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Many unanswered questions ...

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

Why there’s
more matter _ Are there
then anti- D more fGrCES?
matter? d S b y
How do '
neutrinos get
?
mass! PRy prnrraenrsers R What keeps
the Higgs mass
. so small?
How do we What is

incorporate gravity? Dark Matter?



... and as many possible answers to probe!

® Super-symmetry?

Standard particles
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) Quarks . Leptons . Force particles

® Composite quark and/or leptons?
* New Heavy bosons!?

® Gravitons!?

® Dark Matter particles?

SUSY particles
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Any new theory
need to agree
with the SM!



How would new phenomena manifest?

New particles: New interactions: New particles and states:

resonant excess (bump) over Standard Model background ~ more central production (~Rutherford experiment)  larger multiplicity of objects at high masses
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Many extensions of the SM have been

developed over the -
,

Supersymmet : —
" T
Extra-Dimensions =

N

Technicolor(s)

No Higgs
GUT
Hidden Valley

~— -\ \é
Leptoquarks ‘\‘{ =3
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/‘

N
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Compositeness "\Qx

4™ generation (t', b")
LRSM, heavy neutrino
etc...

(for illustration only)

Long list of models and signatures

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc...



Long list of models and signatures

Many extensions of the SM have bee
developed over the past '

Supersymmetry
Extra-Dimensions
Technicolor(s

Hidden Valley,
Leptoquarks
Compositeness
4" generation (t', b")"
LRSM, heavy neutrino P/
etc...

(for illustration only)

1jet+ MET

jets + MET

1 lepton + MET
Same-sign di-lepton
Dilepton resonance
Diphoton resonance
Diphoton + MET
Multileptons

Lepton-jet resonance
Lepton-photon resonance
Gamma-jet resonance
Diboson resonance
Z+MET

W/Z+Gamma resonance
Top-antitop resonance
Slow-moving particles
Long-lived particles
Top-antitop production
Lepton-Jets
Microscopic blackholes
Dijet resonance

etc._.

A complex 2D
problem

Experimentally,
a signhature
standpoint
makes a lot of
sense:

- Practical

- |Less model-
dependent

- |mportant to
cover every
possible
sighature



ATLAS SUSY Searches* - 95% CL Lower Limits

Status: July 2015

ATLAS Preliminary

\/§=7,8TeV

Model ey Jets E™S [Laqm) Mass limit Reference
T
MSUGRA/CMSSM 0-3e.p/1-27 210jots/3b Yes 203 migl-m(z|
. G-al) 0 26jels  Yos 203 mi1-0GeV.
3§, G—qt\ compressed) menafet  1-3jels  Yes 203 migl-mity)<1
44 ‘7—’4(11'(\'[\"’)?,) 2ep(oft-Z) 2jels  Yes 203 mii! -0 GeV
8. 344 0 2Gjets  Yes 203 it
2z, 3-quk; -.qqum” Odeu  28jels  Yes 20
28, B—qq( L[ Ivivw)Ey 2. 0 jets . 20
GMSB (Z N_SP) 12r+01( 02jots Yes 20.3
GGM (bino NLSP) 2y - Yes 203 €T(NLSP)=0.1
GGM (higgsino-bino NLSP) ¥ 16 Yoo = 203 mi#!)<000C
GGM (higgsino-bino NLSP) ¥ 2lels  Yas 203
GGM (higgsine NLSP) 2e.u(?) 2 jets Yos 203
Gravitino LSP 0 mono-jet  Yes 203
27, 3bbi 0 ab  vee 2041 |@ mii?|<400GeV
37 30 () 7-10jets  yae 203 mit!| =350 GeV
28, 3 0-1ep 3b Yes 201 mii!|<400G
L ag, B—biV] N1 sy ab Yos 20.1 m{il|<300Gov
- b.b, b.-,hf«‘, 0 26 Yes 201 mit?]<90GeV
= by, bt 26,p(SS) 086 Yes 203 mift)=2 m@t”g) P
i r.t. ; r,—.b& 1-2e 126 Yog 4.7/20.3 mitt) « 2m(X)), m(V}).55 ]
A n—»Wb\ o &t)’ 0-2¢.p 0-2jets1-2b Yas 203 m}r: |=1GoV > 3rd gen .
AifL, B—ek) 0 monc-jet/-lag Yes 203 mii,)-miF! ) <B5Gav
f17) {natural GMSB) 2e.u(2) 1h Yes 203 |a m(x;z;xsoeev Sq uarks
hify. 61t -7 Seaul?) 1h Yas 203 miit <200 Gav
hrliz, i) 2e.p o Yee 203 mit <0 GeV | 1403 5294
2, X1 ,,vs T l9) et 0 Yos 203 miF! -0 GeV, mi7, o0 S{m(i
X. r X =) 2r = Yos 203 m(i’|=0 GeV, m(, 9=1.5(m
T _.Z‘L.;I'L((w) vy L) Beu 0 Yes 203 A =m(ES ), m(E] |=0, mif. v=15(m .
‘ 23eu  O02jels  Yes 203 =), miE) EW direct }
-.u A) h—bb/WW/rtjyy €Y 02b Yes 203 mETi=m(E), miE)
Mﬁ ¥oa lut depu 0 Yes 203 A Ymi¥’ ). i =0, miE. 71=0 5
GGM (wino NLSP) weak prod. Teu+y 2 Yes 203 er<imm T
Direct ¥17, prod., long-lived ¥7 Disapp. trk 1 jet Yes 203 miiT A )~ 160 May, .
Direct V14| prod,, longlived V7 dEidx trk . Yes 184 ML mET )~ 160 Me\,
- Stable, stopped § R-hadron 0 1Sjets  Yes 279 mit’ =100 GeV, 10
- Stable g R- nadron rk = - 16.1 o [ 6
GMSB, stable & 1}z fwrte.) 124 - = a8 T0aangeso LOng-llved
GMSE.. ) -G longived 1! 2y - Yos 203 2r(¥])<3 ne, SPSE
£8. & —veevlopy/ppr cispl. eefepjpup - = 203 7 (¥} )< T4A0 mm, m
GGM g, ¥)—7Z6 cispl. vix +jets - 2 203 & <c7(F))< 480 mm. m
LFV pp—v, + X, Vo—epferfur et ~ » 20.3 A4, =010 Aiyap0a2=0.07 l 1503.04430
anear RPVCMSSM 2e,p(SS) 03H Yo 203 Mi|=mig], Tpspet 1 o
|X| ,,l'l —wi )l — BT OV, de.p = Yos 203 m(f',’]:-Oi’xm(Ff), 6
A ._;WF&,,Y,—»m erv;  SEUFT % Yes 203 miEL >0 2xm(ey ), 6
xx. &§9aq 0 67jets - 20.3 BR()-BR(#)=B R PV 605
28, 3—471 X1 = qqq ) 67jets - 203 miE =600 605
] —'ba 2ep(SS) 04856 Yes 203 50
L, ty—bs o] 2jets +2H - 20.3 2015-026
A Fi—bl 201 25 - 203 BR(f) b/ >20% ATLAS CONF-2016.016
Scalar charm, e—sci| 0 2c Yes 203 mii<200Gav 1501.01325
1 1 L 1 1
1671 4 Mass scale [TeV]



ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Prelimina
Satus: My 2010 JLdt=(47-203) b Vs=7,8Te
Model &y Jets ET™ [radm) Limit Reference

ADD Gyk +g/9 - z1j Yes 203 “n=2 1502.01518

ADD non-resonant £ 2e,p - - 203 n=3HZ 14072410

ADD QBH — ¢q 1eu 1) — 203 n==6

ADD QBH e 2j = 203 n==6

ADD BH high Ny 2u(SS) - - 20.3 n=6, My =3 TeV, non-ot

ADD BH high ¥ p1 =lep >2j - 203 n =6, Mz — 3 TaV, non-ot

ADD BH high muttijet - =32j - 203 n=6, Mp = 3 TeV, nonot

RS1 Gy — £ 2e.u - - 203 kMg =01

RS1 Gxx — »y 2y - - 203 kMg, =01

Bulk RS Gy — ZZ — qqtié 2eu 2j/14 - 20.3 kiMey =1.0

Bulk RS Gy — WW — gqiv leu 2j/1J  Yes 203 k[My =10

Bulk RS Gxx — HH — bbbb - 4b - 195 | Gyw mass KMy =10 5UB. 00285

Bulk RS gxx — tt leu 21b,2142 Yes 203 BR=0.925 1505.07018

2UED/RPP 2¢,u(SS) 21b,21] Yes 203 1504.04605

SSMZ' = L 2e.u = = 203

SSMZ' = rr 2r - - 198

SSM W' st few © o e Gauge

EGM W’ = WZ — &'t 3eu - Yes 203

EGM W’ — WZ — qqft 2e.u 2j11J = 203

EGM W' — WZ — qqqq - 2) - 203 bOSOnS

HVT W' — WH — fvbb 1e.u 2b Yes 203 gv=1

LRSM Wk—otl_: 1eu 2b,0-1] Yes 203

LRSM W{ — tb Oeu =21b,1d - 203

Clgqqq = 2] = "A78 i =<1

Cl qqéf 2eu - - 203

Cl yutt 2e,u(SS) 21b,21] Yes 203

EFT D5 operator (Dirac) Deu z1j Yes 203 Dal'k Matter 1502.01518

EFT DS oparator (Dirac) Oeu 1J4,21] Yes 203 1309.4017

Scalar LQ 1% gen 2e 22j - 203 ‘lp::

Scalar LQ 2" gen 2u =2j - 203 A=1

Scalar LQ 3" gen leu 210,23 Yes 203 : LeptO

VIQTT - Ht+ X 1e,u 220,23 Yes 203 T,8) doublet

VLQ YV - Wb + X leu >21b23] Yes 203 Heavy B.Y) doublet Quarks

VLQ BB = Hb+ X 1eu 22b23j Yes 203 bin singlet

VLQ BB — Zb+ X 223eu 2221b - 203 Quarks 8,Y) doublet [ TaessOT

Tos —» Wi 1eu =1b25] Yss 203

Excited quark ¢* — qy 1y 1j - 203 avf o and o'l .

Excited guark g* — qg = 2j - 208 only " and d EXCIted

Excited quark 5 — Wt for2euib2jort] Yas 47 lef-handed y

Excited lepton £ — &y 2ep 1y - - 13.0 A=2

e s THT < L M i fermions

LSTCay —» Wy 1eply - Yes 203 \

LRSM Majorana v 2ep 2| - 203 m{ W) = 2.4 TeV, no mixing 1506.06020

Higgs triplet H** — &€ 2 e,u(SS) - - 203 DY production, BR{H — ££)a1 14120237

Higgs triplet H** — ér deput - - 203 DY producsion, BR{H[™ = £r)=1 14112921

m;mt’:‘p s::ms prlbd) leu ib Yes 203 S =02 1410.5404
i-chal particles - - - 203 DY production, |qf = Se 1504.04188

Magnetic monopoles - - - 7.0 DY production, |g] = 1gp, $pin 1/2 Proliminary

A Bl l A V1% ety A AL A L
Mass scale [TeV]
"Only a selection of the available mass limits on new states or phenomena is shown.
16 1 TeV 10 TeV



ATLAS Long-lived Particle Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: July 2015 JLdt=(184-203) b  s=8TeV
Model Signature  [Ldt['] Lifetime limit Reference
RPV v — eevfeuv/uuv  displaced lepton pair  20.3 x‘,‘ = ——— K T ' lm('g)'='l‘.2;:r;\l.m(£')=l'.0';'ev' 1504.05162
GGM 2 — 26 displaced vix + jets 203 | ¥ m(g) =1.1TaV, m(x]) = 1.0 TeV 1504.05162
AMSB pp — xix%,xTx;  disappearingtrack 203 | x; ffetime m(x;} = 450 GeV 1310.3675
AMSB pp - ¥ix%. ¢ x7  lame pixel dE/dx 18.4 | x; fitetime . 13180m m(y}) = 450 GeV 1506.05332
GMSB non-pointing or delayed y 20,3 | ] lfetime SPS8 with A = 200 TeV 1409.5542
Stealth SUSY 2 ID/MS vertices 195 | § litetime m(g) = 500 GeV 1504.03634
Hidden Valley H — myn, 2 low-EMF tracklessjets  20.3 | x, lifetime m(x,) = 25 GeV 1501.04020
Hidden Valley H - mm,  2IDMSvertices  19.5 | =, lifetime m(=,) = 25 GeV 1504.03634
FRVZ H = 2yq + X 2 e-, -, a—jets 203 | 74 lifetime H — 2y, + X, m{yy) = 400 MeV 1409.0746
FRVZ H - dyq + X 2e-u-7-jels 203 | yalfetime 10 m ov|  1400.0746
Hidden Valley H — mm, 2 low-EMF trackless jets  20.3 | , lifetime . o&sam miz.) = 25 GeV 1501.04020
Hidden Valley H —+ayr, 2 IDIMS vertices 19.5 | m lifetime m(x,) =25 GeV 1504.03634
FRVZH - 4y, + X 2e-,u- n-jets 203 | yq lfetime H = 4y; + X, m(yy) = 400 MeV 1408.0746
Hidden Valley ® — m,x, 2 low-EMF vacklessjets 20.3 | xy lifetime T EE— TR oxBR = 1 b, m{x,) = 50 GeV 1501.04020
Hidden Valley ® —» mm, 2 IDMS vertices 195 |, lfetime oxBR = 1pb, m(x,) = 50 GeV 150403634
Hidden Valley ® — m,z, 2 low-EMF trackless jets 20.3 | , lifetima e ——:( 1| % ) xBR = 1 pb, m(x,) = 50 GeV 150104020
Hidden Valiey ® — m.x. 2 ID/MS vertices 19.5 | =, lifetime oXxBR = 1 pb, m(x,) = 50 GeV 1504.03634
HV Z*(1 TeV) = qugy 2/DMS vertices 203 | =, lifetime oxBR =1 pb, m(x,) = 50 GeV 1504.03634
HV Z’(2 TeV) = quay 2 lDMS vertices 203 |, |Iler::ne oXBR = 1 m.lm(xv) =50 GeV 1504.03634
0.01 0.1 1 10 100 cT [m]

‘Only a selection of the available lifetime limits on new states is shown.



nce Searches

/

" EXPERIMENT

uuuuuuuuu : 207749, Event Number: 36414089




Run | VV resonances searches
qlg Z(I)
e Narrow Resonance >—=-<
e Spin-2 /g

. V(qq)
* Vector (neutral or charged) AV 14096190
e Scalars for llgg, Ivgg

a/g W(lv)

W / q/g arXiv:1503.04677  V(qq)

v 22% 7%

T, v 11% 3% alg V(qa)
W 20% >——<
q/g V(qq)

ole 6/% 0% arXiv:1506.00962



Boson tagging techniques

Searches for VV or VH resonances in several topologies involving boson (W, Z and H) tagging

Nominal boson tagging algorithm Boson tagging at work

- AntikTR=1.0 W and Z peak in the data from dijet
- Trimming: feut = 5% and Rsub = 0.2 events applying the nominal boson
- pT dependent (energy correlation ratio) D2 tagging algorithm

selections for W and Z separately (Multijet
reduction by 40 —70)

2 0.22F L e 2 T T ™ T L B T
£ 0-22F ATLASSimulation Preliminary ] G 1000[— —+ ATLAS  Preliminary ® > —
= 0.2_— anti-k, R = 1.0 jets = © - = -t EWZ::: -
e 0.18C Trimmed (i =5%, R _ =0.2) B 0 L ¥s=13 TeV, 2.6 fb o ]
. - - ‘E 800 w— Fitted =+ 1
E 0.160 IqTﬂ‘"'|<20 200 <p]*" <350 GeV T o - 10=N, =19 === Fittad bkd. _
= . F Vs=13Tev - Wijets 3 W C - a
g 014 a e Z-jots — 600/ — —]
=] Eim -= - Multijets = C .
2 0120 1500 < pI™" < 2000 GeV - ]
0.1_—:" - = W-jots — A00|— —
0.08F- - Z-jots E - :
E Multijats 3 - _
0.06 — 200— —4
0.045" — -

0.02 ™, = .

a0 “E

]

Jet mass [GeV]

60 80 100 120 140 160 180 200 220
[GeV]
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Run | VV resonances searches

q/g Z(a) dlg Wiv) a/g V(qq)

&

q/g arXiv:1506.00962 *V(aq)

arXiv:1409.6190 V(qq) q/g arXiv:1503.04677

V(qq)

g ? ATL‘S' v T E‘ ZDa‘(a' T E T I'A-;-l’_‘!'s' L BLBLELEE LR L | |_r¢v_|0|atr=| | LS L E 104 g__‘_,r;-;;r_,_,,,,__T_,‘Iﬂb_;;r»_“'_._'_ ———
L \s=8TeV +els F
== o s - ZZZW, o = ' s 1 WiZ+jels <3 v B= Background model
2 1g [La-203n" o L 8 ok Is- sTe.l,j' Ldt=2)3fb = Ze] 8 |l eV amt MW = 1
] E Merged femon s Sys+Stat Uncertainty = W — v +=1 large-F jot feangle top T UE 20 TeVEGMW,c =1
0 [ Z—eepuChannel == G*, m=1 mgw £ = [ Multijet = . — 25TeVEGMW, ¢ = 1
107 Oriceinal * @ 102 Dioeson o 10? Significance (stat)
F w - Uncenainty b B Significance (stat + syst)
sual —— G*(31200 GeV) WZ Selection
3 10 - - W(1200 GeV) 10
10 E 1 1
10" |8 107
o .
a 8 o _Z § B
~ '. Trr l Trr l LR L I 1P LS 2
& 1.5F =
8 ‘&F il }-——»*J-*-w&-o- --_;. L?_ :% g
a IF - R TN R S & i i - o,
00 500 1000 1500 2000 2500 8 800 1000 1200 1400 1600 1800 2(X)0 2200 2400 e
m,, [GeV] m,, [GeV]
'E T ' T T T I T T T T ’ e 1l T T T T T T E
7 L P R P B SUELAS Sl R | .2.102 ATLAS == EGMW'c = = —e— Observed 95% CL
EGM W, c= 1 —
s E m:s% cL g ; \s=8TeV —— Observed 5% CL § Expected 95% CL
Z e = IIdt:DO.’Hh' T S
1 —— Observed 95% CL T 10 — - Expected 95% CL s [ + 10 uncertainty
= - ;"“““"n:"'t’ s : . g [ ] + 26 unceinainty
= [ +2 o uncentainty o I = 1o uncertain o
cc
& =) 1 x —— EGM W, c=1
% o + 26 uncertainty =
= 2 10" T
T 1T g
2 B ni ®
© % 10
103 : : ' : . ' o £<] R P (OB SN ) OO o S IO v, k
T B0 000. IN00: IR0p 1000 180?(3:\:00 107500 1000 1500 2000 2500 1OYETTETE TR e ed 3 2E 3
; [TeV
= mye [GeV] e
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Run | VV resonances searches

qlg Z() dlg W(lv) d/g V(qq)

&

arXiv:1409.6190  ~V(qq) q/g”  arXiv:1503.04677 V(qa) a/g arXiv:1506.00062 *V(qq)

T
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2 1f JLa-oan' M EZZRAR g & ATLAS —e— Data
£ Merged Region Sys+ U - r—
2 b Zose.uChame GX?m:‘?'agé\?@'nty . = \s=8TeVv 203fy' === Background model
10 Ohominal * 2 L% e 103 S — 1.5 Tev EGM W‘, C= 1
el P 20TeVEGM W', c=1
Z 3 ; r= —25TeVEGMW',c=1
igel | - 2 402 —— Significance (stat)
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104 E -
oL WZ Selection 7
O i -
= 8 215,_1"'} 105 ?:
g 2_ “\3 4RSS = E
= % 8 03T < Al
09 5 1000 1500 2000 2500 3 800 100
m,, [GeV] 15 =
g T Y T T | atusioans LB DL | : :
EGMW'.c=1
= 10°F — — Expected 95% CL 10! =
e — Cbserved 95% CL =
; 10 B 10 uncentainty o
= [ ] +2 cuncentainty Er—t—1—
g 1 R '3
X
3 c 2
;10 O 6
< w 5 -1
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-3 1 | ! | 1 1 1
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Run-2 prospects

13 TeV / 8 TeV inclusive pp cross-section ratio

Minimum bias ¥ 1.2 At 10% cm-2s-1 @ 13 TeV
W(ln) == 1.6 pp the LHC produces:
Z(ll) W—1.7 —  200HzW — Iv
17 == 2.0 - 19HzZ-—=Il
t (s-channel) = 2.2 -~ BHz top.pair
t (t-channel) 3 2.5 - 0.5 Hz Higgs

WH

H (ggF)

H (VBF)

(5]

ttZ

ttH

A(0.5 TeV, ggF+bbA)
stop pair (0.7 TeV)
gluino pair (1.5 TeV)
Z' SSM (3 TeV)

Q* (4 Tev)

QBH (5 Tev) =

QBH (6 TeV)

“ 10 100 1000 10000

=4 9000
vororr



Summarizing 2015 for ATLAS

& [ ATLASOnline Luminosity  fs=137ev

,I;_:“ 3~ [] LHC Delivered o . .

£ [Amashecone: : Heavy-ion data taking completed on
4 A -

= S Esdvyitd : Sunday — 0.68 nb”, compared to

g 5 E expectation of 0.3-0.5 nb™

£ o 3

s £ 2 ATLAS d.t. efficiency 96% for HI

24/05 21/06 19/07 16/08 1309 11710 0811
Day in 2015

T T T T T | T T T T T T | T T T T T T
900 ATLAS Online Luminosity s, =5.0 TeV
800" [ LHC Delivered (Pb+Pb)
[7] ATLAS Recorded

- T T

- ATLAS Online Luminosity /5=5Tev
35 i
- - LHC Delivered

30 [] ATLAS Recorded

700

Total Delivered: 703.7 ub’'
600

o5(  Total Delivered: 28 pb” Total Recorded: 676.8 ub

Toial Recorded: 27 |:||:|'1

Total Integrated Luminosity [pb ]
Total Integrated Luminosity [ub’]

2o soof
150 E 400c-

E 3 300
10 — E

c 3 200
S5 — =
(;,E | | ] 100
03/11 1011 17111 24/11 =

0
Day in 2015 24/11 01/12 08/12 15/12
Day in 2015



Heavy ion collisions

ATLAS
PbPb EXPERIMENT R

Collision
at 1.1 PeV

Events with
charged track _—
multiplicities of =

Rurn 286665

up to 10k tracks

2035401258} +12: SO°CEST

first stable be;;n§fhéavy-ioh collisiond’

_




End-of-The-Year (2015) Results

O8 - ; =" \
r -V I . — '
» - \
f " " = .\""‘s‘ i8S
k .l,l s ‘,‘ {

* important to understand
background control regions

* but also essential to keep “eyes
wide open” for possible signals

19



Glimpse at the Higgs in the discovery channels

Mass taken to be ATLAS-CMS Combined value (PRL 114, 191803): m, =125.09 +0.24 GeV

ATLAS-CONF-2015-060

ATLAS Preliminary po—H—yy

Diphoton Channel

is=13TeV, 321"

i i i 21400 = =
Fully inclusive analysis 5 1200F e E
- Photon ET thresholds: 0.25 m.,, and 0.35 m,, w000 z_ " _z
- Track and Calorimeter based isolation criteria 800 —
- Simple fit function for background estimate B00E e data =
. . 400 — — b fi =
- Number of candidate events fitted: 232 E---- f:;ckg:tuund, b =
I - ? | i | I | i | i | :_
113 + 74 (stat) +43/-25 (syst) 2100 £ 3
o = 3
- - - - = 0 3
Sensitivity to SM Higgs: 1.90 (Observed 1.50) Siod 1 3
110 115 120 125 130 135 140 145 150 155 160
m,, [GeV]
ATLAS-CONF-2015-059
Four Iepton channel } 16 _'| TT l'l Trrr | TT ||f'| TT [l TTrT TTT Ilf I|f| II[ IIT_'I ;‘ 1“0_ T I T T I' lI Ll T I p— |
3 - ATLAS Preliminary (*, 00 ooon | 2 - ATLAS Preliminary 1 Jo.o7
Fully Inclusi lvsi 141 . -z 1 E LtHoszzrs4 éom 1
u Y NClUsIve ana ySIS 2 rH-2Z —:4I I Zjets. 1t ] ) " o13Tew, 321" WlHigas im_ =125 GeV) | —{0.08
_ Electron pT thresholds: 6, 10, 15, 20 GeV g 12 :—13 Tev, 321 o E’n::ft;ﬁ\l::ly = E BD_— 1M0<m, <1408V [zzv, Zejats, 1, VWV g
- Muon pT thresholds: 7, 10, 15, 20 GeV o 10 E B - +{ —j0.05
T} . L _
- Irreducible background (Z7) from MC H 1 60 lo.0a
- Reducible from CRs (from Isolation and IP) 8:_ ! E - - - '
- Nb of candidates in [120,130] GeV: 4 6 3 oicgiiiiis . | —jo.03
s F 1 40 .. —
- From fit: 4 1 REEEEEEEE LT jriog 0.0z
u i - A BT T
1.0 +2.3/-1.5 ol i -.......2-'.:2:!::!!12. 1 —0.01
: . 20 I R
g m  om - . U L, - | (%t -, 7 —p
Sensitivity to SM Higgs: 2.80 80 90 100 110 120 130 140 150 160 17( 60 80 100
(Observed 0.70) m, [GeV] m,, [GeV]



Summary of total cross-section measurements
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Early searches for SUSY

At this early stage of the Run-2 main focus of SUSY searches:
Strong production of Guinos and (to lesser extent) Squarks

Ratio of 13 TeV / 8 TeV Cross sections:
- Squarks and Gluinos 1.5 TeV: 35
- Squarks and Gluinos 1 TeV: 15

44 Signal regions to cover
large number of decay
chains (lets, MET, Leptons,
b-Jets)
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Strongly produced SUSY particles

! 2-6 Jets-MET Signatures

N ATLAS-CONF-2015-062
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Limits on gluino mass reach 1.5 TeV
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Strongly produced SUSY particles

7-10 J-efs-MET Signatures

) [GeV]

T

m(x,

ATLAS-CONF-2015-077

6-0.  — qaWZ3 ; mG)=[m(@)+m(E )12, mE)=[m(F,)+m{. )2

BDG T T T 1T I T 1T I LU I LI I | | T T 1T | LI | T 1T I T TT | T T
-~~~ Expected (t1o,,) ATLAS Preliminary-
700~ = Observed (+1 gﬁ]‘;f;] Multijets+MET combined—]
- —— ATLAS 8 TeV, 20.3 fo” Vs=13TeV. 3217 7
600 All limits 95% CL —
500 —
400 "--‘"1, —
300f— i =
C ' .
B L -
2001~ - =
-I D . | T I | | I | T | I | I | I I ] I-‘r'l I I gI 11 I | | I | g
Bﬂﬂ 900 1000 1100 1200 1300 1400 1500 1600 1700

m(g) [GeV]

Limits on Gluino mass
reach 1.4 TeV
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Strongly produced SUSY particles

1 Lepton-Jets and MET Signatures

ATLAS-CONF-2015-076
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Early searches for New Phenomena

100 ———

10

luminosity ratio
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WJs2012

- : —
- ratios of LHC parton luminosities:
- 13 TeV/8TeV,7 TeV/8TeV

—g9_
---- Xqq
———-qg

——"
—

e

| MSTW2008NLO
N R |

100

Ratio of 13 TeV / 8 TeV

Cross sections:

- Z'at3TeV:
- q*at4TeV:

- QBH at 5TeV:
- QBH at 6TeV:
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Dijet Resonant Searches

1512.01530

e Sensitive to Quantum Black Holes, Excited

quarks, W’, Z’

(73] Il | | Il | I
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— BumpHunter interval 3
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Mass of this event: 7.7 Tera-electron volt

ATLAS
A EXPERIMENT
http://atlas.ch

Run: 280673

Event: 1273922482 Di-jet Even t

2015709729 15:32:53 cEST Highest Mass Central Dijet
pT,=pT,=3.2TeV

m,=6.9 TeV

MET =46 GeV




Dijet Angular Searches

Search in dijet mass bins using angular distribution

yy  1+cosf*
=€ ~N—_—

x 1-cos@*

1512.01530

Search for distortions of the dijet
angular distribution from Contact
Interactions of particles at much higher
masses O(A) with color-singlet left-
handed chiral couplings (in 4-fermion
effective field theory)

Vs=13TeV, 3.6 fb

L |I+||.|J]
T |rlrr'|'|

ATLAS

e Data —SM
Clin, =+1,A=12TeV

1 wClim, = -1,A=17TeV

-+ QBH (QBH), M,,= 8.0 TeV

i [JTheoretical uncertainties
7 M Total uncertainties

46<m <54TeV -

T T T Ill‘ll T
4.9-::%-:4.6 TeV

31<m <34TeV p

+ .'r.'-'r'”'] +
28<m <3.1TeV E

——
2.5«::rnjj<2.8 TeV

|
t

2 3456 1

1 2 3456 10 20,30

No deviations observed, limits set at
12 TeVon A (form, =1)
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Dilepton Resonances (LFC and LFV)

Search for Z’ in dilepton (LFC) and (LFV) (in eu decays) ATLASCONF2015070
- Main background DY is taken from MC ATLAS-CONF-2015-072

- Top and diboson extrapolated at very high masses using a functional form

- Background from MC except for Ml in dielectron uses Matrix method (based on electron ID)

ﬁ ATLAS Prelimina I ¢ Data E o I i I Data ATLAS Preliminary
b ry ERR 1) ATLAS Preliminary L
w i= - 13 TeV, 3.2 zv i i - 13 TeV, 3.2 2y ts=13TeV, 321"
Dilepton Search Selection [l Top Quarks 10° Dilepton Search Selection [l Top Quarks
[ Dibeson [ Dibesen
] Multi-Jat & W Jets o ---- OBHRAS2TEY
— 7,3 TeV) e — (3 TeV)} I:l,_,,:. )
— A =20 TeV — Ay =20 TeV -
. 107 " I.."_LF'.——._‘___
10 '
1
T up
102
4 1A S .
g AE FE T
.3 - ".. . r 1.15_ e ;_.L;#"." %#I[i R _ ; . : -: : :
B o e - PP BTV A - [ AN 3
P N . B O O = P CH———_ | e e 1 | 1
o0 200 300 400 ton 2000 3000 o0 200 300 400 1000 2000 3000 200 300 400 1000 2000 3000
Diglactron Invariant Mass [Ga] Dimuon Imadant Mass [Gav] m,, [GeV]
Highest di-electron Highest di-muon mass Highest en mass event
mass event at 1.8 TeV event at 1.4 TeV at 2.1 TeV
\ J
|

95% CL Limit on SSM

— LFV Z’ at 3.0 TeV (2.5 Tev
95% CL Limit on SSM Z' at 3.4 TeV (2.9 TeV from Run-1) from Run-1) 39

No Excess found !




ATLAS

EXPERIMENT

Run: 280319

Event: 472098394
2015-09-25 16:25:21 CEST
Z' to 2e candidate Event

Di-Electron Event

High Mass Dielectron
ET,=370 GeV ET, =246 GeV

m,. =18 TeV




Search for Resonant Lepton-MET

ATLAS-CONF-2015-063

- Search for W’ in lepton-MET final states

[151 T T T T LI | T T T T [15) T
g o ATLAS Preliminary — W' (2 TeV) = Data g 107 L ATLAS Preliminary — W (2 TeV) = Dala
T \s=13TeV, 3.3 fb" — W (3 TeV) Ef w \s=13TeV, 3.3 " — W (3 TeV) E:}'
' i — W’ (4 TeV) op . ; — W (3 TeV) op
W' — ev selection [ Multijet 105 &= W' — uv selection Oz
[C]pibeseon

10t
Oz
[Jpiboson 10*

] Multijet

2 2
& &
fa O 08
| 0.6 I
200 300 1000 2000 200 300 1000 2000
Transverse mass [GeV] Transverse mass [GeV]
Highest electron-MET Highest muon-MET mass
mass event at 1.95 TeV event at 2.2 TeV
| J
|

No Excess found !
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95%CL Limit on SSM W’ at 4.1 TeV (3.2 TeV at Run-1)




Events / 40 GeV

Data - fitted background

Search for Two Photons Resonance

10‘EI LANNLENL N DL AL LA L L B L DL L D | =
& ATLAS Preliminary =
[ + Data ]
10° = —
= —— Background-only fit 3
10°E fs=13TeV.32" 3
10 —
= ~— 3
= ! ! ! N
155 E
10;_ L ] ¥ + _;
5E- —=
0F 'jl'. +++ +4L&.H+—H—4—*—H'—§
_52— L # + _;
_105_ - _5
—15E —
D00 400 60D 800 1000 1200 1200 1600

m,, [GeV]
In the NWA search, an excess of 3.60 (local) is
observed at a mass hypothesis of minimal p, of
750 GeV

Taking a LEE in a mass range (fixed before
unblinding) of 200 GeV to 2.0 TeV the global

significance of the excess is 2.00

ATLAS-CONF-2015-081

@ LI | T T T T T T T T LI
=2 1

s e :
o - —
g 10'e =
= E 3
10‘2_5 =
10_3;— T =
= ATLAS Preliminary 3
- 5=13TeV, 32" 3
1074 -
10—5_| ey ey b v b by by by e by I_
200 400 600 800 1000 1200 1400 1600 1800

m, [GeV]
In the NWA fit the resolution uncertainty is
profiled in the NWA fit and is pulled by 1.5

The data was then fit under a LW hypothesis

yielding a width of approximately 45 GeV
(Approx. 6% of the best fit mass of approximately 750 GeV)

- As expected the local significance increases to
3.90

- Taking into account a LEE in mass and width of

up to 10% of the mass hypothesis of 2.30 (Note:
upper range in resolution fixed after unblinding)
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Search for Two Photons Resonance

And what about CMS?

CMS Frefiminary 26713 TeV]
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CMS Collaboration - 13 TeV Results
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Fully hadronic JJ Diboso

ATLAS-CONF-2015-073

Events/100 GeV

Pull

- Modest excess at Run-1: 3.4c local / 2.50 global

Events / 100 GeV

- Analysis very similar to Run 1, with functional fit

of the background

- No significant excess is observed

however sensitivity not high enough for conclusive
probe of the Run 1 excess

Significance
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Summary (from ATLAS Collaboration)

- The ATLAS Collaboration has released a host of new results with the full 2015 13 TeV

dataset, in 24 Conference Notes and 4 Journal Papers
(Available at the following location: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/December2015-13TeV )

- New measurements of single top and diboson cross sections
- First look at H{125 GeV) production

- Many searches for new physics with sensitivity exceeding the Run 1 reach,
Investigating a vast number of topologies and event characteristics
- Modest excesses begging for more data

- Eagerly awaiting a much larger haul of data in 2016!
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LHC Schedule
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Electroweak measurements at LEP

*The Large Electron Positron (LEP) Collider at CERN (1989-2000) was designed
to make precise measurements of the properties of the Z and W bosons.

@ 26 km circumference accelerator
straddling French/Swiss boarder
* Electrons and positrons collided at
4 interaction points
*4 large detector collaborations (each
with 300-400 physicists):
ALEPH,
DELPHI,
L3,
OPAL

Basically a large Z and W factory:
* 1989-1995: Electron-Positron collisions at Vs = 91.2 GeV
= 17 Million Z bosons detected

* 1996-2000: Electron-Positron collisions at Vs = 161-208 GeV
= 30000 W*W- events detected

from M. A. Thomson lectures at Cambridge University in 2011 >



The Z resonance

* Want to calculate the cross-section for e e~ —Z — ].L"' U
Feynman rules for the diagram below give:

e*e- vertex: v(pz) —zgz’}’“ CV—C'A}'S Pl)
—18uv
g% —mj

up- vertex: H(pg)-—.igzy cv—cAyS

Z propagator:

—iguv _
= —iMpi=[V(p2)-—igzV" 5 (c—civ)-u(p1)) 7 f’:nz-[u(m) —igzY" 3 (cy —c4 1)V
Z
gz
- Mff=—q2—28pv[v(.02 CAYS Pl][“ P3 50 —C‘,e,’}‘s

* Convenient to work in terms of helicity states by explicitly using the Z coupling to
LH and RH chiral states (ultra-relativistic limit so helicity = chirality)

Sev—caP) =cs(1=9) +ers(1+7°)
\ _—

LH and RH projections operators

from M. A. Thomson lectures at Cambridge University in 2011 "




The unpolarised cross-section

* Hence the complete expression for the unpolarized differential cross section is:

do 1 5
Q@ = e Ml

11 g8
6412 4 (s —m3)>+m;I5

LH(e6)? + (c4)[(ey)? + (ch)?](1 +cos? 8) +2¢§ ¢ ey ¢l cos 0}
* Integrating over solid angle dQQ = d@d(cos0) = 2nd(cosO)
f_+]l (14cos?8)d(cosB) = ffll (1+x*)dx =% and f_+,1 cosBd(cos0) =0

1 g%S e\2 e\2 M2 N2
G€+E_—>Z—>p+“_ - 19271 (S—m%)z—i—m%r% [(CV) +(CA) M(CV) +(CA) ]]

* Note: the total cross section is proportional to the sums of the squares of the
vector- and axial-vector couplings of the initial and final state fermions

(ch)?+(ch)?

from M. A. Thomson lectures at Cambridge University in 2011 "



e*e  annihilation in Feynman Diagrams

------------------------------------------------------------------------------

In general e*e- annihilation et Y ? et ?
involves both photon and Z
Z exchange : + interference +

e f e f

> Revee f

Well below Z: photon 102 BaRe Ny | wWwW At Zhreson:ncgt: Z .

exchange dominant S ~— exchange dominan

e TRESTAMN LEF I | 4"—- ""‘"-."--
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High energies: 2

WW production ‘ S AVAVAVAVE /ey
>\w\!ﬂi: >mml|ﬂi: Y Ve
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from M. A. Thomson lectures at Cambridge University in 2011
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Cross-section measurements

* At Z resonance mainly observe four types of event:
etfe” —=Z—efe efe —=Z—-utu~ efe—Z—11
ete” — Z — gg — hadrons

* Each has a distinct topology in the detectors, e.g.

e e'e” —-Z—utu~ e"e” — Z— hadrons

* To work out cross sections, first count events of each type
* Then need to know “integrated luminosity” of colliding beams, i.e. the
relation between cross-section and expected number of interactions

Nevents = £ 0

from M. A. Thomson lectures at Cambridge University in 2011 -



Measurements of the Z-line shape

* Measurements of the Z resonance lineshape determine:
= Mgz : peak of the resonance
= Iz :FWHM of resonance
» Iy :Partial decay widths

= N, :Number of light neutrino generations
* Measure cross sections to different final states versus C.o.M. energy \/;

* Starting from

U(€+€_ — Z—rffj = |2m >

my (s —mz)*+mzl7

maximum cross section occurs at \/E = my with peak cross section equal to

Fec-' rff (3)

0 127 Fefl“ff
%F= 2 12
iy Z

[z

* Cross section falls to half peak value at | /¢~ + =  which can be seen
immediately from eqn. (3) -2

h
* Hence |7 =— =FWHM of resonance

174

from M. A. Thomson lectures at Cambridge University in 2011 44



Measurements of the Z-line shape

* |In practise, it is not that simple, QED corrections distort the measured line-shape
* One partlcularly |mportant correction: initial state radlatlon (ISR)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
&

-
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

o
=

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

£ ‘”::.‘_’ET V5 ~2E(1 - o )

-
LI ITI T

* Measured cross s.;ctlon can be wrltten
Omeas(E) = [C(E")f (/E"’,E)dE"

[ ]
—

Probability of e+e- colliding with C.o.M. energy
E'when C.0.M energy before radiation is E

—_—
=

o(ete” — Z — hadrons)/nb
W
—

* Fortunately can calculate f(E’,E) very
precisely, just QED, and can then obtain

- ; ;861;13811;90;;191211.914
Z line-shape from measured cross section Vs5/GeV

from M. A. Thomson lectures at Cambridge University in 2011 "



Measurements of the Z-line shape

* To calculate the integrated luminosity need to know numbers of electrons and
positrons in the colliding beams and the exact beam profile
- very difficult to achieve with precision of better than 10%

* Instead “normalise” using another type of event:

c ¢ + Use the QED Bhabha scattering process
+ QED, so cross section can be calculated very precisely
Y + Very large cross section — small statistical errors
+ Reaction is very forward peaked —i.e. the
electron tends not to get deflected much

do | 1 do 1

ot d—qu“:sin“e/z - 4o 63

Photon propagator

+ Count events where the electron is scattered in the very forward direction

PR L e e T T LT LR P L T

NBhabha = -Z OBhabha =y & : OBhabha known from QED calc.:
* Hence all other cross sections can be expressed as
O = Ni OBhabh — Cross section measurements
" Nghabha 00 Involve just event counting !

from M. A. Thomson lectures at Cambridge University in 2011 "o



Measurements of the Z-line shape

* In principle the measurement of 7z and Iz is rather simple:

run accelerator at different energies, measure cross sections, account for ISR,
then find peak and FWHM

mz =91.1875£0.0021 GeV| | I'z =2.4952+0.0023 GeV

* 0.002 % measurement of m,!

* To achieve this level of precision — need to know energy of the colliding beams
to better than 0.002 % : sensitive to unusual systematic effects...

Moon:

+ As the moon orbits the Earth it distorts the rock in the Geneva
area very slightly !

+ The nominal radius of the accelerator of 4.3 km varies by *0.15 mm
+ Changes beam energy by ~10 MeV : need to correct for tidal effects !

Trains:

+ Leakage currents from the TGV
railway line return to Earth following
the path of least resistance.

+ Travelling via the Versoix river and
using the LEP ring as a conductor.

+ Each time a TGV train passed by, a small
current circulated LEP slightly changing
the magnetic field in the accelerator

+ LEP beam energy changes by ~10 MeV
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Number of generations

* Total decay width measured from Z line-shape: 17 = 2.4952+0.0023GeV

* If there were an additional 4t" generation would expect Z — V4V4 decays
even if the charged leptons and fermions were too heavy (i.e. > m;/2)

* Total decay width is the sum of the partial widths:
lHZ - ree + r,u,u + rn + 1_‘hadrons + r_vl Vi + rv2 %) + rv; Vi +?
* Although don’ t observe neutrinos, Z — VV decays

affect the Z resonance shape for all final states e"e” — Z — hadrons |7
* For all other final states can determine partial deca; = f{ §
widths from peak cross sections: bs 30| ALEPH /" M X
o' 127 Feerf f DELPHI - Té

L3
2 2 @
17 = m; I | OPAL x5
* Assuming lepton universality: | verase messarements | %
1-‘Z — 3r€€ + 1-‘hadrons +HN v FVV “adorto %
/ N S 1 10 - N
measured from measured from calculated. e.g. n
Z lineshape peak cross sections §

= | Ny =2.9840 £ 0.0082 E,, [GeV]

* ONLY 3 GENERATIONS (unless a new 4th generation neutrino has very large mass)
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Forward-Backward Asymmetry

* The expression for the differential cross section:

(IMyil)? o< [(c§ )* + (cg)?[(cp ) + (cg) 21 (1 +cos? 8) + [(cf )> — (cg)*][(cf )* — (cg )] cos 8
* The differential cross sections is therefore of the form:

do =k % [A(1+cos* 8) + Bcos 6] { A= [(cE)Z—I— ) ][(CL +(c )2]

u
dQ p
— 2 _ HN2
B={(cj)" - ][(CL —(cg)”]
* Define the FORWARD and BACKWARD cross sections in terms of angle
incoming electron and out-going particle

I do 0 do
= Op = d 6
OF 0 dcms(&idm&9 B /—1dc059 €08

e.g. “backward hemisphere”
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Measured Forward-Backward Asymmetry

* Forward-backward asymmetries can only be measured for final states where
the charge of the fermion can be determined, e.g. ete™ — Z — p"’p‘

OPAL Collaboration, . ~
Eur. Phys. J. C19 (2001) 587-651. Because sin“@,, = 0.23, the value of
LI R | | LI B |

[T ] Ac for leptons is almost zero
L efeou’’  OPAL / i

-
S

=
=

For data above and below the peak
of the Z resonance interference with

f efe” > y— U~ leadstoa
: / larger asymmetry

: * LEP data combined:
AYS = 0.0145+0.0025

=]
-
=

dG!dcoseu- (nb)
%

=
=

=
(S

T TTINY :> Ou _
00 b X AVl =0.016940.0013
P AYE =0.0188+0.0017

3
*To relate these measurements to the couplings uses Agg = —A.Ay

* |In all cases asymmetries depend on A, 4
* To obtain A, could use AFB = 3A2’
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Determination of the Weak Mixing Angle

* From LEP : A%ﬁ = %AeAf A A A
€L AU ERT y wne
* FromSLC: Ajr = A,
Putting everything Ae = 0.1514:£0.0019 includes results from
together =) Ay = 0.1456 +0.0091 other measurements
Ar = 0.1449 £+ 0.0040

ZC{;C}{ _ 9 Cv/CA
(P +(ch)? T (ev/ea)?

* Measured asymmetries give ratio of vector to axial-vector Z coupings.
* In SM these are related to the weak mixing angle

with A,

]

I}, —2Qsin’ 2
v hy 20500y 20 G2g, 1 - 41)sin by

* Asymmetry measurements give precise determination of Sin2 Ow

sin® By = 0.23154 4+ 0.00016
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W*W- production

* From 1995-2000 LEP operated above the threshold for W-pair production
* Three diagrams “CC03” are involved

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

* W bosons decay (p.439) either to leptons or hadrons with branching fractions:
Br(W~ — hadrons) ~ 0.67 Br(W= —e V) ~0.11
Br(W= — u~vy,) ~0.11 Br(W~ — 1t7V;) ~0.11

* Gives rise to three distinct topoloadies

é‘ $
‘.':a_ !.'~._

W+W SN /Y W+W::; qqlv W+W — qqqq
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ete  -> W*W" cross-section

* Measure cross sections by counting events and normalising to low angle
Bhabha scattering events

30

—__  _ uem * Dataconsistent with SM expectation
LEP S Nl * Provides a direct test of ZW W ~ vertex
PRELIMINARY |

o . o — D
+ —t = e W B
] | { ] e wt
0 7 - + M >
] :: m; ?:::: ?g::ﬂe] 1 e W=

Oyw (PD)

1‘.+ ....only v, exchange (Gentle) et _(_'\M/\l W_|_
0 : T T 1
160 180 200 + Y Ve
Vs (GeV) e~ —>—AAANW

* Recall that without the Z diagram the cross section violates unitarity
* Presence of Z fixes this problem
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W-mass and W-width

* Unlike ee” —Z , the process ¢"¢~ — WTW ™ is not a resonant process
—> Different method to measure W-boson Mass
*Measure energy and momenta of particles produced in the W boson decays, e.g.

Ww- — qge v Py, = Neutrino four-momentum from energy-
momentum conservation !

Pe Pq, T Pg> +Pe+Pv:(\/§aO)

» Reconstruct masses of two W bosons

Mer = E? _52 = (Pm +pq2)2

;Pv

P M2 =E* = (pe+pv)’
S s00 F© qqlv BW E * Peak of reconstructed mass distribution
2 gives
T 400 my = 80.376 £0.033GeV
W
300 * Width of reconstructed mass distribution
200 gives:
['w =2.196 £0.083GeV
100 -
Does not include measurements
0 = 1 from Tevatron at Fermilab
60 80 100 ,%E(MJF-I—M_)

m.. (GeV)
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Concluding remarks

* The Standard Model of Particle Physics is one of the great scientific triumphs
of the late 20" century

* Developed through close interplay of experiment and theory

Dirac Equation Experiment | | Gauge Principle Higgs Mechanism

N ¢ %
\Ge Standard Model /

I

Experimental Tests

* Modern experimental particle physics provides many precise measurements.
and the Standard Model successfully describes all current data !

* Despite its great success, we should not forget that it is just a model;
a collection of beautiful theoretical ideas cobbled together to fit with
experimental data.

* There are many issues / open questions...
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