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My Top Seven of

Open Questions

What is Dark Matter? Wy .u -

How to explain the matter-antimatter asymmetry.
Is the Higgs-mass fine-tuned?
How to solve the strong CP problem? .= 3
What is the physics behind dark energy?

What is the origin of neutrino masse‘sii

And number seven as G. Zanderighi puts it:
Are these the right questions?

|s naturalness a good argument? It seems
to fail at the LHC!
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How to Answer

these Questions?

§ of pemuxt  ATLAS .
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0 | Excluded e Preliminary-
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= Direct Searches = Rare processes = |ndirect searches
= production of new = New Physics can = |ook for deviations
particles (e.g. LHC) lead to enhanced from SM predictions
= |nteraction of particles Cross-sections = e.g. due to quantum
with detectors (e.g. = Typically: high- loop effects of new
CRESST) intensity beams, virtual particles
sensitive detectors
(e.g. Belle-2)
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Direct Searches at

the LHC

= As of 2017, we have seen no
significant excess in analyses
aiming at SUSY models or more
exotic BSM models

= By now, we are probing the TeV
scale!

= Decisive point is coming soon!
= What is excluded by 2019, will not
be discovered in 2030 at the LHC

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz

ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: August 2016 [rdt=@2-203) 1 V5=8, 13TeV
Model Ly Jetst EPE [raqn’) Limit Reference
T
400 G + 519 S W a2 aneorrs
DD non esonant (¢ zew - o an rwrano
AODGBi 19 ven oo - ma 1112008
0 G j - Amss ot w1595
0 BH g 3 pr- sen 22 - a2 ~ s otaoasss
00 BH mutt - g =6 =3 TV M erz0asen
S1 G (0 2en S kit =01 s
S1 G~ - e kit n
5 o g e 1w w2 ki LS Con 2016062
BUKRS G HH oS o LS Con 2016089
BUKRS gk — Tew zincumvs 3 sAZ0ses sorre
2uep Arp Tew e2bedl ve a2 TeriunsA) < a1 | muasconeavisors
sz Zen BT xS cozison
Sswz e 2r S ows a0
Leptoprtic 7/ - b R TR oot
S Y133 LS cone oot
W W W2 qqumodiA Ock 10 Y 192 ArLss cote 1o
T ~ angq model = s ArLss ot 2016955
B Wz e s a2 231 7oV o o521
(S W, - W 2bot ves 203 fritvey
LAsu W] o o w1y - W 400095
e - 5 - 67 |n T8STe 1 S O 016089
S ciites 2oy - D m 252760 o0
Ot 259053 uzbtl oo 203 (] 501605
i vecior e W oen o1 Y sz |m ToTev L0t <0G | o
8 | iabvectr medtor OiacDM) i1y 1 W 32 2 G oo | o
221 £FT (DicOW) Gen 14510 ve 32 ) < 1506 AL CoN 2015080
Seaar 017 gon 20 =2 - 2 o5 ot
S scartazgen 0 s - 3 preen
ScairLa3 gon Tew =100 ve a3 oo
VaTT e x ) Tin 18] et s
Tew 21623 Y 203 5 ol Jroems
Teu 22023 v 203 cempnsne ezsotate
e azen - 23 8061 co a0
S5 s g so90tz81
25923 21021 Yoo s conr w1603
v - a2 aatov
J s - w7 seTev ALAS CONE 2016069
E 101 oo 1AS Cone 201608,
Tozeu 1520] s 23 stnazss
o 23 iz
Erctea o - senr Y vz
LSTCar — Wy Teaty - v 23 e
Hacra ep oz - as ) <24 no i Tn 0020
Higos o H 20189 19 O prkcton, SR e | ATLAS CONF 2015051
S rigos et v Semr 203 oo SR~ Tari 2021
S | oo tones oo (AR = e
uit-<rarged o Ex O rraaen o
b i | e
L

10 Mass scale [Tev]

Only a selection ofthe available mass limits on new states or p Lower bounds are sper when expliity not excluded
Smallradius large-radius)jets are denoted by the leter ().
ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
Status: August 2016 V5=7,8,13TeV
Model mTY Jets EY™ [ramn) Mass limit Vi=7.8Tev [F=TTEV| Reference
MSUGRACHSSM oseunar piomsh N 203 ATV, ieni) rnrosses
opai) i B p——— s cone ieors
ot 150 e 92 saa oo
o 2oles e 19 v s oo ansors
0 ae v s O, i S kS e oieors
B s i LAS o ot os7
20489 03jes s 132 cocer kS o o1 47
1Zriorc o2k Y 9 “narocars
2y a2 s Tmootso
Y e as s — o705
s e 13 ~ bt s cone oo
2en) 2@ ve w3 s nces o0
ot v 209 G110 o 1570w jrodeny
I s cone o0z
olen 3 e s Jor e LAS Cone o ose
Olox 3 e 21 i saocey Taroen
bttt w2 e a2 ooy
§ bbb 2eu(s9) 16 ves 132 e 150G i) iy 10068V s CoNF 2018057
C2en  12b  vessriaa nnmm-v o mmoce ) mmm,.sm 208108 GO 208477
o) 20 0208 25 Yor 47133 v asssocey 15050816 ALAS CONF 201607
o monora P R e o ancormrs
Hinsura owse) 2w b 23 150600 Gev Vs
sewm b e s o avisose
Vi smeezs e 23 20 Gev ,',,A Ttaooste
2. 0 v a3 90335 Gov s
24 0w ma iacu M sy e
i i S LAS o o108
0 e w3 o os mm jvcaived
ozis W 23 [t azscev i e o i oz
02n e 03 (gt cey o oo
4 0 s a3 [dh e3sGev. e . i S 0
Spywenkpoa  1esry s e 115370 cev pll aroses
oM (o NLSP) weskpoa 27 v ma | smocey “amn earosess
Direct {7 prod., long-fved. Yes. i 160 MoV, 7F7 10 2 5. 13103675
e 10, i <15 78 ez
1 - 100 G 10 iy 088 Tamosns
i - . ntosen
. frore
3 Yes e
- Tiostez
S T - “oarosers
e v 2eus 036 e iy
i Ve o s o v ors
e - om0 osso0
2 o estagekis oy xS o sorsosr
& o asiagekjs - o LS o 916067
Teu B10jon04 o LAS o soisoas
[ tnton v asocey LAS o o104
o oesaan - TLAS CONF 201 2. ATAS N 2016084
2en 2 S8t Las Sonr 20150
Ot Scatrcharm, el 0 2w s e BT il atocey ooz

Only a seloction of the avaiable mass imits on new 101
states or ,/‘ 'u‘ na is sho 10

Mass scale [TeV]



JG|u

jonannes GUTENBERG
UNIVERSITAT MAINZ

Indirect Searches
and Loops



| et’s move to the

Electroweak Sector

= The electroweak gauge sector of
the Standard Model is
constrained by three precisely
measured parameters

a=1/137.035999139(31)
G, =1.1663787(6)x 10" GeV

m, =91.1876(21)GeV ; o

T \/5°G (1-m>, | m>)

= Attree level, other EW F wez
parameters can be expressed in L m;
terms of G, m, and a Sing, 0, = =)
Z
= Higher order corrections modify .
these relations, and determine r = 3G my,
sensitivity to other particle " 2\/5;[

masses and couplings
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Radiative Corrections and

New Physics

mm Global EW fit

R Indiract o

= Radiative corrections Ar to m,, are
dominated by top and Higgs loops
t
W o W v

. W - 1))
e o*'c'v"‘c'o“\s"d'd‘

= |dea of the global electroweak fit:

0 | Excluded / Preliminary“
= Measure many observables and compare 10 102 10°
to their predicted values m,, [GeV]
Al T 4
= Prediction of Miop and my, before their "__wwmm e
discovery (That's why we have the LHC) 3 e e | -
L CMS measurement [arXiv:1407.0558] A
= After measurement of my, all the free Y V.
parameters of the SM are known 2 |
" Relations between electroweak _ ..................................... 4 - EN
observables predicted at 2-loop level A Sy e o Ml B
60 70 80 90 100 110 120 1;: [Ge\::o
(0 . -0)/ o,
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The Global

Electroweak Fit

mm Global EW fit
Ml Indirect determination

- Measurement
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]

M, | Ry :
Mw_‘_‘_”-

Inspired by [S. Heinemeyer et. al. arXiv:1311.1663]

" Lichtenberg 2016

M, [GeV]

= [ Standard Model Higgs

~ contours direct M, m,

80.44 = [ Unconstrained SUSY Model

80.42 [ 2%, 95%, 99% CL fu / —

Preliminary

m, S = 80.4 \ »

: . H : H w'u v > — = f

R = |

80.36 - ol -

[llllllllllllllllllllllll[lllllllllll i S a
w.u _{:::-_—:::—-___

-3 -2 -1 0 1 2 3 '.:;:::‘—.D-mr.l Higgs Discovery =

(0~ 0) 10 80326 70 172 174 176 178

m, [GeV]

= Precise measurements of the

electroweak parameters

= allow stringent test of SM self
consistency

= | ooking for hints of BSM physics

= The measurements of my, and
m,,, are currently more precise
than their indirect determination
= |mproving precision will not
increase sensitivity to new physics
" [ndirect determination of my, (8
MeV) is more precise than the
experimental measurement
= Call for Am,, < 10 MeV
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Electroweak Precision

Measurements at the LHC

= Various SM parameters can be measured at the LHC with a precision

competitive with previous determinations

my 125.09 £ 0.24 GeV (ATLAS+CMS) Uniquely measured at the LHC (but
arXiv:1503.07589 not important for the fit)

m; 172.84 £ 0.70 GeV (ATLAS) arXiv:1606.02179 Superseding Tevatron precision
172.44 £ 0.49 GeV (CMS) arXiv:1509.04044 (but “unknown” theory unc.)

sin?0,, | 0.2308 + 0.0012 (ATLAS) arXiv:1503.03709 Not yet competitive with LEP, SLD
0.2287 + 0.0032 (CMS) arXiv:1110.2682 and Tevatron
0.2314 £ 0.0011 (LHCb) arXiv:1509.07645

as(my) | 0.1164 + 0.0052 (CMS jets) arXiv:1609.05331 Currently dominated by large theory
0.1151 £ 0.0028 (CMS tt) arXiv:1307.1907 uncertainty (PDFs, ...)
0.1173 £ 0.0046 (ATLAS TEEC) arXiv:1508.01579 Most precise value from lattice.

My 80.XXX £ 0.XXX GeV (ATLAS) arXiv:1701.07240 Competing with Tevatron precision

M 2144 + 62 MeV (CMS) arXiv:1107.4789 From W/Z cross section ratio

= Focus of this talk: Measurement of the W boson mass at the LHC

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)
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/ Boson Measurements

S :
http://inspirehep.net/record/691576

= / bosons can be produced 2 o P ;j
directly in e*e- collisions, i.e. we & swern j
can scan the Breit-Wigner L o ' S ]
lineshape f/6\

- fefi T2
! .:," ’.“ ‘\

= We do not need to reconstruct o mumrmppenerreriyn / / i 1
energy of the decay particles e i LI \\
* Mass measurement is reduced to gy . 5

a pure counting experiment 8 88 90 s )\Jl
J s eV

= Reach enormous precision
= Mass known to 2 MeV!

. ‘ l o A

= Not only crucial input for the S

electroweak fit, but also for the ol | e
LHC detector calibration! AN T EEe
e’ TR G
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= 1983 - UAT:
= my =815 GeV

= 1992 — A2 (using Z-mass from LEP)
= my =80.35+ 0.37 GeV

= 2013 - LEP (Combined):
= my = 80.376+ 0.033 GeV

= 2013 — Tevatron (Combined):
= my =80.387 + 0.016 GeV

= Only four m,, measurements

in the last seven years
= Complex measurements which
require O(5-7) years

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

W Boson Mass History
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Dala from Chin. Phys. C, 38, 090001 (2014)
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Mass Sensitive

Variables

= Main signature: final state

lepton (electron or muon):
= transverse momentum

pr(lepton)

TTTTD I
‘NLO" Gluon ‘ .
= Recoil u: sum of “everything % s [ | /e';m Boson |

else” reconstructed in the
calorimeters

- EET,Z’

= a measure of pt(W,2)

= gives us also missing
transverse energy (not used
for myy)

= The transverse mass m; is
defined in transverse plane

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

Lepton

Vector Boson

Lepton

(WiZ)

D i

asu \ 4V Recoi
ij onE(}.L / /?3
Recoi / / /7 /\ -
'Y 4 /]
ﬁlepton // /j/ £
T

— miss

Pr _(ﬁ;+ﬁT)

\/2pr’"’“ (1-cosAg)
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Mass Sensitive

Variables

" : S : >
= Sensitive final state distributions £
= |epton transverse momentum §
" pq(l) E
= Transverse mass 3
© M .
= Missing transverse energyi, i.e. _
« : » . € 101
neutrino p;” (not used in my,) s B e
"D miss % 0.99F e
T = 30 32 34 36 38 40 42 44 46 48 50
pl [GeV]
= Template-Fit approach £ o.1z;—"gggs‘ijjfj;?';'F"r'é"'"'“hé'rv """""" —
. CoIs= ; + — Amy=+50 MeV ]
= Assume various W boson mass s °F I
values in MC event generator and s o E
' miss 5 0o E
p.redllct t.he p(l) , M, pr 2 el E
distributions ook E
= Compare to data ok —
= Mass determination by x2 s o . SNSSSGRERt
inimi ' 5 0.99F ]
minimization = 60 65 70 75 80 8 90 95 100

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 15



Why Is this measurement
complicated?

.
. - —

- i )
P

LI — v 1 y

i Pl Nty Rl SN .

; | < 4 N v J
< J e ’ . .--’;’ l_}‘ 'E'..;C" :‘/:.',
' - h % VY %

| ' ' N L -~ », \‘.l . ‘./‘". ""{y
| / We want to achieVe'a = | o '
“ Y G relative preeision of 0.01% I\ & AN \t
B rd i ” v{ 1' £ ’. '

Experimental Aspects Physics Modelling

X To which precision,do we ‘o The'W 66‘sgn iS ot at rest,
know what the detector | '\ 0 so with which kinematics is

measures? 2V vy X the W boson produced?
‘ Muons Electrons 8 , o-(W)
Had. Recoll Backgrounds g EW Cor.

Focus-during the first"ye_arsv of thesproject Focus du,ringAth,e [ast years of the project

=
\
> TN - y
-
i A ! .
) \ /|

PDFs

Angular Coeff

r e .



Measurement Strategy:

Categories

= Crucial idea: Perform measurements in different categories

® validate detector calibration
= validate physics modelling and improve accuracy

= Categories are sensitive to different experimental and theoretical biases
= Measurement was considered ready for unblinding only when all the
categories yield consistent values of my,
= Experimental and theoretical uncertainties have different correlation or anti-
correlation patterns, the categorisation allows to constrain them, and increase
the sensitivity to m,

= Categories used for the combination (28 in total):

Decay channel W — ev W — uv
Kinematic distributions pfr mr pT, mT
Charge categories W+, W- W+, W-
Ine| categories [0,0.6], [0.6,1.2], [1.8,2.4] [0,0.8], [0.8,1.4], [1.4,2.0], [2.0,2.4]

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 17



Why things are more

complicated at the LHC??

= A proton-proton collider is the most challenging environment to measure
myy, Worse compared to e*te” and proton-antiproton

proton antiproton proton proton

- .. A

= W bosons are mostly produced in the = W bosons are equally distributed

same helicity state between positive and negative helicity
states
= Further QCD complications at LHC " Large PDF-induced W-polarisation
" Heavy-flavour-initiated processes uncertainty affecting the py lepton
= W+ W-and Z are produced by distribution

different light flavour fractions
= | arger gluon-induced W production

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 18



Lepton selections
* Muons : |n| < 2.4; isolated » "~ e
= Electrons : O<|n|<1.2 or iy

1.8<|n|<2.4; isolated WEL
* Kinematic requiremaents
* pr >30GeV p;™s >30GeV
“ my >60Ge 230 V\

Muon Channe
Electron Chan
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Physics Modelling

= No available generator can
describe all observed features
= QCD aspects: Rapidity, p;
distributions; angular distributions,

= EW aspects: ISR and FSR QED
corrections, missing higher-order
effects

Breit-Wigner Parton Shower

do (do) d_a 1(do(p,y) 1 |
dpdp, | dm dy dpt ()
NNLO pQCD

-{(Ei/l,.(y,pt)fi(cosg"/’))}

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)
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Transverse Momentum

(A several years effort)

= The Pythia8 p;-ordered parton shower is used as model for the p(W)
= Model-parameters are fit to the p(£) measurement at 7 TeV (AZ tune)

= Pythia8 AZ tune describes p(2)
= data within 2% inclusively and in rapidity bins
= Pythia8 is used to transfer from the p(Z) to the p(W) distribution and to
evaluate theory uncertainties on the W/Z p; ratio

- Frrrr[rrrrrprrrrprrrrprr T T T T T T T T T T T Data (stat uncert.) B Data (total uncert) {58 TeV, 20.3 fb™
> 008-ATLAS —+— Data E PounegPyia AZNLO, — romnegeene . ATLAS
O go7EVs=7TeV, 47 b —+— Pythia 8 4C Tune: i T 1
=~ 0.07f - 1.1
o E pp—Z+X — Pythia 8 AZ Tunej 1
< 0.06 g 0.9
L C ] ©
o) c - S os
© 0.05 — = o7k
@) C . 212
= 0.04F E ERE
o 3 IR
I~ 1 C
0.03 I S 09
o 3 = 08
0.02% = gore
C ] Qo
0.01F = e
:I 111 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1111 I |||||| 0.9_ B :
0 S 10 15 20 25 30 35 40 8:37 66 GeV <m, <116 GeV, 1.65ly|<20 | 66GeVsm <116GeV,20=ly1<24 |
pi [GeV] 1 10 10° ol [GeV] ' 10 10 p! [GeV]
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Transverse Momentum

- Uncertainties

= Uncertainties from exp. py(Z) unc. S b ATLAS Simulaton
. 02 Vs= _pp— WE+X, pp—> Z+
and theory unc. on the W/Z p; ratio 1021 5=7 TeV, pp—- WX, pp-> Z+X

= Heavy-flavour-initiated (HFI)

production introduce decorrelation
" bb/cc—Z accounts for 3-6%

0.98 — Pythia8 AZ — Light quarks—W,Z — cT—Z

= cs—HWis ~20% of W production b b=z medesmW o ol
[ ] i 0 5 10 15 20 25 30 35 40
t'Fék?Sr(:rzeriSaig VW;trTations Pr [GeV
= decorrelating the PS between £ amas | wewm
light and HFI processes g B[ STV AT o -
o

—— Powheg+Pythia 8 AZNLOA

= Central prediction and uncertainty
validated with the recoil distribution
= end up with compatible central

value and similar uncertainties

compared to “model approach” 30 20 10 0 10 20 30
u"I [GeV]
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Transverse Momentum

- Alternative Models

= Theoretically more advanced calculations were also attempted
= DYRES (and other resummation codes : ResBos, CuTe)

= Powheg MINLO + Pythia8

= All predict a harder p{(W) spectrum for given p(Z) distribution
= Behaviour is disfavoured by data (see later)

N
Eg ATLAS Simulation
© Vs=7 TeV, pp— W+X, pp— Z+X

== Pythia 8 AZ

09 — DyRes 1.0
0.85 —— Resbos
— CuTe

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

N L
Eg - ATLAS Simulation
© C (s=7 TeV, pp— W+X, pp— Z+X

1.05

0.95
0.9

== Pythia 8 AZ
085 — Powheg MiNLO + Pythia 8
—— Powheg + Pythia 8 AZNLO
11 1 | I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1
O'80 5 10 15 20 25 30 35 40



Rapidity Distributions

and PDFs

= Rapidity distributions are 8 Farias T
modelled with NNLO predictions S esof oo 1OV AO
© 600
) 550
= Baseline: CT10nnlo PDF set 500
= provides good agreement with o
data thanks to its milder 350 s Data (W)
- —+— Data (W)
strangeness suppression. 3001 == Prediction (CT10nnlo)
= CT14 and MMHT considered as 20 s A e e T B A e s s 5 4
uncertainty, other PDF sets . "
excluded by data S g ATLAS E
> FVs=7TeV, 461" ]
T 160 -
. RN S =
= W/Z precision measurements at 7 o e, E
and 8 TeV 100 == E
. . . 80K A
= Strong indication of unsuppressed 3 -
strangeness a0f- nall
- —— Data ]
205_= Prediction (CT10nnlo) S

TENENEN TSNEE ANRTEEN SRR BT ol b by by by a1y g o
0 02040608 1 12141618 2 22 24
Iy”I
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Angular Coetficients and

Polarization

= The DY cross section can be < FATLASInternal _+ Data N
. .. - (S5=7TeV, 4.9 fb" - Z Boson Predictio
reorganised by factorising the *

—— Z Boson Variation

0.8)

dynamic of boson production, and .
decay kinematic i
0.4

do d’o f

= A(y, p..,m)P(cos0, 0.2

s~ dp ddm 2P (050.9)

b} | | L 8\ L
= P,(cosB, ¢) are 9 spherical harmonics. i A OpT(Z)[c;;)S]
= complete decomposition s N e

- ATLAS —+— Data .
1—Vs=8TeV,20.3fb" = DYNNLO (CT10nnlo)
o 0.8:—pFH " -
= Angular coefficients are modeled N
with pQCD at NNLO T
= validated by Z's at 8 TeV 4
= Uncertainty: difference between 02r ]
prediction and measurement O e
0 20 40 60 80 100

P} [GeV]
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Overview of QCD

Uncertainties

= CT10nnlo uncertainties (synchronized in DYNNLO and Pythia) +

envelope comparing CT10 to CT14 and MMHT.
= Dominant uncertainty
= Strong anti-correlation of uncertainties for W+ and W-!

= Second largest model uncertainty: p+(W) modeling
= gimilar for my, extracted from p; lepton and from m+

W-boson charge W W— Combined

Kinematic distribution pfr mr pff mr pgf mr

dmw [MeV] prememmEm 1
Fixed-order PDF uncertainty i 13.1 149 12.0 14.2 i 8.0 87 E_i
AZ tune 3.0 3.4 3.0 3.4 1 3.0 3.4 |
Charm-quark mass 1.2 15 1.2 15 112 1.5 E
Parton shower ur with heavy-flavour decorrelation 5.0 6.9 50 6.9 E 5.0 6.9 |
Parton shower PDF uncertainty 36 40 26 24 .10 1.6 E
Angular coefficients 58 53 58 53 158 53
Total 159 18.1 14.8 17.2 E 11.6 12.9 E
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Need to Understand the

Detector Response

= | epton calibration
= momentum calibration using the Z
peak
= efficiency corrections
(reconstruction, identification,
trigger) rederived via tag- and
probe-method in 3 dimensions

hadronic recoil

= Recoil calibration 7oy
= Event activity corrections
= Recoil response calibration using
expected p; balance between
lepton pairs and uy in Z events

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 29



Muon Momentum and

Efficiency Calibration

= Muon momentum only from inner
detector: simplifies calibration

= Parameterization of corrections:

pyc corr _ pyc % 1+ a(n.¢) %

1+q-6(n.¢)- p;* |
[1+B,,,.(m) GO, p)
= q: radial bias (scale)

= §: sagitta bias
= (3: resolution correction

= Charge dependent corrections
= Scale and resolution corrections

derived form Z boson line shape,

= Sagitta bias from E/p in W — en

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

E/p method
E —e— Z—uu + global sagitta

E—v—Comblned
S I N [ I I I DT

—2 —15 —1 -0.5

0

05 1 15 2

i
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Muon Momentum and

Efficiency Calibration

= Once the muon momentum is Saoos ATLAS - epme T
correctly calibrated, we observe S 50000 ) pactorone
“ " : £ 40000
a “perfect” Z boson line-shape 5 oo,
= Need to study carefully momentum "~ o000
dependence of calibrations (e.g. 10000
via J/Psi . :
) g:) 10515- +J_++++L b gt + -I-"H-J.‘I'
T b P T T b e
= 095 :
g 80 82 84 86 88 90 92 94 96 98 100
. r . . . m, [GeV]
= Muon identification efficiencies »
with “Tag-and-Probe” method in o MOTATLAS e
_ . g 120F (s=7TeV, 411 Wz iy
four dimensions £ 100 Desckground
. . . L
= Perfect lepton-n distribution after >
calibration (and one year of work) 40
20
B 105 :
o 16 R = =
© 0.95
8 -2 -15 -1 -05 O 0.5 1 1.5 2
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Hadronic Recoill

Calibration

= Recolil correction steps
= Step 1: Equalize pile-up multiplicity distribution in data and MC
= Step 2: Correct for residual differences in the 2E; distribution

" removes U resolution discrepancy due to imperfect event activity mis-
modeling

= Can be done directly in W events — no extrapolation systematics
= MC based closure test!

3

> 120 X_1 0' T T T T T T T T T T T ] _‘? L .' LI '. L B R B
&8 - ATLAS e Data ] S o1~ ATLAS Simulation Vs=7 TeV, W'y —
o 100: s=7TeV, 411" —— Z—u*u (before transt.) —: e} B Powheg + Herwig 6 7
S = I Z—>u*u- (after transt.) . 3 0.08 — —k— Powheg + Pythia 8 (p rew) —
1) 80— —] % - —¥— Powheg + Pythia 8 (p rew, u, corr.) E
c C ] E 0.06— ]
Qe 60 = S C T ]
L - - L X- X i
— — | .x_ _
40— - 0-041 e * x ]
- ] B x_—x—" x ]
20 r ] 0.02 ;.x_ K X _x_-x. . —_
K ] - Xy
. . y y L. | | - | R .x.-l'
© WF © -
9] 1.05 1 B T - ahA-AATS
o 0 9; JWWM+H++++++++++++H++#H]L]L LTI E #:me.-x—xq_~x._X:X:X:xfxqq.-x-m*ﬁwwv—v Vg v»v=
o : : : T =

‘g 0 200 400 600 800 1000 1200 _ 1400 % -10 0 10 20 30
- s E. [GeV] = U [GeV]
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A distribution which took

us months

. o LA B L A R B L R BRI B T T T T T
= Typically one expects a ® S SoooE ATLAS L betorecom)
symmetry of the detector S soooop- 7TV mmze fatercom)

response (and the physics) g 50000

= We observed significant
differences to MC

. . . . B 105 eSS
= offset of the interaction point with I SR
respect to the detector center in ‘§ 5 2 A 0 i 5 3
o () [rad]

the transverse plane !

= Non-zero crossing angle between 2 b T T
O e O C OSS g a g e 8 100:_ATLAS —gf?fu‘(before corr.) _:
the proton beams R L FA R
" {O-dependent response of the g E
calorimeters oo f .
40— =
20— —
3 1.0sE EREE
a 1 ;%H&***¥+*w*ﬂm;*¥¢#f#+;ﬁ; AE _'I' B
~ 0.95F 4 H
£ 50 40 30 20 10 0 10 20 30 40 50
o
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3 tables after

3 years of work

-

. . [ne| range [0.0,0.8] [0.8,1.4] [1.4,2.0] (2.0,2.4] : Combined !

= Experimental uncertainty due to Kinematic distribution b _mx_ b mx_ b mx  ph  wwa ph mr

. . dmy [MeV] : :

Momentum scale 8.9 93 142 156 274 29.2 111.0 1154!' 84 88

m uon d eteCtor Cal I b ratlon On the Momentum resolution 1.8 2.0 19 1.7 15 22 34 3.8 : 1.0 1.2 :
Sagitta bias 0.7 08 1.7 17 31 31 4.5 43 1 06 0.6

1 O Mev |eve| Reconstruction and ! :

isolation efficiencies 40 36 51 37 47 35 6.4 5.5 : 2.7 22 :

u |n terms Of ave rage accu racy on Trigger efficiency 56 50 71 50 118 91 121 991 41 32,

oy . . Total 114 114 169 170 304 31.0 112.0 116.1; 9.8 9.7 :

the position resolution, this means p— -

. PESSSSSN 1

U m'p recision ' [n¢| range [0.0,0.6] [0.6,1.2] [1.82,2.4] | Combined :

Kinematic distribution py mr  ph mr  py mr : ph mr !

dmy [MeV] : |

. Energy scale 104 103 108 101 161 171 181 8.0 !

u NOt even d | SCUSSGd hel’e: HOW 10 Energy resolution 50 60 7.3 67 104 155 |35 55 :

. Energy linearity 22 42 58 89 86 106 134 55 :

Energy tails 23 33 23 33 23 33 '23 33,

eStl mate baCkg rou n d S Reconstruction efficiency 105 88 99 7.8 145 11.0 : 72 6.0 :

u Identification efficiency 104 77 117 88 16.7 121 '73 56

We COﬂtI’Ol the baCkg roun d Trigger and isolation efficiencies 0.2 0.5 03 05 2.0 22 : 0.8 09 :

: : (o) | Charge mis-measurement 02 02 02 02 15 15 '01 0.1,

Contrl bUthﬂS on a rel ' 5 /O |eve| ’ Total 19.0 175 21.1 194 307 305 1142 143 :

= Final background related ————t

. . - 1 -

uncertainties W-boson charge VW Combined |

inematic distribution pp mr pp mr 'pp  mr

= p,-fit: 3-5 MeV Sy [MeV] : i

. () scale factor 02 10 02 1.0 ;02 10 |

u mT—flt: 8—9 |\/|e\/ (e|eC ) Y Er correction 09 122 11 102 }1.0 1121

. Residual corrections (statistics) 20 27 20 27 420 27 |

u m-l-—ﬁt 3—5 Mev (muon) Residual corrections (interpolation) 14 31 14 31 |14 311

Residual corrections (Z — W extrapolation) 0.2 58 0.2 43 102 51 |

Total 26 142 27 118 126 13.0

1
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W Boson Analysis
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Crucial Test of

p-(W) modelling

= Remember the problem with the p+(W) description?
= How do we know, which MC generator to trust?
= How do we know, that our assigned uncertainty makes sense?

= The u(l) distribution is very sensitive to the underlying pr(W) distribution
= (Can exploit this feature to verify the accuracy of our baseline model, and
compare to alternative calculations

1.03

—_
—

© L e L L © I L L L LA BN B BN
I - ATLAS W — v E g - ATLAS W — v .
01.025 —4¢— Data = a r : —¢— Data ]
o UTE — — DYRES 3 o T — — DYRES ]
0'1_015:_ Powheg MiNLO+Pyth|a8_: o 1.06_—|_| | Powheg MIiNLO + Pythia 87|
C ] B — .
1,01 = 1048 [1- ] .
1.005f = i
] 1.02F ]
1 i

0.995

0.99 098
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

0.985; 5 10 15 20 25 30 30 20 -0 0 10 20 30

u; [GeV] ul [GeV]

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 37



W-Mass Distributions:

Electrons

= Predictions set
to final
combined my,
value

Dip at 40 GeV
was studied
thoroughly

= No striking
effects: stays
at 2o

Only mild
impact on fina
My
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Events / 0.5 GeV

Data / Pred.

Events / GeV
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[ Background
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W-Mass Distributions:

Muons

= Very good
agreement
for muons

= Qverall:x?/n gy
probability
distribution
from 84 data/
prediction
comparison
= <P>=0.54

Events/ 0.5 GeV

Data / Pred.

Events / GeV
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ATLAS
Vs=7TeV, 4.1 b’

-@- Data
W= utv
[]Background
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+1 It
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" (sl
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A Little Bit of History

= Over many years we investigated differences in blinded m,, mass-fits in

different channels, templates, categories
= Only after all corrections applied (and all bugs where found), we achieved
consistent results

= 500 ] = 500 ]
s | ATLAS W v ] s | ATLAS Wees 1y ]
= 400 — = 400 —
€ [ (s=7TeV,46fb" *p My . € [ (s=7TeV, 411" *p om; .
< - v T ' - < - T ' -
i oo hm o oo hm
200 L . . n 200 oz - B -
- YR, ym -4 . T T
C ] Feer@rrrrg s . SR S ]
100: A i * . 100: : ’Y ----- 0----{::2#:?:::: .
R PR TTE S % ] C 4 ]

- ..
______________ IR X | FE
0: Y Y | 7} Y, #f-v -] o: Y f’¥ ¥ ¥ ]
~100(- . ~100F .
~200F . -200F .
C ] C i ]
C ] C v ]
_300 - = _300 = ._._.,_.,_.,_.,_.__.._.._... ...... -
C Y Y ] - ¥ I DA i* L. ]
SR S ] - ]
—4Q0 A y G . ~400F .
~500 oSy W0 S - ~500- ot e < endy ot ] und -

\,ep‘o“c \ore® o0 ol o xceC ?Mg\osmode N\“\(\'\e\‘oadkg(o“ e o ge9 s e e o ?“\‘g\csmode e 20x©
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my, Fit Results in

Various Categories

— 80700 — 80700

= = Ap_ (W9 [JStat. Unc. > - Ap_ (W [JStat. Unc.
2 gossor- ATLAS V(W)  —Total Unc. 2 goesof ATLAS Vp (W) —Total Unc.
= F (s=7TeV, 461" A my(W*) [JStat. Unc. = E Vs=7TeV, 4.1fb" Am (W) [JStat. Unc.
5380600:_ . . . ¥ m (W) —Total Unc. 8380600:_ i . . ¥ m (W) —Total Unc.
80550V €V ! — Comb Fit []Total Unc. 80550 W T wv ! — Comb Fit []Total Unc.
80500F- | 80500F- | |
80450F- | | | 80450F- + | | +
80400} | + | i 80400F- ++ | * N + +
vy A ' | = | A BB
803505+ * + : + : : * 803505+ : + + : YRS
80300F- | | | 80300F | |
80250F | | | 80250F | |
80200E - - - 80200° - - -
0.0<In|I<O.6 0.6<Inll<1 2 1.8<Inll<2.4 0.0<Inll<0.8 O.8<Inll<1 4 1.4<Inll<2.0 2-0<|7]||<2-4
Category Category

= |[llustration of fit-results in all measurement categories based on p; and
m; templates for W+ and W- in the electron and muon channel

= Compatibility tests performed before unblinding: x?/ny; = 29 / 27

= The fitting ranges have been optimized

= Stability of fit-results was studied, taking into account (de-)correlations
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my, Fit Results in Various

Combinations

p!r, W"’e |+V T T T I T T T T T T I T T T I T T I T T T T T T I. IrrIIW I(Pla.riiall CIOIH.IbII) Combination Weight
p'T, W™= v ATLAS - = Stat. Uncertainty -

| W [ _ -1 — Full Uncertainty ectrons 0.427
E)T—’ \ivq_ - l__:/_ R V_g___z ]-9\_/’_4_ 1_-?_6_1:? ________________ — My (FU” Comb) Muons 0.573
My, Wi—Tv Stat. Uncertainty
my, W—Tv Py Full Uncertainty mT 0.144
M., Wees Fy L o Pl 0.856
Py W ey —e wt 0.519
mp Wey | _ITIIIIs o W 0.481
p'T, W*— u=y *—
s ylv-i?-“iv ------------------------- - - i Nobody cares about

-p, W—T" — =
o p,T L . your method. People
Me-p., W—lv
mT-pI ’ Wte I=V 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | H | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 rEmember On/g gour
80280 80300 80320 80340 80360 80380 80400 80420 80440 80460 last number)
m,y, [MeV]

Final measured mass of the W boson:

80370+7(stat.)=11(exp.)=14 (mod) MeV = 80370 = 19 MeV
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Comparison to previous measurements

and the Global Electroweak Fit

= Good news: New measurement
reaches precision of CDF and is
now the world leading
measurement

= Bad news: We are even more
Standard Model ...

L L B S By
——m,, =80.370 = 0.019 GeV |

s C
> C
©®, 80.5~ Bl m =172.84 +0.70 GeV
E; B ----my, = 125.09 + 0.24 GeV
80.45— = 68/95% CL of m,, and m, —
80.4
80.35F
80.3— i 68/95% CL of Electroweak]
- Fit w/o m,, and m, ]
= (Eur. Phys. J. C 74 (2014) 3046)
Coo v v by ey T
80.25——9g5 170 = 175 _ 180 185

m, [GeV]
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——
ALEPH ATLAS
DELPHI o)
L3 @
OPAL @
CDF ==
DO —=
ATLAS W' —= =
-~ ® Measurement 1
ATLAS W == Stat. Uncertainty
ATLAS W= — Full Uncertainty
A P R I (A R
80250 80300 80350 80400 80450 80500
m,y [MeV]
T T T T
ATLAS ® my
=u Stat. Uncertainty
— Full Uncertainty
LEP Comb. PS 80376+33 MeV
Tevatron Comb. _ @80387=16MeV
LEP+Tevatron _.% 5 MeV
ATLAS @-80370+19 MeV
Electroweak Fit 803568 MeV
! ! ! !
80320 80340 80360 80380 80400 80420

m,, [MeV]
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Qutlook on EW
precision at the LHC

I_ H C CMS Preliminary \/;=7 TeV (4.7 fb -1)

CMS will hopefully also publish

soon a my measurement

ATLAS still has data-sets of

2012/2015/2016

Room for improvements on

theory and calibration sl
IMHO: 10-12 Me\-is w7 el)

F—#==4— PDF /total unc.

W-like positive

W-like negative

D@ run lib12

' arXiv:1203.0293v2

Tevatron
X2-5 more statistics available
(+ forward detectors)

Use improved PDFs based on
LHC measurements -_— * ™8

B T T B S S it
80.2480.2680.28 80.3 80.3280.3480.3680.38 80.4 80.42
World average Mw [GeV]
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Summary

= Take away message for students
= Do not get discouraged by reviewers
= Talk to as many people as you can

= First W mass measurement at the LHC

shows no signs of new physics

= Need some “break-through” in the MC
event generator developments

= Final precision of <10 MeV seems in
reach (in Combination with upcoming
Tevatron results)

.."'._A - "i‘ ' :) |
4

VO

= The future of high energy physics lies
(IMHO) in precision measurement and

rare-decays




