In situ Measurements of ILC Beam/Center-of-Mass Energy
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Key issue: systematic control for the absolute scale of center-of-mass energy (in
collision...) at all center-of-mass energies.

Apologies for inadequate references to prior work and especially the diagnostics
side which I'm not so familiar with.

January 13,2022  1/38

Graham W. Wilson (University of Kansas) MDI-BDS/Physics Topical Meeting



ILC Physics Targets — Energy Requirements *

Observable My M; My Mx
Method Recoil mass | Scan | Reconstruction Scan?
Best /s [GeV] 250 350 250 Highest?
Current precision [MeV] 170 300 12 -
Target precision [MeV] 10 20 2 ?
\/s contribution [MeV] 3 6 0.5 ?
/s uncertainty goal [ppm] 100 200 10 1007

Ultimate Impact/Reach

Observable My My, My ALR
Method Scan Scan Scan Count/Scan
Best /s [GeV] 161 91 01 a1
Current precision 12 2.1 2.3 1.9x1073
Target precision 2MeV | 0.2MeV | 0.11 MeV | 3.5x 107°
\/s contribution 0.8 MeV | 0.2 MeV small 1.8 x 107°
\/s uncertainty goal [ppm] 10 2 5* 10
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Example Physics Plots

on r T T T T ] 10°
-— ? Fr T T T T T
o —e— Toy MC Data z E
[ I i 1 5 WW ST v v (l=epn) V5=250 GeV/
Lﬁ 400 - — Signal+Background £
R A Signal ] g
300 F ---- Background . g
[ 1 3
I ere o W + X @250 GeV ] £
200 |- B Whizard 2.71 (ISR + BS) (-80, 30)
[ ] M, = 79.419 GeV
I 1 —— M, =80.419 GeV
100 .
£ ——— M, = 81.419 GeV
oL L el ) ] Shape comparison only
| | I
110 120 130 140 150 ) 70 80 Y 100 10 120
Recoil Mass (GeV/c?) PseudoMass (+) (GeV)
10°
g 100ET T T T T
0.7 premEy H WW, with at least one W — F v (I=e,u) 15=250 GeV
Q [ tithreshold - QQbar_Threshold NNNLO >
= 0.6 |- 'SR+ ILC Luminosity Spectrum £
© 0 b —default-m{® 171.5 GeV, T, 1.37 GeV k)
S f - m,variations 0.1 GeV <
3 0.5 [~ - T, variations + 0.15 GeV i
s £ theory uncertainty (scale) F
g 045 E Whizard 2.71 (ISR + BS) (-80, 30)
o [ = M,, = 79.419 GeV
03} —— M, =80.419 GeV
£ 1 simulated data points "
02b 200" total ——— M,, =81.419 GeV
Shape comparison only
0.1 efficiencies and signal yields
. from EPJ C73, 2530 (2013)
[ . Xiepton
340 345 350
Vs [GeV]

Graham W. Wilson (University of Kansas) MDI-BDS/Physics al Meeting January 13, 2022



Beam /Center-of-Mass Energy, Luminosity Spectrum

What's what? What's important?

Beam Energy and Beam Energy Spread

@ Upstream diagnostics. Chicane BPM spectrometer. Energy target: O(1074).

@ Downstream diagnostics. Targets O(10~*). SLC-style synchrotron radiation
stripes spectrometer - sees beams after beam-beam effects.

@ Beam energy spread?, and distribution?
@ Energy-z correlations?

@ Also pass-through non-collision mode (to inter-calibrate
upstream/downstream)?

While these may not provide the ultimate absolute beam energy uncertainty, they
should be extremely useful for tracking relative beam energies especially for scans
and for short-term variations.

So expect: < EY >, < EY >, < EP > < EP > on a bunch-by-bunch basis?
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Beam /Center-of-Mass Energy, Luminosity Spectrum

o Naively, \/s = 2E,
o Less naively, /s = 2y/E€ES cos(a/2) (o = 14 mrad crossing-angle)

° EC, Ef are the collision energies (after probable beamstrahlung)

Collision Momentum Imbalance

@ Mostly in z, but also in x
o px = (ES + ES)sin(a/2)
o p, = (E€ — ES)cos(a/2)

What is most important is the distribution of the collision initial-state 4-vector
weighted by luminosity.

This is usually called the luminosity spectrum, and is either 1-d (1/s) or

2-d ( ES,ES). Potentially even 3-d or more, eg. in (E€, E€) for slices in zis.
Needs to be unfolded from collision physics events gathered over long time
periods. Necessarily averages over all the variations in conditions.
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Luminosity Spectrum

There are a number of studies of the luminosity spectrum, incl. (Frary, Miller),
Moenig, (Boogert, Miller), Sailer, and (Poss, Sailer). Use Bhabhas with 6 > 7°.
State of the published art is Poss and Sailer study for CLIC 3 TeV.
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L(x1,%2) = pread(l — x1) @ BES(x1; [plhou) Parametrize the lumi spectrum resulting
8(1 = x2) ® BES (x2; [Pljear) from beam-beam simulations
_ . 1 . . .
;“gz""‘f(;2 "‘;‘f{f‘;s(x"“’“fm‘) (Guinea-PIG) and incorporate in
X2 LPIarm1 > PLimi H
o BB'(‘Y _lmﬂ ' am) measurement using (E1, Bz, Oacol)-
Arm2 A Arm2> PLimit .
5(1 = x2) @ BES (12: [ o) [Currentl}/ Wc?rklng on related .
+Pody BO(11: [PThoy A% parametrization approach for ILC using
BG(x2: [pToy. LY. reweighting fits.]
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What do we really want to measure?

Ideally, the 2-d
distribution of the
absolute beam

energies after 126
beamstrahlung. %'

Absolute energies of peak position (E) and shape (LS)
[dL/d+/s: see work by Boogert, Frary, Miller, Moenig, Sailer, Poss]

T
R

From this we would 9125 '
know the |:|'-J
distribution Qf.b.oth 124 F
/s and the initial —
state momentum 123 124.52 3
vector (especially i iz&géi j
the z component). 122 ' :
. Integral
. 0 0
Shortly, we'll look at 121 [ 55410[ 564579
the related 1-d . 2438 55566
distributions 120
(Ex,E_,+\/5, ps) 120 121 122 123 124 125 126
with empirical fits. E- [GeV]

Whizard 250 GeV SetA ete™ — pupu~(7y) events
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Upstream Issues/Diagnostics/Correlations

TESLA-500

@ One very important issue is
understanding the E-z distribution of
the beams presented to the interaction
point.

o Wakefield effects can distort the E-z
distribution. Also RF phasing/kink
instability avoidance? (BNS damping??)

@ Plot shows modeled ECM distribution
with correlation and without (red) from
Woods/Florimonte study of 2005.

@ Are there more recent studies?

5 4% 4w 4w 4@ S0 o B AR RS
ECM (GeV)

Current centralized Whizard simulations assume uncorrelated Gaussian beams as
do my initial Guinea-PIG forays.
Request: Would really appreciate validated ILC beam input files
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In situ Methods Related to Beam Energy

There are three main techniques currently envisaged using collision physics events.
They are inter-related and should be carried out in a global analysis.

Q@ /s, The radiative return to the Z method.
(Wilson - Munich96, LEP2, Moenig, Hinze)

@ /s,: The dilepton momenta method. (Barklow - LCWS05, Wilson)
@ 0acor: Bhabha acollinearity angle. (Frary-Miller 91)

Comments

All three use particle direction measurements and a < 3 particle final-state
approximation

1: Relies on My for energy scale
2: Relies on tracker momentum scale for energy scale
3: More focused on lumi. spectrum to date than energy

1+2: focus of existing studies has been p*pu~

2: Includes radiative return and full energy events.
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/s 4 Method for Center-of-Mass Ene

Use radiative return events to the Z with precision angular measurements.

ere>Z(y)>pu(y)

Assume one photon recoiling 5 GWW — MPI 96
from ptu~ LEP Collabs.

. = Ey 1 L%Q Hinze & Moenig
Y — E S

Photon often not detected.
At \/E = 250 GeV, Use muon angles to (photon/beam-axis).
xy = 0.867, E, = 108 GeV, BRI EaEIaEt )

for myp = My,

Write mé/s = f(91,92).
Then assume, myp = My.

61 + sinfy — sin(6; + 62)

S=mgy| ————— 1 27
v “\| Sin6; + sin 6 + sin(0; + 0)

Statistical error per event of order I'/M = 2.7%

Acceptance degrades quickly at high Vs

@ uses Mz and is limited in ultimate precision by its knowledge (23 ppm).
@ can also use ete™, and even 777~ decays of the Z (maybe also Z — qq)
@ per event uncertainty poor given 'y

Most recent study in K. Moenig talk and proceedings from LCWSO05.
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https://www.slac.stanford.edu/econf/C050318/talks/1109_TALK.PDF

\/s, Method for Center-of-Mass Energy

Use dilepton momenta, with /s, = E, + E_ +|p._| as /s estimator.

e+e_ % + -_— (A ) p+ .:;_,:5“ J \‘_7:"- ,,,,,,,,,,,,,,,
st 2000 E asogev A (B, HLD fast
21750 /| lon= fsimulation 1 (nOvertex
21500 [ fit)
Y Sso F -
Py 1000 Ns=my
750 | ['
. o
P 500
. 250 E, X E 12/dof = 90/93
Measure \/Ep using, 096 098 1 102 1.04
(lﬁ‘i’ |f |ﬁ— |7 |ﬁ+ + ﬁ— |) \/Sp/\/snomlna\ ‘‘‘‘‘

Tie detector p-scale to particle masses (know J/4, =T, p to 1.9, 1.3, 0.006 ppm) J

Measure < /s > and luminosity spectrum with same events. Expect statistical
uncertainty of 1.0 ppm on p-scale per 1.2M J/v — utp~ (4 x 10° hadronic Z's).

@ excellent tracker momentum resolution - can resolve beam energy spread.
o feasible for uTu~ and eTe™ (and ... 4l etc).
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Bhabhas and acollinearity

Forward Bhabhas (eTe™ — eTe™) with scattering angles above 7° are widely
discussed mainly for IumanSlty spectrum measurements.

 [nb]

15

\ /5 = 500 GeV

Figure 22 - Bhabha scattering after radiation loss by the incoming particle e," due [
Siher to S8 o beamssirahung. The acliearlyange 49 aiss rom the sneroy ol o =
difference in the incoming particles e;"™ ar

6 [deg]
The original literature focused on the acollinearity angle, that measures the
momentum imbalance of the two beams, (rewritten here using E given E =~ p)

Ebgacol
Ap=(E-—E)= sin 6y
One can also use x, or s’/s notation as before (with the photon along the direction of
lost momentum). No reference energy scale like Mz. Need to rely on spectrometer info
or on direct energy measurements. Foreseen endcap E,p resolution not great.
Large statistics. Ap uncertainty gets amplified by 1/sin 6y term at very forward
angle - so not so much to gain with wider acceptance. Can explore 1/s_ too
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Recent studies related to /s, method

o Critical issue for \/s, method: calibrating the tracker momentum scale.

o Canuse K%, A, J/v — pTp~ (mass known to 1.9 ppm).
For more details see studies of ﬁp from ECFA LC2013, and of momentum-scale

from AWLC 2014. Recent K2, A studies at LCWS 2021 — much higher precision
feasible ... few ppm (not limited by parent mass knowledge or J/ statistics).

Recently,

Several talks on \/Ep. Latest ones at ILCX and in December.

Includes a more careful look at the \/Ep method prospects with putpu™.
Include crossing angle, full simulation and reconstruction with ILD, track error
matrices, vertex fitting, and updated ILC /s = 250 GeV beam spectrum

@ Also a look at colliding beam-energy/interaction-vertex correlations and more
of a focus on dL/d/s issues.

Prospects for Z lineshape with a polarized scan including energy systematics.
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https://agenda.linearcollider.org/event/5840/contributions/26233/attachments/21677/33992/GWW_ECMP_LC2013_V2.pdf
https://agenda.linearcollider.org/event/6301/contributions/29525/attachments/24486/37868/MomentumScaleStud_ConvertedByMe.pdf
https://indico.cern.ch/event/995633/contributions/4259684/attachments/2209973/3739976/PrecisionMasses-LCWS2021_GrahamWilson.pdf
https://agenda.linearcollider.org/event/9352/contributions/49780/attachments/37712/59143/IDTWG3_GWW_V3.pdf

Polarized Beams Z Scan for Z LineShape and Asymmetries

Essentially, perform LEP/SLC-style measurements in all channels but also with /s
dependence of the polarized asymmetries, Arg and AfFB’,_R, in addition to Arg.
(Also polarized v7y scan.) Not constrained to LEP-style scan points.

Wl = LEP: A/\/IZ = 2100 keV, AFZ = 2300 keV

04 T

ALEPH
DeLPRl

[ o
30 0.2

Ay (0

haa [MD]

10

N,

H e higher smiar 0.,
oM o

n . Mo . 8 » ” o R R R R T
86 88 90 92 94 E,, [GeV] En [GeV]
E,,[GeV]

With 0.1 ab™?! polarized scan around My, find statistical uncertainties of 35 keV
on Mz, and 80 keV on 'z, from LEP-style fit to (Mz,T 7,09 4, R, RO , RY) using
ZFITTER for QED convolution.

Exploiting this fully needs in-depth study of /s calibration systematics
ILC L is sufficient for My
[z systematic uncertainty depends on A(\/E+ — \/57) so expect Al'z < AMgz
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Polarized Beams Z Scan for Z LineShape Study: WIP |

Initial line-shape study (all 4 channels). Use unpolarized cross-sections for now.
ILC Z Lineshape Scan

T T Entries 35000
Mean 0.1022

per bin

a0 3250"* =125 16 e
mum E o Naps=200 Overflow 0
ii Wl 1500? —
86 88 Em."l(‘i:mw ';42 54 T e ‘HE‘CMzdewatign(MeV)A
Uses Gatat / /S (%) = 0.25/+/N,., & 0.8/+/N,
@ Scan has 7 nominal /s points, (peak,+A, £2A + 3A) with A = 1.05 GeV
@ 25 scans of 5 fb™! per “experiment”. 7 x 25 x 4 = 700 0t,x Measurements.
@ Assign luminosity per scan point in (2:1:2:1) ratio. (1 or 0.5 fb=* each).
e Do LEP-style fit to (Mz, 7,00, 4, R, RO , R%) using ZFITTER
@ Model center-of-mass energy systematlcs and int. lumi syst. of 0.064%.
°

Each scan-point (175 per expt.) shifted from /s, . . by a 100%
correlated overall scale systematic (here 4100 keV) and by stat. component
driven by stat. uncertainty of \/s measurement (typically 0.4 MeV /4.4 ppm).
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Polarized Beams Z Scan for Z LineShape Study: WIP Il

Ensemble tests with 200 experiments.
Currently, fit the 700 measured cross-sections (actually occuring at shifted /s)
using assumed nominal \/s. Ensemble mean y? of 790 for 693 dof.

ILC Z Lineshape Scan (25 subscans with 7 points each) ILC Z Lineshape Scan (25 subscans with 7 points each)

< FroTT ] Entries 200 c T H‘H‘“H‘H‘Enmes 200
; 14— Mean -0.09728 2 r _ Mean  -0.01576
S b StdDev  0.061913 & 1 L=125fb StdDev  0.1139
< 120 Underflow 0 S [ [ Nexpts=200 Underflow 0
£ F Overflow 0 E 12 Overflow 0

3 5 E =

g 10— — £ r ]

1 R —

8- L=125 b’ = F 1

L — Nexs=200 8 B
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[ 1 S -
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m; residual (MeV) T', residual (MeV)

@ As expected My biased down by assumed scale error (here +100 keV) with
stat. error of 50-60 keV.

@ As expected [z bias small with stat. dominated error of 100-120 keV.

@ Such an experiment has 1.9B hadronic Zs.
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More Realism

BeS”
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See backup for more detailed explanations
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Positron Beam Energy (After Beamstrahlung)

Fits use asymmetric Crystal Ball with 5 parameters (details in backup)

ILC 250-SetA Beam Parameters
[ | R | B

230000 ———— : —— ]
o] E [« = 1.6523 +/-0.0072 ) 3
> E | n,= 1249928 +/-0.0010 Gqv Lo = 1000167, N, =672735 ]
gSOOO | o= 0.2232 4 0.0011 Gev 1 . 3
10 E | op= 019204 +/-0.00065 GgV |  xnct= 7406/ 114 5 ]
220000 | n, - 0.6595 +- 0.0078 —
% C (52250 GeV, & 6 - p* P P,)= (0803 m
15000 — }  Generator Data (Whizard) -]
[ C ]
LI>J F Asymmetic Crystal Ball .
10000 F / ]
5000 | 4 —

_ 0 S ooy : P PR B N BT

g 10 &

2 s5E ; Bl

[ E I Fyp b i

) i ity g Mgt g ““”“;Eu it [mH

s 5E U

< E I

Q -10 & t i i =

1225 123 123.5 124 124.5 125 125.5

Positron Beam Energy [GeV]

or/E = 0.1536 + 0.0005% (cf 0.152% in TDR)
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Electron Beam Energy (After Beamstrahlung)

ILC 250-SetA Beam Parameters

25000 —————————T ]
) L | e = 1.6223 +/-0.0076 PP p— B
> | u, = 1249862 +/-00014 GeV |~ N ]
20000 [ o, = 02786 +- 0.0014 Gev -
fe} E | oa= 0.2399 +/-0.0010 GeV ndt = 713.1/114 ]
o E | n = 0.6840 +- 0.0002 | .
5 C
§5000 C mezsoceveeouy (P2 P, )= (06,03 -
5 E }  conorator ot pwhizare i
Lfﬂ 0000 C Asymmetric Crystal Bal ]
5000 — ]
a 0 -
g 10 &~ -
w E
s SE I i L U ¢
S o Bttt e g g B B g
= E i Pty 1l Pt g
g -5E i 1 I =
b E i E!
S -10 E =
122.5 123 1235 124 1245 125 1255

Electron Beam Energy [GeV]

or/E = 0.1919 £ 0.0008% (cf 0.190% in TDR)

Note an undulator bypass could reduce this spread when one e~ cycle is used
purely for et production.
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Center-of-Mass Energy (After Beamstrahlung)

ILC 250 SetA Beam Parameters

25000 i . . ——
8 C = 1. 1797 +-0.0072 ) ]
> = “  249.9534 +/- 0.0020 Gy | L = 10001, N,=555200 (P,.P,)=(-0803) ]
%20000 | o, = 0.3950 +/- 0.0031 GeV Fa |
o [ | o, = 0.3080 +/-0.0011 GeV xendl = 4023/ 134 ]
© [ | n_= 0.7409 +- 0.0065 | 7
@,
SJ 5000 L s=z2s0Gev,eer s upe -
% E }  Generator Data (Whizard) E
L1>.|10000 — Asymmetric Crystal Ball 1
5000 [ —
1 I 2
S '9 E E
E: b ot ot W gy E
g E b “ [ g ! Hl] l I J ! [l I[IEI by
< O F [IIH e LT L L T
g 51 f ' 3
© = |
a ~10 E i i | =
246 248 250 252

Center-of-Mass Energy [GeV]

or/v/5 = 0.1232 £ 0.0004% (cf 0.122% in TDR ( 0.190% & 0.152%)/2)
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z-Momentum of ete™ system (After Beamstrahlung)

ILC 250-SetA Beam Parameters
T

c 25000 T T ]
S E [ - 14415400072 3
> E | ag= 14394 +-0.0073 (Pos Po) = (:08,0.3) =
s 20000 — 1, =-0.00360 +/- 0.0027 GeV =
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5 15000 || o= 03570 40,0027 Gev =
Q E | n_= 0.8696 +/- 0.0061 (2indf = 1645.2/ 202 —
@ c _ o 3
g 10000 - Lm=® 8688 +/- 0.0062 E
u>.| - /5=250 GeV, e e — pp* |
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0= . -
-5 0 5
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s C T ]
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EOCE i (L E
< E it E
g of i Lh
2 8 [ PR
il
= -5 ' H H
E = E
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1 | 1
-5 0 5
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o/+/s = 0.1416 £+ 0.0007% (cf 0.122% from beam energy spread alone)
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\/s, with crossing angle

(More details in previous talks ...)
The outlined approach results in a quadratic equation in E,ye,
(AE2,. + BE,,. + C = 0), with coefficients of

ave
A = cos?(a/2)
B = —E1; + piysin(a/2)
C = (M%)/4 + p5 AE, cos(a/2) — BB, cos?(a/2)

Based on this, there are three particular cases of interest to solve for E, ..

@ Zero crossing angle, « = 0, and zero beam energy difference.

@ Crossing angle and zero beam energy difference.

© Crossing angle and non-zero beam energy difference.
The original formula,

Vs = E1 + Ex + | Pz

arises trivially in the first case. In the rest of this talk | will use the /s estimate
from the largest positive solution of the second case as what | now mean by ﬁp.
Obviously it is also a purely muon momentum dependent quantity.
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Dimuon Estimate of Center-of-Mass Energy (After BS)

ILC 250-SetA Beam Parameters

515000 |—w=1. 7T 47 00096
> |, = 249.9424 +/- 0.0030 GeV Liy = 1000107, N, =444921 . (P,.P,)=(08 aa)T
g [~ | o= 0.5392 +/- 0.0049 GeV ’
o [ | og= 0.4289 +/- 0.0016 GeV AZ/ndf = 319.3/134 =
o I~ | n_= 0.801+/-0.010 —
g Seee L 5=250GeV, e e > p* _
[}
'q:: [} GeneratorData (whizare) b
] B Asymmetric Grystal Bal ]
5000 — _
. 0c : 3
§ SE L e
: k i g
g o %ﬂulll il il e g i 11; ;H i [;H o t
§, a1 l E
246 248 250 252

Dimuon Center-of-Mass Energy Estimate [GeV]

or/v/5 = 0.1716 + 0.0006% (cf 0.1232% with true /s )

This is the
generator-level /s,
calculated from the 2
muons

Why so broad? Why
fewer events?

Likely because some
events violate the
assumptions that
AE, =0and ms =0

The former is no
surprise given the p,
distribution

The latter can be
associated with
events with 2 or
more non-collinear
ISR/FSR photons
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Comparisons After BS

50 < mi <150 GeV | mé&er > 150 GeV |

Center-of-mass energy after beamstrahlung Center-of-mass energy after beamstrahlung

£ < 5000
o 52000 L1008 P 0RO 0w o 5215000, L1100 Pr0803 0 ¢ 1
5 - . A 5
S 4000 / \ S 4000 -
12 1%}
€ © \ c
[ I g
@ 3000 Eovies 201304 / @ 3000 ——
Underflow 2197 Entries 254570
Enties 291304 gl | Underflow 1686
2000 Underflow 49212 fJ‘PJJuJII\le 2000 E:‘;:j\ow 25:2;2
AR\
ntrig /J A\
fo00 G = 4\ 1000 o
N . 1 N e
246 248 250 252 246 248 250 252
Center-of-mass Energy Estimate [GeV] Center-of-mass Energy Estimate [GeV]

@ For lower dimuon mass events, only about half are reconstructed close to /s
@ Most higher dimuon mass events reconstructed close to the original /s

Lower dimuon mass events are more likely to violate the assumptions.
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Event Selection Requirements

Currently rather simple.
Use latest full ILD simulation/reconstruction at 250 GeV.
@ Require exactly two identified muons
@ Opposite sign pair
@ Require uncertainty on estimated \/Ep of the event of less than 0.8% based
on propagating track-based error matrices
e Categorize reconstruction quality as gold (<0.15%), silver ([0.15, 0.30]%),
bronze ([0.30, 0.80]%)
@ Require the two muons pass a vertex fit with p-value > 1 %
Fractonal error on center-of-mass energy (RSP+) Selection efficiencies for (80%/30%)

c

< .. ]

5 J s =250 GeV, L=100 b, P=(-0.8,0.3) beam polarlzatlons.

Q.

@ 10° 1 ILD_I5_o1_v02 Reconstruction @ c_ = 69.77 + 0.06 %
C

[0

z J o o, =67.35+0.06%

\ Nean  oomarests

ol Swber oomeosz @ c__ =69.47+0.05%
\F\\w 0 .. =67.72+0.06 %
MM’W« Backgrounds not yet studied in detail,

‘ . (7777 is small:0.15%, of no import for
0 0005 _ 001 015 002 :
Fragiional CME Erfor (AE/E) - the \/s peak region).
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Vertex Fit: Exploit ILC nanobeams

With well modeled track errors, and given that the 2 muons should originate from
a common vertex consistent with the interaction point, we can perform:

@ Vertex Fit: Constrain the two tracks to a common point in 3-d
@ Beam-spot Constrained Vertex Fit
The ILC beam-spot size (no pinch) is (o4, 0,) = (515,7.7) nm, o, = 0.202 mm

@ Vertex fit (see AWLC2014 talk) implemented using the fully simulated and
reconstructed data

@ Also have explored beam-spot constraints
What good is this?
@ Residual background rejection (eg. 7H7~ reduced by factor of 20)
@ Additional handle for rejecting or deweighting mis-measured events
@ Some modest improvement in precision of di-muon kinematic quantities
@ Also useful for H — u*u~ and for ZH recoil

@ Interaction point measurement (O (1um) resolution per event) can be used
to correlate with (E_, E;) for understanding beamstrahlung effects

Note: simulated data does not currently simulate the transverse beam-spot ellipse
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Event Selection Aspects: Vertex Fit and Overall Efficien

Vertex Fit

20000 oo *‘sms 576005
lé Mean _ 048049 < 80000 Vertex Fit . .
g -E Entries 477931
o — B i g r Mean 1.5474 b
g Vs = 250 GeV, L=100 fb™, P=(-0.8,0.3) 2 r 1
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Efficiency rather mass dependent. Mostly due to geometrical acceptance. )
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Gold Quality Dimuon PFOs (After BS)

ILC 250-SetA Beam Parameters
—
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Silver Quality Dimuon PFOs (After BS)

ILC 250-SetA Beam Parameters
—
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Strategy for Absolute /s and Estimate of Precision

Prior Estimation Method
@ Guesstimate how well the peak position of the Gaussian can be measured
using the observed \/Ep distributions in bins of fractional error
Current Thinking

@ The luminosity spectrum and absolute center-of-mass energy are the
same problem or at least very related. How well one can determine the
absolute scale depends on knowledge of the shape (input also from Bhabhas).

o Beam energy spread should be well constrained by spectrometer data

o Likely need either a convolution fit (CF) or a reweighting fit

o Working on parametrizing the underlying (E_, E) distribution, with plan to
model quantities related to /s and p, after convolving with detector
resolution (and ISR, FSR and cross-section effects)

Current Estimation Method

@ Follow a similar approach to before, but using estimates of the statistical
error on pg for 5-parameter Crystal Ball fits to fully simulated data with the 4
shape parameters fixed to their best fit values. Fits are done in the various
resolution categories (example gold, silver, bronze fits in backup slides).

@ These estimates follow on the next slide
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\/s Sensitivity Estimate at /s = 250 GeV

Statistical uncertainties in ppm on /s for u™u~ channel

Lint [ab™1] | Poln [%] | Gold | Silver | Bronze | G+S+B
0.9 | —80,+30 | 6.5 3.1 8.5 2.7
0.9 | +80,-30 | 7.7 3.4 9.6 3.0
0.1 | —80,—-30 | 26 12.1 33 10.4
0.1 | +80,4+30 | 29 13.0 41 11.4
2.0 = 4.8 2.2 6.2 1.9

Fractional errors on pg parameter (mode of peak) when fitting with 5-parameter
Crystal Ball function with all 4 shape parameters fixed to their best-fit values.

Also the eTe™ channel should be used. The additional benefit of the much larger
statistics from more forward Bhabhas is offset by the poorer track momentum
resolution at forward angles.

Stat. uncertainty at 250 GeV of 2 ppm far exceeds the 10 ppm requirement.
Allows for 100 p" = sub-sets with 20 ppm stat. uncertainty each.
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New approach to tracker momentum scale

See LCWS2021 talk for details. Use Armenteros-Podolanski kinematic
construction for 2-body decays (AP).

@ Explore AP method using mainly Kg — mt7~, N — pr~ (inspired by
Rodriguez et al.). Much higher statistics than J/¢ alone.

@ If proven realistic, enables precision Z program (polarized lineshape scan)
© Bonus: potential for large improvement in parent and child particle masses

For a “V-decay”, M® — mj m, , decompose the child particle lab momenta into
components transverse and parallel to the parent momentum. The distribution of

(child p7, a = PL +5L ) is a semi-ellipse with parameters relating the CM decay
L L

angle, 6%, /3, and the masses, (M, my, m,), that determine, p*.

By obtaining sensitivity to both the parent and child masses, and positing
improving ourselves the measurements of more ubiquitous parents (K2 and A),
can obtain high sensitivity to the momentum scale

Proving the feasibility of sub-10 ppm momentum-scale uncertainty needs much
work: typical existing experiments are at best at the 100 ppm level
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https://arxiv.org/pdf/2012.03620.pdf

Tracker momentum scale sensitivity estimate

Used sample of 250M hadronic Z's at /s = 91.2 GeV. Fit K, A, A in various
momentum bins.

41 AP Elliptical Fit for K2
0.00040 1.0040

AP Elliptical Fit for A2

0.000351 1.0035

1.0030
0.00030 |

1r?

T
=
1.0025

P

0.000251
f \\ 1.0020
0.000201
f \, 1.0015

-1.00 -075 -050 -025 000 025 050 075 1.00
27.00 27.25 27.50 27.75 28.00 28.25 2850 2875 29.00

cos ¢ 28 + cos ¢
o Fit fixes proton mass
Q@ myg: 0.48 ppm o Factors of (54, 75, 3) improvement
Q@ mp: 0.072 ppm over PDG for (K&, A/A, %)
© my: 0.46 ppm @ Momentum-scale to 2.5 ppm stat.
Q S,: 0.57 ppm per 10M hadronic Z, ILC Z run has

400 such samples.
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Beamstrahlung / z-Vertex Effects Explained

Divide interactions in 3 equi-probability parts according to zpy. Preferentially
@ efe collisions occuring more on the initial e~ side (z < 0)
@ ete collisions mostly central
@ ete™ collisions preferentially on the initial e side (z > 0)

ILC 250-SetA Beam Parameters ILC 250-SetA Beam Parameters
% T T T E T T T T T
% 9 Guinea-Pig++ 1.21 Ei 9000 Guinea-Pig++ 1.21
S 8 —— Zpy<-91pm & 8000 —— Zpy <-91um
® T Izl <91um Y ao00E |~ Iz, <9tum
Zpy > 9Tum —— Zpy >91um

6000/

Frvies 63
S0 Undediow 5051 5000
e 5
4o Underton 8807 4000 Fres 57
Underton 8617
300 Er 57230 3000
Underflow 12306 Entries 57230

Underflow 5309
2000

AU R

1000

o
NPy

5 123 1235 124 124.5 125 125.5 126

Positron Beam Energy (After BS) [GeV]

The beamstrahlung tail grows and the peak shrinks for e~ as z increases, and, for
et as z decreases. In both cases, the largest beamstrahlung tail occurs when the

interacting e~ or e™ has on average traversed more of the opposing bunch.

Thus both /s and p, = E_ — E, distributions depend on z. Likely needs to be
taken into account for /s, dL/d+/s, Higgs recoil, kinematic fits ...
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Investigate /s, Limitations (WIP)

Generator-level study with crossing-angle

ILC 250-SetA Beam Parameters

50000 ———————1———————————— h1007
e r Entries 684993
- r[ Vs=250 GeV, L=100 fb™, P=(-0.8,0.3) Mean 08608
g L Final-state Mass Std Dev_ 0.01517
£40000 Di-lepton Mass -]
S L Angles with boost i
o r Angles no boost b
30000 — -
20000 [~ -
10000 | -
0E e AN RS RS R =
0.8 0.82 0.84 0.86 0.88 O).(Q

Y

e Muon angles with boost, uses measured momenta to boost in x (small effect).
@ Mass estimates use either the ™y~ mass or the final-state system mass
(including FSR) and use the true ECM after BS emission.

For RR Z's. Lose a factor of 2 in potential stat. precision. (multiple radiation) J
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My Take on Appropriate/Relevant R&D Topics/Wish-List

o MDI/BDS: Assess and plan for global energy/luminosity spectrum/beam
diagnostics analysis and insights.

o MDI/BDS: Upgrade beam-beam studies/generators to representative
complete machine and variations thereof.

o MDI/BDS: Assess and plan for ultimate beam-spot/luminous region
diagnostics including vertexing

MDI/BDS: How do we deal with E-z correlations?

MDI/BDS: Can we go beyond 100 ppm for energy spectrometers?
PHYS/DET: Include all channels in physics center-of-mass energy estimates.
DET: Assess and plan for ultimate tracker momentum-scale capability.

DET: Assess and plan for ultimate polar angle systematic uncertainty.

DET: Assess and plan for ultimate detector solenoid field-mapping capability.

DET: Assess and plan for ultimate tracker alignment.

DET: Incorporate more appropriate momentum reconstruction for high
energy electrons (example: Gaussian Sum Filter a la CMS)
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Concluding Remarks

Progress
@ New high precision method for momentum-scale using especially K(S) and A.
Promises 2.5 ppm stat. uncertainty per 10M hadronic Z decays.
More detailed investigation of dimuons for y/s and dL/d+/s reconstruction
Much higher confidence that 10 ppm is achievable for ILC250.
Prospects for ILC precision polarized Z lineshape scan. 'z to 0.1 MeV.
Beamstrahlung energy/vertexing correlations look very promising
Conclusions
o ILC tracking detectors have the potential to measure beam energy related
quantities with precision similar to the intrinsic energy spread using dimuon
events (and also wide-angle Bhabha events)
@ At /s =250 GeV, dimuon estimate of 2 ppm stat. precision on /s. More
than sufficient (10 ppm needed) to not limit measurements such as Myy.
@ Potential to improve My by a factor of three using 250 GeV di-lepton data
@ Applying the same techniques to running at the Z-pole enables a high
precision electroweak measurement program for ILC. Takes advantage of
absolute center-of-mass energy scale knowledge.
@ With physics goals of energy to 10 ppm for /s = 250 GeV and of order 1
ppm at the Z, can we go beyond 100 ppm with spectrometer diagnostics?
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Parametrizing the Luminosity Spectrum

CIRCEL1 by Thorsten Ohl was a simple parametrization of the luminosity
spectrum. Essentially 3-parameters: ppeax and the two parameters of a Beta
distribution and the assumption of beam 1 being independent from beam 2.

Beta(y; ar, 8) ~ y* (1 — y)* 7!

where y is the fractional energy loss.
Guinea-PIG (E, E,) distribution

100

% % Euries 171509 If independent, and the
80 Meany 508 1-d quantiles have equal
70 SwDery 2ar probability (design here
60 is 1%) each 2-d cell
50 should have 0.25% of
the entries.

40
Motivation for “CoPa”

type parametrization
(see Andre Sailer thesis).

30

90 100
E. quantile

10 20 30 40 50 60 70 80
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Correlation with z of the interaction

For symmetric configurations, find that the distributions after BES and
beamstrahlung can be reasonably modeled with a 10-parameter function.
Guinea-PIG (E, E,) distribution Guinea-PIG (E, E) distribution
350

100

E. quantile
E. quantile

70 80

Liss
80 90
E. quantile

zpy <0 zpy >0

90 100
E quantile

In order to accommodate these obvious asymmetries associated with zpy, have
adopted a 15-parameter relatively parsimonious fit for this.
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New 15-parameter model including BES

@ Use four region probabilities: peak, arml, arm2, body (slide 10). (4 -1 = 3)
@ Each BS component has its own 2-parameter beta distribution. (4 x 2 = 8)
@ Model BES with a Gaussian for each beam, z; ~ Ga(u;,0;). (2 x 2 = 4)
e Model BS as a Beta distribution, y; ~ 1 - Beta(u,rms). The convolved,
x; = yiz; where x; = E;/Epom. Use (1, rms) as fit parameters (not «, 3).
@ The 4 region probabilities correspond to ﬁ?zaik gvgégég géggggggg
pbody 3 X R
(BES, BES), (BES+BS, BES), (BES, o e ARl
BES+BS), and (BES+BS, BES+BS). neanal  0.11508E-01 0 73532¢.03
. . rmsal 0.26036E-01 ©0.80829E-03
@ dmul, dmu2 are in units of 0.001. meanb2 6.28197E-01  0.45942E-03
rmsb2 0.39870E-01 0.51985E-03
@ arml defined as BS for beam 1. e~ loses Tnens  ©032457E.01 o 3309003
dmul -0.25977E-01  0.95168E-02
less energy than et here. s1 0.10010E-02  0.67982E-05

dmu2 -0.18797E-01  0.11780E-01
s2 0.15164E-02  ©.72661E-05

o Find good reweighting fits using 10k
quantiled cells to 171k events. ILC250 zpy < O

Would be great to have BES and BS in more MC generators. Also need reliable
and appropriately configured beam-beam simulations (Guinea-PIG, CAIN).
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My, Tw measurements concurrent with Higgs program

W- qq Gen. Mass Difference
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@ Can be improved, but mpaq-only
measurement likely limited by
JES systematic

Xiepton

@ Stat. AMyw = 4.4 MeV for 2 ab™!
(45,45,5,5) at /s = 250 GeV

@ Leptonic observables (shape-only): M,
M_, x¢ = E¢/Ey . Exptl. systematics small.

@ Expect improvements with
constrained fit and
\/s = 250 GeV data set
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Look at v/s = 250 GeV running with latest beam parameters and full

ILC 250-SetA Beam Parameters
T

T
Entries 684993
Underflow 158890
Overflow 280940 —|

684993

T
Vs = 250 GeV, =100 fb ", P=(-0.8,0.3)
Generator-level Dimuon

Generator-level Dimuon + FSR
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Overflow 284606

Evenls per bin
@
g
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10000 [—

5000 —

0 ‘
7! 1 1
° 8 & ® ® System ?\ﬂass [Gev?5

Adding in FSR photon(s) reduces the peak
width to be consistent with 'z. Improves
statistical sensitivity on mode by 10-20%.

Main systematics:
@ momentum-scale
@ FSR modeling/treatment

© Electron p-scale in the ete™ channel

simulation

ILC 250-SetA Beam Parameters

10000 :

s [ [75=250 GeV, =100 1", P=(-0.8,0.3) Eriies 404853 | |

3 [ Error < 0.3% Undedlow 27588 | -
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2 Error > 0.8% niries
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[ Overflow 39821 |

6000 ﬁ
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m,+, — resolution is much less than z.

whp
Sensitivity estimates from prior study (slide

n+2) with smeared MC will be reasonable.

Also direct measurement of Iy
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Radiative return to the Z for My and [y

Expected stat. precision on My and 'z is driven by the no. of events and 7.

LG 250 SetA ILC 250 SetA
< e 5 = — T, ='2.445 £ 0.010 GeV
H - 250GV, 0 o S it T;'= 2.4656 *0.0084 GeV B A0 e i) cZ, = 0.724 +0.026
g 10 4 Generator Data (Whizard) Czz= 0.4115 £0.0070 o P fan = 0.0527 +0.0014
2 —F 2 Ziota @2+ 121 m, = 91.1772 +0.0050 GeV.
§ Ziotal 22+ 1Zint) fan = 0.0396 £0.0011 2 pure y component (AR)
o pure y component (AA) m, = 91.1681 £ 0.0041 GeV | pure Z component (22) ot - 2301255

pure Z component (22)
10° = [, p,)- (08.09)
Ly = 100015", N, =253460

xe/ndt = 314.1/295 10° ,.P.)-08.03)
Ly 10001, N, 176408

101 = 10

7 £ G5 % e 00 105
muon + 75 80 85 % 95 100 105
Mass of di-muon + FSR system (GeV) Mass of di-muon + FSR system (GeV)

Semi-empirical physics-based parametrization. Shape given by a relativistic
Breit-Wigner with additional shape contributions from pure photon-exchange and
v — Z interference using Born-level o(ete™ — ptu~) at ISR reduced V/s'.

Fits generator-level distribution (after BS and ISR) surprisingly well.

Using similar fits to gen.-level distributions (but for dimuon events passing
event selection criteria): uncertainty of 1.0 MeV on My and 2.2 MeV on
rz for 2 ab~! at \/s = 250 GeV (just " p~ channel)
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Measuring Mz, from my;+ -

Revisited old study of \/Ep at /s = 250, 350, 500, 1000 GeV. Used smeared MC.
Fitted m,,,- € [75,105] GeV with sum of two Voigtians. Statistical uncertainties
on the peak parameter, My, scaled to full ILC program using simulations with
TDR beam parameters

Statistical uncertainties for u = channel

V5 [GeV] | Lin [ab™Y] | Poln [%] Sharing [%] | AMz [MeV]
250 | 2.0 80,30 (45,45,5,5) 1.20
350 | 0.2 80/30 | (67.5.22.5,5,5) 5.99
500 | 4.0 80/30 | (4040,10,10) 255
1000 | 8.0 80/20 | (40.40,10,10) 5.75
All 14.2 — — 1.05

@ Current PDG uncertainty on My is 2.1 MeV

@ FSR makes effective Breit-Wigner width larger and shifts the peak

@ Treatment of FSR and especially inclusion of e"e™ channel should decrease
stat. uncertainty to 0.7 MeV. Similarly 'z to 1.5 MeV.

@ Sensitivity dominated by /s = 250 GeV running

@ Main systematic - tracker p-scale. Target at most 2.5 ppm in this context.
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