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The CMS detector opened
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Physics at LHC

CMS Average Pileup, pp, 2018, Vs = 13 TeV
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The CMS Detector

B=38T
Full silicon tracker

coverage: n < 2.5

Resolution 6(p1/p7)< 1% (barrel)
< 3% (endcap)
(bt < 100 GeV)

Vertex reconstruction: G, =10 um
material budget: 0.4-1.8 X,

ECAL
PbWOA4 crystals, 24.7 — 25.8 X,

Og/E=15-5% (for Z-> ee)

HCAL
scintillator brass, A=5.8 - 10.6

og/E = 84.7% /NE for single particles
|

gl 7

Muon system
Drift tubes and RPCs in the barrel
CSCs and RPCs in the endcup
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Detector and trigger
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two level trigger system
L1 40 MHz --> 100 kHz

calorimeters and muon
chambers

L1 objects: muons, electrons,
tau-leptons and jets, total and
missing ET,

latency: 4Ls

HLT 100 kHz - 1 kHz
Computer farm, performing a
fast reconstruction, including
tracker +

13000 CPU

latency: up to 175 ms

T-lepton

¥
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Vertex and event reconstruction

Event reconstruction

First track reconstruction, primary vertex determination (selected by the maximum sum of pT2 of

associated tracks)

Formation of calorimetric clusters in ECAL and HCAL separately, being then subject of the particle

flow algorithm

Muon momenta are measured in the tracker and,
at sufficiently high energy, in the muon system
separately and combined

b-hadrons are tagged using the combined
secondary vertex (CSV) algorithm searching for
secondary vertices and exploiting track impact
parameters with respect to the primary vertex

Decays of of J/\y and Z into a pair of leptons are
used to calibrate energy and momentum scales
for muons (tracks) and electrons (ECAL)

Events / GeV
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Particle identificatio and reconstruction

ParticleFlow Algorithm, PFA

tracks and clusters in the calorimeters are linked if spatially and energetically compatible

Test particle hypotheses:
1. Muons (matching of tracks in the tracker and muon chambers or tracks in
the tracker and corresponding depositions in the calorimeters)
2. Electrons (multivariate discriminant based on shower shape, matched
track quality and compatibility of track momentum with energy of the shower)

3. Isolated Photons
4. Charged hadrons
5. Neutral hadrons
6. Photons

Reconstruction of higher level objects

® Jets (using the anti-k; algorithm, with a cone AR=0.4)

® Hadronically decaying tau-leptons, T,
® Missing transverse momentum frao'

Jet energy corrections, including an offset due to depositions from min. bias
Interactions in the same or nearby bunch crossings
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Tau-lepton reconstruction

hi
Reconstruction of hadronic T-lepton decays

HPS (Hadron plus strips) algorithm

® jets with one or three ,good tracks’, originating from the primary vertex

* search for 0 (includes photons and electrons/positrons from conversions in the tracker, pr > 2.5 GeV)

1.0

® four momentum is the sum of tracks plus ,strips’ o . . . . c
O hh =000 0.01 003 0.09 —I!D_g :E,
£ IS

® require all constituents to be in a signal cone > 08 2
¢ hh'" = 0.01 0.02 0.15 0.07 = o

( AR py dependent) 3 17 s
@ [-001 002 008 050 [ Q
® Isolation creteria using th pt sum of objects not being = 05
identified as t-lepton decay products within a cone AR=0.5 2 v 00T 0.02 B8 027 o4
O —0.3
_ L yF w014 074 002  0.06-
® impact parameter and decay length significances —0-2
083 019 002 001+ !
® Invariant mass compatible with p and a, for nr® and 3 pronc - =0 oo

Generated decay mode
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Luminosity

Luminosity 2018

Data taking efficiency: 95 %

CMS Integrated Luminosity, pp, 2018, vs = 13 TeV

Data included from 2018-04-17 10:54 to 2018-08-08 15:16 UTC

S | BN LHC Delivered: 36.11 b
“ \| 1 CMS Recorded: 34.08 b !

CMS Preliminary Offline Luminosity

Total Integrated Luminosity (fb ')
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Date (UTC)

Luminosity measurement

three independent on-line luminometer:

In 2017 also used for off-line luminosity
measurement

precision: 2.3 % (2017), 1.7% at low pile-up
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Data included from 2010-03-30 11:22 to 2018-08-08 15:16 UTC

201|o, 7 TeIV, 45.6 pb !
2011, 7 TeV, 6.1 b *
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 b '
2016, 13 TeV, 40.8 fb '
2017, 13 TeV, 49.8 fb !
2018, 13 TeV, 36.1 b '
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Pixel luminosiy telescope
Beam condition monitor BCM1F

Hadron forward calorimeter HF
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Electroweak physics

Weak mixing angle sin?0,,

qq 2> Z>e*e"andqq > Z >u*u at 13 TeV, forward-backward asymmetry in the polar angle distribution of
the negatively charged lepton with respect to the incoming quark

. E}_
a-' GF _GB _ ]
<0 = Acp = , with o and o the cross sections for cosO > 0 and cosO <0
q X q FB c +0 F B
F B . .
In the Collins-Soper frame
E!+ i
as quark direction the
gp OOpTT T TTTTTTTT I I T @ 08T ] direction of the direction of
< oL PYTHIAS it B ool PYTHIAS 3 he b f the dil
[ LONNPDF3.0 ,‘4"#*#4}‘}9%‘: [ LONNPDF3.0 ] the OO_StO the |ept0n
0.4f oo gee® 0.4F 3 system is taken,
2= True - o2 Diluted this is however not always
0_ ﬂg l 0: . - _ it . oA P true’
i B ] W T e . o
- ] 988835000°° 00 ; in addition Agg depends on
-0.21~ 7 . - 02-"%¢e0qee"’ -
E e odd o UU E E odd el E the PDFS
‘04:_ gf q}ﬁ"n 488 4CC -0.41 s§§ +cC
_0'6:%::%52?*&&& bbb ¢qg . —U.Bf— bbb eqq _f
B I S T T R
M, (GeV) M, (GeV)
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Electroweak physics

CMS Preliminary 18.8 fb' (8 TeV) o .
E o4 0‘0s|\vl |I<o‘4 0‘4<|wl \Lo‘s 0|23<||\/I |I<1|2 1|2<‘\Y| ||<1|6 1Is<‘|vl ||<2|0 2Io<||vl \|<2‘4 The dI|UtI0n depends Strongly On the rapltldy Of
) the di-lepton system. Acg~0atn =0
0.2 —
i Arg measured in 6 bins of | and 12 bins of M,
0 fsommm 4]
- —Data
02 Fit
S — i CMS ee+un e 0.23101 + 0.00052
L 0.05; i 1 B o
@ oftt CMS ee 1961 o 0.23056 + 0.00086
© _o0sC _ - )
S oot ] o : CMS i 18.8 fb” o 0.23125 + 0.00060
70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 70 90 110 rermlnary I - - N p—
M,, (GeV) LHCb pp 3 b - o - 0.23142 + 0.00106
ATLAS ee+pup 4.8 fo| ° - 0.23080 + 0.00120
Result DO ee 9.7 fb° ——— 0.23147 + 0.00047
-1
sin0,, = 0.23101+0.00036+ 0.00018+0.00016+0.00030 COFeequodfor 1 e | 0232211000046
(stat.) (syst.) (th.) (pdf) SLD: A —o— 0.23098 + 0.00026
_ LEP + SLD: A’Y —o— 0.23221 + 0.00029
sin0,, = 0.23101+0.00052 — —
LEP + SLD . 0.23153 + 0.00016
| 1 | | L
o o _ _ 0.23 0.231 0.232 0.233
Statistical uncertainties still dominate, sin2e®
eff

but pdf uncertainties may become a problem soon
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Electroweak physics

Gauge boson scattering, couplings and
unitarity

Signature:

® Two jets with large rapidity gap
® Two isolated leptons, same charge

First observation of same sign W production 5.5 (5.7 st. d.)

_ CMS 35.9 fb (13 TeV) CMS 35.9 b (13 TeV)
L T ! J T 1 I I ! I I - C - T T T T T T T T I T T T T ]
‘5 - Data 1 o) o Data
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Electroweak physics

Gauge boson couplings

Search for anomalies

Signature:

® Two jets with large rapidity gap

®* Two isolated leptons, same flavor, opposite

charge

Main background: DY with jets

35.9fb (13 TeV)
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search for anomalous couplings
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Top quark physics

Top quark pair production

a t o e ¢

a f sooooo—— ¢

CMS Experiment at LHC, CERN

Data recorded: Wed Jul 8 19:26:24 2015 CEST
Run/Event: 251244 / 83494441

Lumi section: 151

Orbit/Crossing: 39572626 / 358

MET= 164.0 GeV

q

q

At 13 TeV 85 % via gluon fusion
decay almost 100% to bW

final state defined by W decay,

® two leptons of opposite charge

® one charged lepton and two jets
® four jets

e,u,T
dileptons

jet jet

b -'e% b-jet
jet jet
all hadronic

twin
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Top-quark mass

top-quark mass is a quantum number, essential for the
Internal consistency of the SM near the electroweak
scale

reconstruction of the invariant mass from jets:

CMS Run 1
Myop = 172.44 + 0.48 GeV

results at 13 TeV
Migp = 172.25 £ 0.62 GeV

using boosted top quark jets

m ;e @nd different cross section measurements

Miop = 170.8 £ 6.0stat & 2.8syst = 4.6model £ 4.0theo GEV

_ _ jg?hﬂ@ﬁw
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not yet competitive in precision but I ............... |
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http://arxiv.org/abs/1407.3792

tt production cross section

Precise NNLO and NNLL calculations done with an estimated precision of 5%

Measurements approached the same precision level !

Inclusive tt cross section [pb]

w—
o
W

.
o
N

10

* Preliminary

Tevatron combined 1.96 TeV (L < 8.8 fb™)
CMS dilepton,l+jets* 5.02 TeV (L=27.4pb™)
ATLAS ep7TeV (L=4.61b )
CMSeu7TeV(L=5fb"

ATLAS ep 8 TeV (L=20.2 fb’ b
CMSeu8TeV(L=19.71")

ATLAS en 13 TeV (L=3.2 fb b
CMSeu13TeV (L=2.2fb™
ATLAS ee/un* 13 TeV (L =85 pb )
ATLAS |+jets* 13 TeV (L =85 pb
CMS l+jets 13 TeV (L=2.2fb")
CMS all-jets* 13 TeV (L =2.53 fb b

ODOr <«aBE<0EHOEGO®

ATLAS+CMS Preliminary  Nov 2017 |

LHCtop WG

LHC combinedeu 8 TeV (L = 5. 3-20.3 fb™") LHCtopWG

900
800F

700F

—=-
—
B
I‘E.\
7
|
[ 1 1 IIII|

——
l
I

- —— NNLO+NNLL (pp) —
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Differential cross sections

t t final states with one W decaying in e or L and the other in hadrons

signature: two b-jets, two light quark jets and one isolated e or i1 and missing p+

single and double differential distributions in p+, 1 and m(tt)

most distributions are reasonably well described by theory (POWHEG+Pythia8, SHERPA when
also theoretical uncertainties are considered)

exception:
top-quark p+ distribution

measurement points to a softer

spectrum,
being currently investigated

multiplicities and kinematic
features of additional jets are
modelled reasonably well by
Pythia8 and POWHEG,
SHERPA fails

Theory
Data
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0.8

35.8 fb' (13 TeV)
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top-quark pair production with b-quarks

motivation: g9 b t
® background for ttH and many searches

* Test of QCD 2
t t final states with two additional jets ; _
! 7
signature:
® two isolated leptons with opposite charge
* m(I*I") > 12 GeV, same flavour leptons incompatible with Z decay
® atleast four reconstructed jets with pT > 30 GeV, |n| > 2.4
¢ atleast two b-jets, CMS 2 3 fb (13 TeV)
— g IR L I I I IR LI I
S10°E |irF W tibb .ttLF .Slngle t =
~ - : [ttbj Mtt others @Z+jets -
method: 9L THIrd et miee miv iData _
analyse 2D distributions of the b-jet discriminators of the 3-rd 8 -
and 4-th jet, classification in b, ¢ and light flavor jets 102 _
results: 10
o (ttbb) = 4.0 £ 0.6 (stat) £ 1.3 (sys) pb 1
O (ttqq) =184 + 6 (stat) + 33 (sys) pb g 4 S A S S -
Ll>j 1 % v ,#////y/ // //// v/ / // 7% /f// %
~ [N N /Y/ ........................ A
the ratio o(ttbb)/o(ttqq) is underestimated using POWHEG & 0.6} s s -
O 0.2 0.4 06 0.8 1

b jet discriminator

— INwWuin
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top couplings to the W/Z

Contributing diagrams probe the ttZ coupling
‘ : t‘ : : \ t ttZ and ttW productio observed with
1 t t 7/ significance > 50
u \\_H- g :

method: 1 6CMS 35.9 1o (13 TeV) g
. . = 1.6F ; —I O
analyse samples in bins of the number of S | % tvbestit =+ iV theory [1] s tW theory
leptons, where the fraction of ttW and ttZ is o= [~ 68%CLcontour ol
C g . i 5F
significantly different 1.4~ — 95% CL contour j:
|
4 i oF
q@ BOOCMS S — I;s.?ft? (13 TeV) o i
c - ¢ Data gttww = ttZ Nonprompt . " ok
()] - . .
Ll>J - PWZ t(t)X i Rare I Charge mis-ID
- Control region Signal region 2 _
: 1 28
200 : — =
L ' ] aF ttZ theory
. i o 6
- 7 . I 3
§ | A\ A
100}~ 7%, — 3 95%
: i = 0-6 l 1 l | | I | I | I | I | 1 | I | | | I 01-— E N
i - 0.2 04 0.6 0.8 1 1.2 .
c. [pb
o 0.5 0 0.5 1 fw [PP)

D
example: same-sign dilepton sample,

ttW signal clearly visible
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Single top production

t-channel

q q
w
g t
g b

: tW-channel

s-channel

W+

Inclusive cross-section [pb]

—
-
ro
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- Single top-quark production
[ May 2017

[ |
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o
>
[ |
1
[ |
] - g
% N
L

" ATLAS+CMS Preliminary LHCIOpWG =

ATLAS t-channel
PRD 90 (2014) 112008, arXiv:1702.02859,
JHEP04 (2017)086 -

GCMS t-channel T
JHEP 12 (2012)035, JHEP 06 (2014) 090,
arXiv:1610.00678 -

ATLAS Wt
PLB 716{2012) 142, JHEP01({2016) 064, -
arXiv:1612.07231

CMS Wt
PRL110(2013)022003, PRL 112(2014)231802

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,

PLB 756(2016) 228

CMS s-channel
JHEP 09 (2016) 027 95%CL

7+8 TeV combined fit 95% CL -

NNLO PLB 736(2014)58 -

scale uncertainty

NLO+NNLL PRD83(2011)091503,
PRD82 (2010)054018, PRD 81(2010) 054028
Wt: ff contribution removed

scale ® PDF @ o uncertainty

NLO NPPS205(2010) 10, CPC191(2015) 74
MR= }’LF= mmp,
CT10nlo, MSTW?2008nlo, NNPDF2 3nlo
Wit: p: veto for tf removal=60GeV
and n=65 GeV

scale uncertainty -

scale ® PDF ® o uncertainty
Migp= 172.5GeV

13

¥
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Top-quark mass measurement in single top production

19.7 fb™' (8 TeV)

> C 7 ¢ data
(%600— CMS — [l t channel
E B ] s channel
; =00 __ __ tW channel
<400 it
® new sample with partly uncorrelated systematic DT Tl Z+jets
o 300 W W+ jets
uncertainties i LA
* my, extraction differently affected by pertubative 200 3 [ 1'22“"
and non-pertubative effects 100 _
event topology: P00 150 200 250 300 350 400
m b (GeV)

® single isolated muon, p > 26 GeV
®* momentum imbalance, pss > 50 GeV
® central b-tagged jet

® one light-quark jet in the forward direction, |n| > 2.5
® Use only positive muons (larger top than anti-top) U —
Cross section

Data/MC

é_'i"i"" i "“"“l“ "'."l"!' "i'"!"i"'i'“i'“i“{ “i' "%“'}"i" "'“E"""' . "';'

requirements:
Invariant mass of (LLV) must be compatible with the W mass

Miop = 172.95+ 0.77 (stat) 7754 (syst) GeV
t —channel signal and background from top-quark P (Sta) £ g3 (SYst)

pair production modelled separately in the fit

o L. Physikalisches ‘
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Four top-quark production

motivation: expected enhanced production in BSM models, like gluino pair production, 2Higgs doublets

SM production mechanisms

sighature: two same-sign leptons or at least three leptons, jet multiplicity and b-quark jets

main background: tt + bosons

Physics background processes

Ne | No §?§S :5§§;$1 < s CMs | | 359" (13 TeV)
o | SR g b} | Result: >ttt X) = 16.9 (+13.8-11.4) fb
2 7 5k g Jt R esult: o(pp ) =16.9 (+13.8-11.4)
2 >8 | SR3 > 10 - 4Data _ _ _
5 |26 | SR4 = i ] Assuming a Yukawa coupling different from
>7 | SR> 2 g _ pnprometep- | SM the result can also be interpreted in
>4 | >5 SR6 o m vV ] f the limit:
R i 6 e ) terms of the limit:
- >3 >4 SR8 M Charge misid.
4=ttt x 5

Inverted Z veto CRZ

ly/ySM| < 2.1 at 95 % C.L.

~

N

300 400 500 600
pImss (GeV)

(=]
o T T T ‘ T T T ‘ T T T | T T T ‘ T T T ‘ T
-
(@]
e o ]
XX

|
oy |
(o)
(e]
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Higgs boson

. . 102 T \|_:
production mechanisms T P Ns= 14 TeV 1
20111111) NG q — > q gi ]
110 =

Q 7

2 .

© i

107E
:| | | | | |
100 200 300 400 500 1
M, [GeV
E 1 — | : ' ' I_EE
and decays °; - T 78
g
e ¢
2 10 t g
S
O h
+ _
5102k =
w — _
(&)} Z i
o N
I L |
1075 =
C N =
HHL 1
10—4 L ! ! ! | |
90 200 300 400 500 1000
M, [GeV]
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Higgs boson at 13 TeV

H - vy excellent mass resolution, very low branching fraction

preselection of events with two photons, p;(! > 30 GeV and p; > 20 GeV

guality criteria on the shower shape, considering conversion, are applied

events are categorised according to the expectations of the different production mechanism
primary vertex identification

VBF: forward jets

tt H : electrons, muons,missing energy, b-quark jets

VH : decay producs from vector bosons

CMS 35.9 b (13 TeV)
> __I T I-l T 1T | LI | T 1T | LI | T 1T | LI | T T II__ -1
8 16000: ,H__VY ~_ All categories 7 CMS 35.9 b7 (13TeV)
- mH—1254 Gev‘ H—118 . — _l 6 T 1T T | Ty T T T 1T T | T T T | T T ‘ T 1T T | T T T | T T TT
~ 14000~ S/(S+B) weighted — - ~ 1047 _
2 Dat - £ - Hoyy =118 ", 7
S 12000 ¢ Data - 4 B : ]
Z - — S+B fit ] ~ 5 — stat+syst
- 10000:— ...... B Component —: ! ~ —— stat 0n|y i
2 s000f Bl 10 - - m,, profiled -
k=) - [C0+20 - 4 e5%cCL —
Q 6000 — B ]
= - = - ]
=~ 4000 -] - .
C_E - 7 31— —
) 2000F — B ]
w 0: | | | . - _
2 .
1: 68% CL .
_I L1 1 | L 111 | L 11 1 ‘ 1 L1 | | 1 1 1 1 ‘ (I - | L1 11 | 1 1 I_
87 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 16
u
[
‘ﬁ — 1 18—|—{J.17 ‘
—— - - - /
iy = 125.4 +0.3GeV 0.14
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Higgs boson at 13 TeV

H = ZZ, excellent mass resolution, low branching fraction

® events with four well defined isolated leptons

® muon and electron energy scale calibrated

® events are categorised according to the expectations of the different production mechanism

VBF: two or more jets, limited b-tag

VH : two or more jets, no b-tag, or one more lepton, or one more lepton pair of opposite sign and same flavour
tt H : at least four jets, at least one b-quark jet or one asdditional lepton

width measurement (105 < m,, < 140 GeV)
mass measurement

CMS Preliminary 2016 + 2017 77.4 107" (13 TeV) CMS Preliminary 359 " (13TeV
%) 220 ;‘ I I —:- _I FTT1 T ‘ T T 71 | T T TT ‘ T 1771 | T T T | T T T | I"4—
() - ¢ Data 7 C 10 <
< 200 [— [T1H(125) = E B
- a-2Z,zy*
z) 180 = { Egg:ZZ, Z;" = o : —— Observed
qc_) 160 :— B Z+X _: gl T Expected N
> - = L
W 140 = -
120 - - 6 |
100 |- - -
80 - B o
= = .y Ay % oL
60 — - B
40 3 -
2oE = 2 _
OF ; e - - 68% CL |
0™80 100 200 300 400 500 - ‘ | | |
m,, (GeV) % 05 1 15 2 25 3
I', [GeV]
u=1 06015 'y < 1.10 GeV

my = 125.26 + 0.20(stat.) + 0.08(sys.) GeV  (only 2016)
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Higgs boson at 13 TeV

H-2> WW, WW - 2| 2v, resonable branching fraction, very low mass resolution

Topology: two isolated leptons of opposite charge, missing momentum

No b-tagged jets -

Main backgrounds: tt and WW production

# _
- . tt
Discriminating quantities: my and my, m% = 2pf EXS (1 — cos Ag(£¢, ET)) g e
m, small, spin correlations! E
tt . estimated from simulation, dedicated side-band
region to control normalisation and t- quark p
distribution
CMms 35.9 b (13 TeV) i
W+ jets : shape from MC, control samples used for S 25 weew CMS? L (13;3\‘?
adjustment (‘é‘: 25_ %ggcpwmpt %Q’? _E —— Combination
S 7 Syem P 1, =138 33 B
multi-jet production: fully data driven using control : a >
samples with same-sign loosely M= 0 o =128 35
identified leptons [
Ll Mo =327 370
Eg E W, =1.00 e
- 1—§ ...|i...II..I.Il...l..l.I....
m, [GeV]
p=1.28"515 = 1.28 + 0.10(stat) & 0.11(syst) T o= (theo) TR B
Significance = 9.10(7.10 exp)
R\WNTH
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Higgs boson at 13 TeV

H - tT, reasonable branching fraction and mass resolution

direct measurement of the Yukawa coupling !

hadronic T decays must have one or three tracks, charge

of three tracks must be +1

CMS Ty VBF

359" (13 TeV)

T T T T T
F0 < m; < 300 GeV
107 F

| L
: 300 <my <500 GeV

T
: 500 < m; <800 GeV

Isolation criteria are applied
challenge: discrimination from slim hadronic jets,
BDT used, p; dependend

Events/bin

used Tt decays: (et1},), (LTy), (en), (T Th)

107

T v 1 i
: m; > 800 GeV

event categorisation: zero jet, VBF, boosted

Bkg. unc.

(Obs. - bkg.)

background treatment

Z-> TT. estimated with simulation, corrrected using
CMS

1.71,, Boosted
n

£~ _\ TN

35.9 b (13 TeV)

Z = upu control region

T T T T T
104 E0 <p <100 GeV £ 100 <p* < 170 GeV £ 170 <pT" < 300 GeV

Events/bin

tt . estimated from simulation, dedicated side-band
region to control normalisation and t- quark p
distribution

T T
H p_‘; > 300 GeV

_\
S

W+ jets : shape from MC, control samples used for
adjustment

NOoONR =

Bkg. unc.
|
&

(Obs. - bkg.)

BN - N - NN N- -1
mmmmmmm

ﬁﬁﬁﬁﬁﬁ

ooooooooooo
mmmmmmm

ﬁﬁﬁﬁﬁﬁ

ooooooooooo
mmmmmmm

ﬁﬁﬁﬁﬁﬁ

multi-jet production: fully data driven using control
samples with same-sign loosely
identified leptons
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mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

< © ~

FEEEEEEEER
Fo-raobLOown
nooocDSD

HOrAD®LO

ﬁﬁﬁﬁﬁﬁ

+ Observed

=109

ZT

T
- Z-uplee

th+jets

B weiets
QCD multijet

Others

I:I Total unc.

= H 11 (1 =1.09)
_+_ Obs. - bkg.
Bkg. unc.

—  Hot

Bkg. unc.

|:| Bkg. unc.

+ Observed
B =109)

ZstT

- Z—uplee
ti+jets

- W+jets
QCD multijet

Others

|:| Total unc.

=== H-1t (1L =1.09)
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Higgs boson at 13 TeV

H-=> 1T

the signal strength is obtained from a simultaneous for of 2D distributions in all categories and final states,
including the contol regions of tt, W+jets and multi-jet production.

35.9 b (13 TeV)

::> 1800 F rTrJrrrrrrri T T T T [ T T T T [T 17T 1
O N i ] . . )
O L600E CMS 40t 3 events weighted with S/(S+B) as a function
o | 3% : of the di-t mass
- 1400_—+—Observed 20 _
CI>J [ — Hotr (u=1.09) i ]
O 1200f = 19 -
E 1000:_.g;§t;ultijet _:
k®)) C Others -10 i
o 800-_|:|Bkg. unc. : -]
E . 0 50 100 150 200250 300 CMS 35.9 fb" (13TeV)
?600:_ U'jet:ThTh m‘[‘c(GeV)_: g 1EIIIIIIIIIIIIIIIIII|III1E
Q 400:_ VBF: Thth _: ,§10 1;: ------------------------------------------------------------------- O—;
a - f o Boosted: 1,1, HT, e, el o § —-Observed 2 o%
200F—* . - §102;— = Expected E
- — 35
111 | L1 1 1 | L1 11 | L1 11 | L1 11 | L1y 1073;: """"""""""""""""""""""""""""""""""""""""" =
0 50 100 150 200 250 300 B =
M, (GeV) 10‘4% é
10‘5%— _%
10—5%— —%
local p-value as a function of the mass 107k -
hypothesis of the Higgs boson 08 i a i e e s
m, (GeV)
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Higgs boson at 13 TeV

H-=> 1T

observed significance: ¢ =4.9 s.d.
expected c =4.7 s.d.

signal strength: i =1.09 + 0.26.

35917 (13 TeV)

| CMS

0-jet

= +0.89
u=0.84 0.89

Boosted
- +0.47
=117 540

VBF

u=t 11+0.34

-0.35 ]

Combined
- +0.27
n=1.09 4 %

2 3
Best fit u = G/GSM

Including also the published results at 7 and 8 TeV

1L =0.98 + 0.18.

Observed and expected significance:

.0=59s.d.

0.2

fit of the relative
couplings to vector
bosons and fermions

35.9fb™ (13 TeV)

" CMS [ 68% CL

1.8

1.6

04l

[ 95% CL
J= Best fit

¢ Expected: SM H(125)
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Higgs boson at 13 TeV

H->1T
°
supplemented analysis. VH (V- leptons) ;3
e.g. P
Z> ee, pp, H 2 1Ty, T, Th, ThTh, Tely ;fj
In addition WH

signhal strength
nw=25+14

Observed and expected significance:

.6 =2.3(1.0)s.d.

359" (13 TeV)

CM S + Observed - ZZ- 4l
Preliminary M rare [ Reducible
ZH combined [l VH. H-tt (u=2.5) == VH, H-tt (u=2.5)

Uncertainty

gs

1

Higgs E h Hig
Low L™ tHigh L,

20

10
0

1 g_._ ...... | 7] i —8 (Obs.-Bkg)/Bkg. |
1 4+ | — VHHor/Bkg (1=29) ]
5 ]
0

05

35.9fb" (13 TeV)

105E| I LI I LI I LU ] LI |1|2l III LI ! LINLILI I.I LI I III l-l I?
- CMS £ —— (Obs. - bkg.)/bkg. ]
- Preliminary 0.8F —— (Hott)bkg. u=2.5) |1
4 ) T
10 EE —+— Observed gi [ ] Bkg. unc./bkg. 15
= [ WH channels o2 { 3
- o . ‘ - =
10°k [_]ZH channels _, { -
E _0.4k1 L L 3
S =2. < a5 05 3
- H—11 (1=2.5) log, (S/(S+B)) -
Bkg. unc.
10° 9 E

—1
10752 5 18 16 14 12 1 -08 06 04

Iog1 0(S/(S+B))
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Higgs boson at 13 TeV

H-=> 1T

359" (13 TeV)

! ' ' I | |
- Preliminary .
- ggH p=1127033 -
L 0.45 -

qqH =11370
B WH 1=8.3¢ :"11.;5648 7
- . -
B ZH n=1.23 :"11.'3652 7
L - 0.29 ]
Combined u=1.247">
1 1 1 | 1 | 1 1 1 I 1 1 1 I
-2 0 2 4 6

Best fit u = o/
SM
data at 13 TeV

lu=124+028 |

Observed and expected significance:

‘. G = 5.5 (4.8) s.d|

1.8

1.6

1.4

1.2

0.8

0.6

04

0.2

fit of the relative
couplings to vector

bosons and fermions

35.9fb™ (13 TeV)

L Preliminary

= ,I

B ’

|— ’

= \

| \

L[] 68% CL - Combined, H—1t

- [_] 95% CL - Combined, H—1r

[ e 68% CL - ggH + VBF, H—11

=== -- 95% CL - ggH + VBF, H—1t

" ofm Bestii

B ’ Expected for 125 GeV SM Higgs

i 11 1 I 11 | | L1 1 | 11 1 I 11 1 I 11 | | L1 1 | 11 1 I 11 1 I 11 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Ky
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Higgs boson at 13 TeV

H - bb, large branching fraction, huge background

Lcoupling of the Higgs to down-type quark
challenge: tremendous QCD background

golden channel: Higgs-strahlung, VH

Topology: 2 b-tagged jets -two oppositely charged
leptons, (ZH)

- one lepton, missing p+
- (WH)

= -missing pr (ZH)

RMS/peak = 15.6%

CMS simulation
T e e e e

M, = 125 GeV

(13 TeV)

a
o
o
o

=— Before regres:

4000~

Events / 2.5 GeV

2000} regression technique to
Improve the bb mass

resolution

2000~

1000~

1 1 1 1 1 1 1 1 | e | -
50 100 150 200 250
M, [GeV]

combination of all production mechanisms

0.20
u=1 -04J—r0.19

(5.6 st. d. observed, 5.5 st.d. expected,

S/(S+B) weighted entries

All channels combined 7727 (13 TeV)
i C M S + Data . VH(bb)
i Pre”mfnary I:I VZ(bb) -———— VH+VV MC uncert
1000 — - Subtracted bkg uncert.
500 |-

1

60 80

100

120

140 160
m(jj) [GeV]
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Higgs boson at 13 TeV

t- h associated production

t-h coupling is expected to be the largest in the SM P

Search is performed in multi-lepton final states, comprising
* H->WW
* H>ZZ

* H>17
produced together with b-quark jets

p
leptons are identified as e, L or T

six event categories, containing three leptons of different flavour composition or four (e, L)

main backgrounds: ttW, ttZ and WZ+jets cms _ 359f"(13Tev)
shape taken from MC and normalised using control samples |

Events

BDT used for signal extraction 10°

signal strength: L = 1.23+0.45.

+ Data

) ) B - it
also studied other Higgs boson decay modes: 10— DB:c(kgrlf:;
H 9 yy E i Background uncertainty
H-> bb
with slighly less expected significance g 2 | | | | | ‘ E
gE O . — .
7/ +8 + 13 TeV data combined: B R e R

s
log, (S/B)

W =1.26"032 . (5.2 ¢ observed, 4.2 G expected)
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Higgs boson summary

CMS Preliminary ® Ob d MS Prelimi 9fb’1 13 TeV
359" (13 TeV) _wisniztal >|> 1_c.:-| S Pre minary __39.91b (13 Te l .
L — 20 interval = = w Z
&
KZ l - — »
o 10 'f E
- : L
i £ |LT
|KW| —-.-— v
- i 1072k .
K, __.__ ------- SM Higgs boson
a — [M, g] it
125 ; 1078 . E
i ESS
|K‘E| _+_ + 26
- E 19_4 F N Lol l 3
K, : N .55'-| T Ll ERRRRE |
3 SR 5 E— 2% S e
, o 05f .
|K!.1| _.'__ © 03..| il Ll e
2IIII‘1| I5III|1IIII(]|5III[:|]|||(|}|5IIII‘I1I | I‘II|5II | |2|III2I|5||||3 m 10_1 1 10 102
| | T parameter value Particle mass [GeV]

® couplings to the vector bosons measured with 10-20% precision

® observation of the Yukawa coupling to tau leptons signal strength: = 1.17 + 0.10
® Observation of Yukawa couplings to b- and top-quarks, t-leptons

T L. Physikalisches
Inatitut

® to be found: Higgs self coupling, to probe the Higgs potential
gg pling P ggs p __ RWTH




Triple Higgs-boson coupling

potential in the Higgs Lagrangian

V(@) = -u2 dDT + ) [DDT] 2

my = (N 2)) v and v2 = (v 2Gp)t

Higgs-boson self-coupling

& 7000¢ Ut AHHH///H

R

g B Sop

Question: are the two measurements of A consisten?
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Triple Higgs-boson coupling

Search for Higgs-boson pair production in pp collisions at 13 TeV (35.9 fb! 2016 data)
pp—=>H{H, X

Final states: H;>bb H, = bb, vy, 17T, WW", ZZ,

Predicted cross section: Oy = 33.53 + (8%) (i.e. with the integrated luminosity given above we have
about 1000 events in the detector, but efficiency and
acceptance are small),

H{H, = bbYY : BR =0.26 %,
two b-tagged jets, two isolated photons, small background. fit performed to m(bb) vs,

m(yy)
H,H, > bbbb : four b-tagged jets, BR = 33.6 %, but bery large QCD background

H;H, - bbTT :two b-tagged jets, two T-leptons, BR = 7.3 %, low background

H,H, = bbVV : two b-tagged jets, two isolated leptons and missing momentum, BR = 2.7 %

T L. Physikalisches
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Triple Higgs-boson coupling

predicted cross section (SM)
two Feynman diagrams,
also interference !

Kt =yt [Ysm =1

CMS preliminary gg—HH

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1<SM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined

—e— Observed
- —— - Median expected

35.9 fb' (13 TeV)

Ob d 22.2xSM A
Exseeg:d 12.8x SM [ gg 4% giggggg
6 7 8910 20 30 40 506070 100 200 300 401

95% CL on o, /oM

t --= Ty A

~H g > ---H

0CMS preliminary 35.9fb" (13 TeV) .
T H B m— Observed
T 3000 [ B -~ Median expacted
* i i [ 68% expected 4
- T 95% expected
% 2500 e . Y Fm Theoret’i)cal Prediction
B . : : :
S 2000
+— E
E
i 1500
O e
%
& 1000 :
(o))
500F
-i- 11 1 1 i 11 1 I 11 : 1 i 11 1 | . 11 1 1 i 11 I:I i 111 i
-20 -15 -10 -5 0 5 10 15 20
K g }"SM

Ky, = A Aswm

—11.8 < k) < 18.8 (=7.1 < k) < 13.6) at the 95% CL
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Search for heavy resonances

Z' > e'e
two isolated elecrons, opposite charge, in the Motivated by U(1) extension of the SM or GUT
barrel or barrel-end-cup e.m. calorimeter inspired models based on E6 gauge group

limit on the mass (e*e”and u"u” combined)

m,.> 4.7 TeV

41407 (13 TeV)

T T T T 1T 117

¢+ Data CMS

—

ks
(=)
[=,]

> o |
B 77317 (13 TeV, ee) + 36.3 fb' (13 TeV, u*w) 8 o C E
N 'I 0 L L L B B N B L B B = E 10 ‘ :] Y'/Z - e'e reliminary _%
o —— Obs. 95% CL limit ] g 10° [ oW, WW, WZ, 22,70 2
- - w = Jet
L, RUEIEONC N e Exp. 95% CL limit, median - i e E
i 102§ E
N 10 - Exp. (68%) E 10 :.j
) B Exp. (95%) ] 1 <
L, - . 107! -
—6 ' o =
10 — ""ZSSM = 102 " i %‘
— — ! E 10 ?—-I
: Z W —] 10-4 I
B N 10_5 1 1 l 1 1 1 1 1 1 1 1 ; | I
10—7" — — 180100 200 300 1000 2000 |
- . 2 05 » » H -
- - _’5‘?, 0 20 00e0000 0000000000 e o o .'......’..‘.“.’.’Jﬂjﬁ‘*}“'&”H ‘ q o i ‘ HOWR _{
- @ _05- ‘ s
1 0—3 [ S T A T N T T KN TR SR Y A N N N N S N L S g _18‘01010 200 300 " — 1000 2000
1000 2000 3000 4000 5000 e

m(ee) [GeV]
M [GeV]
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——L(acf £+ befivaf) b = —

m

v

Apji = Py>0

® search for additional Higgs

fr;f(cos arff + sinagfiysf) h

methodl: measurment of the angle between the two
decay planes of the tau leptonsinh 2> 171

method 2. measurement of the difference in the azimuthal
angle in Higgs boson production with two associated jets.

_ (f‘)y<0

Current activities in llIB of RWTH Aachen university

® search for CP mixing in Higgs boson production and decay

@ 01—
‘c B ® CP-gv ]
S - ® CP-odd -
> 010f DY bkg 7
g
o [ _
£ ooep, L o
- - e -
0.06 '_ - - —— —- _'
= _._—.— _._—.— -
L -y - -
0.04 - . . . . ]
- — —-— -
0.02f" R e
T BT BT B
0.005 2 4 6
,_/rad
crCP

h—71 1t =777 +2

\
N ” / mod+
i~ = ~ MSSM m_
\ N /
s 7
\ S
\ S e
\ T sl g Z
" S
A g
A :
N
\ N A
\

CMS Preliminary <5.1 6" (7 TeV) +<19.7 fb" (8 TeV)

tanp

=126 GeV

bosons at higer mass, as
predicted in extensions of the SM,

e.g.inH>WW andH > t'1

- - m=125 GeV

-~ m=124 GeV

--=----- m=123 GeV
SRt m,=122 GeV

:’ Observed exclusion 95% CL
/%/ Expected exclusion 95% CL

explore low tan 3 and higher mass

\ H* - v (arXiv:1508.07774)
A/H —> bb (arXiv:1506.08329)
A/H/h — pu (arXiv:1508.01437)

[ ] AMHh - 1t (HIG-14-029)

H — WW/ZZ (arXiv:1504.00936)

100 200 300 400 500 1000

m, [GeV]
CMS-PAS-HIG-16-007
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Current activities in llIB of RWTH Aachen university

® Measurement of the t-lepton polarisation in Z-> 171

(P) = —"L L) = N iﬁ% ~ —2(1—4sin"6,;)

® precision measurement of the weak mixing angle solely

from t-lepton couplings
® statistics larger than at LEP

® challenge: reconstruction of T-lepton kinematics

® Search for lepton flavour violation in Z decays

UJ

® number of Z bosons larger than at LEP
® challenge: precise estimate of background processes

CMS expeced precision

L ATLAS (8 TeV)

- arXiv:1709:03490

| LEP +SLC:

| (PDG)

1 ‘ 1 1 1 ‘ 1 1 1 | 1 1 1 | 1 1 1
| CMS 13 TeV ( 35.9 1/fb)

e E—

Phys. Rept. D 98, 030001 (2018)

OPAL —

ALEPH -

L3 i

DELPHI ]

HH

0.08 0.1 0.12 0.14

Best limits so far:

0.16

0.18

Asymmetry, AT

R(Z — ep) =7.3-1077
R(Z — er) =98-107°

R(Z — pu1) =12-107°
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upgrades

High
Luminosity
LHC

LHC /HL-LHC Plan

LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
injector upgrade 5to 7 x
splice congolidation cryogenics Point 4 o N0MiNE
7 Tev 8 TeV button collimators SCF::S dispersion ir?trey;?llrls?i]gn HL-LHC installation |l jmrlﬂlliiw
R2E project S:Cﬂﬁ;?:;‘i:or:‘ regions —
2n P2z Boos Beoe Foois Bove Boor Baoe oo oo Booer Booze Booss Booes Booos || ]| B
radiation
damage
75% . o 2 x nominal luminosity ‘I
nominal nominal luminosity | experiment upgrade |F— !
luminosity I experiment beam pipes l/_— phrase 1 experiment upgrade phase 2

Major CMS upgrades for the HL LHC phase

® new (again full silicon) tracker with larger coverage and higher granularity and L1 trigger
capability

® new calorimeter endcaps, fine-grained silicon-tungsten sandwhich electromagnetic calorimeter
® trigger and DAQ

® HCAL and muon

® Juminometers %
:::;rith;smali“h“

RWTHAACHEN
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upgrade calorimetry

operation at -30°C
Finely segmented Si
Sensors

~ cm? pads

scintillator tiles readout
with Si PMs

Inpired by the ILC TDR

e e e

Thermal screen 2

CO2 cooling pipes

/49.5‘ N 3 & 9 O'clock position| f—
/‘e‘!'eh N
HB éBx ‘ : : s
Z\N il ;
\ \ convertol I — LI-I I[
N\ N E:ﬂ— =
NV § i
/ \? WM == N& {
NN 5w || |
VNN *N= y
\7 YN |
VEREN NN !
WA N\ |
%A '
ENVELOPE \ | I
LINk: ‘ / |
\\;\5’ == v g \ \ : |
t&‘"] iL - ‘ % o |
A | | /;\§ /é % | |77 |
02 I \ \/ ) N N\ AR:=
Ny EI"- \/\/ et 1y
| - ﬂ E / \ S
n=2931 _l_ C ‘ I \/ / \ [|| EESE
n=3.0 i ‘ 20
L %
i 15,90 || |8 159 591 i
————uRAR RS A a0 Bl Magnetic field |
2970 Th.screen | Tsoreen_ e ) FH 5606 "Off" 3135
3006 ETL Front - - .
W03 M aci g BH1000.8
4130.9 BH abso front
— A 4198.9 BH active front
5231.6

5641 Back side Back flange from IP
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Silicon sensor tile

3.6 A Si/brass

5 A scintillator/brass
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Upgrade tracker
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* 6 barrel layers (TBPS, TB2S) and 5 end cap double disks (TEDD)
 pixelated modules at r < 60 cm (stacks of pixel and strip sensors - PS)
» stack of two strip sensors at r > 60 cm (2S5)

rirn)

high transverse

* Modules with on-board p: discrimination
momentum

* Tracker sends ,stubs” with 40 MHz

» ,stubs” used to form track(lets) — 100 kHz
readout

« Two different module types PS and 2S

L. Physikalisches ‘
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1-4 mm
f—|

low transverse
momentum
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upgrades

- designed: Vienna

- manufactured: Infineon

- 8 Inch p-substrate FZ wafers with 7 kQ cm

- 200 ym physical thickness

- 25 wafers with p-stop and p-spray for strip isolation technique

2 Strip sensors

produced on 6 inch wafer
Strips: 5ecm x 90 pm
Strips: 5ecm x 90 pm
occupancy < 1%

P=5.0W

~92cm? active area

15508 modules (218 m? active silicon)
47.8 million strips
218 million macro pixels

RWTHAACHEN
UNIVERSITY
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Upgrade tracker performance

Number of hits
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‘Fast Beam Condition Monitor BCM1F — what | did for CMS

24  Single crystal two pad diamond
sensors, 5x5 mm?, 500mm thick

Surface flattened with reactive ion etching

Metallisation: 100 nm TiW (Princeton)
or 50nm/100nm  Cr/Au (GSI)

110}

ADC count

ADC
baseline

01 1 Apc = 1.953mv bl - 0.05% min |
FWHM
) rise time
g o - °280 -0  —a0  -20 0 20 ao 60 8
R e
RWTH
. % - UNI#@I%EI%J

47




Summary

® precision electroweak measurements at LHC approach LEP/SLD precison
even for parameters which are easier accessible in electron-positron
annihilations

® top-quark mesurements allow precision tests, both for QCD and electroweak
physics

® top-quark studies reached the level of ,rare processes’

® probing the Higgs boson shows agreement with SM expectations (10-20%
precison)

® SM so far in agreement with all observations

® new physics may appear in meaurements of better precision, to see
Inconsistencies, or in a dedecated search, or in the unexpected. we have to be
patient

® HL-LHC will be a challenge for the detectors. major upgrades in preparation,
based on the experience in runs | and Il (listen to the talk of Pavel de Barbaro)
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In the Invitation of the school Is written:
LANGUAGE

English is the working language of the School-Conference and publications.

Gomel school 1977:

Chris Quigg

Lectures on Charmed Particles, Xlth International School for
Young Scientists on High-Energy Physics and Relativistic
Nuclear Physics, Gomel, Byelorussia, September, 1977. Five
lectures.

Carlo Rubbia

NA4 as a Y factory
A.K. Mann

Neutrino Physics

“ 3 Proceedings ol the XI International
',]‘\‘/I,Bilenky, B.Ponlecorvo School on High Energy Physics and

" " ’ " Relatlvtstic Nuclear Physics for
ON"FAST" AND "SLOW" NEUTRINOS Young Scientists. Gomel, 1977.
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A.M.Baldin
Commulative quark
effects

l. Savin
Deep Inelastic Muon
Scattering
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