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Couple of comments on SM processes

" Large cross sections in many cases (=nb):

" Their detailed study is an essential part of the LHC physics

programme
" Their physics is interesting per-se:

" Constraints on PDFs, precise measurement of fundamental
parameters, search for tiny deviations from theory (vis cross sections,
asymmetries, ratios, ...)

" They are the dominant background for many new physics

signals:

" Their understanding at the “percent” level is nevertheless a must in
order to exploit the full potential of the LHC program

" This is particularly important NOW in view of the next LHC phase of
high-luminosity (HL-LHC)
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QCD
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QCD at hadron colliders

* QCD is present in ALL processes of interest, since we are
“colliding” quarks and gluons and they “QCD-radiate”
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QCD at hadron colliders

* Most of the events that we record at hadron colliders
correspond to pure QCD processes. Cross sections are huge,
dominated by t-channel diagrams, with QCD couplings o (Q?)

that increase substantially at low Q?

q; q;
t=-Q* t=-Q*
E Q y y 'E Q y =mm
9; dj

* Therefore we expect many (inelastic) interactions with hadrons in
the final state, most of them with LOW p_ activity in the detector.

This is what we usually identify with MINIMUM BIAS EVENTS.
They are essentially events triggered by very loose activity
(scintillators, calorimetry, tracks) in the detectors
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QCD at hadron colliders

» Obviously, total and low-p_ cross sections were the first ones to be measured at

hadron colliders, as well as event multiplicities:
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Some surprises with “non-perturbative” effects already at the beginning of the LHC:
a) evolution of the charged multiplicity per event (n=0) as a function of Vs

b) underlying event (UE) effects

*Rise with energy more pronounced than predicted by initial models at the start of LHC — TUNING!

-Effect mostly seen as an excess of 'low p_ particles’ (p,< 1 GeV)

*Underlying event description not appropriate either -~ MORE TUNING!
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QCD at hadron colliders

* Other 'surprise' at the LHC: production rate of strange and charmed particles
larger than what is predicted by current LO MCs — more tuning needed
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What about QCD at high p.?

CNTS CMS Experiment at the LHC, CERN CATS CMS Experiment at the LHC, CERN
/ Date Recorded: 2009-12-06 07:18 GMT Date Recorded: 2009-12-06 07:18 GMT
Run/Event: 123596 / 6732761 Run/Event: 123596 / 6732761
Candidate Dijet Collision Event

Candidate Dijet Collision Event

Transverse view Longitudinal view

« Typical high-p_ di-jet events look like this at a hadron collider.
Energy is balanced only in the transverse plane
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Jet production at high p_is important

It tests the validity of the Standard Model down to sizes of order h/p._.

*It also checks and constrains the parton density functions of the proton,
and in particular of the gluon atlhigh Q2 and x>0.1
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CDF comparisons of the dijet rate
with theory in 2001, for (now old)
NLO PDFs

THIS WAS NOT NEW PHYSICS!!
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Jet production studies

* In ATLAS and CMS we reconstruct jets using the anti-kT algorithm, with a typical
separation parameter AR=[(A@)3+(An)?)]*=0.4:

* Infrared and collinear safe algorithm
* It recombines less soft particles
* It produces 'symmetric' areas in the ®-n space

Real multijet event in ATLAS
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Jet production studies

* Historically, we have been building jets using electromagnetic+hadronic depositions.
This is indeed mandatory at the trigger level 1, where there is not time to process

tracking information (note: this will change in LHC Phase 2):

yY+dJet events:

* One needs to apply corrections to the deposited energy (which is particle-

dependent): particularly sizeable in the calorimeters (up to factors of 2 or so)
* Many methods are used: single particle response (E/p), ytjet balance, ...
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Jet production studies =i
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* The state of the art today imposes
the use of particle-flow
reconstruction techniques:

* Global reconstruction using all
subdetectors + particle
identification => improved
resolution
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The 'real' analysis world
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 Main cut: events with two jets found with p.>20-30 GeV

* First experimental difficulty: we do not record all events. We
PRE-SCALE events differently depending on TRIGGER jet
thresholds. CMS example from early analyses (Vs=7 TeV)
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The 'real' analysis world

* State of the art TODAY: NLO calculations (perturbative: NLOJet++) and NLO+parton
shower generators are available (POWHEG+Pythia,...). Two approaches:

" Correct non-perturbative and EWK effects and then compare with NLO
calculations :

Direct comparison with NLO simulations

arxiv:1605.04436
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Good agreement with NLO predictions over >10 orders of magnitude
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Jet production at the LHC

*Looking at it in more detail, the agreement is good but not perfect. Data show some tiny
differences with respect to the predictions, even if things are consistent within uncertainties
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* Experimental cross section are on the low side, in particular in some large rapidity

regions compared with theory

* Note however that the (dominant) uncertainties from scales are “educated guesses”
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Photon+jet (Run2)

* Extremely sensitive to gluon PDFs
* Good agreement with NNLO predictions

* Agreement data-theory far from satisfactory in the past
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Many more QCD results at LHC...

* But no time to go over them: multi-jet production, dijet angular (de-)correlations, di-jet mass
mass distributions, distributions shape variables, measurement of as, jet substructure, .
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* Many of these studies are important for particle searches in final states with jets
J. Alcaraz, LHC Physics, TAE19
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W and Z production

J. Alcaraz, LHC Physics, TAE19
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W and Z production at LHC

* We use leptonic decays (W - |+v,Z - Il) for most analyses (clean, precise)

* W and Z production at LHC proceeds at the hard scattering level and leading order
(LO) mostly via a valence quark (u,d) and a sea quark:

u+d(35)IW 1"y u+u= Z>1'I
d+u(c)dWI'v d+d=>Z>1'T

* u quarks than More W+ than W- produced (more u quarks than u quarks, equal
number of u and d)
* Cross sections at LHC increase significantly with Vs (factor of 2 between Vs=8 TeV

and Vs=13 TeV
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(OS-SS) events / 0.012 GeV

J.

W,Z at LHC: PDF studies

* W, Z inclusive production = directly sensitive to the PDFs of light quarks
u+d(s)»w’ ut+ > Z
d+u(c)»wW d+d=Z
* V+light jet = also sensitive to gluon PDFs: gu—-Zu,gu-d W+

* W+charm = probing the strange quark content of the proton: g s—-c¢c W~-
* Z+heavy |et= charm/bottom quark content of the proton: Q g~ Q Z
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W, Z at LHC: QCD studies

* We can really do high precision studies on W and Z production:

* Experimentally the W — Ivand Z — Il channels are among the cleanest final states
that we can measure at hadron colliders

* We have now accurate theoretical tools now at our disposal: NLO MC generators (
aMC@NLO, POWHERG, ...). These generators reproduce much better the kinematics
of the process (both at high-PT and at low-PT after some remnant tuning)

* We even have NNLO theoretical predictions for the total cross sections (FEWZ,

DYNNLO, ...)
CMS-PAS-SMP-17-010
C Preliminary 35910 (13 TeV) CMS Preliminary 3591b" (13 TeV)
- _IIIIIII dGI T IIIIII| T IIIIIII| I I IIIIIII ] - [T T Id(‘?“' T T T T T T III ]
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5 I o 5 | | .
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- & e I
§ 1.0 — " fmaahAt ‘MMM_A.-A-“’T’:N SR o ; 1.0 y iaaay aasany g S5 = oSS S S
3 c ] 4 - ]
o 0.8_— | | | I__ ) 0.8_— | | -]
i ] i i i|iii|i| B
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E 10_ + | &ym‘wqﬁr:n ll:JlLé NN N 10_ 1 ,L-n-'é'T l b N AN
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W,Z: EWK parameters at LHC
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m,,, mt and sin? 6_. are essential parameters of the SM. Deviations from
the expected behavior may signal the presence of new physics.
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The LHC is well placed to improve the precision on these parameters. We

discuss the measurements of m, and sin? @__

J. Alcaraz, LHC Physics, TAE19

in the following

23


http://project-gfitter.web.cern.ch/project-gfitter/

W selection: how?

Select isolated leptons with p.=20-25 GeV and
some missing transverse energy, E'(miss)

Efficiencies: tag-and-probe methods with Z — |l
selected events

lepton probe

One lepton satisfying tight selection
criteria. The second lepton is used
to determine TRIGGER, ISOLATION
and RECONSTRUCTION/ID
efficiencies as a function of p. and n

The shape of the remaining QCD background is
determined or parametrized from a data sample
of non-isolated leptons. The overall QCD
normalization is extracted from a fit to the
E_(miss) distributions

The shape of the missing E_for the signal is

extracted from the recoil distribution of Z - Il
events by dropping one of the leptons

Z — |l events are also used to control momentum

and energy resolution discrepancies data-MC
J. Alcaraz, LHC Physics, TAE19
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W mass at LHC: how?

* Several distributions are sensitive to the W mass. Most popular:
- Transverse mass of lepton+missing energy: m_= [2p_p. (1-cos, )]*

* Better for theoretical uncertainties: similar to a mass measurement
* Worse for experimental uncertainties: transverse momentum of v requires
measurement of all calorimetric depositions in the detector (missing E.)

° Lepton transverse momentum:
* Better for experimental uncertainties: excellent lepton resolution (but note that one
needs to keep systematics at the level of 20 MeV / m , = 0.25 %o !!)

* Worse for theroretical uncertainites: affected by all QCD/EWK radiation effects
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W mass at LHC: theory uncertainties

High precision (Am , < 20 MeV) => very complicated measurement

N. Andari, Moriond =
EW 2017 / | Electroweak corrections
: : : : - QED FSR and ISR (included
| Physics modelling corrections . missing higher ord eﬂ afforis )
and FSR pair production
PDF (uncertainties)
QCD
] EW OFED . i .
Ex r ~ % () JL QCD corrections
: - v)'
:l: \r - pT distribution
/>WV%‘V/\\:\“$'\W‘< - polarisation
S \_\ - rapidity
m < \ J [2

| W
.
(1 +cn:~;2H) - Ai(pr, v)Pi(cos B, ¢)
dp1 dp ' ' ; il i

Parton ShW
' Breit- ngner NNLO DOCD <

J. Alcaraz, LHC Physics, TAE19
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W mass at LHC

12 arxiv:1701.07240
\b; - ATLAS Simulation Preliminary
=Sk . . . .
© E Vs=7TeV, pp—> WX, pp—> Z+X @ Z p, data distribution used to tune PYTHIAS8
1.1 H H
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e predictions
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@ Still way to go in order to consolidate uncertainties, in
particular those regarding modeling
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sin*@_. at LHC

q

q |
Ove = T3¢ - ZQfSinzeeff

Oar = T3¢
(to a good approximation, 0.1% level)

with: sinzeeff = 0.2315

J. Alcaraz, LHC Physics, TAE19
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sin*@_. at LHC

q I

do/dz = o, _ [3/8 (1+2°) + A_; z]; (z=cos6_,)
A_. = (0(z>0)-0(z<0))/o

total

A_. depends on sin’@_.. At the Z pole:
A® ., = 3/4 A, A A = 2 [9,,9,/(9°,+9% )]

J. Alcaraz, LHC Physics, TAE19
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sin*@_. at LHC

In the quark-antiquark CM frame: lepton

(usual experimental choice: Collins-Soper frame)

quark

(typically the direction of the most energetic proton)

antilepton

J. Alcaraz, LHC Physics, TAE19

Ocu antiquark

(typically the direction of the least energetic proton]
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Little halt: Collins-soper angle

Going to the CS reference frame via Lorentz boosts

CS Z axis

Collins-Soper reference system:
Choose Z axis such that partons A and B have the same theta angle

@ My preferred procedure (operationally simpler):
@ Boost the electroweak boson to the system where it has zero
longitudinal momentum (p?¢¥ (V) = 0).
Q@ Apply a second boost to the system where it has zero transverse
momentum (p?¢¥ (V) = 0).

J. Alcaraz, LHC Physics, IAE1Y -1



Little halt: Collins-soper angle
/\(LAB — CS) — /\J_(yJ_) /\”(y\/)

coshyy 0 0O —sinhyy
0 1 0 0
Nirv) = 0 0 1 0
—sinhyy 0 0 coshyy
coshy | —sinhy; 0 O
—sinhy, coshy, 0 O
ANi(yr) = 0 0 1 O
0 0 0O 1
. o p;';AB(V) I . . PIZ_AB(V) — rz
sinhy, = My, — sinh yy = /M2, +pLAB(V)?2 — V1tr2

J. Alcaraz, LHC Physics, IAE1Y



Little halt: Collins-soper angle

Transformations to the Collins-Soper frame

Collins-Soper reference system:
Choose Z axis such that partons A and B have the same theta angle

( V14 r2+r2 —r 0 —r, \
1 2 2 z
_r\/ + re +r; 1772 0 r, r
1+ r2 1+ r2
NLAB — CS) =
0 0 1 0
ry 0 0 V14 r2+r2
K V14 r? V14 r? /

J. Alcaraz, LHC Physics, IAE1Y >3



Little halt: Collins-soper angle

CS polar angle

________ CS Z axis

--- -1

Parton a

Collins-Soper reference system:
Choose Z axis such that partons A and B have the same theta angle

@ Using the transverse momenta of the leptons one can only determine
sinfcs (and therefore |cosfcs|). To determine the sign of cosOcs
one needs to estimate the longitudinal momenta of all leptons:

. V(P — PDR /(1 + r2) + (pf — pL)?
SINUcg =
My
2(pLtE* — plE")

cosfcs =
> sz\/ 14 r?

J. Alcaraz, LHC Physics, IAE1Y
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sin*@_. at LHC

In the quark-antiquark CM frame: lepton

(usual experimental choice: Collins-Soper frame)

quark

(typically the direction of the most energetic proton)

antilepton

J. Alcaraz, LHC Physics, TAE19

Ocu antiquark

(typically the direction of the least energetic proton]

35



sin* @ _, at LHC: complications/features

In the quark-antiquark CM frame: lepton

(usual experimental choice: Collins-Soper frame)

quark ® antiquark

(typically the direction of the most energetic proton) (typically the direction of the least energetic proton]

antilepton S Mexp(:l:y)/\/g and @ = Ml

® The asymmetry depends on the mass M of the exchanged Z boson (dilepton
mass), but it is always a function os sin?0_

@ It can be also measured as a function of the rapidity y of the dimuon system.
Each (M, y) bin fixes x1, x2 and Q? for the event (<= PDF = PDF(xi,Q?) ).

@ For each bin the quark content/type is different = dependencel/sensitivity of
the analysis on PDFs

@ Associating the most energetic proton to the direction of the quark is far from
perfect: dilution of the asymmetry

J. Alcaraz, LHC Physics, TAE19 36



CMS
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sin*@_. at LHC
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arxiv:1806.00863

ATIL.AS-CONF-2018-037
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@ Measurement of sin?0_. from the forward-backward asymmetry determined in

many different bins of dilepton mass and rapidity
@ Interplay with PDF uncertainties via consistency of the sin?0__ value in all bins.

PDFs get also constrained in the fit within their uncertainties

J. Alcaraz, LHC Physics, TAE19
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arxiv:1806.00863
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sin*@_. at LHC

J. Alcaraz, LHC Physics, TAE19

| | o | 0.23153 £ 0.00016

g —0— 3 0.232211 0.00029

E —0—i B 0.23098 + 0.00026

. | —0— = 0.23221 0.00046

g e i 0.23147 + 0.00047

. B 0.23080 + 0.00120

* B 0.23142 + 0.00106

lllllllllllllllllllllll —oﬁ_ 0.23125 £ 0.00060

0 ! 0.23056 + 0.00086

e ] 0.23101 + 0.00053

0.7[23 0.531 0.2|32 | 0.233

Sin’e,

LEP-1 and SLD: Z-pole
LEP-1 ang SLD: Ary
SLD: A

Tevatron

LHCh: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS: el
ATLAS: eg,

ATLAS: 8 TeV

ATLAS-CONF-2018-037

ATLAS Preliminary
| | |-$-| |

-

[

—#

=

+—

—

—

%)

N
sin Beﬁ

0% 0282

0.23152+ 0.00016
0.23221+0.00029
0.23098 + 0.00026
0.23148 + 0.00033

| 0.23142+0.00106

0.23101+0.00063
0.23080 + 0.00120
0.23119 £ 0.00049
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Top physics
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Top quark

The most massive “elementary” particle known
to date (mt=175 GeV)

Large width too in the SM, 't=1.3 GeV:
" dominated by the weak decay t— Wb

" 1=1/Tt=5%10% s, one order of magnitude smaller
than QCD decay times (=104 s) = it does not feel

hadronic interactions before decaying

A massive, 3" generation quark = high potential
to discover new physics

Puzzling features (special connection with
ElectroWeak Symmetry Breaking?):
" Why is it so massive ?

" The only fermion with a “natural” coupling (=1) to

the Higgs boson
. Alcaraz, LHC Physics, TAE19
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Tops at LHC

* Top production is huge at the LHC: At Vs=13 TeV:
« Dominated by tt production
* 0=1 nb (=10 tt pairs per second at nominal LHC luminosity)
* Dominant process is gg->ttbar (=90%)

; : L/

TOP
CANDIDATE

=
-t

= |
=+|

E szavuvesy ~

* Understanding top production =

* Understanding the whole detector: lepton identification, resolutions,
isolation, jets, missing energy, b-tagging, ...

* Spin-offs: jet scale calibration, b-tagging efficiencies, ...
J. Alcaraz, LHC Physics, TAE19
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tt production at LHC

Two main clean topological configurations (lepton here = electron or muon):

CMS Experiment at LHC, CERN

Data recorded: Wed Jul 14 03:32:41 2010 CEST
-4 Run/Event: 140124 / 1749068

f—~—r", | Lumi section: 3

Top pair candidate in « ep channel »

‘ A T L A S ! 1 electron py = 22.7 GaV
Sl : j 1 muon p; = 47.8 Ge\/

D EXPERIMENT . EMSS = 76,9 GeV

A Hunber 155622, B s 3 jets with p, > 20 Ge'/
—— T 1 btagged et - .-
H. =196 GeV p, =82.2 GeVic, n =-1.79, ¢ =1.03
I Jetp, = 56.6 GeVic, n =0.389,  =2.38
7""1; *{ K,
N N = L
) 77‘:\1’\ 1{/ : 1=119.0 GeV, @ =0.010

e
Jetp,=152.2 GeVic, n =0.354, = 275 %"/ LT\ N
- 4"

/
/
Ry / Jet p; =43.4 GeVic, n =0.827, @ =-0.587

J

muon pT =30.6 GeVic, n =-1.67, ¢ =-2.06

- 'Dilepton channel', tt—blv blv: - 'lepton+jets channel', tt—bqq' blv:
clean but just =5% of total decays less clean but more abundant (=30%)
* More difficult for kinematic studies * Better for kinematic studies (just one
(two neutrinos in the event) neutrino in the event)
42
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Selecting tt samples is easy

n=-17,¢0=22

/7] = . = CMS CMS Experiment at LHC, CERN N
= L CMS Pre||m|nary —e— Data 2 ~ ¢ | RonfEvent: 10385 190008843 ! Er =44 GeV/c, @ = 1.8
Lumi ion: 101 il 9 ST .
g.) 103 _084 pb—1 at\,g - 7 TeV - it | } \ ol:muf:erglslgmgzozsaaw()z:/101
L = ) I w-stv (+ light jets) 3
- efl.l‘ﬂets, Nb—t3952 1 [ veeyx = npi=:,lg G(:!/f’|
- - = =V.a, = 1.
[ vobex i
102 Bl zv 1T (+ light jets) . m 14 ¢ ¢
| A -tagged Je 3 \
S Bl QcO/y+jets Pe=68GeV/e, 1| o \ *?

QCD uncertainty

10

N - ;

B Electron p:= 41 GeV/c
n=04,¢=-22

1 3 pe=73 GeV/e, N ==1.3, ¢ = -0.2
} b-tagged Jet
1 2 . .24. . pe= 109 GeV/c, N = -0.6, @ = -1.7
CMS-CR-2010-185 Jet multiplicity

" |nitial CMS study of tt— bqq' blv at Vs=7 TeV with < 1 pb? : just one high-pt,
isolated lepton and at least one b-tagged jet. Then just look at the number of jets
in the event

Clearly showing that LHC is indeed a top factory !

J. Alcaraz, LHC Physics, TAE19 43
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tt production: dilepton channels

arxiv:1108.3699 arxiv:1105.5661
2 | | o dbta | 2] - | | | | .
©120- ATLAS _ d) © 200-CMS ® Data 3
i _ [z > [ 36pbTat\s = 7 TeVI f signal ]
L dt = 35 pb’ ; W 1go i e
= P W Z/v*+ jets 5 Events with ee/up/el XY DY prediction 2
100~ a41 channels B other EW | 160 7/ Bzt -
B rake leptons % I Single top :
80 7 - 140 CJwv e
MOStly 2 Z 120 A\ 777) Non-W/Z prediction_]
60L jets B e \:}\‘\\\\\\:}\\‘\\\‘\\\‘ Bckg. uncertainty
: Mostly 2
40 jets :
N N
20 AN E
Y — E
0 /Q /a 7 \\\\\‘\\\\\\\‘\\\\\
0 1 2 3 =4 0 1 2 3 > 4

Number of jets Number of jets

" Typical selection in initial studies at LHC:
= two isolated high-p_ leptons (electrons or muons)

= missing E_(>20-40 GeV, depending on channel/experiment)

"veto Z - ee,ud and low mass hadronic resonances (<20 GeV)
" No b-tagging required on jets !!
J. Alcaraz, LHC Physics, TAE19 44
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ttc

ross section results at LHC

LPCC Top Working Group

E‘ I 1 1 1 I 1 1 1 I 1 I_1 1 I 1 1 1 I 1 1 1 I 1 1 1
— Tevatron combined 1.96 TeV (L <88 fb .. -
ged o CMS dilepton+jets 5.02 TeV((L =32°8Y  ATLAS+CMS Preliminary Sept2018
B ATLAS ep 7 TeV (L = 4.6 tb') .
% o CMSeu7TeV (L( 59 LHCIop WG
O m ATLAS en8TeV (L = 202fp
5 103_. CMSepu8TeV(L=19.7f0")
D — v LHC combined en 8 TeV (L =5.3-20.3 fo’ b LHC fop WG -
A - @ ATLASen 13 TeV (L=321") =
v CMSeul13TeV (L= 22fb1) ]
» v CMS en* 13 TeV (L = 35.6 b
w [~ A ATLASee/up” 13 TeV (L = 85 pb, ) T
(@) — O ATLAS l+jets* 13 TeV (L =85 pb i —
e A CMSlsjets 13TeV (L=221) [
o L o CMS all-jets* 13 TeV (L = 2.53 fb™) 900k 11
= * Preliminary - 4 .
O] IS Y N . ]
> 10°p - RTETy |
%) - 800 4 3
a ~ : 13
O B - 4 1 _
i - 700 1 -
o B NNLO+NNLL (pp) i _
= NNLO+NNLL {pp) T T T S .
10 Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 VYs[TeV] _|
= NNPDF3.0, m_ = 172.5 GeV, & (M,) = 0.118 £ 0.001 =
[ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 H
2 4 $) 8 10 12 14
Vs [TeV]

Stringent test of NNLO predictions (NLO - NNLO effects = 10%) !!

J. Alcaraz, LHC Physics, TAE19
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tt cross section results at LHC

LPCC Top Working Grou

ATLAS+CMS Preliminary
LHCtoOp WG

scale uncertainty
scale @ PDF & oy uncertainty

G, summary, ¥s=13 TeVv

NNLO+NNLL PRL 110 (2013) 252004
Myep = 172.5 GeV, o (M ) = 0.118+0.001

Sept 2018

total stat
S + (stat) = (syst) £ (lumi)

ATLAS, dilepton epn e 818+ 8+ 27 +19pb
PLB 761 (2016) 136, L =3.2fb™
ATLAS, dilepton ee/pupu * I -— 749 + 57 = 79 + 74 pb
ATLAS-CONF-2015-049, L _ =85 pb’’
ATLAS, l+jets ~ I ot | 817+ 13+ 103 + 88 pb
ATLAS-CONF-2015-049, L, =85pb™
CMS, dilepton en 746 + 58 + 53 + 36 pb
PRL 116 (2016) 052002, L _ =43 pb™, 50 ns
CMS, dilepton e e 815+ 9+ 38+ 19 pb
EPJC 77 (2017) 172, L_ =220, 25 ns
CMS, dilepton ep * - 803+ 2+ 25+ 20 pb
CMS-PAS TOP-17-001, L, =359, 25 ns
CMS, I+jets o 888 + 2 3% + 20 pb
JHEP 09 (2017) 051, L_ =22 ! y
CMS, all-jets ~ - | 834+25+ 118+ 23 pb
CMS-PAS TOP-16-013, L, =2.53fb"
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EepPuc 75 (2015) 5
* Preliminary
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
Eocs(mz) =0.1 13]
| ‘ | | | | L | 1 | | | | | | | | | | | | | | | | |
200 400 600 800 1000 1200 1400
S, [Pb]

Analyses typically dominated by systematic uncertainties
(typical largest individual source of systematics is luminosity!)
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Single-top production at LHC

q q 9 ' ]
o} ® CMS,1.17/1.56 b -
t-channel \6 5 B ATLAS, 1.04 b
W Cross section (7 TeV c.m.) ~ 60 pb 10 = Y D0,541" =
C A CDF 751" ]
1 0 T i b sy g NLO QCD (5 flavour scheme) &
b = e theoretical uncertainty (scale ® PDF) =
b b W : Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 :
1 [ approximate NNLO QCD n
t g t § theoretical uncertainty (scale ® PDF) §
q B Kidonakis, Phys. Rev. D 83 (2011) 091503 g
s-channel W+t production —_—t
P B

iv:1209.4533
arxiv \S (TeV)
= Cross section directly sensitive to the V,  coupling and the structure of top couplings

" This was a very difficult measurement at Tevatron due to the extremely low cross section
(complicated multivariate methods necessary to get a minimal significance)

® Single-top cross section is large at the LHC = simpler to select

" Note that single-top (=ub - dt) and single-antitop (=db - ut) contributions have different cross
sections due to the different u/d content of the proton !!

J. Alcaraz, LHC Physics, TAE19 47


http://arxiv.org/abs/1209.4533

Single-top selection at LHC (t-channel)

" Two different analyses in CMS in the top — bW - blv channel.
One of them is relatively simple (multivariate approaches are not q

necessary), using just:
lv final states and b-tagging requirements

a) Selection of W -

for one of the jets in the event. This identifies the top system
b) Pseudo-rapidity of the light-quark jet (it tends to go to low

angles compared to backgrounds — high rapidity)

W

c) Angle between lepton and top direction in the top center-of- b
mass frame (V-A coupling to W constrains angular

distributions: top is left-handed polarized)
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Single-top selection at LHC (Wt channel)

= State-of-the-art: include the most sensitive variables (+others) in b
a multidimensional analysis (Neural Nets (NN), Bayesian W
Decision Trees (BDT), ...) in order to increase the sensitivity b
even more

® This kind of methods are almost mandatory to get sensitivity to g t

the Wt single-top production mechanism (=20-30% of t-channel
production, huge top-pair background)
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Single-top cross section measurements
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Single top-quark production
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Good agreement with SM, large systematic uncertainties
Experimental measurements slowly approaching theoretical precision
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Top Physics at LHC: a vast field

" An LHC top factory is particularly well suited to study possible deviations from the
standard model via intrinsic properties related with production and decay. Some
examples:

Top mass, top width
qq — tt forward-backward asymmetries (very small in the SM)
Top polarization (SM expectations: 0 in tt, very large in single-top production)

Spin correlations between top and antitop in top-pair events: sign of any additional
contributions beyond the SM ?

Differential analysis of single-top production
Witb vertex structure: any anomalies ?

Associated production: tt+y (sensitive to QED charge), tt+Z, tttt, ttbb, ... — critical
background to many new physics searches, sensitive to new physics by themselves

Rare decays: Flavor Changing Neutral Currents (FCNC), which are extremely suppresses

in the SM (t— Z+c, t—Z+u, t-y+c, t-y+u, ...), ...

" We can not cover everything here. Focus on some general aspects that could be
useful for analyses containing top quarks (as signal or background):

Top-pair production: selection, production cross sections, spin correlations
Single-top production: general features, selection, production cross sections
Measurement of the top mass

Top decay: decayl/spin features, search for anomalous couplings

J. Alcaraz, LHC Physics, TAE19
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Relevance of top mass measurements

Gfitter project
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= Together with recent measurements of M, and the Higgs mass, a precise measurement of me
helps to severely constrain (or instead discover) deviations from the SM.
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Top mass measurement at the LHC

" Statistics is very high, so measurements will
be dominated by systematic uncertainties
(theoretical and experimental)

" Many different methods employed, focusing
on different systematic sources. Three main
paths can be highlighted:

" Most precise (today): lepton+jets channel
" Experimentally cleanest: dilepton channel
* Theoretically cleanest: tt or tt+jet cross

sections
arxiv:1307.1907
\s = 7 TeV;ag(m;) = 0.1184
= L AR .
i -1
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total uncertainty
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CMS, dilepton e 172332070 (0.14 £0.69) 13TeV [15]
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Top mass measurement at the LHC

arxiv:1805.01428
35.9 fb' (13 TeV)

" Lepton+jet measurement: <10° CMS
80 '

" Basically, it implies a full kinematic B tt correct | | mm Single’t
. . 70 [ tt wrong = W+jets
reconstruction of the two tops in the [t unmatched EEZHots o
. . 60 e Data ) Diboson
event, where mt is a free parameter in i

the game

® An additional parameter is the energy
scale factor for the jets in the event,
which is partially constrained by the mass
of the two light jets in the event (from the
hadronic W)

" Different versions for the final strategy:
ideograms, templates, ...
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Top mass measurement at the LHC

. arxiv:1606.02179
" Dilepton measurement:
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Top mass measurement at the LHC

" tt cross section measurements in general:

® Reduce theoretical uncertainties: me (pole) is
well defined in this context

" Interesting interplay with theory uncertainties:

PDFs, as, ... — not so negligible !!
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wedM,5

" New wave: differential cross sections as a

function of different kinematic variables

" ps=340 GeV/mass(it+1ljet) (ATLAS)
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Top decay properties

W~ Ne gatwe
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" Easy features to deduce without any calculation:

Longitudinal
Helic:
1,=0.70

IW

b

Positive

Helis
i.=0

+

|

" V-A (“left-handed”) nature of the charged weak current: massless particles are always left-
handed (negative helicity), massless antiparticles are always right-handed (positive hel.)

" b quark in final state is left-handed = W spin must compensate to match the top spin

" In the top center-of-mass frame the W can not be “right-handed” (f+=0), independently of
the top spin direction; strictly speaking, its size is < O(m2_/m? )

" The sharing of amplitudes requires the calculation of the amplitudes via Feynman diagrams

J. Alcaraz, LHC Physics, TAE19

57



Angular distributions in W rest frame
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c=cos(0); [~03; f,~0.7; f,~0

" 0* is the polar angle of the down-type fermion in the W decay rest frame(*)
" (*) Technically: 1) boost to top rest frame, 2) Z axis = W flight direction, 3) boost to W rest frame
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Measurement of W helicity fractions
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arxiv:1605.09047
" cos( 0*) distribution is the optimal observable for the measurement of the W polarization
fractions in top decays.

" Affected by intrinsic theoretical uncertainties (top mass, scales, ...) and experimental
distortions: jet resolutions, b-tagging, lepton isolation, kinematic fitting for the v, ...
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Angular distributions in W rest frame

ATLAS+CMS Preliminary November 2017
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Wth anomalous couplings

- " In the SM:
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" Currently studied via W helicity fractions, but should be studied in the future in more detail
via angular distributions / spin properties in 3D
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Top polarization at LHC

top rest frame

down-type fermion
from W decay

o

Top flight direction in rest frame
of the top-antitop system T
1 do 1 —
5 == [1 + [P] acosb] :
dcos® 2 t

o.;=+1for down-type fermions

" The best top (or antitop) polarization analyzer is the angle of the down-type fermion from W the
decay (the charged lepton in semileptonic decays), measured in the top (or antitop) rest frame

" No top polarization on average in tt production at LHC:

" The process is fully dominated by QCD interactions, and QCD has no net preference for
any given “handedness” of the top quark
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Top spin correlations at LHC

p Same and opposite helicity gluon fusion contributions impart different
spin correlations to the top quark pairs

ﬁ in tt CM frame, é
speed of tops B —1
lg lr

S R S L
8R=:> <}=8 8R =>8

=>
v i AN

Same helicity gluons Opposite helicity gluons
Positive spin correlations Negative spin correlations

p Same helicity contribution is dominant near threshold

p Opposite helicity dominant when E; >> m; (helicity conservation)

p Expected net spin correlation strength of about +30% at the LHC
» modified in many new physics scenarios

TOP2015 - Spin measurements in top-quark events at the LHC - Jacob Linacre

J. Alcaraz, LHC Physics, TAE19
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Top polarization in single-top production

u d d u

W* W*

b t b

Single-top, dominant t-channel diagrams

1

" Easy features to deduce without any calculation:

" For top: u, b are left handed, so total spin is zero, d is also left-handed = top has +100%
polarization along the flight direction of the spectator quark (the d quark)

" For antitop: d is left-handed, anti-b is right-handed, so 3" component of spin is -1 along
the d quark direction = the antitop has -100% polarization in the limit in which the u quark
IS very close to the direction of the initial d quark
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Outlook

" SM studies at the LHC are extremely important

" Itis the baseline to do any other analyses, like Higgs studies or
searches for new particles

" Final state particles in these studies include W,Z,tops,jets, and they
are triggered/selected in similar ways

" SM W/Z/top production is the main background for new particle
searches

" First class / unigue results on QCD, W/Z, top physics, including the
measurement of fundamental SM parameters like m , m, sin“0_

= Still large margin for improvement in future runs of the LHC (see next
talks)
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Rediscovery of SM
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Jet production studies

* What we want to measure Iin arxiv:1711.02692
1 1 1 : — 12 - T T YT TR R R T T e
this example is the differential > O e o  ras =
cross section of jet production & 109; SR L e e o
as a function of jet p_and a 10°E m 10<hi<15(10%
- S 3 ® ®eo, O 1.5<y|<2.0(x10° —
rap|d|ty: - 10°E '00...... A 20<||<25(x10") ]
i =0 0o o A 25<|y]<3.0(x10"%)
1= oo 3
£ g e
L 107 .I.I-..m e =
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d’o = dp, dy b [ I:DD s al= -...........'.-OO%_ _._E o
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* This is one of the most basic 1072 [ Jzem., AAAAAAA =
measurements one can think 107°F  mowremapon e
of for a hadron collider 10721 LTI L ) . iin

10? 10°

p, [GeV]

Impressive agreement with (NLO) theoretical predictions over
several orders of magnitude !!
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https://arxiv.org/abs/1711.02692

Particle flow, pileup subtraction

arxiv:1703.10485 CMS-DP-2015-034
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https://cds.cern.ch/record/2051942
https://arxiv.org/abs/1703.10485

Z production

" How do we selectZ - uu and Z - ee events?

" This is rather simple: just plot the reconstructed invariant mass of isolated
dimuon and dielectron candidates with high-p_: (p,**°" > 20-25 GeV)

I CMS preliminary CMS prellmlnary
10* ——— 3 PR T -

z 36 pb’ at \'s=7TeV 7 108 Fs 36 pb’ at\/_—TTeV E
210° L Ll > 2 -
O g 3 O {of E =
i E e data g o~ = e data =
L10% Bl Zoe'e &g F O Z-u'p ]
S 2 B EWK = £10° B EWK =
> = Bt . > = [ Ty 3
i i i Nt 3§ 5
(@) | “— ik
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W GJ r -
E |I"I!i 1 |!"|r ity 1l H E J_
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c 1 || “ il | E g 1 ‘
I i i
' 1
a5 & =
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e'e e -
GH PR Mu'p) [GeV]

Note that backgrounds are extremely small (these are logarithmic plots)
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Early CMS WIZ inclusive results

CMS 36 pbat \s=7Tev
I lurmi, uncert;inty: 4% I I E i « CMS, 36. pb'1, 2010 W+—> Iv
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Early EWK results (W asymetrles)

36 pb at \E 7TeV q::LO 35

—+— Data 2010 (\ [s=7 TeV)
2422 MC@NLO, CTEQ 6.6

0.3 —

M

a) p.®">25GeVic 0.3[ 3% MC@NLO, HERA 1.0 A
T T {Hfif MC@NLO, MSTW 2008 | Z
0.2 ] 0_25:_ W — SR ¥ & S
[ i - ]
@ _ i B i
= E errors: stat @ syst ] 02 P ]
E 01 — MCFM + CT10W — B e i
2] i §#8 MCFM + MSTW2008NLO | SR | 3
é’ - | theory ba||'1ds: 920% C.l. | ,0-155‘?;'€$ '”%ﬂ:’:ﬁﬁﬁ ATLAS {
-c:sﬁ _I T T T T I T T 1 T I T T I_ _|||||| j |_ dt — 31 pb_l :
0.3 — - ]
O b e'u > 30 eVl . 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1
= ) Py GeVie 0 05 1 1.5 2
a
o)
-l

0.1 R

do/dyp(W* = (Fv) = do/dy(W= = (77)
do/dy(W* = (+v) + do/dy(W= = (-7)

Aly) =

=

Lepton Pseudorapidity  [n|

" W charge asymmetry: directly sensitive to PDFs. Selections follow from
inclusive measurements, but most systematics cancel in the ratio
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Tau decay and signatures

" Reminder on tau decays:

\_zt seed track
T_ —>_/

e,lL, U
~17% into e v_v, W™ <_ E
i - v \fes \{13 d

~17% Iintow v, v,

M
~25% into p" v /

~11% into & v_ not associated
~85% into 1 charged particle + X with tau candidate

(“one prong")
~15% into 3 charged particles + X

(" 'three prong")

— signal
— ISolation

= The signature of a “"hadronic tau" decay is the presence of a high-p_and

collimated jet with very low multiplicity (typically just one charged track,
and at most three charged tracks), well isolated from other particles in
the event

. Alcaraz, LHC Physics, TAE19 73



Selecting taus
Z - tau tau » mu +tau, _, (one prong+piO tau)

CMS Experiment at LHC, CERN

. (-MS/ Data recorded: Tue Jun 29 13:34:19 2010 CEST
| ~~| Run/Event: 138921/ 17818013
|y = g Lumi section: 65

¥ =]

T,.q (1 prong, 1 m°%):
Py =33 GeV
n=-025
p;(lead. track)= 21 GeV
m, = 0.87 GeV Er miss= 57 GeV

up, =22.8GeVic T E =32.9GeV Vis. Mass = 60.8 GeV/c’ e aes
M_(1,MET) = 10.1 GeV v

" These are examples of the power of particle-flow techniques
" Visible tau signal in Z-> tau tau production with just 1.7 pb* of data !!

These are important benchmark measurement for key new particle searches
like H-> tau tau, for instance!
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Selecting taus

= (Cleanestchannel:Z - tt - uvv. e'vv , u'vv evyv
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Minimal QCD backgrounds and no Z — ee, uu contributions
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= Third cleanest channel: Z - tt » ev_v_ had*

10

Events / 5 GeV

O-

Selecting taus

f2F

ATLAS
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Note the presence of an almost irreducible Z - ee background (reduced via
missing E_ cuts) and significant QCD contamination (fake electrons)
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Early EWK physics results: Taus

" CMS results: consistent with Z — ee, uu. We reached the level of
precision of the Tevatron with 36 only pb* at Vs=7 TeV !!

CMS 36 pb”' at \'s = 7 TeV CMS preliminary 36 pb” at Vs =7 TeV
T T T T | T T T T I T T T T | T T T T | | | | | I | | | | I I | | | | | | |
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i bt L+ T
——— Te + Thag ; il
g 4 T
—— Ty t Thad i
: —o—i e+l
= ¥ 5
| i i W HeH CMS Z — 11 (combined)
et T+ T, Het DO RUN 111 6" 1 + T
o Z s e, Ul +e—H  CDF Runll 03510 & + Tyuq
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o(pp — ZX) x BR(Z — 1) [nb] o(pp = ZX) xBR(Z » ) [oy (NNLO)
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EWK physics results: WW production

" Main strategy: use W - e,u decays, veto Drell-Yan->ee,uu (no Z peak,
require missing E.), veto taus (no missing E_ along lepton axes), veto

tops and W+jets (no jets, no extra leptons)

%102 "|"'I"'I"'I"'I"'"'I'b'l"'l"'
3 - ~+-Data E
(g : ATLAS Preliminary CJWW f
1ok JLdtzss pb” ClDrell-Yan _
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o L B W+jets 1
LI>J 1E |:|’[Op =
E Gstat+syst E
10'= | W L =
107 b
ST 00 I v L = T

0O 20 40 60 80 100 120 140 160 180 200
P;(leading lepton) [GeV]
o =407 (stat )+ 7(syst ) pb

W e \STAl ) T TASYSE )P
J. Alcaraz, LHC Physics, TAE19
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EWK physics results: W+jets, Z+jets

" This analysis is extremely important for new physics searches. Aimost all the
new physics studies at LHC (and Tevatron) deal with W,Z bosons plus jets in
the final state, either as signal or as background

;| CMS Experiment at LHC, CERN = g \
CMS il Run 135149, Event125426133 N N

il Lumi section: 1345

| sun May 09 2010, 05240?// ” : Jf. EXPERIMENT

Muon p;=67.3, 50.6 GeV/c
Inv. mass =93.2 GeV/c?

Z — u—ut + 3 jets

Run Number 158466, Event Number 4174272 |
Date: 2010-07-02 17:49:13 CEST

" We need different MC generators for these studies compared with inclusive
measurements. Atrue W + 4 jet MC would be a NNNLO generator !!

" Until now we used LO generators for V+ N jets, and there are 'prescriptions' to merge
them with parton shower generators (these prescriptions account for missing “virtual
effects” in the calculation). MC names: ALPGEN, MADGRAPH, SHERPA

" Now NLO V+jets generatrs are available (POWHEG, aMC@NLO,...) and we will get
(eventually) NNLO generators in the coming years
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EWK physics results: W+jets, Z+jets

" The selection procedure follows closely what is done for inclusive
measurements, adding the requirement of the presence of jets. Signal
extraction is more difficult, due to larger backarounds (OCD and top)

CMS preliminary
7 T wnees 3 3 | ' | | -

— At -#< Data 2010,/5=7 TeV J o, -:'5% I 36 pb™ at \'s =7 TeV
-] ~ ¥ Alpgen ] c = W — =
@ - 2 Sh - Al = uv 3
—~540° = Gm:'i'%qa wlx F E/*>30GeV
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z 10°E - 1 3 | s :
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E B % 7] ; ° data ”’I”' ;
1 02 = — = energy scale _
= det=1 3 pb™ . s = - unfolding NS G b i
- ATLAS = B . 10°F  —— MadGraph z2 -~
‘ ZZ SE oy A
= — - Pythia —
10 IE E | | f——— —]
= | | | | = - m E T T T ]

T T T T w -.q_;
% 1.5 ‘s = -'GZ‘I 02FH '///E//. --------- -
s = 2 S A R gyl P°
3 1 W + A 01 —
= I / E % i
0.5 - - . . 4 B | | |
=0 =1 =2 =3 =4 G 1 2 3 4

Inclusive Jet Multiplicity, N, inclusive jet multiplicity, n

" Results agree with the expectations of the different MC predictions (ALPGEN,
MADGRAPH, SHERPA), confirming the need of NNLO corrections and beyond

" PYTHIA reproduces accurately up to 1 hard jet + soft collinear jets (LO+ME reweighting)
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Top spin correlations at LHC

® Gluon gluon -> ttbar: ~90% of total at LHC (13 TeV), ~10% of total at
Tevatron

T

® qgbar -> ttbar: ~10% of total at LHC (13 TeV), ~90% of total
at Tevatron b

mtinw
o wmE e T O
/g\
¢ W R, e % o

b
® If we assume that the process is fully QCD-dominated (neglecting “weak”
contributions), there is no preference for producing left-handed or right-
handed tops => tops are not polarized on average.

® However there is an asymmetry in the number of tops produced with same
helicities (+v2,+% or -2,-2) or opposite helicities (+',-Y2 or -2,+%2). This is
what we call “spin correlations”. At the LHC, the average “helicity”
correlation is about +30%
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Top asymmetries and Tevatron at LHC startup

" Charge asymmetry in tt production. An excess with respect to SM could signal the
presence of new physics. Excess seen at Tevatron. First results at the LHC, consistent
with the SM
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n n
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