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Scattering Experiments
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D first places to
study physics @
the Terascale!
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The Large Hadron Collider _\X‘(IT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $

Construction time : 14 years

_ Circumference  : 27 km
> : No of dipoles : 1232

s-S00 S B T a Power £ 120 MW
= R Luminosity(8TeV) : 8 nb/sec

o - =
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The Large Hadron Collider

Energy radiated off per rotation cycle:

2 4 T
B = |24 e‘c e E<B

67reoc|6 67reop2,y ~ 6megp? mH

SRR )= 280 g W
P(elnp,—o.511 Mev) = 450 kW

AT

Karlsruhe Institute of Technology

Construction costs: 4.1 billion $
Construction time : 14 years

Circumference : 27 km
No of dipoles : 1232
Power : 120 MW
Luminosity(8TeV) : 8 nb/sec
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The Large Hadron Collider _\g(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $
Construction time : 14 years
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The Large Hadron Collider _\g(“.

Karlsruhe Institute of Technology

Energy radiated off per rotation cycle: Construction costs: 4.1 billion $

Construction time : 14 years
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Key Demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

— i event from 2012 data with 25 reconstructed vertics

Vertex
identification: @ /,z_’._%%_
4T * !
silicon g §
Tracker \ﬁ%&
Momentum
determination:

p =e-rxXB

ép _ 6B Sr
p  erB D erB
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Key Demands on Experiments ﬂ(“.

Karlsruhe Institute of Technology

Vertex
identification

Electromagnetic

Momentum Calorimeter
determination: Hadron

Calorimeter
p =e-TXB Energy determination:
op __ 6B Sr * Energy resolution
p  erB S erB * Stopping power

11 Institute of Experimental Particle Physics (IEKP)



The Large Scale Solution (ATLAS)
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* Magnet field (solenoid): 2.6 T
(inside calorimeter)

* Magnet field (toroid): ~4 T
(outside calorimeter)

* Tracker: Si/multi-wire
chambers

« ECAL/HCAL: LAr (varying
granularity)

* Length

.....
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The Compact Solution (CMS) _\g(“.

Karlsruhe Institute of Technology

* Magnet field: 3.8 T (outside e Length :21m
calorimeter) o S - Diameter : 16 m
* Tracker: Si (97/p = 0.5%for a | * Weight
10 GeV track)

* ECAL: PbWO,(°F/p = 1% for
a30GeVe/vy, Xo = 28)

* HCAL: Sampling (brass
scintillator, 92 /5 = 10% for a

100 GeV 7 /—, \; = 10)

4
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Worldwide Distribution of Data

AT

Karlsruhe Institute of Technology

* Collaborators: O(3'000)
* Institutes: O(200)
| * Countries: O(20)
« A TR

I.'.l mo e

| Worldwide Grid: f

14

* Recorded events: (9(109)

¥ * Amount if data: O(10 PB/a)

Tier-2 sites
(about 140)
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LHC History (represented in physics measurements) ﬂ(".
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Ch. Sander
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first particle discovered
by CMS: =
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LHC Repeating History (in fast forward) _\.\J(IT
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CMS
/s =7 TeV
'Cint — 40 pb_l

(~10h of LHC operation at
nominal luminosity)
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The Standard Model of Particle Physics (SM)

18 free parameters C

45 fermion fields ) |
Best theory ever

12 gauge fields
brought up by ~
mankind!
N |
Do
Q&

Qb
aof

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

cosOy —sinOy, W 3
sin Oy cos Oy B,

(responsible for
masses)

broken



A Long Road of Theory Developments ﬂ(“.

Karlsruhe Institute of Technology

— H
ggNNLO A qq — qqH qq — VH
+ (ovs) « NNLO(a,) « NNLO(av,)
NLO( ) * NLO(«) S
* Precision 15% * Precision 3% Lo
* Precision 4%

tt production
* NNLO+NNLL(cxg)

Single top production

gl NNLO(cv,)

* Precision 4%

W + additional jets
« NNLO(av.)

WW W4 ZZ
* NLO(a,)

Z + additional jets
« NNLO(a,)

* Precision 5%

* Precision 5%

* Precision 10%
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A Long Road of Theory Developments

AT

Karlsruhe Institute of Technology
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tt production
* NNLO+NNLL(cxg)

* Precision 4%

o (pb)
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0.2 1 10
Xl H/m, X2 arXiv:1009.4935
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http://arxiv.org/abs/arXiv:1009.4935

A Long Road of Theory Developments

AT
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gg — H
« NNLO+NNLL(x,)
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* Precision 15%
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http://arxiv.org/abs/arXiv:0803.0457

The Strong Sector of the SM

Asymptotic freedom:

SU(3) exact

gauge symmetry: Confinement:

— 8 massless gluons
as gauge bosons.

— leads to gluon-gluon self-couplings.
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The Strong Sector of the SM

CMS multijet event
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP12012

PDFs @ the LHC
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CMS 5.0fb (7 TeV) MC method CMS 5.0fb (7 TeV) MC method
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http://arxiv.org/abs/1410.6765

The Running of o ..\X‘(IT

Karlsruhe Institute of Technology

Running o, (u?) (e.g. from 1-loop RGE): 3jet

2y _ g2(n®) _ 1
as(p”) = 25— = BoIn(p?/A3cp)

Measure o, (1) from ratio of 3-jet over
2-jet events at given scale:

— _\ T T 17 T T T T 1T ‘ T T T 1T ‘ T T
O — o . — -
~ 0.24 - CMS ingl. jets : ag(M ) = 0.1185_5;‘;':: .
S 0.22F t OMSR, =
- ] CMS fi cross section 7
0.2F " CMS inclusive jets —] i
- v CMS 3-Jet mass i iﬁ;%zﬁ?%?;ﬁ?g} 00 2010 EDT 2-.] et
0.18 - = S 'g’:“asmgao/‘zm
— 1 .\
0.16— 3
0.14— =
0.12— -
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- o DO angular correlation N
0.08— o H1 =
C ¢«  ZEUS . ]
0.06— arXiv:1410.6765
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24 Institute of Experimental Particle Physics (IEKP)


http://arxiv.org/abs/1410.6765

Physics of the Top Quark

AT

Karlsruhe Institute of Technology

Higgs quark mass (MeV)

25

10

171.2 GeV

% t
%

104}

Higgs Vaéuum

10 5 | -Electroweak symnﬁetry..b.reaking

T T T T T T T T

@~

Discovery @ Tevatron
hep-ex/9411001

: X, Symmetry Greaking

10 100 10t 10°
Total quark mass (MeV)

* Weak decay nearly exclusively via t — b
(BR =~ 0.998).

* Lifetime t =5 x 1072° s (hadronization time

scales §t ~ + h_ ~3x 1072 g).
QCD

| i

— (bW+)(bW~) b
— 2bjets + 2quarkjets + (v

Irl’i/ l_)jet\\\gk
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Physics of the Top Quark

AT

Karlsruhe Institute of Technology

Higgs quark mass (MeV)
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%

Higgs Vané:uum i
Electroweak symnietry breaking

@y symmetry breaking

T T T T T T T T

@~

hep-ex/9411001

QU

Djscover'y @ Tevatron

10°  10° 10" 10°

Total guark mass (MeV)

* Weak decay nearly exclusively via t — b
(BR =~ 0.998).

* Lifetime t =5 x 1072° s (hadronization time

scales §t ~ + h_ ~3x 1072 g).
QCD

* Fermi's Golden Rule: \;; = 2¢ (Mis|? - p(Ef)

bjetxrf
pp — it

— (bW+)(bW~) b
— 2bjets + 2quarkjets + (v

x, P
—

—
—
q jet

% l_)jet\\\gk
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The Mass of the Top Quark

AT

Karlsruhe Institute of Technology

Events / 10 GeV
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Eur.Phys.J C (2012)

CMS 2011, 5.0 at s =7 TeV

1600 S 700t | LHGC m,, combination - September 2013, L =350 -4.9 fb™
C = 600
1400 R S ATLAS + CMS Preliminary, Vs = 7 TeV
1200F suok P e e — 172.31+0.23+0.72+1.35
C 100f- S
1000 of "
s Wi i, | ATLAS 2011, dilepton —o 173.09 + 0.64 +1.50
800 TcISp quark mass [GeV] Lip=4.71
- 4+ Data .
s00F- = tisignal CMS 2011, l+jets —t@t—i  173.49 +0.27 +0.33+0.98
o = {f background =
400 = Single top CMS 2011, di-lepton —t
- — DT —t - 172.50 £ 0.43 +1.46
200 = Diboson
- i e e ————  173.49+0.69 +1.23
ATLAS + CMS Preliminary, Vs = 7 TeV
: LHC September 2013 _ — 173.29 £ 0.23+0.26 £ 0.88
ATLAS 2011, I+jets - 0.8
L = 4710 5 Tevatron March 2013 R, 173.20 £ 0.51+0.36 £ 0.61
ATLAS 2011, di-lepton l 0.2 (stat.) (syst.)
Ly =471 : : | | | | , | | |
CMS 2011, I+jets . 0.4 66 168 170 172 174 176 178 180 182
Ly, =49 mlop [GeV]
CMS 2011, di-lepton . 0.7
Ly =491 5 ’ ATLAS-CONF-2013-102  CMS-PAS-TOP-13-005
CMS 2011, all jets l 0.2

Ly =35

LHC m,,, comb.
September 2013
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http://cds.cern.ch/record/1477737/files/epjc.72.2202.pdf
https://cds.cern.ch/record/1603490
https://cds.cern.ch/record/1601811

Top Quark Production

Single top quark production: \“(IT

Karlsruhe Institute of Technology

Inclusive tt cross section [pb]

28

02 ATLAS dilepton® L= 203 fo™'
1 CMS dilepton L= 53 i’

-
o

Top quark pair production:

==

\||||||||||||||||\||||||||||||||||\|_
Feb 2014

2 Tevatron combination® L = B LYo
B ATLAS dilepton L =0.7 rb
O CMS dilepton L= 23 i

ATLAS+CMS Preliminary
B ATLAS lepton+jets* L= 0.7 fo”' TOPLHCWG
FO CMS lepton+jats L =23 fo”

# TOPLHCWG combination® L= 1.1 fo”"

[F# ATLAS lepton+jets* L= 58"
Lo CMS lepton+jets® L= 2.8 b
[~ * Preliminary

250/ 1

200 1

NNLO+NNLL (pp) 150 .
E=—— NNLO+NNLL (pF) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

=172.5 GeV, PDF & o, uncertainties acco1d|ng to PDF4LHC

2 3 4 5 6 7 8 9
s [TeV]

Typical DGLAP/Regge like high
energy behavior (— log(s)).

t-channel
g E CMS Preiiminlaary I ‘ 3
° L Single top-quark production i
102 . tw

*

s-channel

Approx. NNLO Kidonakis, PRD 83, 091503 (2011)
. CMS, JHEP12(2012) 035

A CMS, accepted JHEP arXiv:1403.7366

Approx. NNLO Kidonakis, PRD 82, 054018 (2010

\Uj |

107 o CMS, Phys.Rev.Lett 110, 022003 (2013) E
F I CMS, accepted Phys.Rev.Lett arXiv:1401.2942
- Approx. NNLO Kidonakis, PRD 81, 054028 (2010) —|
r v CMS, PAS-TOP-13-009 (FC interval) T

102 | | | | | | | | | | |

2 3 4 5 6 7 8 9 10 11 12 13 14
Vs [TeV]

Single top over top quark pair
production: 1/10.
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Standard Model Production Cross Section Measurements

Status: March 2015

'8. 10°° 0, Strong Electroweak ATLAS Preliminary
Pl Sector Sector
b 1[}6 0.1<pr<2TaV Run 1 '\‘G =7,8 TeV
i ;
105 D3 my<HTeV LHC pp V5 =7 TeV LHCpp Vs=8TeV -
Bam  Theory B Theory §
4
10 3—:_‘-’-;3;— - Observed 45-4.9f - Observed 203 b
10° n=
==
102 ° e e
=3 ¥y, £Z) T
o A== jeon o,
1 ogF ' :n:_,_
10 nz4 2007 HoWW oyt i
e B = . SE%OL B 13
A el o s
1 =5 rra— H— :‘: : 1
X o B
101 Hes WW ’T L
- - - SR Nt
10-2 - E 1
3 H-—t%—r#f E 1 i EE
10 . = ]

PP Jets Dijets W Z
R=04 R=0.4

total |yj<3.0 |W<3.0 fiducial fiducial fidudal fotal  fofal fidudal tofal fducial tofal

<30 samilept

fotal  fiducial fiducal fiducial  fotal

tH b-caan WW 7Y Wt H WZ ZZ Wy WW+ 7o dw tiz thy  Zji Wyywwiite
wz EWK EWK

total fiducial fiducial fidudal fiducial fotal
njel=0



The Weak Sector of the SM

Flavor changing:

Parlty VIOlatIng H1 Collaboration
= 12071 L LI S B B
£ |
zd _ 7
Charged current: T €povX 1
100 — O H1 HERAT -
= = i m H1 HERATI ]
Broken Symmetry: e v"a wl ep > 7X N
il i - 0 H1HERAI :
- et i ® H1HERATI 7
U L _
[J 60— —
= i
o [ == HIPDF 2012 ]
. 40— %= Linear Fit —
.l . _
- 1
= - 1
= 20— —1%
=} i QF > 400 Ge V2 1X
=) P
¥y <09 =4
&
O 1 | 1 1 ‘ | 1 | 1 | | | 1 Il ‘ 1 Il Il 1 :
-100 -50 0 50 100
P, [%]

HI1 Collaboration

10
10 10

Non-Abelian gauge structure!

Lepton universality!
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Z Bosons (abused) as Calibration Tools ﬂ(“.

Karlsruhe Institute of Technology

| i~
) T

C 4| CMS Experiment at LHC, CERN

Run/Event: 202178 / 1100609921
Lumi section: 931

Muon 0,
pt = 851.50
eta=0.014

///\\

{ iy
phi = -2.772 y /

\\\_/ S

Data recorded: Tue Sep 4 04:06:14 2012 GMT-4

Muon 1,

pt = 827.28
eta = -0.304
phi = 0.431

31

* Tag & Probe to validate ¢ reconstr. efficiencies:

* Tag:
» Strictly selected, isolated /.
* Well defined vertex with mz requirement.

* Probe;:
* Non-isolated /.
* Non-ID'ed 7.

* Atrack pure track or cluster (validate linking
efficiency).

» Tool to validate MET resolution (from recoil of Z — pu): U + i1 + fio = 0

* Tool to validate efficiency to find hard interaction vertex.

Institute of Experimental Particle Physics (IEKP)



32

Mar.|2015 | | | | | | | |CMS |Prelirr|1inary
CMS measurements 7 TeV CMS measuremen‘t (stat,stat+sys)
vs. NLO (NNLO) theory 8 TeV CMS measurement (stat,stat+sys) +——+—e
YY, (NNLO th.) 1.06 £0.01+0.12 5.0fb™
Wy 1.16 £0.03+0.13 5.0 fb
Zy o 0.98+0.01+0.05 5.0fb"
Zy o 0.98+0.01£0.05 19.5fb"
WW+WZ 1.05+0.13+0.15 4.9fb"
WwW 1.11£0.04 £0.10 4.9 fb"
WW, (NNLO th.) 1.01£0.02+0.08 19.4fb"
WZ 1.17 £0.07 £0.07 4.9fb™
WZ 1.12+0.03+0.07 19.6 b’
77 0.99 £0.14 £0.07 4.91b
Z7 . 1.00 £ 0.06 +0.08 19.6 b
| | | | l | | l | l | | |
> ntto oo chioal N7 " Production Cross Section Ratio: G / othe:
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Non-Abelian Gauge Structure of SU(2) AT

Karlsruhe Institute of Technology

1 1

LENES = — ST (Wg, W) — 7 B B Searches for aTGC:

B, — A,

3 M
B, =8.B, —9,B, Wi = 2u | arias S -
| 95% CL intervals CMS Ivjj, 1s =7TeV  _|
= a __ a ) a a LEP Scenario 5017, Age=co
WMV alll WV ay W’u + Zg ’ Wyi| = ATLAS WW, \s = 7TeV
7 46107, App=oo
Ag1 ' " == CMS WW, \s = 7TeV
o . . . f . . Brvfon 1 4.91b", A=
Implies lepton universality of weak interaction. — ATLAS W 15 < 7ToV
(—extensively tested @ LEP) - —— 46107 Az
= ATLAS Wy, \s = 7TeV
L—— 4.61b", App=c
= CMS Wy, \s = 7TeV
A — 5.0 fb™, App=oo
* Introduces: P . - T D0 comb. is = 1.96TeY
_ L RS L — 8.6 fb™, A = 2TeV
Triple Gauge Quartic Gauge . — LEP comb. -
Couplings (TGC) - Couplings (@GC) ,- 07 1% A =
""""""""" .\ '..,‘ Ax, | s :
YTWW ZWW %Z WW Z~ WWVVWIWZ [ ' JHEPO1 (2015)
' y | [ | | 1 1 : [ | L1 1 | [ | [ |

24y 2% WWW“‘ wWIw 220 04 02 0 02 04 06 08
95% GL Limits

33 Institute of Experimental Particle Physics (IEKP)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-22/

The Case of Electroweak Symmetry

* Weak interactions are described
by weak gauge symmetries! —
symmetry exists.

¢ Local gauge symmetries strictly require
force mediating particle to have m = 0:

Srmions osors * Force mediating particles
Quarks [ C t 14 explicitly break symmetry! —
up charm  top photon symmetry not realized |
d S b 7
down strange bottom Z boson
" —®> « Weak interaction makes a
eptons . .
|Va ME Vi 1% difference between left- & right-
electron  muon ta W boson .
neutrino  neutrino  neutrino handed coordinate systems.
e U T g V * This property destroys local
electron muon tau gluon

gauge invariance for all weak

interactions if fermions have
myz = 91.1876 4+ 0.0021 GeV massm #= 0.

mwy = 85.385 £0.015 GeV

34 Institute of Experimental Particle Physics (IEKP)



Spontaneous Symmetry Breaking ..\X‘(IT

Karlsruhe Institute of Technology

* Symmetry present in the system (i.e. in Lagrangian density £ ).

* BUT symmetry broken in energy ground state of the system (i.e. quantum vacuum).

* Three examples from classical mechanics:

Needle on point: Block in water: Block on stick:

4

¥ symmetry axis-symmetry ¥ symmetry

35 Institute of Experimental Particle Physics (IEKP)



The Higgs Mechanism _\g(“.

36

Incorporation of spontaneous symmetry breaking
in gauge field theory = Higgs mechanism:

Introduce new field ¢ with characteristic interaction
potential.

Leads to prediction of new particle: — Higgs boson!

Allows to incorporate mass terms in the theory.

Gauge symmetry compromising mass terms compensated by characteristic coup-
lings to Higgs particle:

kv = " (for force mediating W & Z boson).

kp= "' (for weakly interacting fermions).

Institute of Experimental Particle Physics (IEKP)



Channel Resolution S/B
H — vy 1-2%
H— Z7 1-2%
H—-WW 20%
H — bb 10%
H— 17 15%

Institute of Experimental Particle Physics (IEKP)
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H — ~~ Decay Channel ﬂ(“.

Karlsruhe Institute of Technology

19.7 f6(8 TeV) + 5.1 ib™ (7 TeV)

S+B fits (weighted sum)

x10°F
35 CMS S/(S+B) weighted sum
“r Hoyy
E ¢ Data
3p

F A =1147%%

T L
05F fy,=12470%

U
OMS/Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450

3aGev  Eur. Phys. J C (2014)

S/(S+B) weighted events / GeV

* High mass resolution ( O(1-2%)). Simple
reconstruction and event selection. o GeV)

* Tiny signal on huge background.

* Decay via loops: " 3w T,

38 Institute of Experimental Particle Physics (IEKP)


http://arxiv.org/pdf/1407.0558.pdf

H — ZZ Decay Channel ﬂ(“.

Karlsruhe Institute of Technology

CMS Vs=7TeV,L=5.1f";Ys =8 TeV,L=19.7 fb’
> F | - Daa ' o Rov D 89 (20191
8 35 - Jm,=126 GeV Phy. Rev. D 89 (2013)—:
™ 30 - 1272z =
~ - B z+x ]
2] C N
T 25 3
Q B ]
> - ]
I 20 E
15f— I | ! —_
: | g 5
10 ! —
* High mass resolution ( O(1-2%)). Simple of i 1] iHr }|| | ]
: : i LR i A E
reconstruction and event selection. R ATy ”'!'ﬂ!&'ﬂ.&'.:’...-_:’_l T
. . 80 100 200 300 400 600 800
* Obvious signal on small background.
m,, (GeV)

* Most important search channels: 4, 2,2¢ 4e
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http://arxiv.org/pdf/1312.5353.pdf

10 b 25 b~ QAT

Significance (o) Significance (o) 7 R
L H-yy  45(25) [25 52(46) [97) 117 + 0.27
= H—ZZ 36(27) [25] 81(62) [98 144 £ 037
= H—WW 28(23) [25] 6.1(58) [99] 1.09 + 0.21
s H =~y 41(28) [27] 57(52) [89] 1.14 + 0.25
5 H—ZZ 32(38) [27 6.8(6.7) [90] 0.93 £ 0.27
H-WW 16(25) [27] 43(58) [91] 0.72 + 0.19

10 b~ 25 fh~!
Significance (o) Significance (o) [
Q. Horr - 45 (3.4) [113] 1.43 + 0.40
4 H b - 1.4 (2.6) [114] 0.52 + 0.40
= -

< tH(y) - — [115] 1.30 £ 2.20
on H—7r — (14) [27) 32(3.7) [92] 0.78 £ 0.27
5 H—bb 0719 [27 21(25) [93] 084 + 0.44
ttH - 3.4 (1.2) [111] 2.80 + 0.95

Taken from “The Higgs Boson Discovery at the Large Hadron Collider” Springer Tract of Modern Physics (tbp soon).

40
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Analysis of the Coupling Structure

AT

Karlsruhe Institute of Technology

* Six free parameters for each tree-level coupling,
my fixed to best fit value, v and g vtx resolved.

19.7 fb (8 TeV) + 5.1 16" (7 TeV)

g - CMS arXiv:1412.8662 | oo
E 4L PR
o = 1 .
5 0 13
© | |==68%CL .18
S10'E ~ = g
= —95% CL go 3 8
- |---SM Higgs o° ] g
- ) 1 @2
102 0‘?‘\ -4 @

- @ -

- i M,e)fit | |

- . . |=968%CL | 1

Non-universal coupling ]

to leptons! —95% CL 7

10_4 1 IIIIIII| 1 1 IIIIII| 1 1 |||||||||||||||||||mnn-

0.1 1 10 100

Particle mass (GeV)

41

gg — H production:
ge

o~
|
I
]

e

ge

m
@ f: rug = .

2m3
oV: KHVV — VV
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http://arxiv.org/pdf/1412.8662.pdf

Why it is not THE Higgs Boson (of the Sm) ST

Karlsruhe Institute of Technology

* Gravity is not included in the SM.

* The SM suffers from the hierarchy problem.
* Dark matter is not included in the SM.

* Neutrino masses are not included in the SM.

* There are known deviations in a, = %

from the SM expectation (3.6 unresolved).

—
Ln
=]

Top mass M; in GeV
8

Lh
=

0 50 100 150 200

Higgs mass M;, in GeV
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600

500

N
S
S

Higgs mass (GeV)
wW
S
S

200

100

~

S,
e
X
ey,
S —
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XX Soces N—
S —
RS c—
SRS E—
s
5355

ot
< TTR
RS

et
RS
et
s

0%
%
o493

5
%5

P
P
ST

* There must be physics beyond
the SM!

* At
o(H

what scale does it set in?

ow) Does it influence the

Higgs sector?

™ Arguments stolen from S. Heinemeyer (HH Higgs workshop 2014) instiluts of Experimental Particle Physics (IEKF)


http://arxiv.org/abs/hep-ph/0003170

SUSY Extension of the SM AT

Karlsruhe Institute of Technology

* Extension of SM by a last remaining, non-trivial, symmetry operation (boson «
fermion), SUSY, can cure many shortcomings of SM:

Standard particles SUSY particles
ug ¢ f C t
o S b Higgs d < E’J

~ W
VolleV,
P P

| Quarks . Leplons . Force paricles Squarks Q Sleptons Q SUSY force
parficles

* E.g. lightest SUSY particle (LSP) perfect candidate for DM .

* Problem: SUSY itself is broken!

43 Institute of Experimental Particle Physics (IEKP)



Higgs Sector in the MSSM ﬂ(“.

Karlsruhe Institute of Technology

* Five neutral Higgs bosons predicted:

0 =
H=(2), vy =1, v,:vEVY, & W ' 1 '
Hy (% tan 8 =3
Hy s ~=== tanp = 30
Hy={(.21], Yg,=+1, vo: VEV
’ (H§> " ’ 2 & oL i
Nndof =8 - 3 = 95 <l '
R A 200 F 4
W, Z H"= H, h, A

150

* MSSM mass requirements at tree level:

two free parameters: ma , tang = vif, 100
2 9 2
Mipe/— = Mg + My
2 _ 1 2 2 2 212
"H, A T 2 (mA +my £ \/(mA +mz) arXiv:hep-ph/0503173

2 2 2 "[] | | | |
+43m7 cos 25) 50 100 150 200 300 500

ma [GGV]
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http://arxiv.org/abs/hep-ph/0503173

Enhancement of down-type Couplings ﬂ(“.

Karlsruhe Institute of Technology

* In MSSM coupling to down-type fermions enhanced for tan g > 1.

19.7fb" (8 TeV) + 5.1 fb™ (7 TeV)

_I 10:I TT T T T TTT | | | ] ° [l .
p gi_ENII_S_ —otened | Interesting decay channels:
g X ?.: .fm]::a:; ---- Exp. for SM H E e H > 771 (#r=0.844019)
C u? 1 - ', |
U3 ‘-‘ - e H—bb (#=074283)
6 ' ; -
45 _— . * Interesting production modes:
3F A Agu < 1.43 . )
g / || @ 95% CL 00000000 ——<——
2F i | hHA
1F - 9
g \ anXiv:1412.8662 | g ‘ b
OOI 1 11 I\l | | N 111 | N I | mm 3

5 T 15 2 B
Mgy g9 — H ("gg¢”) gg — Hbb (“bb”)

expect MSSM here!
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http://arxiv.org/pdf/1412.8662.pdf

Karlsruhe Institute of Technology

Search for A/H/h — 77 ﬂ(".

Ue,Up,d
Decay Mode BR
T — eVels 17.83%
T — UV, Vs 17.41% W~ € 1 T

T —1-prong v, | 37.10%
T —3-prong v, | 15.20%

Y

decay modes.
-q.l
|
A
\

—
> 50% of all

* Search for 2 isolated high pr leptons
(e, i, Th).

* Reduce obvious backgrounds (use on
E7) & reconstruct m .

* Exploit characteristics of production

: e Six decay modes:
mode to increase sensitivity. Th

ThTh, UTh, €Th,

ef i

arXiv:1408.3316
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13021PaperTwiki

Complete Set of Benchmark Scenarios

XIT

Karlsruhe Institute of Technology

arXiv:1302.7033

tanp

47

40

30

20

10

40

30

20

10

CMS h, H A—>t‘c

19.7 tb™ (8 TeV) + 4.9 fb™ (7 TeV)

S<ii

+
LT

CLS(MSSM,SM)<D.05:
— Observe/d/

Expeqtéd

+ 1q,éxpected

+20 Expected

mieV # 125:3 GeV |

MSSM m;** scenario -
1‘ |’ MR | 'I' 'I' 'I' L ]
200 400 600 800

CMS h,H,A—>1t

7000

CLy(MSSM,SM)<0.05:
— Observed

----- Expected

+ 10 Expected

+ 26 Expected

19.7 fb! (8 TeV) +4. 9fb (7 TeV)
T T T

miSSW £ 125+3 GeV

MSSM mpye scenario -

800 '1000
m, [GeV]

30

20

10

CMS h, H A—>r1

19.7 tb™ (8 TeV) + 4.9 fb™ (7 TeV)

— Observed

Expected

+ 16 Expected

+ 20 Expected

CLS(MSSM,SM)<0.05:

L
BR(h — )
enhanced

mYSSM £ 12513 GeV |

MSSM Ilght -stau scenario -

1 | L
600 800 1000

19.7 fb"! @® TeV) +4.9 fb (7 Tev)
T I |

—— Observed
----- Expected
+ 10 Expected

+ 26 Expected

CL4(MSSM,SM)<0.05:

BR(h =/7T)
reduced

m!oSM £ 12513 GeV
MSSM T-phobic scenario
A\. ' I I f ,'I ,,,, I,' ,'I/' /I ul, ” I I ' I I 7 ,'I 7 /l v :
200 400 600 800 1000
m, [GeV]

tanp

N WA OO O N 0o ©

tanB

(2]
o

20

15

10

CMS hHAw 197fb 8 TeV)+49fb (7 TeV)
= ——— T T
= MSSM low-m,, scenario —
B miSSM £ 12513 GeV |
HCL (MSSM,5M)<0.05: -
[ | — Observed | + 16 Expected ]
[---- Expected + 26 Expected ) -]
E T PR W L 14

1000 2000 3000
CMS h,H,A—>1t

19.7 fb™ (8 TeV) + 4.9 fb™ (7 TeV)
T T T : T T T T
CLy(MSSM,SM)<0.05:

— Observed

Expected

+ 1o Expected

+ 20 Expected

BR(gg — h)
reduced

PRI 0 PRI PRI\ NP N SOri

my'ooM #1253 GeV | ]

[ MSSM light-stop scenario ]

[, Ly
200 400 600

m, [GeV]
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http://arxiv.org/abs/arXiv:1302.7033

MSUGRA/CMSSM: tan() = 30, AO =-2m,, L >0 Status: ICHEP 2014

;‘ 1000 [ T T T T IL_\l_‘!l T T | T T T T | T T T T I T T T T | T T T T ]
8 L= T 95% CL limits. cpaoy not included. -
More Searches for SUSY Dl pTUSPeimnay | oo mmoge
[T ] = 900 — : Rl == Observed  arxiv: 1405.7875 —
_ Ldt=20.1-20.7 ", /s =8 TeV _
E L \2\ : - - Bxpected () onton, 7-10 jets _
- \ mmm Observed  arxiv: 1308.1841  —
- — = Expected 0-1 lepton, 3 b-jet -
800 — TN 4 mem Observed iy ?2)7(’(%00 Jets ]
C "N\ 0 7= == Bxpected 4 japton + jets + MET ]
N N e S == Observed  AT| AS.CONF-2013-062 ]
= == Expected 4 5 taus + 0-1 lept. + jets + MET —
700 — —Sbsef‘t’e: arXiv: 1407.0603 —
- ~— =xpected - 535/3 |eptons, O - > 3 b-jets a
1 L e Observed ;. 1404.2500 ! —
ATLAS Preliminary 20.3fb", /s=8 TeV Status: Feb 2015 600 = ]
< 600 - A TSNS ]
o) T X via L/ Y, 3L, axiviao27029 = === Expected limits E X NN TS 990Gy -
(.2, | —— %%, via L/ ¥, 2l, arXiv:1403.5294 — Observed limits 500 :—
Tl - — S via T/ Y, 3L, arxiv:1402.7029 o L
£ 500 — i All limits at 95% CL =
| = XX, Via T/ V,, 22T, arXiv:1407.0350 = Te—a
142 L 400 —
- = XX, via T/ V,, >27, arXiv:1407.0350 C
| — Xxs via WZ, 21+3L, arXiv:1403.5294 C
400 — T via Wh,  Ibbhyy+F43L, aniv:1501.07110 300 =
. =1
arXiv:1403.5294 0 1000 2000 3000 4000 5000 6000
g I~ S0 % S0 % 0,7 =0 m, [GeV]
i, production, t,—> b f P ¥, /= c X, /- Wb}, /t—> 1], Status: Feb 2015
300 I 600 T T T | T T 171 | T 17T | T T T T | T 17T | T 1T T T | T
- ATLAS Preliminary L, =201" /s=8 TeV Ly =47 10" s=7 TeV
r == 114) t XZ 0oL [1406.1122] 0L [1208.1447] T
| =mt-t3 1L [1407.0583] 1L [1208.2590] B
200 500 __ ot 11 . 2L [1403.4853], 2L [1412.4742] 2L [1209.4186] __
B ==iow E 21 1L[1407.0583], 2L [1403.4853] - a
| E=tock, oL [1407.0608] _
| ==ti- btfy, 0L [1407.0608], 1L [1407.0583]
3 40
100 400— o Y
Observed limits Expected limits 2+,
All limits at 95% CL
0
100
l |
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: Feb 2015 \Vs=7,8TeV
miss - .
Model &M T,Y Jets ET™ [Ldim) Mass limit Reference
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 /34 ﬁ 1.7TeV  m(@=m(g) 1405.7875
4, q—>q)?? 0 2-6jets  Yes 20.3 q 850 GeV 1 m(¥})=0 GeV, m(1** gen. g)=m(2™ gen. §) 1405.7875
@ 4y, §—qX) (compressed) 1y 0-1jet  Yes 203 |§ 250 GeV m(@-m(¥) = m(c) 1411.1559
S 23 g-qat 0 2-6jets  Yes 203 |z {33 Tev m(E))=0 Gev 1405.7875
§ 38, 3oqq¥ > qqWr) 1eu 3-6jets  Yes 20 |2 1.2'TeV m(E7)<300 GeV, m(¥*)=0.5(m(t")+m(z)) 1501.03555
B 58 GoaqElitvimE) 2e,pu 0-3 jets - 20 |2 132 TeV m(¥})=0 GeV 1501.03555
Q GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 4 1.6 TeV tang >20 1407.0603
G GGM (bino NLSP) 2y - Yes 203 | 158 Tev m(¥)>50 GeV ATLAS-CONF-2014-001
S GGM (wino NLSP) Teu+y - Yes 4.8 i m(¥})>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSP) y 15 Yes 48 1 m(E))>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 1 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV 1 m(G)>1.8 x 10* eV, m(z)=m(g)=1.5TeV 1502.01518
+
- 3—bbY| 0 3b Yes 201 |& 1.35 Tev m(P))<400 GeV 1407.0600
S0 g1t 0 7-10jets  Yes 203 |2 1.1TgV m(t}) <350 GeV 1308.1841
N E [ 0-1e,u 3b Yes  20.1 z .34 TeV m(¥1)<400 GeV 1407.0600
Gl NS % 0-1ep 3b Yes 201 |% j3Tev m(¥1)<300 GeV 1407.0600
o bibi, by—bt" 0 2bh Yes 201 | 100-620 GeV 1 m(¥})<90 GeV 1308.2631
X8 Dby, byt 2e,u(SS) 0-3b Yes 203 |5 275-440 GeV 1 m(EE)=2 m(¥}) 1404.2500
g S #f, hobly 12ep  12b  Yes 47 | h[H10167:Gev [ 230-460 GeV 1 m(¥T) = 2m(¥]), m(F})=55 GeV 1209.2102, 1407.0583
® S [, fi-WbE or i) 2e,p 0-2jets  Yes 203 |& 90-191 GeV 215-530 GeV | m(E))=1 GeV 1403.4853, 1412.4742
g :c} B, f—) 0-1 e, 1-2b  Yes 20 |# 210-640 GeV 1 m(¥)=1 GeV 1407.0583,1406.1122
S8 AfLh =t 0 monoijetictag Yes 203 | & 90-240 GeV | m(f)-m(¥})<85 GeV 1407.0608
?«n % 7171 (natural GMSB) 2e,u(Z) 1b Yes 20.3 i 150-580 GeV | m(&})>150 GeV 1403.5222
b, h—i +Z 3eu(Z) 1b Yes 203 2 290-600 GeV | m(¥1)<200 GeV 1403.5222
frlLr, I8 2e,pu 0 Yes 203 |7 90-325 GeV : m(E})=0 GeV 1403.5294
XX, X —Tv(ew) 2e,u 0 Yes  20.3 ):(f 140-465 GeV 2 m(E})=0 GeV, m(Z, )=0.5(m(¥} )+m(¥})) 1403.5294
> 5 XA X () 27 - Yes 203 |X 100-350 GeV 2 m(¥})=0 GeV, m(, 7)=0.5(m(¥} )+m(t})) 1407.0350
i 9o TR =B vEL L), OV L) 3epu 0 Yes 203 | XA 700 GeV 2 Mt )=m(@3), m(¥})=0, m(Z, #=0.5(m(¥})+m(t})) 1402.7029
O Ehowiizt) 23e,u  02jets  Yes 203 |X5A) 420 GeV mE})=m(¥3), m(¥")=0, sleptons decoupled | 1403.5294, 1402.7029
TEOSWORRY, hosbbWW/rt)yy €HY 026  Yes 203 |¥X 250 GeV 1 mEE)=m(E3), m(})=0, sleptons decoupled 1501.07110
WoX3, X5 —irt dep 0 Yes 203 |H, 620 GeV | m(T)=m(E3), m(E})=0, m(Z, )=0.5(m(E3)+m(i1)) 14055086
Direct ¥1.X prod., long-lived X7  Disapp. trk 1 jet Yes 203 | X 270 GeV 1 m(E})-m(¥})=160 MeV, 7(¥;)=0.2 ns 1310.3675
g % Stable, stopped g R-hadron 0 1-5jets  Yes 27.9 g 832 GeV 1 m(¥))=100 GeV, 10 us<(3)<1000 s 1310.6584
S © Stable g R-hadron trk - - 19.1 |2 1.§7 Tev 1411.6795
DT GMSB, stable 7, ¥ >7@, p+r(e.p) 12K - - 191 |2 537 GeV 1 10<tans<50 1411.6795
S Q GMSB, ¥)—yG, long-lived &} 2y - Yes 203 |A 435 GeV 1 2<1(7))<3 ns, SPS8 model 1409.5542
33, V- qqu (RPV) 1 u, displ. vix - - 203 |§ 1.0 TeVy 1.5 <cr<156 mm, BR(u)=1, m(t})=108 GeV | ATLAS-CONF-2013-092
LFV pp—¥: + X, 7 —>e + 2e,pu - - 4.6 A4,,=0.10, 213,=0.05 12121272
LFV pp—¥, + X, #r—e(u) + T Tepu+t - - 4.6 451,=0.10, A12)33=0.05 1212.1272
~  Bilinear RPV CMSSM 2¢,u(SS)  03b Yes 203 [4.& 1.35Tev m(@)=m(3), ctrsp<t mm 1404.2500
a TR, X =W, ¥ —eev,, e, dep - Yes 203 [ 750 GeV 1 M(EY)>0.2xm (¥} ), 412120 1405.5086
X Wi B srtv,, et Bepu+T - Yes 203 | 450 GeV | m#)>0.2xm(¥}), A;33%0 1405.5086
&—q49q 0 6-7 jets - 203 |z 916 Gev | BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—it, fj—bs 2e,u(SS) 0-3bh Yes 20.3 z 850 GeV | 1404.250
- L] .
Other Scalar charm, é—ct} 0 2¢  Yes 203 |z 490 GeV y m(¥})<200 GeV 1501.01325
1/_ =8TeV -1 1
N N 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.
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Conclusions

* The SM is one of the best theories that mankind has ever come up with so far.

* The LHC has widely opened the door to the Terascale. This is where we expect
the new physics to set in!

* It has brought the discovery of a Higgs boson thus the completion the SM!
Spontaneous symmetry breaking is not a trick nor a back door solution, it is reality!

* ltis clear that we have to account for physics beyond the SM. Where is it? Good
arguments that LHC run-ll has a good chance to bring it.

* If so the LHC will bring us the best times ever for particle physics!
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H — WIW Decay Channel ﬂ(".

Karlsruhe Institute of Technology
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H — bb Decay Channel
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H — 77 Decay Channel

XIT

Karlsruhe Institute of Technology
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Coupling Estimates ..\X‘(IT

Karlsruhe Institute of Technology

* Determine couplings from production mode and decay channel:

gg — H production: qq — qqH production: Decay to for V:
g

/S
@ f: rug =  Coupling to gluon can be [ or effective ©.
OV : kpyy = 2my,  Coupling to vy can be effective or a mixture of / + V.

\%

* Direct measurement not possible since «; appear in nominator and denominator of

BR; = i = %
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Narrow Width Approximation _\g(“.

Karlsruhe Institute of Technology

* Assume 'y < mpy , which is well justified by 'y = 4.04 MeV and mpyg = 125 GeV.

1

* Propagator: . .\ ,2p2) = ,p0(¢” —m?) for T — 0.
g

l.e. put propagating particle on shell.

Calculate cross section as o x BR .

e 0 X (/it/iq-)2 0.8 ("fu"id)2 X (’%q’%f)2 X (’%Qlif)z-

* For each production mode and decay channel collect x; and express 'y as sum
of individual k; .
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