt=597f " Jun22, 2012 ] o - —— Observed — = .
cC ~ 1 | T -1
m C ] | = - = =
g a5k ATLAS Proliminary  — 10F - Expected \s=7 TeV:[Ldt =4.8 fb1 e
- H-Zzz"-4I channel - . \s=8 TeV:|Ldt =5.8 fo" ]
20 - [ Signal (m =125 GeV) T f v E
C I Background zz" ] E
15— I Background Z+jets, tf ] _ 1o
- H % —4— Data ] ‘E
10— — 126
51— — -
- - 3¢
B " U 3
S 10 €
o -
(o2}
é oMW—uAﬂHJ_—_ =
: 101 . po ; 140
a 50 100 150 200 250 300 350 400 450 _ 500 ot —— L L L
M, [GeV] 110 200 300 400 500 600
Marco Delmastro (experimental) LHC physics mH [GeV] 16



How significant is an excess!?
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Significance increase with data (and tlme’)
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Standard Model Higgs decays
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Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC

Marco Delmastro (experimental) LHC physics 22



@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CE%E



“Higgs-like” signals on July 4™ 2012 (in ATLAS)
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“Higgs-like” signals with the latest |3 TeV data...
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is it the
Higgs
boson!?
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Spin!

What'’s a particle spin?

“An amount of rotation
that is somehow
quantized”

An electron has always
an angular momentum of 2 h
either in its direction of travel (+2 h)

or opposite to it (-2 h) h = 1.0545 x 1034 m2 kg /s



What spin do particles have!?

fermions

@ } (quarks, leptons)

spin = +1/2,-1/2

massive bosons

é < G;i }(w,Zbosons)

spin = +1,0,-1

massless bosons
~ (photon, gluon)
spin = +1, -1
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What can a spin O particle decay to?

—

\‘L/"'\“&/ - photons

el

—_—

| fermions
J (quarks, leptons)

O=p+@
OsO+O
@=0+
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What can a spin | particle decay to!?

0 * W - \'L/ - photons

O=d+d
0=0+0

\

J

- fermions

- W, Z bosons
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30



What can a spin 2 particle decay to?

g @) *&Q [photons

—

@ % @ " :'- fermions

- W, Z bosons

Q=0+

4 rb quarks+gluon

~ T leptons




Spin0

Spin 1

Spin 2

© ©
® O
© ©



How can we recognize spin?

spin 0 spin | spin 2

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.

Marco Delmastro (experimental) LHC physics
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Spin with H> 41| (& combination)

®  Sensitive variables combined in BDT score

V" Intermediate boson masses: m,,, m,

AN N NN

100
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The Higgs boson or a Higgs boson?

e |

Marco Delmastro

CERN press office

New results indicate that particle discovered at CERN
is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN*’s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two and a
half times more data than was available for the discovery announcement in July, they find
that the new particle is looking more and more like a Higgs boson, the particle linked to
the mechanism that gives mass to elementary particles. It remains an open question,
however, whether this is the Higgs boson of the Standard Model of particle physics, or
possibly the lightest of several bosons predicted in some theories that go beyond the
Standard Model. Finding the answer to this question will take time.

(experimental) LHC physics
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IS It

responsible &

for fermion
masses!?
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The Higgs boson definitively couples to fermions!
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Many unanswered questions...

Why there are 3 families of
particles? Are there more? Why is the top quark so heavy?

w68: SLAC 1974: Brookhaven & SLAC

Why there’s
more matter Are there
then anti- more forces?
matter?
How do
neutrinos get
?
mass/’ What keeps
the Higgs mass
so small?
How do we What is

incorporate gravity!? Dark Matter?

Marco Delmastro (experimental) LHC physics
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. as many possible answers to probe!

Super—symmetry? Extended
Higgs sector?

WA

1
I
I
I
I
I
[

Composite
quark and
leptons!?

ringn quak

New heavy
bosons?

I I I I B B S .

Any new theory

AL J] need to agree i Y W
& 1 with the SM! ILarge extra- -\ ./~

le ————==—a dimensions! "\

Dark Matter Black holes? =~ 7 s
particles? Gravitons!?

wwwwwwwwwwwwww
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Example: Dark Matter searches at LHC

q

gluon/photon / W/ Z / Higgs

X

X

jet’y/\W/Z/H + MET

q
jet
¢ Use MET shape to extract signal
contribution
v Similar shape for signal and background
v" Background modeling very important
® Main contributions (monojet example)
v Z(w)tjet

v W(lv)+jet, where charged lepton is not
reconstructed
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The LHC will run f
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Standard Model Higgs production at the LHC

gluon-gluon-fusion

g

q W/z
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¢ Data ATLAS
Run 276329 /s =13 TeV, 0.0 fb™
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2018 \/§=7, 8,13 TeV
miss _ )
Model &MY Jets EN [Land™ Mass limit Vs=7,8TeV  Vs=13TeV Reference
3G, G—qt) 0 26jets  Yes  36.1 1.55 m(¥})<100 GeV 1712.02332
@ mono-jet  1-3jets  Yes  36.1 0.71 m(g)-m(¥})=5GeV 1711.03301
14 - ) N .
S5 & g—qat 0 2-6jets  Yes  36.1 3 2.0 m(¥})<200 GeV 1712.02332
5 4 Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
B 7z i-aaOT 3eu djets - 361 | 1.85 m(E)<800 Gev 1706.08731
® ee, pup 2jets  Yes 361 |z 1.2 m(g)-m(¥})=50 GeV 1805.11381
§ 38, §—qqWZi) 0 7-1ljets  Yes  36.1 Z 1.8 m()?‘.’g <400 GeV 1708.02794
= 3eu 4 jets - 361 |2 0.98 m(g)-m(¥1)=200 GeV 1706.03731
= N ~ -
= g5 gt 0-1ep 3b Yes 361 |% 2.0 m(E))<200 GeV 1711.01901
3epu 4 jets - 36.1 g 1.25 m()-m(¥})=300 GeV 1706.03731
bib ,Bl_>b)2‘1’ e Multiple 36.1 by Forbidden 0.9 m(¥))=300 GeV, BR(bT))=1 1708.09266, 1711.03301
Multiple 36.1 | b Forbidden 0.58-0.82 m(¥})=300 GeV, BR(5¥})=BR(£k})=0.5 1708.09266
Multiple 36.1 by Forbidden 0.7 m(¥})=200 GeV, m(¥})=300 GeV, BR(t¥})=1 1706.03731
w o Dbibiiif, My =2x M Multiple 361 |7 0.7 m(¥})=60 GeV 1709.04183, 1711.11520, 1708.03247
X S Multiple 36.1 A Forbidden 0.9 m(¥})=200 GeV 1709.04183, 1711.11520, 1708.03247
[ ~ N . - -
g2 i — Wb or it} 0-2e,u 02jets/-2b Yes 364 |& 1.0 m(E)=1 GeV 1506.08616, 1709.04183, 1711.11520
S i, HLSP Multiple 36.1 i 0.4-0.9 m(E))=150 GeV, m(¥i)-m ~K):s GeV, 7 ~ 7, 1709.04183,1711.11520
§j g Multiple 36.1 [ Forbidden 0.6-0.8 m(t1)=300 GeV, m(¥7)-m(¥)=5GeV, 7 ~ 7, 1709.04183, 1711.11520
= %’ fi7;, Well-Tempered LSP Multiple 36.1 i 0.48-0.84 m(¥})=150 GeV, m(¥;)-m(¥))=5GeV, 7; ~ 7, 1709.04183,1711.11520
P2 i, Aol /6 tock? 0 2 Yes 361 | 0.85 mi?%)=0 GeV 1805.01649
) i 0.46 m(f) &)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes 361 | @ 0.43 M7 ,&)-m(¥})=5 GeV 1711.03301
hiy, h—>h +h 1-2e,u 4b Yes 36.1 B 0.32-0.88 m(¥})=0 GeV, m(i,)-m(¥})= 180 GeV 1706.03986
XS viawz 2-3e,pu - Yes 36.1 )2; /i; 0.6 m(E))=0 1403.5294, 1806.02293
ee, >1 Yes 361 | XX, 047 m(¥)-m(¥))=10 GeV 1712.08119
XX via Wh Cl/tyyltbb - Yes 203 | X/ 0.26 m(r)=0 1501.07110
BN, X (i), B -t 27 - Yes 361 X% 0.76 MEE)=0, m(z. 7)=0.5(m(¥ )}+m(E3) 1708.07875
E Y X 1%, 0.22 mEFT)-m(E})=100 GeV, m(z, 7)=0.5(m(¥i)+m(¥1)) 1708.07875
S firlir, -6 2epn 0 Yes 361 |7 0.5 m(E))=0 1803.02762
2e,p >1 Yes  36.1 7 0.18 m(?)-m(¥})=5 GeV 1712.08119
HA, H—hG|ZG 0 >3b Yes  36.1 )4 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
4ep 0 Yes  36.1 )74 0.3 BR(Y) — ZG)=1 1804.03602
Direct X7 X7 prod., long-lived X7 Disapp. trk 1 jet Yes  36.1 ii 0.46 Pure Wino 1712.02118
B o ¥ 015 Pure Higgsino ATL-PHYS-PUB-2017-019
4]
=G Stable z R-hadron SMP - - 32 |z 1.6 1606.05129
2 Metastable  R-hadron, g—gqF} Multiple 328 |& [@s=t00ns,020s) 16 24 m(Z})=100 GeV 1710.04901, 1604.04520
S 2 GMSB, #)—G, long-lived 7! 2y - Yes 203 | X 0.44 1<r(7)<3 ns, SPS8 model 1409.5542
gg,i?aeev/e/tv//mv displ. ee/eu/up - - 20.3 z 1.3 6 <ct(¥])< 1000 mm, m(¥))=1TeV 1504.05162
LFV pp—¥7 + X, ¥r—eu/et/ut ep,eT,ut - - 3.2 Vr 1.9 A5,,=0.11, A132/133/233=0.07 1607.08079
LT 1% - Ww)zettevy dep 0 Yes  36.1 m(¥)=100 GeV 1804.03602
28, §—a9%1, ¥ = qqq 0 4-S5large-Rjets - 36.1 Large A7), 1804.03568
n>_ Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
OC 33, g — ths | goti0), &) > ths Multiple 36.1 m(PY)=200 GeV, bino-like ATLAS-CONF-2018-003
7, itk ) — ths Multiple 36.1 m(E3)=200 GeV, bino-like ATLAS-CONF-2018-003
iy, i —bs 0 2jets+2b - 36.7 1710.07171
fif1, i—bt 2e,u 2b - 361 |§ 0.4-1.45 BR(7 —be/bu)>20% 1710.05544
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
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ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2018 [Ldt=(32-79.8) b Vs=8,13TeV
Model 6,y Jetst ET™ [rdtb] Limit Reference
L AL i i AL i i vt
ADD Gkk +g/q Oe,pu 1-4j  Yes  36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant vy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
-?, ADD QBH - 2j - 37.0 My 89TeV n=6 1703.09217
§ | ADDBH high 3 pr >lepu >2j - 3.2 Mg, 8.2 TeV n=6, Mp = 3TeV, rot BH 1606.02265
£ ADD BH multijet - >3] - 3.6 Mqh 9.55TeV n=6, Mp =3TeV, rot BH 1512.02586
g RS1 Gkk — vy 2y - - 36.7 | Gk mass 414 TeV K[ Mpy = 0.1 1707.04147
§ Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3 TeV k/Mp =1.0 CERN-EP-2018-179
w Bulk RS gkk — tt le,u >1b,>1J/2) Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP ey >2b,>3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(ALYD - tt) =1 1803.09678
SSM Z’ — ¢t 2epu - - 36.1 Z’ mass 4.5 TeV 1707.02424
(%) SSM Z' - 17t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
S  Leptophobic Z’ — bb - 2b - 361 | Z mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt le,u >1b,>1J/2) Yes 36.1 Z’ mass 3.0 TeV r/m=1% 1804.10823
g SSM W'’ — ¢y 1eu - Yes 79.8 W’ mass 5.6 TeV ATLAS-CONF-2018-017
g’ SSM W’ — v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
8 HVT V/ - WV — qgqqg model B 0 e, u 2J - 79.8 | V' mass 4.15 TeV 8v ATLAS-CONF-2018-016
HVT V/ - WH/ZH model B multi-channel 36.1 V'’ mass 2.93 TeV 8v 1712.06518
LRSM Wy — tb multi-channel 36.1 | W’ mass 3.25 TeV CERN-EP-2018-142
_ Cl qqqq — 2j - 37.0 A 21.8TeV 7, 1703.09217
(@) Cl ttqq 2eu - - 36.1 A 40.0 TeV 1, 1707.02424
Cl tttt >1eu 21b>1j Yes  36.1 A 2.57 TeV |Carl = 4 CERN-EP-2018-174
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mped 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
g Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) =1 GeV 1711.03301
VVxx EFT (Dirac DM) Oe,u 1J,<1] Yes 32 | M, 700 GeV m(x) < 150 GeV 1608.02372
Scalar LQ 1t gen 2e >2j - 3.2 LQ mass 1.1 TeV p=1 1605.06035
Scalar LQ 2" gen 2u >2j - 3.2 | LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 39 gen leu 21b,23] Yes 203 [OmaSeaocev B=0 1508.04735
VLQ TT — Ht/Zt/Wb + X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet ATLAS-CONF-2018-032
>0 VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet ATLAS-CONF-2018-032
T s VLQ Ts5/3Ts3|Ts;3 > Wt+ X 2(SS)/>3eu >1b,>21j Yes  36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wt)=1, c(TsjsWt)=1 CERN-EP-2018-171
;‘,’:’ 2 VLAY - Wh+X leu >=1b>1j VYes 3.2 | Y mass 1.44 TeV B(Y - Wh)=1, c(YWh)=1/V2 | ATLAS-CONF-2016-072
VLQB —» Hb+ X Oeu,2y =21b,>21j VYes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ - WqWq Ten 4] Yes 203 |lQmaEsSEcoocEvI 1509.04261
. Excited quark g* — qg - 2j - 37.0 q* mass 6.0 TeV only u* and d*, A = m(q*) 1703.09127
ko) g Excited quark g* — gy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
O E Excitedquark b" — bg - 1b1j - 361 |b*mass 2.6 TeV 1805.09299
W & Excited lepton * 3eu - - 20.3 = A=3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=16TeV 1411.2921
Type Ill Seesaw lepu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2eu 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
N Higgs triplet H** — £ 234e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
O Higgs triplet H** — ¢r 3eut - - 20.3 DY production, B(H;* — (1) =1 1411.2921
‘o" Monotop (non-res prod) lepu 1b Yes 20.3 anon—res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, || = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
N N PSSR | N N PR
Vs =13 TeV 1
- 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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It's a good time to join!

Hugely increased potential for discovery of heavy particles at |13 TeV

Perfect occasion for young motivated physicists: join the search!

WJS2013
fara(xa, QZ) Parton distributions 1 OO [T T T T ] T T T . — . . v
A7—>‘(F resssesn B [ ratios of LHC parton luminosities: 13 TeV /8 Te /
‘ a Hard scaterin - '
BeZm parton s-aéprogess p

particies Glab —= X)l
= XaXys

Beam fragments/
spectator jets

for(Xp, Q2)

luminosity ratio
o

\/g — A/ LqlpS

g = Z/dxadwhfa('rv Qz)f?7(w= Qz)a—ab(wasib)
a,b 1
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It’s the right time to join!

Hugely increased potential for discovery of heavy particles at |13 TeV

Perfect occasion for young motivated physicists: join the search!
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