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TOP QUARK PERKS 3

» It carries color charge — color confinement — it cannot be
measured freely

» Has a huge mass — tiny lifetime — decays way before hadronization
» As it does not hadronize, it behaves as a quasi-free quark

> [ts huge mass influence many QCD calculations, and can be related
to high precision predictions in perturbative calculations

- Great for precise tests of the SM

» As it cannot be spotted freely, its mass has to be measured through
its influence on QCD processes

- Theory dependent measurements = renormalization scheme
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STATE OF THE ART MASS MEASUREMENTS

WEIGHTED AVERAGE
172.9+0.4 (Error scaled by 1.3)

» Direct measurements
.'\
- Kinematic fit \
[
- MC mass extracted \
: : : : ."" 2
- Tricky theoretical interpretation L \L . shuwan  1eoeovs —s
% = - - - SIRUNYAN 17L CMS 0.0
| = \ AABOUD 16T ATLS 0.0
| —— -\ - KHACHATRY..16AK CMS 0.8
' —+—\ - TEVEWWG 16 TEVA 49
My = 1 729 + 04 Ge\/ \ \ (Confidence Level=0€.31'752)
| ~
170 172 174 176 178
. t-Quark Mass (Direct Measurements) (GeV) PDG 2019
» Cross section measurements:
- Pole mass mirole = 173.1 + 0.9 GeV
— +4.8
My = mt(mt) = 160.0 4.3 GeV

- MS mass
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THE WAY FORWARD: e+te- LINEAR COLLIDERS

Lepton linear colliders ofter the following advantages:
» Knowledge of the initial state eTe™

» Point like interactions = known collision energy

» Lower background environments

- Reduces the experimental complexity (triggering, clustering...)

- Reducing the requirements about radiation hardness and
occupancy allow for the design of more precise detectors

» High flexibility to set the energy staging

- Collision energy tuned by turning on/off sections in the main
linac

» Allows for precision measurements in the TeV scale
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ete- LINEAR COLLIDER PROPOSALS 5

e+ bunch
Damping Rings IR & detectors compressor
International Linear Collider \
e- source
Stage Integrated luminosity
e- bunch e+ source .
. compressor positron 2 km
Initial @ 250 GeV 2000 fb-1 main linac
11 km
‘ central region
Upgrade @ 500 GeV 4000 fb-1 | 5 km
electron
main linac
11 km

2 km

I I I 472 klystrons, 20 MW, 48 ps

drive beam accelerator Drive beam Complex
1.91 GeV, 1.0 GHz

astaytoop73m | > [ cre Compact Linear Collider
@ 95m @

decelerators, 4 sectors decelerators, each 878 m

m \ s ,me) Stage Integrated luminosity

2.0 km

1
/¥ e~ main linac, 12 GHz, 72 MV/m P 22km e* main linac, 3.5 km TA radlu—s‘% Stage I @ 380 Gev 1 OOO fb
N\ [
Main linac length 11.4 km
Stage Il @ 1500 GeV 3000 fb-1
_(IE: ctombiner :Ing ;;Z:Ze; 'Ci.;":\j Main beam complex

DR  damping ring

PDR predamping ring

BC  bunch compressor
BDS beam delivery system
IP interaction point

W dump

Stage lll @ 3000 GeV 5000 fb-

e~ injector
2.86 GeV

et injector
2.86 GeV

380 GeV
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LINEAR COLLIDERS: THRESHOLD SCAN 7

Energy scan of the threshold at steps of 1 GeV, measuring Gt +.bar

30.7 ] ' ' ' ' | ' ! ! ' b . . .
o ~ tt threshold - QQbar_Threshold NNNLO . Uncertainties estimation
—06 ISR + CLIC LS Nominal _
N - — default- m{° 171.5 GeV, T, 1.37 GeV ’ Uncertainty Am¢*>(MeV)
T 05 u m, variations + 0.2 GeV i
+$ "~ — Tyvariations +0.15 GeV . Statistical @ 100 fb-" + 22
©0.4 - .
B 5 Experimer\tal 495 ~ 50
~ 7 tematics
0.3 — e
B I simulated data points 7 .
02 100 b total B Theoretical 430 ~ 50
T - systematics B
0.1 ]
B CLICdp | Overall +45~75
| | | | | | | | | B
340 345 350
Vs [GeV]

ARXIV:1807,02441
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A NEW OBSERVABLE 8

» The idea is to measure the top-quark

_|_

mass (m;) in the events e"e™ — ttvisr

Q' tithreshold - m™ 171.5 GeV -
1.4 :_tthQbar_threshtok; 1.0 NNNLO -
T2l -
‘O B _ . .
‘o 10 - » tt-bar pair cross section
°08 = 7 depends strongly on the on

06 - the production energy

0.4 |- (WRLIVRZTAR - > The ISR hard photon carries

02 1 away energy from the t t-bar

CLICdp - .
ol t o . v .. - 7"F74 production vertex
340 345 350
/s [GeV]
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OBSERVABLE DEFINITION

s N\ ﬂ

S = (Ppt T Po—)°

Pe—

» The observable is defined as the differential cross section of the t t-bar production
respect to the remaining energy after the ISR emission
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THEORETICAL MODEL

10

> Factorization theorem by V. Mateu:

Otivisr (77—7/757 3/) — UISR(Efy) * Utf(”/?_lta 5/)

m, (M) = 166 GeV, with Vs =360 GeV
m, (M) = 166 GeV, with Vs =370 GeV

m, () = 166 GeV, with Vs =380 GeV

» The model convolutes the ISR emission
with the t t-bar inclusive cross section.

o (fb / ILD ECAL binning)

» State of the artt t-bar calculation, valid in
the production threshold and the

.....................................................................................................

continuum, by matching: oo N NN
- NNLL resummed calculation at the 0:|| . el
5 10 15 20 25 30 35 40 45 50
threshold E,(GeV)
- Bound state enhancements » For more information and details on the
included t t-bar matched calculation:

- An NNLO calculation in the ANGELIKA WIDL LCWS17 TALK
continuum

> The input mass can be chosen to be any short-distance mass scheme, in

this case we

chose the MS scheme. For the calculation itself the 1S and MSR masses are used.
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EXPERIMENTAL STRATEGY

11
> Identify t t-bar events with an ISR
photon ; -I 1 I 1 1 I_ 1 I 1 1 1 1 I 1 1 1 1 I 1 I-
[0)) [ ete — tty, Vs=380 GeV .
» Reconstruct the photon energy O 2r  mm)e1e6GeV ~
ol ] :
. m,(m,)=167 GeV o
» Translate the photon energy into é‘l 5[ ™ : _'
remaining center of mass energy @ I _
() em, B = /)
s =s|1— @) i i
) : : , 0.5 -
Count the t t-bar pairs for a given s - :
binning, measuring - )
O 1 ; 1
- 340 350 360 370
i /s' [GeV]
dv/ s’
» The maximal sensitivity to the mass is reached at the t t-bar E ~ S—4my
Y,max — "5 7¢

production threshold (radiative return to the threshold)

P. Gomis (Pablo.Gomis@ific.uv.es) @ IFIC Student Seminars - 26/09/2019



mailto:Pablo.Gomis@ific.uv.es?subject=

POTENTIAL SENSITIVITY TO THE TOP MASS 12

» Generation of pseudo-experiments by

, , , , ete —tiy (380 GeV, 8° <0< 172° 1000 fb™)
applying poissonian fluctuations around

g)

Theoretical prediction
the expected number of events 2000 T pseudossperiments
£
Z:I |:| Stat envelope: + 16 (1000 fb'™)
» ~10000 datasets generated D800
=B
R _ . : [
Fitting c?f the pseudc? experiments to the 2600
theoretical model with the mass as a free g T
parameter ]
400—
» The precision is estimated as the mean of !
. . . . . 200—
the TMinuit uncertainty estimation !
- : M 1 1 _" .|||||||||||||||||||||||||||||||||||||||
Which is in good agreement with the 830 335 340 345 350 355 360 365 370 375 380

fitted mass distribution Is' (GeV)

Naive statistical uncertainty estimation

Nominal energy Integrated luminosity Statistical uncertainty
380 GeV 1000 fb- 41 MeV
500 GeV 4000 fb-" 64 MeV
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THEORY UNCERTAINTY

» Assess uncertainty due to missing orders via
scale variation in the t t-bar matched calculation

» Scales parametrized in h and f parameters:

- h correspond to the top mass
- h fto the top momentum
- h f2to the kinetic energy of the t t-bar pair

Proposed scale parameters variations

Amy (MeV)
@380 GeV

Am; (MeV)
@500 GeV

» Scale variated observables are fitted to the
model with nominal (h == 1) scale values, and
m; as a free parameter

> The resulting theory uncertainty is of = 46 MeV at
380 GeV, and £ 55 MeV at 500 GeV

o (fb / ILD ECAL binning)

o (fo / ILD ECAL binning)

1.2

0.8

—h=05f=2
—h=051f=15
——h=05f=1 : : : : :
—h=1,f=1 S S S S e
h=1,f=1.41 : : : : 5
—h=1,f=0.707 : : : : :
h=2 f=1 .................... .................... ................... ................... ...................
h=21=075 5 5 5 5 5

0.6

—h=2,f=0.5

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

346 348 350 352 354 356 358 360
s, (GeV)

ete —»tt Vi, (matched calc, 380 GeV, 8° < 0 < 172°)

hf=05-1.5M =166 GeV |- RIS B S AT

h=1,f=1 fitﬁ: 165.954 GeV
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EXPERIMENTAL UNCERTAINTY

14

|dentification of the t t-bar + ISR events

Determination of the collision energy

+ statistical uncertainty

P. Gomis (Pablo.Gomis@ific.uv.es) @ IFIC Student Seminars - 26/09/2019
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LUMINOSITY SPECTRUM

15

» The centre of mass energy
does not correspond to a ©
centered at /s

» The collision energy is
affected by

- Beam energy spread
- Beamstrahlung

» The actual collision energy
is described by the
luminosity spectrum

fraction/0.0011

0.01F

0.005

CLIC, Vs=380 GeV

0.9 0.95 1

P. Gomis (Pablo.Gomis@ific.uv.es) @ IFIC Student Seminars - 26/09/2019

0.02

0.01
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0.9
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REDEFINITION OF THE OBSERVABLE

Luminosity spectrum | : : | isr

@ 1F L e e B g’m_ ........................................................................ , (M) = 166 GeV, with /5 =360 GeV
~ u . rel M, (M) = 166 GeV, with Vs =370 GeV
\>U) B - E_E) AN e m, () = 166 GeV, with Vs =380 GeV
E - -
o

1 1 IIIIIII
1 1 IIIIIII
(f
o
0]

0.6 W — — T— S S

—h
o
R
TTTTT

1073
R T S N SR TR T NN N SR T N R
0.9 0.92 0.94 0.96

—l-IIII

Ollllillllillll: | T |
5 10 15 20 25 30 35 40 45 50

P
0.98

+ '% I
e’ e t’[yisr

o (fb / ILD ECAL binning)
o (fb / ILD ECAL binning)

O_IllliIIIIiIIIIiIIIIiIIIIiIIII:

| - L1 L1 1 1 | | I | | | I | | | | | | I . | 111 | 111 | 11 1
5 10 15 20 25 30 35 40 45 50 930 335 340 345 350 855 360 865 370 375 380
E,(GeV) Vs' (GeV)
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IMPACT OF THE LUMINOSITY SPECTRUM 17

e*e — tty, Vs=380 GeV

» When weighting the observable by the
luminosity spectrum two things happen:

m,(m,)=166 GeV, s = 380 GeV

—h
9)
T rr ]

m,(m,)=167 GeV, (s = 380 GeV

o [fb/GeV]

- Aloss of statistics due to collisionsunder ~ ° | 160 v, ooty apecn
the t t_bar th reShO|d 1 I S ALLLE] m,(m,)=167 GeV, luminosity spectrum

- A change in the shape of the observable 0.5
that reduces its sensitivity to the top mass ! J e

l l Bt |
1 1 1 1 1 1 1 1 1 1 1 1 1 1

0 s i I BT B
340 350 360 370
/s' [GeV]

» Repeating the naive statistical estimation, a
~50% deterioration in the sensitivity is found

Luminosity spectrum

o©

o

©
I

; 007__ ................................................................................................................................................
1000 fb-1 Statistical uncertainty g

<N N N S PN W SN S N
380 GeV (0 spectrum) 41 MeV : 0,08 [
CLIC @ 380 GeV 65 MeV 0_04;_ .............................. ................. ................. ................ ................. SUUSRRUIRY FOSTURUON | SO SO
0.03 :_ ................. ................. ................ ................ ............................................
‘ 0.02 . -
» Work in progress: a method to recover the NP0 S N N N N N J ..... .
shape previous to the luminosity spectrum RSN FURUE VTN DR TN o o T N

. . 50 100 150 200 250 300 350 400
weighting. 19 eV
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MODELING THE LUMINOSITY SPECTRUM 18

The MC model
generates events

The data events
(while we wait for i,

as function of the
model parameters

SRR Detect Detect
Bhabha . o SOl Bhabha  generator

AN e

The reweigthing fit » For more information:

generating new NG events n sach ANDRE SAILER'S PHD THESIS
ESTEBAN FULLANA TOP@LC 2017 TALK

the GuineaPig
events)

Generator
level

iteration of the model parameters)

Luminosity spectrum

» The MC model reproduces the 4-momenta of the e* e- pairs.

» 19 free parameters, optimisation done minimising x2 respect to the detector smeared
data.

» 3 stages: GuineaPig beam generator, Bhabha scattering simulator and detector
simulator.
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LUMINOSITY UNCERTAINTY PROPAGATION 19

» Reconstructing the luminosity spectrum, 19 parameters with their
error are obtained (+correlations between them)

» Generating 38 observables within the parameter = error and fitting
them to the nominal weighted observable, the error of each
parameter is propagated

Symmetrized lumi spectra parameter uncertainty

S 4B
S
: : L e e e _ _
» The total uncertainty is Sk Quad = 7.473, error = 6.9
. S BT
calculated by performing = ¢ | | |
S S o o — "
_ T - I S T S S T
E=E, CovE,T. § 2o 5
T e e e
» A total propagated PR E RS NN P N S S
uncertainty of 7 MeV is = I R W S S S
estimated = £ 3 R S R
@ 2o
Ol""l"Hi QIiIH i““l““l
0 5 10 15 20 25 30 35

Parameter #
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PHOTON RECONSTRUCTION 20

Two major concerns over photon reconstruction

35 A

» Detector coverage — limit acceptance

u=1073
0=0.012

30 1

» Reconstruction of the photon energy

25 1

- Energy resolution = adoptitinthe binning .

15 -

- Photon energy scale (calibration offset) /m/

o/F =0.166/VE ®1.1% .

-0.04 —0.02 0.00 0.02 0.04
Ereco — Etruth

R° < 0 <172°
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PHOTON ENERGY SCALE UNCERTAINTY

The calibration is not
exact, the reconstructed
energy is usually over or

underestimated by a tiny —

amount

35 A

30 A

> Propagate the uncertainty by
over(under)-estimating the photon
energy in the observable

- Fitto the nominal model with m;

as a free parameter

25 A

20 A

a.u.

15 A

E reco — E truth

E truth

m; shift for different photon energy scale uncertainties

Nominal energy 102 (1%) (1 (0.1%) 104 (0.01%)
380 GeV +157 - 160 MeV + 16 Me\ + 1.6 MeV
500 GeV +842 - 863 MeV + 85 MeV \ + 9 MeV

\
feasible today
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EVENT SELECTION: TOPS 22

Seﬁ\i-ieptonic (45%)

Full leptonic (9%)

Selection efficiencies

i 2] B ! L L 2] L I LA A B R DL AL BN R
. : : = | — Allevents CLiCdp c30000 - — All events CLICdp -
estimated at full simulation ¢ -t — "7, S e _
» Threshold scan study _ 20000 i
5000 - i
70 2% : 10000 -
} B o o 0 I L ] 0 [ ) ‘ . ]
oosted decision tree 0 50 100 150 200 250 0 50 100 150 200 250
m, [GeV] m, [GeV]

~90% ARXIV:1807.02441
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EVENT SELECTION:

ISR PHOTONS

23

B(Mt,cs') (fb) Contributions for Selected ISR - EneCri -

top

L 4

0.9

B(

0.8

B(M, ) (fb)

0.7

.,G.) Parton ISR
Selected
Contamination FSR

Contamination Other
Pure ISR Selected

=170 GeV

0.6
05 MARCA BORONAT THESIS
0.4

0.3

0.2

0.1

III‘IIII l||I|lII|||||||l||l|||||||l||’l|ll’l

= - - — —

ISR MC Truths

All the photons selected

ISR Photons in the selection (~82%) \

FSR Photons in the selection (~4%)

@
oo
p A -4
g A0 :

| Other photons in the selection (~14%)
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STATISTICAL UNCERTAINTY

¢

24
24% bump in the statistics
due to beam polarisation
_fL)400""'_"""""""_I(L) 1 B L
§ e'e’ — tiy, CLIC, /s=380 GeV CICD . e*e” — tty, ILC, Vs=500 GeV ]
LIJSOO | — Theoretical prediction l : Lﬁ1500 __ —— Theoretical prediction
: } Pseudoexperiments Il l : I Pseudoexperiments
200 | Stat envelope: = 1 0 (1000 fb”) . 1000 Stat envelope: = 1 o (4000 fb™) ]
100 - — 500 - b B —

O ; v
340

350 360 370
/s [GeV]

L 4
350

I R T T
400

450
\'s' [GeV]

ECAL binning, 50% efficiency and luminosity spectrum accounted for
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RESULTS SUMMARY 25

50% efficiency, ECAL resolution, luminosity
/ spectrum and beam polarisation accounted

Experiment CLIC, /s = 380GeV ILC, /s = 500 GeV
Lint (fb™1) 500 1000 500 4000
Statistical> 138MeV ~ 93MeV  348MeV 109 MeV
Theory 46 MeV 55 MeV
Luminosity spectrum 7 MeV 7 MeV”*
Photon energy scale 16 MeV 85 MeV

Total 147MeV 105 MeV 363 MeV 149 MeV

| Potentlal to measure m with 1OO 150 I\/IeV preC|S|on for i
. the nomlnal Iumlnosmes at CLIC and ILC }
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SUMMARY 26

» A new observable to measure the top quark mass with high
precision in the continuum of a e*e- collider has been introduced

» A state of the art theoretical calculation was performed to assess the
potential of the observable in a well defined theoretical framework

» The major sources of uncertainties were explored, including
- Theory uncertainty
- Photon reconstruction
- Event selection
- Luminosity spectrum

» Measurements in the order of 100 to 150 MeV are achievable for
CLIC and ILC respectively for their 380 GeV and 500 GeV runs.
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THE WAY FORWARD 27

» The ISR emission is usually collinear to the emitter = extend the
polar angle range of the analysis by including forward calorimeters

- Going down from 8° to 6° increases statistics by a 33%

- Going down from 8° to 4° would double the statistics
» Inclusion of the FSR from the top anti-top pair

- Similar sensitivity to the top quark mass when compared with ISR
» Progress in the theory calculation to bring the uncertainty down

» Potential to measure the running of my, as the measurement can be
performed at different scales
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