N R
Top Yukawa

-- motivation

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK
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Is it THE SM nggs’?

KIRCHHOFF-
INSTITUT
W FUR PHYSIK

. Fundamental prediction g 7 7T T T
for Igg _ hp Sﬁﬂ - E LHC Run 1 Preliminary Z. 97
ermions in the : S i 2]
yrsm = V2/uempy | ERi0t g,

. < - E

« EXxperimental check i ]
Imperative! 1072 ? 92 E

. Ansatz: : T :
- Mass m; measured with 10°: u -

“conventional methods” -2 ]

. Will talk about it in a 10_4; )

m|nute E L Loyl Loyl il =
107! 1 10 10°

- Measure the Yukawa
coupling y;through
measurement of Higgs
production and decay!

Particle mass [GeV]

[1] ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
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KIRCHHOFF-
.%\/ﬁ INSTITUT Top quark mass (m,) measurement

FUR PHYSIK

. due to very high m, the Yukawa coupling is very large in the SM:
- Yism = 0.996 for m, = 173.2 GeV (world average)

« —> use this as an experimental consistency check of the SM!
- = measure y, experimentally and compare against y, ),

. But first we need to measure m, itself to determine y, g, :)
- = subject of next section
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KIRCHHOFF-
- R Top quark mass (m,) measurement

3 . Typically: we measure

q’ the top mass in tT events:
9 - |+jets channel: good compromise
between kinematic reconstruction,

W+\\ high rate, and backgrounds

b « Dilepton channel: low backgrounds,
t but underconstrained kinematics for
V1. m; measurement and low rate

-
»x{ [ + EW single top production }

\ W_
\

b

- All-hadronic channel: highest
branching ratio, very high - Ve
backgrounds from QCD 9
multijet production
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KIRCHHOFF-
.%\/ﬁ INSTITUT Key ingredients to m; measurements

FUR PHYSIK

Measurement
of jets and -

calibration of Methods to extract m,.

the jet energy - Template method

\_ scale (JES) - Matrix element method
\- Ideogram method y
Calibration of ‘/h_
b quark JES

of b quark jets

[ Identification
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What are jets?

KIRCHHOFF-
INSTITUT
MU ForRPHYSIK

. What are jets and how do we measure them?
- Jets are collimated sprays of hadrons:

See also lecture by Caterina today & Tuesday

“

UA1

One of first trijet events at JADE Energetic dijet events from UA1
(PETRA e*e collider, ‘79) ISR pp collider, (‘82)
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KIRCHHOFF-

%\// FOR PHYSIK What are jets?

o m; = 7.9 Telg

Run: 280464
Event: 478442529
2015-09-27 22:09:07 CEST
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KIRCHHOFF-
.%\/f FOR PHYSIK What are jets?
° JetS

- remnants of the parton
showering process after
hadronisation!

. EXxperimental signature:

- Several charged hadron
tracks with similar (n,¢)
from the same primary
vertex

- Energy deposits in
several neighbouring
calorimeter cells

lllustration: tt H (bb) event in Sherpa
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KIRCHHOFF-
.%\/f FOR PHYSIK What are jets?
° JetS

- remnants of the parton
showering process after
hadronisation!

. EXxperimental signature:

- Several charged hadron
tracks with similar (n,¢)
from the same primary
vertex

- Energy deposits in
several neighbouring
calorimeter cells

lllustration: tt H (bb) event in Sherpa
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B s Pseudorapidity (1)
« Definition:
— _ ] 0
7= —In[tan (5)]
Advantage:
- flux of particles from QCD processes is invariant in An intervals

Cross-section through a quadrant of CMS

n=11 n=1 n=0.5 n=
r RN Barel M o SR A NB AT |~ oo |
’ n=0.5

\ N lron Yoke
i VB3 |
4 Tl: 1.&79 Qarrel
[ i = AY

14.96 m _II
10.86 m

Oleg Brandt 198
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What are jets?

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

« MC event simulation steps:
Hard scattering = partonic decays - parton shower - non-perturbative splitting
—> clusters - hadrons - hadronic decays

e hard scattering
al/final
radiatio

e partonic decays, e.g.
t — bW

e parton shower
evolution

e colour singlets
e colourless clusters
e cluster fission
\
AN
lllustration: tt event
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What are jets?

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

. Jet reconstruction [1]: o mm( 11 )A?j
. . 7 )
- Cluster cells with energy deposits: Pri Pr;) B
« 1) Find entities 4,7 with smallestd,;, dig = 2i anti-k algorithm

« 2) add four-momenta p, and p, PT,i
. 3) if smallest d,; is dg, entity 4 is a jet A i — )2 + (65 — 652
« With R “radius parameter”

- ATLAS (CMS) use the
anti-k; algorithm with
R=0.4 (0.5) by default

« Circular-shaped jets
« Easy to calibrate

« [Also other jet algorithms
are used
- will talk about it later]

anti-k,, R=1 |

b [GeV] |

[1] JHEP 04 (2008) 063
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.ﬁ\/f e Parton showers vs EM-showers

FUR PHYSIK

EM shower Parton shower

Y primario

Cascada EM

7’

Cascada EM

.Mrc{eme;
K7 e

Niicleo amosférico

Nuc\{cmes,
KT ex.

distance in radiation lengths (X)
d in nuclear interaction lengths (1)

Examples for atmospheric showers
applicable to calorimeter showers too

M I Cascadas EM Y
. Radiation length « Nuclear interaction length
- XM =14 cm - AA"=86 cm
- Xgfe=1.7cm /1>>X0!!! - AFe =17 cm
- X,FP=0.6 cm | - APP =18 cm
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KIRCI:IHOFF—
WG
« = Need deep calorimeters for parton showers (jets)!

- Large volume, choose cheap technology!
- Except strong interaction, m* hadrons behave just like muons:

Hadronic calorimeters

| I | [ I | | |
+ = L u ] L]
o " on Cu Typical jet composition
€L100 |- u- -3\ =
; Bethe-Bloch Radiative
§ -4 Anderson- ]
S g, Ziegler / i
3 8L Eyw /)
210 S Ll |
% FA Radiative " Radiative E
- - Minimum effects + g~ losses .
& [ NuclBor ionization reach 1% | ey 4
s £ —
@ | losses iy N, WIS
¢ Without §
i | | | | | |
0.001  0.01 0.1 1 10 100 1000 104 103 108
| 1 1 . MIP P an ge | | 1 .
0.1 1 10 100, 1 10 100, |1 10 100 |
[MeV/e] .. [Ge\{/c] [TeV/e]

- Use again sandwich calorimeter principle
« Faster hadronic shower development
- Hadronic showers more spread (transversely+longitudinally)
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KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

« = Need deep calorimeters for parton showers (jets)!
- Large volume, choose cheap technology!

Hadronic calorimeters

Active material Plastic scintillator / (LAr forward) Plastic scintillator
Absorber Fe / (Cu forward) Brass
Depth 10 4 72
o 50% o 100%
Energy resolution  — + 0.03GeV — + 0.05 GeV
E" \/E E"~ VE

LA EM

Thie barrel
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.%\/ﬁ T Jet energy scale (JES) calibration

FUR PHYSIK

Particular challenge at the LHC
—> discuss in the following

/

\ Jet area based pile-"
up correction

EM or LCW
constituent scale jets

Residual pile-up
correction

Origin Correction

Jet finding applied to Changes the jet direction . s Function of u and NPV
topological clusters at to point to the primary e,l;'g:ctlcc)lréé)sfif vgggp;/f aurg 5 applied to the jet at
EM or LCW scale vertex. Does not affect E. gy 4 J constituent scale
I I il - o of
Absolute EtaJES G oba. seqt.Jentla ReSId.U3| in situ
calibration calibration
Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is [1 ]
direction are calibrated. and energy leakage effects. applied only to data

[1] ATLAS-CONF-2015-037
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.%\/ﬁ PR BIVSIE JES Calibration
« Pile-up:

- Additional low-p; pp interactions in the same bunch crossing
« The price to pay for large luminosity and many Higgs events!
LHC N, = 10" protons / bunch x 2808 bunches

D D v

bunch 1, N4 protons bunch 2, N, protons A
effectlve area, A

Z—>uu event with 25 reconstructed vertlces
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JES Calibration

MG
Correct for pile-up by by subtracting:
d°E

Ejet — Ejet d d¢

———dnd¢

. jet area
1) Determine jet area J
P, [GeV] [ antik,RET 2) Find average correction
@ 0.14— S—
= - ATLAS Slmulat|on Prellmlnary .
0125 pcq <21 —Noum6 - Noy= 10 3) Apply correction &
A v _14..n. 18 1 correct for residual biases
g 01— """ PV — " PV = —
g C NS L R R LR RS RN RARRS RARRS AR LAY
= C Pythia Dijet \s=8TeV 7] @ . ATLAS Simulation Preliminary 1
S 0.08 LoW TopoCiveters 11| O. 0.8[- Pythia Diets 2012 [1] .
- £ 1 _& | antik LCWR=0.4 :
0.06- . [1 ] - 5 0.6/ il .
- : HE e *
0.04[ - :; 0.41 E
0.02]- 1 3| o2f P =
C -5 I E ] A A A Ao 4 v
0— i d | i IRTE TN { el o1 0 b4 - v v \ v \
0 9 10 15 20 42 G 3\9] \
= -02-_+ efore any correction p
dﬂdgb i —A—iﬁ;l’ pr};ubtractEon ]
-04 — —¥— After residual correction ]
, RN FEEEE SR SEEE SRR RN SRR AT S
Dependence of jet p; on 0 05 1 15 2 25 3 35 4
[1] ATLAS-CONF-2015-037 # ofprlmary vertices NPV m|
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KIRCHHOFF-
.ﬂ\/ﬁ WA JES Calibration

\ Jet area based pile-"
up correction

EM or LCW
constituent scale jets

Residual pile-up
correction

Origin Correction

Jet finding applied to Changes the jet direction . s Function of u and NPV
topological clusters at to point to the primary e,l;'g:ctlcc)lréé)sfif vgggp;/f aurg 5 applied to the jet at
EM or LCW scale vertex. Does not affect E. gy 4 J constituent scale
I I il - o of
Absolute EtaJES G oba. seqt.Jentla ReSId.U3| in situ
calibration calibration
Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is [1 ]
direction are calibrated. and energy leakage effects. applied only to data

the heart of the calibration
—> discuss in the following

[1] ATLAS-CONF-2015-037
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KIRCHHOFF-
.%\/ﬁ _sTiTuT JES Calibration

Generic procedure to calibrate jet energies:
- 1) Calibrate EM energy scale with SM candles, i.e. Z2>¢e*e"

« Central (well instrumented) region for absolute calibration
- 2) Z+jet events to calibrate major JES components
« Basic idea: momentum balance in transverse plane

€%  Z+jet event in transverse plane

-~ ‘& [fmeas __ EO

. \\*\\”‘X\\I ptcl __

~‘\%§>

- 3) Use y+jet, Z+jet, and dijets to extend calibration in p,,n
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KIRCHHOFF-
.%\/ﬁ _sTiTuT JES Calibration

« Generic procedure to calibrate jet energies:
- 1) Calibrate EM energy scale with SM candles, i.e. Z2>¢e*e"

« Central (well instrumented) region for absolute calibration
- 2a) Correct EM energy scale for e to that of y

- 2b) y+jet events to calibrate major JES components
« Basic idea: momentum balance in transverse plane

ytjet event in transverse plane

B TR meas
- AN prrel — & =0
"""""""" e ——— Ny o R-S
B, .
Y NTTTITTE > ~ -~ \
g q > a
o

R\

q Y
s e S VAV V V.V, V V.V, V=

- 3) Use y+jet, Z+jet, and dijets to extend calibration in p,,n
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JES Calibration

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

» Typically, JES uncertainty A -5 is dominant or next-to-dominant

- Pronounced dependence of JES uncertainty on n:

« Better instrumentation for central n, A .5 =1.5%
« Upstream material & pile up for forward n, A gz =3%-5%

- Pronounced dependence of JES uncertainty on p+
 Noise and pile up relevant for small p;, A;z5 =5%
« Extrapolation to p;> 1.5 TeV A 5 =3%

« Best resolution for:
- 100 GeV < pr< 1000 GeV, A s =1.5%

To get an idea: Am,is almost directly proportional to A ¢
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KIRCHHOFF-

% s JES Calibration (lll)

FUR PHYSIK

CMS preliminary, L = 19 b’ \@ 8 TeV

b N L T T 1 LA B | L T T L L L I T — 10 - - - — ‘ . . ——rrT
£ ant1 k. A= 0 4, LCW+JES +in s:tu correction Xk lTotaI uncertalnty ]
2 =0.0 2 e , ;
o 0.08—" [ Total uncentainty 8 T V ] € gb ~+ Relative scale ]
> i = Absolute in situ JES e i g ‘ - E?(trapolation ]
@ i -+ Relative in situ JES i o 0 = Pile-up, NPV=14 —
2 0.06} [ 1 ] ==+« Flav. compaosition, inclusive jets — O = Jet flavor (QCD) 3
o] = «o Flav. response, inclusive jets - g 6p < Time stability E
8 - -+ Pileup, average 2012 conditions - O 5 =
'é 0.04 - == Punch-through, average 2012 conditions n w Anti-k.,. R=0.5 PF E
= A.H. EA | co4 jg,!=0 E
' @ EXPERIMENT i 3’ )
Vi
0.02f f > CMS-DP-2013-033
P “‘U!v.‘",,&. . AR e " a1 1 7777777777 >_ EVE |
20 30 40 10°  2x1 02 10°  2x10° ™% 100 200 10002000
Py [GeV] 2 F T T mvotaluncertainty | ] p. (GeV)
— - 1 T
b 0-1 LI A I LA B B I T rT I L A B I T ] AL B [ Ty ] LU A b 9:— _Absolu'e scala E
5 - anti-k, A=0.4, LCW+JES + in situ correction ] € gk =+ Relative scale 3
£ " Data 2012, {s =8 TeV ATLAS Preliminary | I E +Extrapolation :
o 0.08 _—pF =40Go¥ [ Tetal uncertainty 8 Tev ] o 7/ a3 =-Pile-up, NPV=14 E
> i = Absolute in situ JES ] = sE =-Jet flavor (QCD) E
fﬁ B =« Relative in situ JES . =] . +Time stability 3
= 0.06 [ 1 ] ==+« Flav. compaosition, inclusive jets — O 5 =2 _
E - o Flav. response, inclusive jets - w 3 Anti-k, R=0.5 PF
o = ++ Pileup, average 2012 conditions - - L ]
5= 4 p_ =100 GeV -
131 0.04 = == Punch-through, average 2012 cenditions o1 o 1 ]
@ 0.04p= o C -
Lt' L t_" of A 3 ——
By S oF 8 TeV
002/~ . .. .. e ] :
e e st B KRS AT £ ELAR L LR TRSRRA TR f—e B 1E
0 - AL L TR LU 5'1':1.'1.'1'1'1'&\"!‘!\'1;‘;‘?5'1' I'I'l'l'h'ﬂ'ﬁﬂ'—!‘: 0 -

-4 -3 -2 -1 0 1 2 3

[1] ATLAS-CONF-2015-037
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KIRCHHOFF-
.%\/ﬁ A Key ingredients to m; measurements

FUR PHYSIK

Measurement =
of jets and ,
calibration of ® 0 [Methods to extract m;.
the jet energy < - Template method
\_ scale (JES) ) - Matrix element method
WH\ - Ideogram method y

=° \ t?k

Calibration of
b quark JES

of b quark jets

[ Identification
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b-tagging in top analyses

KIRCHHOFF-
INSTITUT
MU ForRPHYSIK

. 2 b quark jets in each ¢t event at Born level
- = Separate signal from background

 ldentify b quark jets:

- Existence of a displaced
secondary vertex

Displaced
cks

Secondary

- Impact parameters d, of Vertex
tracks associated with Ty
the secondary vertex y

- Mass of the secondary i

vertex Primary
. Etc. Vertex
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b-tagging in m, analyses

KIRCHHOFF-
INSTITUT
MU ForRPHYSIK

. Typical operation points: x10°

| ATLAS

i I Ldt = 20.3 fb”
w+23jets J g _gTev

025 ¢ Data
- ATLAS 545 0F Videts [ Multijet
0.165 B Single Top  Dibosons
(0] ~ 0 = :_
€y quark 70 A) 70 /0 0_14_W4 [1 ]

~ 10 )
glightquark = 1% 1%

« Uncertainties dependent
on prand n

&
. g

_ Pronounced |mpaCt on %1.5__ ........................................... s s s s s % .....................
shape-sensitive analyses g | , /

Bin Of 0 b-tags not even shown! — oi ........ 1 .............. — 2 .............. — 3 ............. L 24 ..........

[1] ATLAS-CONF-2016-005 HImBeF Gl lagged Jets
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KIRCHHOFF-
.%\/ﬁ A Key ingredients to m; measurements

FUR PHYSIK

Measurement -

of jets and ;
calibration of ® 0 4 Methods to extract m;: A

the jet energy < - Template method
\_ Scale (JES) / - Matrix element method
WH\ - Ideogram method
| 3 % - J
@ . t
Calibration of ‘/h_
b quark JES

=

Identification
of b quark jets
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KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

Template method:

. Exploit dependence of m; on

kinematic observables

- Form templates using MC

- Maximise consistency of templates

with data given m;

A8~
;‘ 2 8: tt m" templates, = 2 tags events (AJES = 0.0)
D o.18f
(O . M= 160
0 oaap A M, = 170
— o.12f P M, = 180
~ 0azf \ = gl
_g 0.1 P(M™ I M,__AJES)
~ s
Z 0.08f
U |
0.06 -
0.04
0.02f
o I;‘%

_ 1 1 1 1 1 _
100 150 200

. Advantages:
- Robust and straight-forward

« Drawback:
- Sub-optimal sensitivity

Analysis methods

Matrix element (ME) method:
« Directly calculate event probability

Pevt(mtop) X fPsig(mtop) + (1 — .f)Pbgr

Psig(mtop) X /'"datt_(mtop)

e

doy; |Mtt"|2(mtop)

« Advantages:

- Highest possible sensitivity according
to the Neyman-Pearson lemma

- Theory assumptions

. Drawback:
- Computationally intensive

- Theory assumptions

Ideogram method:
« In-between the two
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.%\/ﬁ lﬁ[{:ﬁﬁi m, with template method in £ channel (l)

3 E'A'rii's' T a;t;,a..',ib';z.;j

. Template method: 0 ok T aet e 72S GV
. . 3 § T W +jets 3
- m, in dilepton channel 5 oF zijets
(ATLAS, 7 TeV) [1] o S Uncorainny

. Very clean final state fof- *

. Statistics not an issue at LHC B .

T

250 300
Lepton P, [GeV]

- Preselection:

e 2 high-p;£ (e or p) ¢ 1F ‘ Ifﬁ
o high E/mss (2 v) S o8- u»ih i
) . 0 200 250 300
. 22 High-prjets |n| < 2.5 2 T T T hmaide s ]
O - ATLAS ], m_=172.5GeV
« 1o0r2 b—tags =~ 10°F {s=7TeV, 4.6 fb" = &ns];l‘@:;op E
2 - +je 3
- Purity 94% & 10 WWW2/2Z
I NP/Aake lep.
10? Uncertainty
10
1
300
bjetsp_ [GeV]
[1] Eur. Phys. J. C (2015) 75:330 % lé:ﬂﬁ"!%'"’ﬁ”%"”f&+*'*+§
T IO A 0 LA i 11
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.%\/ﬁ mmur m, with template method in ££ channel (ll)

FUR PHYSIK
[1] Eur. Phys. J. C (2015) 75:330
[2] W. Bernreuther, priv. comm. (2013)

« Apply template method to
observable m,, [1]:
- Invariant mass of £+b system

- = reduced sensitivity to systematic o [~
uncertainties [2] §<

ATLAS
Simulation, Vs= 7 TeV

m,,, = 167.5 GeV

L my, =172.5GeV

m,,, = 177.5 GeV

Normalised events / 2 GeV
o
o
w

| Pr—
120 140 160
m° [GeV]

2 I
40 60 80 100
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.%\/ﬁ l;i:ﬁﬁ:{ m, with template method in ££ channel (lll)
. Extract m, by maximising the likelihood in m,

dll _ bk
Sh:g:on( tops fbkg) = l—[ [(1 — fbkg) Ptsé)%) rcco,t | mtop) + ﬁJkg topg(’nrcco z)]

Dominant systematic

3 [Amas 7 aatm, alepton | -
o sool 15=7TeV, 46 b 5 Best fit background | uncertainties:
P — ﬁﬁ:‘e:'t‘mnw - Detector calibration:
[ =
- ’ . JES (0.8 GeV)
« b quark JES (0.7 GeV)
200 - Signal modelling:
« Hadronisation (0.5 GeV)
100 o Initial/final state
radiation (0.5 GeV)
0 40 60 80 100 120 140 160 JES uncertainty negligible
[1] Eur. Phys. J. C (2015) 75:330 me® [GeV] after constraint from £ +jets!

Mgy = 173.79+0.54 (stat) £ 1.30 (syst) GevV.| (0.8% precision!
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D@, |+jets channel, Vs=1.96 TeV, 9.7 fb-1 [1]

(Tevatron’s most precise single measurement)

[ b tagging-based weight to identify relevant jet-parton assignments ]

ﬂ [ Integration over phase space (10 dim) ]
\

P W; a’pdm *dM3dmsdM3dp dqidg,dg3dg;,

mg
(}-obs i=1
f(q)f"(q,) |

ﬂdvorsv ﬁ J 770,8‘/1 45 )2 — ’71(2] ’n(z]zﬁ O\

LO matrix element

PRD 53, 4886 (1996) [ Phase space factor ]
PLB 411,173 (1997) )

parton level quantities y to reco level quantities x

p
Transfer functions to map J

[1] PRL 113 032002 (2014)
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B s ME method ()

D@, I+jets channel, tT events, Vs=1.96 TeV, 9.7 fb-' [1]

[ Normalisation by observed cross section using the same LO ME ]

@ [ Sum over all 24 possible jet-parton assignments ]

P., = | 224 w: | dpdmsdM?*dm3dM3dpdg*dq’ dgsdqg’,

sig T i P an; | N5 yapeddiadqyadq,dgs
obs =1

1) |
Z | M 7| UACTDIAC) DeW(x, y; kygs)
flavors, 1 \/(naﬁq?qg)z — 2 m2,

Sum over incoming parton
flavours and all neutrino
p, solutions

PDFs for Bjorken-x and PD for transverse momenta
of incoming partons

[1] PRL 113 032002 (2014) [
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.ﬁ\/ﬁ NSTITUT Calibrate jet energy scale k g5 in-situ

FUR PHYSIK
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KIRCHHOFF-
INSTITUT
FUR PHYSIK

N

ME method (1ll)

o ) D@ Run lIb2 MC
. The Transfer Functions W(x,y; kigs) 3 006_(a 0<hi<04 E [GeV]
relate parton-level quantities y to g | _ 20
detector-level ones x ,0.04 _ - ?20
" /—\
- Two Gaussians: | AN
. ""50.02 -
. One for the core of the distribution wo| ell ‘}’e \
One for the tails W™ (eipimerted .
D'. ' fjet d lept ' IE = o o9
- Direction of jets and leptons in (n,¢) well- = E, [GeV]
measured
S |(c) D9 Runlib2 MC
0 08<Inl<16E [GeV]
G 0.06- —— 30
e R 60
T_0.04 ~ 1%
g ,
o .
w002 Lm;alted s
) ing rumeataﬂon N
W ; = :
< % s 100 50
= E, [GeV]
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ME method (VI)

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

Source of uncertainty Effect on m; (GeV) Source Uncertainty (GeV)
Signal and background modeling: Modeling of production.: —
Higher order corrections™ 0.15 Modeling of signal: =
Initial/final state radiation™ 0.09 s Higher-order effects +0.25 O
Hadronization & UE* 0.26 % ISR/FSR +026 O
Color reconnection™ 0.10 & Hadronization and UE +0.58 g
Multiple pp interactions 0.06 o Color reconnection +0.28 O
Heavy flavor scale factor 0.06 8 Multiple pp interactions +0.07 ccv\lj
b-jet modeling 009 3 Modeling of background +0.16 O
PDF uncertainty 0.11 - W +jets heavy-flavor scale factor +0.07 XY
Detector modeling: 8% Modeling of b jets 4009 2
Residual jet energy scale 0.21 ~ Choice of PDF +0.24 QQ:
Data-MC jet response difference 0.16 Modeling of detector: Q.
b-tagging 0.10 Residual jet energy scale +021 43
Trigger 0.01 Data-MC jet response difference +0.28 8
Lepton momentum scale 0.01 b-tagging efficiency +0.08 O
Jet energy resolution 0.07] 1.02 GeV Trigger efficiency +0.01 g
Jet ID efficiency 0.01 depton momentum scale +0.17 Q
Method: Jet endxgy resolution +0.32 (7))
lg/.lodeling of: multijet events 0.04 0.49 GeV | Jet ID efficeacy +0.26 S
ignal fraction 0.08 thod: >
MC calibration 0.0 Multijet contaminatio +014 2
Total systematic uncertainty 0.4 Signal fraction +010 X
Total statistical uncertainty MC calibration +0.20
Total uncertainty Total R 1102
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KIRCHHOFF-
INSTITUT
f FUR PHYSIK

Qg

PRL 113, 032002 (2014)
n1.05¢ 1
4 i DO 9.7 fb
404 | Iets
: . (a
1.03- ( )
- 18D
1.02- ,¢5p Synopsis:
- 3SD Top Quark Mass Gets an Update
1.01- ] Featured in
m, =174.98 = 0.58 GeV - -
Kyes = 1.025 = 0.005 namre
Nature, 514, 174 (2014)
172 173 174 175 176 177 Particle physics: the mass of a top
m, [GeV] ' petaited (40 pages) paper:
relative uncertainty 0.43%! PRD 91, 112003 (2015)

my = 174.98 +0.58 (stat + JES) £ 0.49 (syst) GeV
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it THE Higgs?

(i.e. the SM Higgs)

. .“F



KIRCHHOFF-
%\/ﬁ OB PAYSR Coupling strength measurements

We've come a long way since the discovery:

—> coupling strength u=o_, /o5, measured
In all discovery
channels with high
precision

- Sensitivity to

-. New Physics!

- —— B— L
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.%\/ﬁ tl:ﬁﬁ:{ Higgs production (reminder)

ggH VBF VH ttH

g q » > q q JJH.Z g o000 —>—1
W, Z /
t,b 4 - - S H )VVWWe b H
H
W, Z A
9. 00200 N
q . . q q “H g TOOO0—e—
102 T T | T T T | T T T | T T T E%
| \s=8TeV
—x
8
=~ m_ =125.09 GeV

11 11

o(pp — H+X) [pb]
=

99H (NNLO cp NLO Ew)

1 IllH.I

10"

T Illlllll

1 1 | 1 I 1 | - 1 | 1 1 1 |

'2 |l[|l|||
1080~ 100 120 140 160 180 200
M, [GeV]
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.%\/ﬁ TR:%{E Higgs decay (reminder)

m,=125.09 GeV

I I T I I T | T T | T T I | T I

WW

—
|

Higgs boson decay width I,
negligible in SM (4.1 MeV)
relative to experimental
resolution (~1 GeV)

T T TTI0
o
Ol

N
N
LHC HIGGS XS WG 2013

i\
it

Higgs BR + Total Uncert
)
T
)

- CcC
1 0-25_ _§ Decay channel Branching ratio [%]
- . H — bb 57.5+1.9
I ~ . H—WW 21.6+0.9
103 . H — gg 8.56 +0.86
& . H - 17 6.30 +0.36
B ‘ - H - c¢ 2.90 +0.35
| S H—ZZ 2.67 +0.11
1086~ "T00 720 120 760180 200 H—7yy 0.228 +0.011
M, [GeV] H—> Zy 0.155 +0.014
H - uu 0.022 +0.001
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Run 1 Higgs coupling combo (Sept 2015)

KIRCHHOFF-
INSTITUT
MUE  FORPHYSIK

o Focus on Run 1 ATLAS+CMS Higgs coupling combo [1]
- Gain V2 in precision

« Measurements (or dominant systematics) statistically limited
- Combined channels:

Decay / Production | Untagged VBF VH ttH
H>vy
H->ZZ->4l
H>WW->2I2v
H>tt

H->bb
H-> up

- Directly sensitive to Higgs couplings to

« W, Z bosons
« T, b and t fermions

- Indirectly sensitive to gluons, photons, and t quarks |
[1] ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
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.%\/ﬁ tl:ﬁf{i Inputs to Higgs coupling combo
ATLAS [1] CMS [2]

19.7 0" (8 TeV) + 5.1 fb' (7 TeV)

|A(;’-L-:S| - Input measurements Combined o5 Gav
ndividual analysis + 16 on p=1.00+£0.14 =
mGev) “. - H — vy (untagged) CMS ;
LS O ot IR UL H vy (VBF tag) | Pg, =054
VBF p:OB:: 125.4 r—o——c H — ’Y'Y (VH tag)
V;: ix(;:}f.j i%j EEAaE iR H— vy (ttH tag) =
- Overall:u:1.44'géé 12536 - ' [ e — H— ZZ (0/1-jet)
- ggF+ttH:p = 1.7""7 |125.36 '—o—' H — ZZ (2_Jet)
o H— WW (071-jet)
H - wWw* goF: 4)9802'. s . H— WW (VBF tag)
e = IR NN H— WW (VH tag)
e e W IO IO B e e H— WW (ttH tag) =
Overall: p = 1.43'%% |125.36 : : : =t : :
H- 1t ' T . . : : : . :
ggF:pn=2.0"° 12536 : : Do H— 11 (0/1 _Jet)
VBF~VH;|*124:‘12536‘ R ._._._. R H%’C’C (VBFtag)
Overall: p = 0.52'%° [125.36 : : (it : : :
VH - Vbb WH:‘; = S (R H— 1t (VH tag)
=00t |G D i i H — 1t (ttH tag) u
H - up Overall:u:-O.TjZ 125.5 H - bb (VH tag)
S — H — bb (ttH tag
| | | |
H - 2Zy Overall:p=2,7:z 1255 : ‘ ' : ‘ -4| 1 |-2| L1 O 1 | 2 L1 4 [ R 6
M ot | f Best fit o/cy,,
vip=13700 1254 | t t

e o o 4 [1] arXiv:1507.04548
( [2] Eur. Phys. J. C 75 (2015) 212

\s=7TeV, 454.7fb"

\s=8TeV,203 1" Signal strength (u)
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KIRCHHOFF-
.ﬁ\/f FOR PIYSI Inputs & statistical treatment

« Many different final discriminant distributions combined

ATLAS 77 CMS yy untagged
e — 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)
3 asf amas TN - > cMs |
o
0] t 8 TeV Untagged 1
12] L —
£ o5 ] -
i CMSWW  § VBF P-T;,5q
15 . ? MS 0'] et 19.4 16" (8 ToV) e VEF : e 27:25) (n=1.4) j
I Others |
5 L { B Fake < i
0

Uncert.
80 90 100 110 120 130 140 150 160 170

m, [GeV]

40

o [GeV) -1 -0.5 0 gST .- J1 .
. . ] L —), é’ -
 Include systematics via nuisance parameters: A(a) = (@ - (f))
- About 4200 nuisance parameters! L(a,0)

. MC statistics, signal theory a, background theory o, etc.
« Most systematics considered uncorrelated

. Theory input (calculations, PDFs, etc.) fully correlated
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Signal strength u

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

« Measure signal strength u in units of SM expectation:

. BR/ o; - BR/
Y = Os-ivl and = ,u{E ’ =/,tl-><,uf

d BRgy: (7; - BR )y
o 1 = initial state, f = final state
« Most constrained fit of u:
pu=1.0971 = 1.0975 (stat) 564 (expt) 563 (thbgd) 55 (thsig)

- The only not statistically limited coupling measurement
- QCD scale and PDF dominate theory signal uncertainty
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KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

Signal strength u

SM decay assumed SM production assumed
ATLAS and CMS Preliminary ——ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS LHC Run 1 ~CMS
-o- ATLAS+CMS
- : — 1o | . -o- ATLAS+CMS
M : o — =% 20 MYY :, ° —+ 10
e e @u— 1)
ggF ’ SM p-value 25% —o— SM p-value 60%
u f 2z =
VBF e u §
u Z ww —=
WH - n ;
u Tt D —
ZH — u —“—:
ttH i - u _°—_5
: lllllllllllllllllllllllllllllllllllllll
§ 0 05 1 15 2 25 3 35 4
u e Parameter value
—o—— ~ :
NN NEENE FNETE FTEE INETE IR N AN AT Largestdlﬁerence ttH (230- excess)

0O 05 1 15 2 25 3 35 4 _ o
Parameter value - will talk about it in a second
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.}\/ﬁ ST Signal strength u

SM decay assumed SM production assumed
ATLAS and CMS Preliminary -—ATLAS ATLAS and CMS Preliminary - ATLAS
LHC Run 1 ~-CMS LHC Run' ~CMS
-+ ATLAS+CMS
| : 1o | -o- ATLAS+CMS
u : —+ 20 MYY - —+ 10 .
ggF . SM p-value 25% —o— SM p-value 60%
u i 2z =
VBF e Q
MWH R
W
ttH o
u —
———
IIIIIIlIIIIIIIIIIIIIIlllIIlIIIIIIlIIlIl

o0 toree 2-5Parai3met93r.\5/alucf AII IOOkS SM'Iike
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Significance per channel

KIRCHHOFF-
INSTITUT
M FORPHYSIK

« Compare u per channel with H, (u=u~0):

Observed Expected
Production process Significance(o) Significance (o)
VBF 5.4 4.7
WH 2.4 2.7
/H 2.3 2.9
VH 3.5 4.2
ttH 4.4 2.0

Ho>to 5.5
H->bb 2.6
« VBF and H—> Tt observed
in combo (>50)! IOOI( on

. ggF, H = ZZ*yy, WW* BRIGHT
observed in each experiment : )
it o |1F@

independently!
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B =
Top Yukawa coupling
measurement
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Is it THE SM Higgs?

KIRCHHOFF-
INSTITUT
W FUR PHYSIK

« Fundamental prediction g f77_7 7T T om T

for Hi ling to E 1 ATLAS and CMS [1] t,;:
or Higgs coupling -~ LHC Run 1 Preliminary Z. 9
fermions in the SM: S -7
YrsM = V2/vmyy (ER 10 G
. < - E
« EXxperimental check i ]
Imperative! 1072 ? 92 E
. Ansatz: : Ty f
- Mass m; measured with 10°: u -
“conventional methods” Y, -
- Measure the Yukawa oL )
coupling y; through ST Y R ¥ Y R W OVHT B

bing s J 107" 1 10 10°

measurement of Higgs

Particl G
production and decay! article mass [GeV]

[1] ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
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B s Is it THE SM Higgs?
. Particularly interesting to check if ¢ sv = \/i/v N #7?
- The top quark is the most massive fermion

- In the SM, y, = 0.996 (using world average m,)
- Any deviations from SM most likely to show up in y,

« Challenge:
- The y, coupling enters in different places, e.g.:

Indirectly Directly

production
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.%\/& ST Indirect y,: the x coupling framework [1]

FUR PHYSIK

« Interpretation in terms of Higgs boson coupling strenghts?

« Narrow Width Approximation allows factorisation of o §
1O

o(i > H— f) = Ti(k;) - Ty (k;)) (M, =4.1MeVinSM)

I'h(x;) T

0]

. Parametrise o;and I';in terms of couplings strengths k; X
relative to SM couplings in LO approximation, e.g. %

g o(i2>H 2f) o 3

: -

l / S

‘agF’ WWY/ZZ* U

ok S T P— =

O

%)

g K3 w,. S‘

W ¥ =

k2~ 106 k2 +0.01 - k2 —0.07 - ki K =

NS
w

HASCO 2016 Introduction: Physics at Hadron Colliders Oleg Brandt 2



.ﬁ\/ﬁ ST Indirect y,: the x coupling framework [1]

FUR PHYSIK

« Assumptions (cannot extract ¢ and BR model-indepently):
« Narrow width approximation (ditto)
« J°= 0% (all non-SM excluded at CL >99% [2], not in this lecture)
« Assume no invisible decays
. Take SM ', since not measured with meaningful precision

o(i >H— f)= Gi(?;éth(Kj)
j

. Adjust ', by measured k's:
T Y = k2 (k) - TOM
H(K]) = KH(K]) H

f 0.57 - k5 +0.22 - k3, + 0.09 - K+
K2~ 0.06-k7+0.03- k5 +0.03- k7+
0.0023 - k; +0.0016 - k3, + 0.00022 - &,

- = Results rigorous for small deviations from SM

- But also large deviations would show up!

[1] ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
[2] EPJ C75 (2015), arXiv:1506.05669 [hep-ex], PRD 92 (2015), EPCJ C74 (2014)
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KIRCHHOFF-
INSTITUT
FUR PHYSIK

N

Run 1: probe six tree-level couplings to
W and Z bosons and up/down fermions

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS
. SM p-value 65% -« ATLAS+CMS
: —=+ 1o
](Z —_——
+
i - ]
KW :“"._._
Ky —
—
—
Kp f
——
Kl‘- .
IllIlllIlI|Illlllllllllllllllllllll[lll

0 020406 08 1

12 14 16 1.8 2
Parameter value

1.6

1.4}

1.2

1

0.8

0.6

0.4

0.

Indirect y,: results in k coupling framework

Increase stat. sensitivity by
-KF=Kt=Kb=KT=K[1

IIIIIlllllllllllllIllllllllllllll

~ ATLAS and CMS o/

" LHC Bun 1 . SMp value 59% :
— Preliminary . [1 ] -
y [JATLAS -
. xSM  —68% CL [ lcms ]
— + Best fit ---95% CL [CJATLAS+CMS

1 1 1 1 l 1 1 1 1 l 1 111 l 1 1 11 l | I l 1111 1 1111
7 08 09 1 11 12 13 14

Ky

[1] ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
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KIRCHHOFF-
.%\/f EeGl  Indirect y,: results in x coupling framework

Run 1: probe six tree-level couplings to Increase stat. sensitivity by
W and Z bosons and up/down fermions - Ky = Ky = Ky
-Kr =K, = K,=K,= K
ATLAS and CMS Preliminary - ATLAS o b roH
LHCRun1 -.-CMS |_|_ IIIIIllIIIIIIIIIIIIIIIII'IIIIIIIII
- 0 “ 2
_SM P value 656 -0-A1;LAS+CMS 16_ATLAS and CMS SM p value 59(y__
K, _— " - LHC Run 1 T . :
- 1.4 Preliminary ‘ -
K — B |
" —
K, _——
—
K ——
*:
Kp
—— |
K
® @
lllIlllllllllllllllllllllllllllllllllll

0 02040608 1 1.2 1.4 16 1.8 2 All [oé% SM-like

Parameter value
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KIRCHHOFF- ]
. %\/ﬁ FORPHYSIK Indirect Yy

= ALWAYS
‘look on %

BRIGHT

Now we can make
nice looking plots!

results in k coupling framework

_ ATLAS and CMS t

-~ LHC Run 1 Preliminary g 3

- 'f’ W
—— Observed

----- SM Higgs boson

| | ||||||f\

3 & 3
- T -
: b ]
g E
- ATLAS-CONF-2015-044 -
B CMS-PAS-HIG-15-002 |
EIIII | ] llIIII| | | IIIIII| ] ] IIIIII| | E
107 1 10 10°

Particle mass [GeV]
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. N\/f i:ﬁﬁ Direct y,: motivation for ttH(bb)
« Reminder:

- In SM: y, = 0.996 for m,= 173.2 GeV (world average)

- Any deviations from SM Yukawa couplings would be first seen

for large y,! f

« =2 Measure directly the ttH vertex! . Ly

« We look for:

b
g > t q t g t
b
A b b
. < i<,
A b-
g “ t q t g f

Signal Signal Background
« Nota bene:
- H=>bb is NOT the main motivation of {tH search

- Additional motivation: we do it because we can do it!
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. ﬁ\/f b Direct y,: motivation for ttH(bb)

FUR PHYSIK
« Challenge: N —
~ o 10° ATLAS Data
- o4y = 0.1 pb (very smal!) 3k B s
- Notorious irreducible (t¢ 4- bb) & JJJ H (., =04)
+ instrumental backgrounds 10°E 1] [ Biga
. Focus on #+jets final states: i
v 10°s _ _
3 ttH (H—bb)

_ {s=8TeV, 203"

t b o
J @D% 10°E Combined

g b _ Single lepton and Dilepton
r—-»——< NS [/ PP N P T PN P PO
b 6F [JtiH (u_=1.5) + Bkgd. 3

iH (u __=3.4)+ Bikgd.

Do B DO

1

v 1

o 1
ok

r66666666® m::
b ©

g 8 0

O 0

[1] EPJC (2015) 75:349

3
— —
e

35 3 25 2 15 -1 05
log, (S/B)

Q
IN
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KIRCHHOFF-
.%\/(‘ FOR PHYSIK Direct y,: analysis strategy

« Maximise sensitivity by splitting into different regions
 Different S/B - constrain backgrounds in respective regions

ATLAS Simulation Single lepton
{s=8TeV, 20.3 b’ my, = 125 GeV
4j,2b 4j,3b 4j,4b
‘Lot sB<0.1%| 210 sB=02%| 210} S/B=1.4%
” % %
0.5 0.5 0.5

0.0l — 0.0 I | 0.0 LI

5j,2b 5j,3b 5j,>4b
of sB=01%| L0l siB=04%| 210} S/B=25%

w w
0.5 0.5 0.5

I R | 0_0_-_

s/\B
P

>6j,2b o [2653Db o |26024b
t sB=02% L1ofsB=10%| L10l s/B=4.0%

w w
) ) - )

1

S/\B
=)

[1] EPJC (2015) 75:349
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KIRCHHOFF-
INSTITUT
FUR PHYSIK

N

Direct y,: analysis strategy

« Maximise sensitivity by splitting into different regions
 Different S/B - constrain backgrounds in respective regions

ATLAS Simulation Single lepton Most important backgrounds:
(s =8 TeV, 20.3 fb" m,, = 125 GeV - tt + light (large o)
[z | L [@ee ] L[4 - tt + bb (irreducible)
S 10p SB<0.1%| (StopsB=02%| Z10f S/B=1.4% 4j,2b 4j,3b 4j,4b  ATLAS
0 s @ s Simulation
.ol 0_0_ 0.0_ my = 125 GeV
5j,2b 5j,3b 5j,24b bl
Do SB=0.1%| D1of SBz04%| 2 1of /B < 25% 5),2b 5),3b 5j,24b [ ]ttHight
% s %o % e
L L L +
el | %m’ﬁ
>6j,2b >6j,3b >6j,24b >6j,2b >6j,3b >6j,24b
Dot sB=02% ZDr1ofsB=1.0% Lo} s/B=4.0% Single lepton
a w w - @ @ %
0.5 0.5- 05
[1] EPJC (2015) 75:349
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KIRCHHOFF-
.N\/f FOR PHYSIK Direct y,: analysis strategy

. Reweight tt + light in p{top) & pAtT)
- (known modelling issues)

% . ATLAS . —+— Data % 6 ATLAS . —¢— Data
¢ 10 Vs=8TeV, 20.31b - fiH (125) ¢ 10 Vs=8TeV, 20.31b - fiH (125)
8 Sipgle lepton ] t§+light 8 Sipgle lepton ] ti*'ight
~ 10 4j, 2b [ ft+cT ~ 10° 4j, 2b []ft+cC
8 [ fi+bb @2 [ fi+bb
S [ f+V S [ tT+V
u>J 10° [ non-it Lﬁ 10* [_] non-tt
v Total unc. v Total unc.
10° Before reweighting 10° After reweighting
10° 10°
R
10 taiiit 10 %
E— L . - - 1 . . 5 1 5 4+ 1 ;. . 4 1 , . 9
D 125 . ~ D 125
o 1 /W o 1 WWﬁWW
= 075 ’ | = O 75
= 0.5 - - - -—
8 200 400 600 800 1000 1200 8 1000 1200
H* [GeV] H* [GeV]

FARRN

[1] EPJC (2015) 75:349
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N

« In most signal-enriched
region (6 jets, 4 b-tags):
- only 4% ttH
- 85% tt + bb
. > Modelling of ¢t + bb
crucial! -
. Reweight tt + bb to first
NLO calculation
- Kinematic variables like
e ARpin(b,b)
. pr(tt)
- Flavour composition! -

[1] EPJC (2015) 75:349

Direct y,: analysis strategy

§2) = T I T T T T T T T T

= u . . _
; 10 g~ ATLAS Simulation wo POWHEG+PYTHIA 3
g r --©-- MADGRAPH+PYTHIA
2 L e SHERPA OL —
< 1 P eGhnn =
- O N
1 vy _
10 ; vy Oneen E
N ceOres ]
102 e - mgur 3
- L L =
I Quee O]
10°E O g
- .- -
— | | | | | | | | | | —
< — L S AL o T T =
= 18E =
E 16 E b4 =
AE O Qe E
T 12 © ) =
§ o4 EOTS
< 06 , =
0.4 "eOee >23
g 02 E

Q  gxVga® veﬁwg*wb nb‘-’(\),ee 5?\3{\9\“ w\?“’“

Oleg Brandt 253
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KIRCHHOFF-
.%\/f FORPHYSIK Direct y,: analysis strategy

« First look: hopeless!

. Improve sensitivity: Before fit to data
T . L ATLAS
- Constrain 16+ Ight  § (o f “Glora 0ot & T 0 woion
(yield & shape) in w Single lepton [] nonff [ f+ce

7 Totalunc. [l  tt+bb

. . S
signal-depleted regions 1° 1 i (125)

with a simultaneous fit  1¢* w NN N+N
. . ’ +
- Profile systematics 10° ve ME

- Neural Network in 3 -

signal-enriched regions = [Feeecac=--
10

- Discriminate against the = I

irreducible tt + bb ;j:é{/y///////////y///////%/////////{

background in signal-
enriched regions (6], 05E

—h

Data / Pred

3b ‘0

4b) and (5j,4b) using Ay 2° 5\276\2 A, 2° 5\376\ . 2 5\/56\}
Matrix Element method

[1] EPJC (2015) 75:349
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KIRCHHOFF-
.ﬁ\/f FOR PHYSI Direct y,: analysis strategy

« First look: hopeless!
. Improve sensitivity: After fit to data

S % ATLAS
) -+ Data [ttH (125)
C(;(?nlsdtrga(mlft _I_)l_lght :EJ’ 10° (5=8TeV, 20.3 o’ O v [ tislight
yie snape) In Single lepton [] nontt [] tt+cC
signal-depleted regions  1* il
with a simultaneous fit  1o* —~— . NN NN NN
- Profile systematics 10° NTE ME

- Neural Network in 3

e ]
signal-enriched regions Rl T BN EEEE
- Discriminate against the R T |
irreducible tt + bb 13
background in signal- %07;:..-..“,7,.
enriched regions (6], & 0.516 TR LT R TR T
4b) and (5j,4b) using A N AN A A ey 5\’76\’

Matrix Element method

[1] EPJC (2015) 75:349
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.ﬁ\/f R Direct y,: analysis strategy
Most discriminant

Powerful NN variable in NN:
discrimination from matrix element
2 %18 ATLAS Simulation S . EATLAS e BB 4 (125
~ =8TeV _ .
= 0.16 Vs=8TeV —— Total background 2 S) 3 fb'1e | tt+V [] tt+light
g Single lepton ) c 300 : O nontt []  tf+cC
= 0.14 >6j,24b ttH (mH =125 GeV) q>> Single lepton % Totalunc. [l]  tt+bb
fol W 250 - >6j,24b []1tH (125) norm
& L e

o
—X
II‘IIITITIIIIIIIIIIII]IIIIIII[[I

1 1 l 1 1 1 1 l 1 | 1 1 l

1 05 0 05 1
NN output

Data / Pred

[1] EPJC (2015) 75:349
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Direct y,: results for ttH(bb)

INSTITUT
MU ForRPHYSIK
o 7000 ATLAS —e— Data
(0] F [Ldt=2031" Vs=8Tev  mmmttH (125)
3 6000 ‘Single lepton % %Ig%m
> - 26j, 2b [ t+bb
<= r y Cott+V
& N r / [ non-tt
@ C < s, Total unc.
4000 &)
3000 p reflt
2000}
1000
oL eSS .
8 12sF
E
~ -
o) 0.75;—
8 %% 200 400 600 800 1000 1200
H? [GeV]
> O%F arLas i " Data
(0] [ [Ldt=20.3fb",ys=8Tev EEttH (125)
B 5000 Single lepton E’ g:gght
P - 26j, 2b B ti+bb
c - COt+V
© 4000 1 non-tt
o s 7,7, Total unc.
3000[— i
: postfit
2000
1000
- %
O 1.25f
E 0.75}
8 %% 200 400 600 800 _ 1000 1200
Fll.;ad [GeV]

8_ - ATLAS - —e— Data
° 450 L dt=20.31b",Vs=8TeV C:;ttH (125) norm
@ 400f- Single lepton -
Z - 26j, 3b Cti+ce
LI>.I 350 [ tt+bb
= I Ctt+V
300F preflt 1 non-tt
E 7/, Total unc.
2501 )
200F-
150}
100F-
50F-
o
o 1.25f
a ,
o ,
o 0.75g4
S 0558 06 04 02 0 02 04 06
NN output
8 0 aTLAS ~eData
S T [Ldt=203fb", Vs=8Tev C:: gn g gg; norm
L Qi [
2 400F fnggle:;ebpton [ tt+light
g L 26j, [ tt+cC
i C m t1+eb
- v COtt+V
xof POStfit et
C 77/ Total unc.
2001
100
L o
~ o !- — —
o % 5
© 1.25F 3
— ? .(}. |
o %}/%ﬁ.w@w#wg:%% b W*kg.} ]
g orgl ¢
S 0558 06 04 02 0 02 04 06
NN output

Events /0.1

Data / Pred

Events /0.1

Data / Pred

- ATLAS

100~ fLdt=203fb", Vs=8TeV
- Single lepton

26j,=24b

prefit

//’

/4
A

80

60

4

o

X

@

i

,A’//_’l“'lll‘v 'Il"'b'lJ ’ L
e

—e— Data

C-ottH (125) norm
I ttH (125)

] tt+light
CJtt+cC

I tt+bb

o tt+V _

[ non-tt

7/, Total unc.

%4 '

% A;,
72

“
7
-08 -06 -04 -0.2 0 02 04 06
NN output
- ATLAS —e— Data
100l Ldt=20.3fb", (s=8TeV ::::g_n ﬂgg;norm
L 'Si [
L Slngle lepton ] ti+light
26 I,z 4b . t!+0g
80 [ tt+bb
thit Sk
pOS | 1 non-tt

60

40

20

7/, Total unc.

0F
1.25
1

A

0558

06 -04 -02 0
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_ L

Au
-1 -0.5 0 05 1

IIIIIIIIIII[IIII]IIII

ATLAS (s=8TeV,20.3fb", m =125 GeV

: s z
tt+bb normalisation %/ -t
jet energy scale 1 —
%4

tf+c% normalisation

ti+bb renormalisation

scale choice m,, /‘//

tf+V cross section

- o . : ° .
tt+bb shower recoil scheme i 2//

jet energy scale 2 :
z /f:

light-jet tagging 1 %0—1
&

ti+ct tt p, reweighting

b-jet tagging 1 7 @
ti+cT top p_ reweighting /;c
T Z‘Y/
- - : %
ti+bb renormalisation scale : -0~ 7
jet energy scale 3 . é -8-
7
light-jet tagging 2 : ° ?
ti+bb PDF (MSTW) * /";
IIIIIIIIIII|I]I}/I/JIII|IIII'IIII|I
-1.5 -1 -0.5 0 0.5 1 1.5
—— Ful (8- 6,)/A8

Pre-fit Impact on p

[1] EPJC (2015) 75:349 (/7] Postt impacton
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Direct y,: results for ttH(bb)

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

ATLAS « Did not have time to talk about:
[1] 2012 o fe8Tev,203f" - Dilepton channel:
- total Iy = . . .
- iy EH(H=DB) (o) (stat) . combined in same analysis
26 s08 - Fully hadronic channel:
Hadronic [~ | —— u= 16 -26 -0.8 n .
 challenging due to QCD bgr
Dilepton |- i U= 2.8 +§g +:: - e iN review
Lepton+jets [— - e H u=1.2 +:§ fg'g -
' ' Results with the
Combination - - e — u=1.4 71;‘; fg:g — matrix element method only
TR R T PO U T T ST T S S S S S S S S S s s -
2 0 2 4 6 8 10 12 ] = 121161 19510 (8 TeV)
best fit p=0™/olli for m =125 GeV ¢, | 150 .
CMS f+jets
ol [2] .
dilepton
Combined — I
[1] EPJC (2015) 75:349 3

Ly

[2] EPJC (2015) 75:251 T4 -2 0 2 4

Best fit u =o/c_ at m, =125 GeV
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Events /0.1

Data / Pred

g

KIRCHHOFF-
INSTITUT
FUR PHYSIK

120

— ATLAS —e— Data
- {s=8TeV, 20.3fb" m ttH (125)
100 | Single lepton %g:g%ht
F 26j,24b B tt+bb
L Post-fit o tt+V
80 |- 1 non-tt
- +ss, Total unc.
N c- -3 ttH (125) norm.
60 _— S
40 F
20
0 ______________________
1.25
1 BA v
0.75F +
oottt
-1 -0.8 -0.6 -04-02 0 0204 0608 1

NN output

PN

Events / 5 GeV

Direct y,: results for ttH (ATLAS)

S e e e O BN e e e e e e e
5~ —4— Data ATLAS -
C 1 :
F — Background fit 'S =8TeV JLat=20310 1
al- fIH, H — yy, my=125.4 GeV ]
b ceeees =14 -
- . 8 TeV leplonic category ]
3fF .
2F .
1-—0 * - * 0-—-

0".1.,‘,1Al.l1..,,1.xl‘1,.,.
110 120 130 140 150 160
m,, [GeV]
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Events

multi Ieptons

T T T T4
1 00 — A TLAS - Non-Prompt - Data 2012
L Vs =8TeV,20.3fb" []Charge misiD il Rare 4
80| 2/07,,,; category Totalunc.  [JVV N
C — fiH(125) X 2.4 [ ]tiz ]
60|
: | 2l0r, ., category
40 3
20l _
X 4 1
0 1 L 4 |
22 T T T T T T3
20F- ATLAS [Cliw ~+ Data 2012
- Vs=8TeV,20.3fb" [llNon-Prompt [l Rare
18
= 3/ category Totalunc. [V
16 — fiH(125) X 2.4 [ ]1iz
14
12 3!/ category
10

p b b b b s b b L s

5 6 7 8 |
Number of jets



FUR PHYSIK

. ﬁ\/f o Direct y,: results for ttH (ATLAS)

multi-leptons
ATLAS Internal Ys=7 TeV, 45 fb’
2011-2012 Vs=8 TeV, 20.3 b’
T T T T T T [T T [T T[T T[T
L T . ttH (tot) (stat) _
~ gstatistical
+2.6 +2.5
ttH— yy - | ® u=1.2 ‘18 1.7 - 1 4 + O 9
ttH—> WW/HvZZ P o u=2.1 T::‘; T:::, = ”ttH i
Consistent with the SM
_ — +1.0 +0.6
ttH— bb [~ === u=1.4 -10 -06 |
ttH Combination [~ F-o-- u=1.7 Tg:g +g: -
N P R T R T T L 3 1 T
-2 0 2 4 6 8 10 12 [1] EPJC (2015) 75:349

best fit u=0™/ol for m =125 GeV
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KIRCHHOFF-

INSTITUT DireCt yt: reSUItS for ttH (CMS)

FUR PHYSIK

multi-leptons
" CMS ttH bb [s=8TeV, L=19.3 fb' CMS ttHyy hadronic \s=8TeV, L = 19.7fb’
£ Lepton + =6 jets +=4 b-tags ) T T CMS ttH, 31 channel \s=8TeV,L=19.5" CMS ttH, 41 channel \s=8TeV.L=19.51"
g € 6f ‘ + Data 2 e e D 12 | : ‘ ‘
“ 3 — Bkg fit g 3573 I moi 8 3 ég@ta. 4|
w £ m jw . Y
ol . « 3 leptons=1y. @ Eis eptons
: E mr 1 gl
E ers
+20 g W Omes 1 of - HHXS
4t — m,=125.6GeV E

1.5}

E

05F

| I
.8. 3; ;g 2k 1 1 1 3

8 — 8 es—t——e—p 0 i .
P L L c_: - - - - j 05 2 25 3 35

008 06 04 02 0 02 04 06 qoo 120 140 160 180 e Lt :
BDT output m,, (GeV) BDT Output N(jets)
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Direct y,: results for ttH (CMS)

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

H-yy H—-WW, ZZ
w* t t
I WI/Z
H
gl ¢
WI/Z
W F 7 t
CMS Is=7TeV,5.0-5.1fb";1s =8 TeV, 19.3-19.7 fb’ multi- Ieptons
Y |
bb —a—
X |
4| — H ”ttH = 2-8 i 1-0
3l - - Still consistent
Same-Sign 2| — —— with the SM,
Combinaton = L L.T™.. ... butalittle bit of tension...
-10 -8 -6 -4 -2 0 2 4 6 8 10
Best fit 6/6,, at m,, = 125.6 GeV [1] JHEP 09 (2014) 087
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FUR PHYSIK

.ﬁ\/f s Direct and indirect y;: summary & outlook

. We came a long way since
the Higgs discovery:

> T LR r T '
- Higgs couplings measured EE 1;_ATLASand CMS t_
with unprecedented 5 [ Mo Rund Prelminary Pk
precision ,ELL|E 1 0_1;_ Tgﬁsﬁ'{é‘sg - AN _
- Consistency with SM at the “ ) :
current level of precision 1oL !} _
« Coupling measurements - "1 ) ]
statistically limited 10_3;_ " _
« The SMis a resilient beast! - 1 :
- > Lots of work ahead of us Jo L _
in Run 2! Pl ol

10 1 10 10

Particle mass [GeV]
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. x.._
R ‘e.. S

«*An d now. for..some'thmg completel dlffere t
S AT G e e S S SR e
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KIRCHHOFF-

%\/f INSTITUT Diphoton excess at 750 GeV

FUR PHYSIK

Another sample

A ATLAS NOTE ( \(;, y
5 L ATLAS-CONF-2015-081 <
from the series A -

“‘who ordered that?”

Search for resonances decaying to photon pairs in 3.2 fb™" of pp
collisions at Vs = 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

This note describes a search for new resonances decaying to two photons, with invariant mass
larger than 200 GeV. The search is optimized for scalars such as those expected, for example,
in models with an extended Higgs sector. The dataset consists of 3.2 fb~! of pp collisions
at V5 = 13 TeV recorded with the ATLAS detector at the Large Hadron Collider. The data
are consistent with the expected background in most of the mass range. The most significant
deviation in the observed diphoton invariant mass spectrum is found around 750 GeV, with
a global significance of about 2 standard deviations. A limit is reported on the fiducial
production cross section of a narrow scalar boson times its decay branching ratio into two

21/ ATLAS-CONF-2015-081
15 December 2015

photons, for masses ranging from 200 GeVto 1.7 TeV

See also lecture by Mario on Thursday

© 2015 CERN for the benefit of the ATLAS Collaboration
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

[1] ATLAS-CONF-2015-081 (13 TeV search)
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Diphoton excess at 750 GeV

WG
. Analysis strategy [1]:

- Require 2 photons ‘% ATLAS NOTE &)

« High-p; (35 and 25 GeV)
- Reduce QCD multijet bkg.

Ne»r->»

« Isolated
search for resonances decaying to photon pairs in 3.2 fb™! ¢
- Red UCe QC D m u ItlJ et bkg . > hc'l;)llisi(ms at WZ I3-\"l‘c{; twilpl:llI:e AI')I‘LAS d:tzc?:)r e
- Bump-hunt in m,, distribution
« Remake of 8 TeV search [2]
. . Abstract
- (similar to SM h—>yy search) : oyt b iy
A | / e i Collr T
\
’ © 2015 CERN for the benefit of the ATLAS Collaboration

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

m(yy)

[1] ATLAS-CONF-2015-081 (13 TeV search)
[2] PRL 113, 171801 (2014) (8 TeV search, up to m,, < 600 GeV)
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KIRCHHOFF-

NsTUT Diphoton excess at 750 GeV
% 1w'er——T—T 7777
0] ATLAS Preliminary 3 :
— o Data See also lecture by Sigve on Tuesday
I 3 o) 1045"|"'|'''|'"|"'|"'|"'|"'|"'|§l
- 10" - _ = - —— Observed CL, limit ~ ATLAS Preliminary -
z = —— Background-only fit S oL Expected CL,imit  (s=13TeV, 326" ]
L% - . xg '§_ [ Expected = 10 ry/m =1% E
o} - ]
. - [ Expectedz20 Spin-0 selection :
10% |- \s=13TeV,3.2f0" =& wk : R
- 35 :
- 18 10 E
= = 4
= 40 1E =
- - g ]
_— — 10_1..l...I...I...I...l...l...l...l...l
1 = = 200 400 600 800 1000 1200 1400 1600 1800
= - my [GeV]
10‘=_I | 1 | IR B 1 PP IEPEE P —
'8 EI 1 L 1 T L T L E
8 15:_ =
> 10 =
A 2[NS
© = 3
Qo 0E , l 4 Py P =
3 HU4 e
E 56 |¢¢ + E
s “1OE || 40 E
© —15F —
O 15El i " i 1 i " " 1 " " i 1 i i " 1 i i P i i i 1 i i 1 i A:
200 400 600 800 1000 1200 1400 1600

m,, [GeV]

HASCO 2016 Introduction: Physics at Hadron Colliders Oleg Brandt 268



Diphoton excess at 750 GeV

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

> 10— T T T T T =
8 ATLAS Preliminary 3
Q R ® Data 1o R
s 10°E ek 1E o 3
< = —— Background-only fit 3 > E 3
g I~ -1 Q. - o -
w _ 18 10°
10% |- s=13TeV,32f" = 8 3 3
B y 102
10 3 ] 3_:‘
- 3 N R Se— 1
L 1 WF ATLAS Preliminary =
g 3 ) fs=13TeV, 321" |
n ] 10° . — G q
107 ] [P S TP PP B | | = [ S ani s sananasuRasassaes 1
o = T T T T T = .
g 15F — 10 5 P sl i a1
o 105 S 3 200 400 600 800 1000 1200 1400 1600 1800
o = E
é 5E- u ﬂ L 3 m, [GeV]
Q0 - . - " " g
I | &L—Lﬁ“—“—‘ - 3.6 o local significance
= —OF |e* = . P
5 105 |||, = 2.3 o global significance
© -15F 750 GeV =
O El i " i 1 i i i 1 i Avl 1 i 1 i i 1 1 E
200 400 600 800 1000 1200 1400 1600

m,, [GeV]

More details on the analysis in the following...
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KIRCHHOFF-

N\/ﬁ Diphoton excess at 750 GeV

Let’s look in the smallprint

If

hitp://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CesT
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. %\/f Diphoton excess at 750 GeV

« Photon reconstruction in a nutshell:

S3 (“Back”) Y candidate T1? candidate

S3 (“Middle”)

SI (“Strips”)

Presampler

g > . R RARRS T

H H 3 -o-Dat Z—e'e ]

Cluster reconstruction using 3 s SIMC Stat o Syst. Unc. ATLAS Preliminary -
fixed cone size algorithm, E [ momosen 13 TeV, 85 pb”

central: AnxA@=0.075%0.175 4 Bz E

[ETop

Size: 3
compromise between
energy leakage and noise

Validation

77 1
. Use multivariate regression to calibrate _ o=

photon cluster energy [1]
[1] EPJC 74 (2014) 3071
HASCO 2016 Introduction: Physics at Hadron Colliders
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Diphoton excess at 750 GeV

KIRCHHOFF-
INSTITUT
W FUR PHYSIK

_ /AR T AR | . Isolated photons:
/ SCEEERE - Little activity in tracker/calo
/ Fixed-size Photon Cluster in a AR cone around the y
5x7 Cone Core
Topological Cluster - Reduces background from
\6“)'30[09“[ Cluster jets which mimic Y

o Calorimeter: E¥° < 2.45 4 0.022 - E] in AR < 0.4
o Inner detector: p° < 0.05 - EY in AR < 0.2

. Challenge:
- Determine y trajectory to:

background L7 - = calculate isolation

L7 gl
20 - = calculate m,,

« Which primary vertex did
Ss gl the y come from?
Vs - How to select primary

~ vertex for y w/o tracks in
the tracker?
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. %\/f Diphoton excess at 750 GeV

« Exploit longitudinal segmentation $3 (“Back’) Y candidate
of the EM calorimeter

- Select primary vertex using: S3 (“Middle”)

. Extrapolated z, coordinate

SI (“Strips”)

Presampler

2
o 2p\ tracksPTS) 2PV tracksPT

° Agb(ﬁTﬂ’W’? ZPV tracks ﬁT)

';' L L L L L L L AL L L L
& 19 ATLAS Simulation —e— True vertex -
- . 1s=8TeV & Selected vertex J
B " H - yy, m, = 125 GeV —¥— Photon-trajectories -
- » iy = N
1.8 |
I .
I - i
I . :
= — o ——— -
1ol O— —— - + other quality and
o= ‘ e = . . .
" — 1 1 1 . kinematic requirements
0 5 10 15 20 25

Number of primary vertices Oleg Brandt

273




WG
« Exploit longitudinal segmentation
of the EM calorimeter

- Select primary vertex using:

« Extrapolated z coordinate —O\k
o Zpv tracksPT"s ZpV tracksPT 6

+ AG(PT. %éo\kms NG

T ’O 1ﬁ_7_'__'
1.9~ ATLAS €

oriex __
O zlected vertex ~
G( “\(\ Photon-trajectories

Ogg [GEV]

+ other quality and
2w \ A W\ i DT T . kinematic requirements

0 10 15 20 25

Number of primary vertices Oleg Brandt 274



Dlphoton excess at 750 GeV

10*

KIRCHHOFF-

INSTITUT

MU ForRPHYSIK
T I T

‘ll__l T | T T T T I T T T T | T T I T I T Il T T II T T l I I: E T ATLAS Prellmlnary T
> ATLAS 2200 : S ® Data
Q 2000 T
9 1 03 = 1800 H( I 25) = g § —— Background-only fit
Ei ; 332 ; U E Vs=13TeV,3.2f0"
© o| 1200 ] -
~ 10 S 1000 -* Data E 10E"
P — - gooE — Continuum+H fit (m, =125 GeV)] S =
S - ~\n 6005~ Continuum component of the fit . ’ ;_
10 115 120 125 130 135 —| g
- E 5 10 ‘é | =
V\s=8TeV, | Ldt =20.3 fo’ t t f _ é :g: . 3
e f TEE IS M, :
~ —— Continuum+H fit (m, = 125 GeV) ﬂ i 5 0 At i
_1|_— Continuum-+H fit (m, = 250 GeV) o _;Z: 1 { + 3
10 S— Cor?tinuum+l'll fit (m, = I500 GeV)I | § 5E- E
100 — '200' — 1300' — '400' = '500' — 1600 700 200 400 600 800 1000 1200 1400 n::;'?gew

m,, [GeV]

« Extend Run 1 X->yy search above 600 GeV
- Use the same fit model as originally (otherwise bias!)

- No excess in 2012 data Ratio of cross sections for s-channel

- 2015 and 2012 results compatible  resonance produced in gg fusion:
O137ev/ Og 1oy = 4.9
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.}\/f ST Dlphoton excess at 750 GeV
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« Extend Run 1 \(\ arch above 600 GeV
- Use the san\N 'nodel as originally (otherwise bias!)
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- No excess in 2012 data Ratio of cross sections for s-channel

- 2015 and 2012 results compatible  resonance produced in gg fusion:
O137ev/ Og 1oy = 4.9
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Diphoton excess at 750 GeV

KIRCHHOFF-
INSTITUT
MIC  FOrRPHYSIK

« CMS performed a similar search at 13 TeV
- Two event categories

« Both y in barrel calorimeter (EBEB) = best resolution
« One y in barrel, one in endcap calorimeter (EBEC) - OK resolution

~ CMS _ Preliminary v 26f')13Tev) ~ CMS_Preliminary 261" (13 TeV)
3 c Unfortunately less luminosity EBEB $ 10 k- EBEE
& 10° |- than ATLAS due to & F
s F magnet failure 3 10k
e - ) - E
+ L
=~ ¢+ Data ; e ¢+ Data
1 g~ = Fit model i £ = Fit model
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8 4 ' - '8 4
3x10°  4x10* 5x10° 10° 210’ 0P 4x10° 5x10° 10° 10’

m, ., (GeV) m,, (GeV)
[1] CMS-PAS-EX0O-15-004
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Diphoton excess at 750 GeV
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CMS Preliminary 26M'(13Tev) _ CMS Preliminary 26" (13TeV)
2 [ K =0.01 a
= | | --- Expected limit i
7 251~ \ t1o T | I | ¥ 16
0] : N t20 . 107 = K = 0.01
T 20 \ —— Observed limit -
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Q i s
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. Largest excess:
- m,=760 GeV in the narrow width hypothesis

« Local significance 2.60
« Global significance 1.20

[1] CMS-PAS-EX0O-15-004
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Diphoton excess at 750 GeV

19.7 1b"' (8 TeV)
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results more compatible 8 10 .
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[1] CMS-PAS-EXO-15-004 :

CMS Preliminary 2.6fb' (13 TeV) + 19.7 b’ (8 TeV)
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KIRCHHOFF-

A Diphoton excess at 750 GeV
S Preliminary . = Preliminary 261" (13 TeV)
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