Theory benchmarks for sin6,, measurement:
genuine EW and lineshape corrections
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» Outlook
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Participants so far .....

PowhegZj: QCD NLO, Z+j
wtEW : TauSpinner + Dizet 6.21

Arbitrary
EW setup

/LN

a(0) vO: LO, NLO+HO

a(0) vi: LO

DYTURBO: QCD LO, NLO, Z

a(0) 0: LO

a(0) v1: LO

G

7

: LO

E. Richter-Was, IF JU

ZGRAD2: QCD LO, EW NLO + HO
expressed interest to participate too

CERN, LHC EW precision, 7.05.2019

Powheg ew: QCD LO, Z

a(0) vO: LO

a(0) v1: LO, NLO, NLO+HO

LO, NLO, NLO+HO

MCSANC: QCD LO, Z

o(0) v1: LO, NLO, NLO+HO

LO, NLO, NLO+HO




EW schemes: input parameters

SM fundamental relation used to calculate EW parameters at
LO in different EW schemes, on-mass-shell definition.

V LEP legacy | LHC standard Gy=—
V2MZ 52,
EW scheme] G, a, Mz a, My, Mz Gy My, Mz
ao(0) vO ao(0) vl Gu 2 = 12 /mg |
My 91.1876 GeV 91.1876 GeV 91.1876 GeV W Wiz
Iz 2.4952 GeV 2.4952 GeV 2.4952 GeV
Ty 2.085 GeV 2.085 GeV 2.085 GeV
(}* | 1/137.03399 1/137.03599 1/132.23323
G, 1.1663787 - 107 GeV~2 | 1.1254734- 107 GeV~2 | 1.1663787 - 10~ GeV > Be aware: o(0) v1
My 80.93886 GeV 80.385 GeV 80.385 GeV comes with
53, 0.2121517 .2228972 0.2228972 unphysical value
G, MEN’
o 1.0 1.0 1.0 of Gp
DIZET library Powheg _ew, MCSANC

exact O(a)+ higher order terms EW NLO, NLO+HO 3



EW schemes: input parameters

EW schemes: come with ,,on-shell” or ,,pole” definitions!

Table 44: The EW parameters used at tree-level EW, with on-mass-shell definition (LEP convention).

Parameter || a(0) v0 a(0) vl Gy |

My 91.1876 GeV 91.1876 GeV 01.1876 GeV Runing I'; in

[z 2.4952 GeV 2.4952 GeV 2.4952 GeV )

[w 2.085 GeV 2.085 GeV 2.085 GeV Z-propagator

a 1/137.03599 1/137.03599 1/132.23323

G, 1.1663787 - 107> GeV~2 | 1.1254734 107> GeV~2 | 1.1663787 - 107> GeV~?

My 80.93886 GeV 80.385 GeV 80.385 GeV Shift:

2 ERE = - :
53, 0.2121517 0.2228972 0.2228972 . .
e 30 MeV for M,
—— 1.0 1.0 1.0
V2re = changeonlI,
= -0.00006 for s>w
Table 45: The EW parameters used at tree-level EW, with pole definition of the Z, W masses. Scaling
Parameter || a(0) vO a(0) V1 G, | " 0.99906 for o
M; 91.15348 GeV 91.15348 GeV 91.15348 GeV
Iz 2.494266 GeV 2.494266 2.494266 GeV
[y 2.085 GeV 2.085 GeV 2.085 GeV _ _
@ 1/137.03599 1/137.03599 1/132.3572336357709 Fixed I'; in
G, 1.1663787 - 10 GeV~2 | 1.126555497 - 107 GeV~2 | 1.1663787 - 107 Ge V2 7
-propagator

My 80.91191 GeV 80.35797 GeV 80.35797 GeV Propag
52, 0.21208680 0.22283820939 0.22283820939
Gu-M;-A7

N 1.0 1.0 1.0

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 4
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Pending investigating this discrepancy:

0.001 shift on AA ; at Z-pole corresponds to shift ~ 30 10-5 on sin20

CERN, LHC EW precision, 7.05.2019

E. Richter-Was, IF JU

Status:
December 2018

—— Powheg_ew
F. Piccinini et al.

—— MCSANC
S. Bondarenko,
L. Kalinovskaya



A..: EW LO, NLO+HO

. EW 5
 Comparing Powheg_ew and Powheg+wt Status:
September 2018
AAgg NLO+HO - LO AA.; NLO+HO-LO
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Excelent agreement on AA.;! Is it accidental?
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.t EW LO, NLO+HO

Status:
o(0) vl scheme G, scheme December 2018
.q:a DUS L T T T I T T T I T T T I T T T I T T T I T T T I T T T 1 {E 003 L T T T I T T T I T T T | T T T T T T T T T | T T T |
< Dug:_ EW scheme: {0}V = 002:_ EW scheme: G, POWheg_EW
Tt — = PowhegZlewi™: GCD NLO, BW NLOLHO - LD Powheg ew T r ——&——  PowhegZ|«w™: GCD NLO, EW NLO:HO - LO n
0.0 ——&—— Powhag ow: OCD LO, EW NLOWHO -LOD - 0D1:— ——a&—— Powheg_&w: QCD LO, EW NLOWHO -LO J _:
D‘,’_‘.*';?# """ S
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Around Z-pole:
-> good agreement between Powheg_ew and DIZET
-> MCSANC shifted by 0.001

Pending invetigating this discrepancy!
At higher masses:
-> DIZET predicts stable (NLO+HO — LO) corr. of 0.005
-> PowhegEW and MCSANC predicts ( NLO+HO - LO ) being close to zero. 7




Powheg + wttW: updates since December

* EW weights calculated now with runningI’, in Z-boson
propagator

 Updated parametrisation of Aa,_,*)(s)
> Jegerlehner 2017 (arXiv:1711.06089)
» Burkhard&Pietrzyk 2001 (Phys.LettB 513 (2001) 46)

 Updated Dizet 6.21 -> Dizet 6.42
» AMTA4=4: Subleading two-loop corrections and re-summation
recipe
» AMT4=6: Complete two-loop corrections to M,,, and fermionic
two-loop corrections to sinZ0 /°P

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 8



Impact of Aa,_,°(M,?)

E. Richter-Was, IF JU

CERN, LHC EW precision, 7.05.2019

Dizet 6.21, 6.42 NEW
Parameter At (M2)=0.0280398 | A} (M2)=0.0275762 | A
(param. Jegerlehner 1995) | (param. Jegerlehner 2017)

u(M%) 0.00775884 0.00775492

l/w(M%] 128.885224 128.9503292

.sf,/ 0.22351946 0.22332758 -0.00019
.sinzH;‘r{f{Mé) (electron, muon) 0.23175990 0.23158294 -0.00018
sin6!! (M2) (up-quark) 0.23164930 0.23147645 -0.00017
.sr'nzH;,ff(M%) (down-quark) 0.23152214 0.23134945 -0.00017
My 80.35281 GeV 80.36274 GeV +10 MeV
Ar 0.03694272 0.036609

AT rom 0.01169749 0.01170287
- ", -~ lllll — 4‘45 | Ar = ﬁa:%ﬁrﬁw

v\ N Ma-an Ap = \ Vic,




Impact of AMT=4 —> AMT=6

Updated to Dizet 6.42, which comes with more complete two-loop corrections

NEW _

Parameter AMT4=4 AMT4 =6 A
a(M2) 0.00775492 || 0.00775492

| /a(M2) 128.9503239 || 128.9503239

52, 0.22332758 || 0.22343647 [ +0.00011
sin26)7 (M2) (electron, muon) | 0.23158294 || 0.23153917 | -0.000044
.s.fnzﬁi{ff(M%) (up-quark) 0.23147645 0.23143261 -0.000044
sin65] (M2) (down-quark) 0.23134945 || 0.23130551 | -0.000044
My 80.36274 GeV|[ 80.35710 GeV [ - 5.6 MeV
Ar 0.036609 0.03636609

AFrem 0.01170287 || 0.01170287

Mz |, 44 » AMT4=4: Subleading two-loop corrections and

My =—=|1+,/1-— :

AR R IRY re-summation recipe (best option Dizet 6.21)
T » AMT4=6: Complete two-loop corrections to M,,
Ag = \."II ’Eg} and fermionic two-loop corrections to sin20_'e?

g (best option in Dizet 6.42)

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 10
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Powheg + wttW: updates since December

All updates together:

E. Richter-Was, IF JU

CERN, LHC EW precision, 7.05.2019

September’18 May’19
| Parameter | my =89-93 GeV | my = 89-93 GeV |

a(0) scheme
o NLO+HO/LO (no boxes) 0.96536 0.96503 0.03%
o NLO+HO/LO (with boxes) 0.96536 0.96508
A ¢, NLO+HO - LO (no boxes) -0.03529 -0.03496 +0.0003 3 About
A NLO+HO - 1.0 (with boxes) -0.03526 -0.03495 ' + 0.00010
G, scl in2

y scheme | , on sin‘
o NLO+HO/LO (no boxes) 0.99243 0.99204 0.04%
o NLO+HO/LO (with boxes) 0.99244 0.99209 .
A s NLO+HO - LO (no boxes) -0.01553 -0.01514 :
A p NLO+HO - LO (with boxes) -0.01550 -0.01512 +0.0004

11



o(0) vO scheme
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Benchmarking: outlook

Shall we continue with the present setup or there is different/better

proposal?

In Durham WS, Fulvio presented proposal for new EW scheme implemented
in Powheg_ew. We can include it as well, need to define table for EW LO
parameters below, and follow with standard plots/tables for EW NLO+HO - LO

wlr LEP legacy

J' LHC standard

EW schcnwl(_i”_u_ MZ a, My, Mz Gy, Mw, Mz
o(0) vO a(0) vi Gu sin2w

Mz 91.1876 GeV 91.1876 GeV 91.1876 GeV

Iz 2.4952 GeV 24952 GeV 24952 GeV

[ 2,085 GeV 2,085 GeV 2.085 GeV

a | 1/137.03599 /137.03599 | 1/132.23323

G, 11663787 - 10~ GeV=2 | 1.1254734 - 107 GeV~2 | 1.1663787 - 10> GeV~?
My 80.93886 Ge'V 80.385 GeV 30.385 GeV

52, 0.2121517 0.2228972 0.2228972

G, -M=A*

S 1.0 1.0 1.0

. Richter-Was, IF JU

CERN, LHC EW precision, 7.05.2019

13



Benchmarking: outlook

* The wttW calculations are updated.

 Comparison done so far still not detailed enough, agreement

achieved (slide 6) seemed accidental.
 To complete, we need to break it into a few checkpoints:

— Predicted oy, at Z-pole

— Predicted sin?0_; at Z-pole

— Corrections due to Z self-energy (running width propagator)

— What else?
* We need to complete and agree upon evaluation of

parametric and theory uncertainties of each EW scheme.

— For the 0(0) vO scheme (DIZET)
 Parametric uncertainties: 4 10 for sinZ0
 Theory uncertainities: 5 10 for sin’0; [LEP legacy]

— For the G, scheme
* Parametric uncertainties: +15 MeV on M,,, -> 30 10®° on sin?0,,

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 14



Theoretical and parametric uncertainties

ALDO+ SLD + Tevatron, arXiv:1012.2367

 The remaining theoretical uncertainties were estimated to be
4 MeV on m,, and 0.000049 on sin?0_./*?. We can use this
estimate @ Z-pole.

* The parametric uncertainties were dominated by Aa,, _,(M,?).

The uncertainty of £0.00035 caused an error of £0.00013 on
sinZ0 'er.

EW weights from TauSpinner/DIZET, o(0) scheme:

 The same code as ALDO for calculating EW genuine
corrections. We can use this estimate.

Theoretical uncertainties (EW, @Z-pole): 5 10~ on sinZ0 /°P

* The parametric uncertanties should be updated for better
precision on Aa, . 4(M,?) and m..

E. Richter-Was, IF JU LHC EW precision, 13.03.2019 15



Parametric uncertainties: Ao, .4 m,

Parametric uncertainties:

E. Richter-Was, IF JU

Parameter AP (M2) - 0.0001 | Aal(M2) = 0.0275762 | Aal’(M2) + 0.0001 A/2
n(M%) 0.0077540999 0.0077549240 0.0077557482
| /(r(_M%) 128.9640328306 128.9503292550 128.9366256793
.S%V 0.22340146 0.22343647 0.22347148 0.000035
.sz'nzﬁgf(Mé) (electron, muon) 0.23150412 0.23153917 0.23157421 0.000035
.sinzﬁgf(Mé) (up-quark) 0.23139759 0.23143261 0.23146763 0.000035
.sinzﬁgf(Mé) (down-quark) 0.23127052 0.23130551 0.23134049 0.000035
My 80.35892 GeV 80.35710 GeV 80.35529 GeV 1.8 MeV
Ar 0.03625683 0.036609 0.03647535
AFrem 0.01170310 0.01170287 0.01170264
‘ Parameter ‘ m,; - 0.5 GeV ‘ m, = 173.2 GeV | m; + 0.5 GeV ‘ A2 |

(y(Mé) 0.0077549205 0.0077549240 0.0077549274
lf(k(M%} 128.9503873792 | 128.9503292550 | 128.9502716590
.s%‘, 0.22349450 0.22343647 0.22337836 0.000058
5,;”2gf{ff(M%) (electron, muon) 0.23155486 0.23153917 0.23152344 0.000016
.s.r'nzﬁfgf(M%) (up-quark) 0.23144830 0.23143261 0.23141688 0.000016
.si:rzﬁgf(Ml%) (down-quark) 0.23132119 0.23130551 0.23128979 0.000016
My 80.354102 GeV 80.35710 GeV 80.360111 GeV 3 MeV
Ar 0.03654697 0.036609 0.03618477
AFrem 0.01169343 0.01170287 0.01171229

@ Z-pole:

410-5 [3510-6 (from Aa,_,) and 16 10-6 ( from m,)]

CERN, LHC EW precision, 7.05.2019
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SPARE slides

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 17



EW schemes: LEP and LHC paradigms

LEP

* EW scheme: ,,on-mass-schell” regularisation; input: (a(0), G, M,), the
most precisely known quantities:

Ao/a.~ 3.6 10-9; AG;/G; ~8.6 10-6; AM,/M, ~ 2.4 10-5
* TH precision @Z-pole: 4 MeV on my,; 5 10-5 on sinZ0
* Parametric precision on sin’0 : 4 10-5 (dominated by Aap,_q)
 Used and develloped still today: GFitter, FCCee preparation.

LHC

* EW scheme: ,pole-mass” regularisation; input: (G, M,, M,)
AG;/G; ~8.6 10-6; AM,/M, ~ 2.4 10-5; AM,,/M,, ~ 1.9 10-4

* Relations to EWPOQ’s: not established.

* EW corrections complete at EW NLO, only some at EW NLO+HO

* TH precision @Z-pole: not established.

* Parametric precision: *15 MeV on M,, -> 30 10-5 on sin20,,

E. Richter-Was, IF JU Orsay W/Z worshop, 6.02.2019 18



Strategy for comparisons

Scope:
— Genuine EW and lineshape corrections to Drell-Yan production at NLO QCD.

— Three EW LO schemes chosen to allow for straightforward interpretation of
results. We tuned EW LO parameters, otherwise out-of-the-box.

— The highest available corrections in a given approach used.
— QED FRS/ISR not included, so called double-deconvoluted observables.
Observables:

— Lineshape (cross-section) and forward-backward asymmetry A.; in the full
phase-space.

— Compared ratios or absolute differences between different EW LO schemes
and/or between NLO, NLO+HO predictions within each EW scheme and
same MC generator. Allows to minimize sensitivity to QCD details.

Goals:

— Check if reweighting with wttW (TauSpinner) works for NLO QCD MC's.
Compared distributions at EW LO (DYTURBO, Powheg_ew).

— Establish how consistent are predictions between different EW schemes
with EW NLO corrections (Powheg_ew, MCSANC).

— Establish how consistent are EW NLO+HO corrections of Dizet 6.21 form-
factors implemented in wtfW and those of Powheg_ew.

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 19



Validating reweighting with wt®W: EW LO

A Ag: driven by s?, value (same for o(0) v1 and G, schemes)

Benchmark for wtfW reweighting

"“::=U-5>;1'DT"""|""|""|""|""":
g, D.Ef— (PowhegZj+wt™) - DYTURBO NLO _f
b e EwLo @@ w0 E Double difference:
F — = EWLO: a(0)v1 ] H EW
—_—>0F R =
A : —%—  (0) v1-a(0)vO
D.1§—‘...Il P N 2 F "l.l;"'l LAt llll-l" :‘all . IIE
I — G, - a(0) vO
-u.1f— z * 3
T T T P T - Agreement on A(A A;;) within + 0.0002
'%U 70 80 90 100 110 mlz[%e\-“)

20

Should redo it with much finer binning around Z-pole to better
estimate precision.

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019



Genuine EW and lineshape corrections

Gauge-invariant set of diagrams. Calculated as form-factor
corrections to couplings, propagators and masses.
Eg. running oqp(s), 0qep(M,) =1./128.86674175

E. Richter-Was, IF JU

CERN, LHC EW precision, 7.05.2019
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From Zfitter/Dizet documentation

D. Bardin et al.

Zfitter is a semi-analytical program for calculating total cross-sections and
arXiv:9908433

pseudo-observables (eg. A;,, sin%0,,"), used by LEP1, and to a lesser

degree by LEP2.
DIZET is a library for calculating form-factors and some other corrections. Provides complete

EW O(a) weak-loop corrections supplemented with selected higher order terms (eg. vacum

polarisation, o, (Q?) ).
For analyses at LEP1, LEP2 used aways in parallel with MC generators (KoralZ, KoralW) eg. to
evaluate systematics of simplified cuts used in analysis integration.

A7 (s = 8\/_(7 1[2 7(s fef(s.ff){ﬁ.#(l—|—ﬁ;.5) % ﬁ.p(l—l—y

—4 Qe\sw He(s-f Y @ Y1+ 75) = 4Qf[spbi (5, (1 +75) @7,

one loop
amplitude +16\QEQJ€\-S‘i.ﬁe.f(:-‘f-f Y & ,}ﬁ}_ (A.4.75)
AT = ixq(sha(s)re @ - (2.2.36)

Dyson summation leads to the change of «v into a(s): Vacuum polarisation

" - | / corrections
a(0) B a(0) 2.2.37)

1 — Aafer(s) 1 -[AaB)(s) — Aat(s) — Aa®s(s)

als) =

22




LEP legacy: from Zfitter/Dizet documentation

After some trivial algebra one derives the final expressions:

a2 B [} a) ‘\ g 7 \, {{/’
3 7 o Oy (7, Z) g (7, Z) (1, Z), A1, %)
P::_r' ]:.!] { 1'-}-;'/ | -I']f' 1 I _;]r_;lf'l .:.—_-_,'_ -1}-'-'.'- _1|..|T._|.-': — _L.\_A; ]]-_ l:ln, — fj :/\Mw..w”ﬂ/\\ } (\)/w.r.,q:«m:{.ww(\
’ o : N /e AN
1 o 2 2 3,2 2 i ah a1 IR gl / ,
e} (302 +al + 3] +a}) F, (s) + F) (s) + F (s) N Y \'% /)
J\J‘d‘d‘ ’\’Vl/’\ e t P ‘\J'\’V\JJ\J\JII\
,x

\ / ;

f /€ I

f,' 1 . 1 e Figure A.11. Bosonic self-energies and bosonic counter-terms for 2 — (Z,7) — ff
2

.-"2 .
14+ S A F _IIF (6) - —BF (—s: My My} — = — =22 F (5)
o " T6m2 { s S R0 2, Fz(s)

|—-- (1+<2)

—%[H,ﬁ' [—s; My, My )+ 1] — ey, (Rz — 1) .-E.:_’;.._,.. (s,t) } (A.4.80)

M oE f/ AN i/

0 ;5 )y " i 2 - 5 é ] e ]
—F, (s)+(R: — 1) [Q (1- -1|fb?‘r|.‘sﬁ. ) Fe(8) + [,F,_H_n (s) o / A .
= N J'.-VJ\I’C’VVV\."J{ ‘X/\.-'\J‘u’\f-.’\’\«'\l'\.'\l'
: 1 /
—QpIF,. (s)+ sBp (s, 1)) } (A4.81) /e A / A

Figure A.10. Eleciron (a) and final fermion (b} vertices in e — (£) — ff

g 1 Ly

2 2
e 1+ —— _{';"'_\e-f'._“}. ."\-"_lli'jf-."_ M. M) — = —
-f = T I‘sal I Fp 2] ﬂ_i D Ty gy SRy |

167 g 92 Yz \S)

Fr/ f
13 i/
(v, Z) / (v, Z)
”nf‘ﬁ.-\l‘u’\f-.'\-'\f‘iuﬂl. - '\l’\l‘\.ﬂfﬂ.‘\fu’\l".’\'\f\/%
| N N
M) 4 1]} (A.1.82)

Q. (

W

=)+ (R: — 1][ 1—4|Qc|s2 ) F, (s) + & [F2. ()

interference  —|@«|F,. (s) 4 sB3 . (s, fl” [HET [—a; My

‘-%i‘f’ ‘11;1-%-—_,]—;:’3‘”.‘—3:_‘11* M,)— 5

Fef

L —"'i—t.-xfu-'}w}-..'w-.-u—‘_-'-r— AP i
1 ﬂ'"* X g,
- o VL Bl 2,9 2 2 f e 1y / a
- iz [—L‘i (Rw — 1) + 307 + a_ + Jvj fr_r-:|.?'_z () e u ' ﬁ;ﬁ? d

~F(s) - F, (s) —%[mﬁ' (—s5 My, My) + 1] T Ve =W

. o . . -, 1 ) Figure A.7. The WW bores
re2 (Ry — 1) [_—; — [bosF(5) + sBE (s,t)] . (A.4.83)

e

® Fermionic loops in y propagator

etc. etc.
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Constructing wttW: per-event weight

. . ERW and Z.Was,
Define per event electroweak weight | arxiv: 1808.08616

Approach developed
in TauSpinner,

i dSgorm+Ew (X1,X2,5,cos0 .S‘zlv- ) arXiv:1802.05459
dGSgorn(X1,X2,5,c080 | Siv ) X1, Xy, cosO (symmetrised)
\l calculated using 4-momenta
- aris ; of outgoing leptons;
do;;(,,,,(.\']..\'3.5‘.0059‘.5;}) = Z [f"»"(.\',....)_f*""(.\'g....,)dG,Q;,,[,',(s‘.cosb 5w ) .. ’
Lot asymmetry in sign of cosO
+ £9 (x3,...)fU (x1,...)dO LY (8, — cosb ,s2] from weighted average
LN over PDFs

N\

Allows to reweight MC event generated between different EW
LO scheme and to Improved Born Approximation in EW
scheme used for form-factors calculation.
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Constructing wttW: EW Improved Born (IBA)

ERW and Z.Was,
. @ _ . arXiv: 1808.08616
LWJHHJHEW — E{ |L.‘jf‘“L'g#1,-U}’}H] (qe - q_f} rv“ | ,{fy{s}
+ay  vgn vy u - (ve - vy - vver) + ﬁ)ﬂ“t-‘gm?}f"}*ju (e - ay)
"‘E:V#}’EL'Q;{V?}F“ (@g - vyp) + H}/;!TEE’Q;:}'F?’PYEM ~(ag - ﬂj'” | ZL’[] Yz(§) J
(s) =1
Xy Uy =(2- Tf 4-qe- sy {Ke(s. 1))/ A
" Gy - M2 - A? 5 vp = Q2-T] —4-qp- 55, [Kp(s.t]/A
xz(s) = : :
V281 s-Mi+i-Tz My ap =2-TH/A
ap  =Q2-TH/A
Zvel= P (5.1)
- p(}[\ A= \/16 SW SW
EW form-factors , functions of (s,t)=(m,, cos0)
o |= 1 Calculated with Dizet 6.21 library.
T2 - (1 4+, (s
- }J“};‘ .I.
— wwyf = —[ 0T =4 sh Kot 0f2- T - 4- g s Kt - 1)
g+ Uf i

Vacuum polarisation corrections, used low- 1

. v e e
energy experiment input. HAdgee syl gp sy fKep(s 1 AL
Warning: problem for analytic continuatiom. .1} ew precision, 7.05.2019 25




. . D. Bardin et al.
LEP legacy: ( a(0), Gw M, ) arXiv:9908433
— Inputs are very precisely measured physics quantities
— M,, M,, are on-shell masses

— Genuine EW and lineshape corrections in form of
(multiplicative) form-factors to LO couplings

S. Dittmaier, M. Huber

 LHC paradigm: (Gu’ M,, M, ). arXiv:0911.2329
— M,, M,, are pole-masses or complex masses.

— Absorbs most of universal corrections into lowest-order
couplings

— Higher-order corrections redefine couplings in non-
multiplicative manner

E. Richter-Was, IF JU CERN, LHC EW precision, 7.05.2019 26



Re-discovered impact of Aa, . ,*}(M,?)

arXiv:hep-ex/0112021

Preliminary

Aw R 023099 = 0.00053 Recent measurements:
arXiv: 1706.09436
N —v— 0.23226 + 0.00031 Acy,,4*(M;) = 0.02753 + 0.00009
AnC ——~——— 0.23272 + 0.00079
<Q, > 0.2324 + 0.0012 arXiv: 1711.06089
Aa,.4°(M,) = 0.02774 + 0.00016
Average ki Priatiizare o = 0.02752 + 0.00012
10 | arXiv: 1802.02995
> ] o Aa,45(M,) =0.02761 + 0.00011
©
EI 10 2 = Ac®) = 0.02761 £ 0.00036
. e | . Ilzlmlt=’1?:4.3 t.5'1 (IBEV
0.23 0.232 0.234
s,inzt?ljc_ﬁf;’t

+0.00036 on Aa,, .4 (M,?) -> +0.00013 on sin20
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Oqep(s) and sin?0,,(s)

F. Jegerlehner

| : (3) |
a(s) = ——— 1 Aa(s) = Aajep(s) + A, (5) + Aaip(5) FCCee WS 2019
|—Aa(s) P had p
3 sin? @, cos? @; = ¢ '
e ‘ P TN T \2Gy Ma 1A
Ll 1 Ll 1 B ;I ' Z
8.001 . .
fme-lice Ari = Ari(a. Gy Mz, my, mpe. my)
—-— space-like g3
7807w g (MD) T 0.2
| QED, ef i
. 7.601 i 0.240- '
3 | %“/ 0,238 ——EJ /
g‘ 7. 40+ R vﬁ\ - o _ ) ":7-'“:--::_:\_
© 1 LD 0.23 NG
/.20 s 02341 — - €& M effective paco 3\\\
1 i % o 1l ——  ChadrSnls” A
7.00 0.2321 \
1 ® #eyv ()
T — T — T T — ——rr7 - 3 Maller E1G8/SLAL
107 107" 10° 10’ 102 10° D'zjg_ A w-DIS (NUTeV)
Vs (GeV) 0,228 ¥ LEF
1072 10° 10" 107 107
E (GeV)
3 7 R —
ﬂ.{r]{mfjmm{ﬂi’i} = 0.027738 £ 0.000158 [0.027523 £ 0.000119]
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Effective weak mixing angle @ LHC

Here convoluted with line-shape and cos0* distribution of MC events.

S, 35 8
ef f B =ad*(s)=[1-=Re(K))s3] =~ 104
sin® 6 " = Re(K})sj, + 1 T
W 'T‘ s3,=1- M2 /M2
(s,t)

. 2 el . : . F_ il 2 2
sin Hu defines ratio of couplings ¢, = = L — 4lg l(Ky sy +17)
v P

0235 L L B Y I B 0235

:I T :\ rTTr 17 rrrr 77T 1T T 17T T 1T T T T T T T 17T T T T T T T T 17T ‘ T T I*:
0.2345= Dizet 6.21 (EW loop no boxes) 023450 Dizet 6.21 (EW loop with boxes) o
0234F. S2,50.22351946 (on-shell) 0o34f Sw=0-22351946 (on-shell) o
o= : = | F —e sme + (up-quark) ...0’. =
@ 0.2335F —*¢— 5'"9 « (up-quark) 023350 —v— sme (down quark) o 3
o E— sme (down quark) N S sme (Iepton) -
D 02330 —a— siny leton) 0.233F E
S 02325- o 023250 E
m 0232 ' _ rTYYYYYYYT) '""",ﬁa" 0232 :_ _;
0.2315F 02MBE X"_;
0.231= 0.231F e
02305 K(s,t) w/o box corrections 0.2305E K(s,t) with box corrections -
:I L1 | 1111 ‘ L1 11 | L1 11 | L1 11 ‘ 111 | 111 | | I I | E\ L 11 | 111 | L1 11 | 111 | L1 11 | 111 1 | 111 1 ‘ 11 |E

0230""80 90 100 110 120 130 140 150 230780 90 100 110 420 130 140 150

m,.(GeV) m,.(GeV)
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Effect on sin20,,°"" from recalculating form-factors

Variation in m, or G, corresponding to * 100 10 variation in s?,

0236+ Pt = 0235 1 B B o B o
Duzst §21 W 7 - o = = g =
02345 T . s = 0.23a5F- Eﬁtﬂ_ﬁw FF) .':v‘l e
— — = =-ﬂzm(EWFFu1mmxm nominal] "7 - - = & =ohasz:sw FF with bozss nominal] 714" A =
"lq—J 0234 £, “OZZZIZ (W T WilN DOXES NOMIT) = oz3abE & —0.Z2252 (EW FF with boxse nominal) & =y =
3 _-_ 82 QMMFFm$~HW1ml - E _-_ & -uzz.u;[f:ﬁmﬁﬁ Eﬁlu:.m-J’ s
02335 [EW FF with boxes mi=184.4) e :'J:l Tt — 02335 —_— EW FF"H::I boxss & =1.162) . ._. =
(e I ) - aa o 3 = I:."‘ i 4 b
~ 0233 o st e = o231 i M E
s o = = et - -
.E 02325 ““j e j:F"J:F:.F-F - 3 02325 ﬂ‘:ﬂf - L 3
T as 3 L = —
v 0.232 "ﬂ' M—-“"‘"‘ -'EF?.:: - = 0230 BRI _-djjj"j:pd: - 3
- E E = o E
02315, une - 3 oz31sfF- e =
= E. " 3
0.231 E 02318 e E
e up-quark = B up-quark =
0.2305 = 0235 E
DQ:}DI L |8|D| L1 |9|0| [ |1 |I)DI [ |11|[:ll L1 |‘1 EIDI L I|:_!,|]| L |1‘|1c|| L |1:£,0 I:I_Q':;,.;ﬂ‘."- 'Blu L1 IQI[]I L1 I1-:Ib|]l 11 I'1'|||:|I 11 '1:_!,[:" L1 '1 |3[]I L1 '1La' — '1_5[:'
'[_S{Gefl l'a:Gc\fl
023 T T T T T T T e R R R R L LA R
E Dist €.21 £F) = 02345 E?thuﬁw Al —
0'23'45:_ Bh“‘J"”iE‘T] = - = bt =o‘izasz:Ew FF with boxss nominal) =
&= E — e mnﬁg::mithm = = s;:ozzzsz[EWFmemm =
()] 0.234— a e — - = (EW FF with hozss =1 163) =
= —_— [EW FF with boxss m =181.4) | - — = 51=0.22452 (EW FF with boxss ) 3
S b T ememmrmmmee 3 0.2335F - (W F il bowme 71359 E
D = E 0.233F- =
& omL down-quark 3 e down-quark -
E Trer = Dz3zsfE —
= P T r—— 3 2 m%gnqqnm =
-m D23 SE .mm'""""vm“'" = . ,_3,‘: e 4 u..-.::nznn:‘lnn’n' 3
0232 iy, T = —E I‘::I!:;;: 3
L AL 02315 1 :III!
02315 Bt Y = = 3
: 315 T . 3 o231 —
23— M . —] P, =T
= Ty, A4 > il __ﬂ'EEE
o305 '""'-n...ﬁ&__ BBEEE 3
= ] =TI PR Lo PRI M PR - M
0.2 TR T N T S NN S SN U N T U S [ S SN S N [ St S SO ST SO A A T O D"'E}"J 80 90 100 110 120 130 140 150
"_?}'D &0 90 100 110 120 130 140 150 I=(GeV)
Ve [Galf) . i
A ’
; ——8—— s2,=0.22352 (EW FF nominal)
— & $2,20.22352 (EW FF nominal) W= ( nominal)
2 | s, =0.22252 (EW FF
2 =0.22252 (EW FF nominal) G =1.169 10°
(EW FF m=181.4) o EE
—_— — —_
= s2=0.22452 (EW FF nominal)

—»—— s2=0.22452 (EW FF nominal)

G =1.162 -5
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How to scan s?,,, around its nominal value

We want to stay consistent within SM QED/EW field theory

optME=1 : change s?,+ d,, as if due to new V-coupling X-particle
no SM parameters modifications

vogs = [(2-T5H2-T5)

( 2 ve - Uf
U[ = (2 ' T3 - 4 ) Q[ ) (SW + 692”’) ) K[(_Sa r))/A —4.qyp- (S%i-" +Psow]- Ks(s. 002 - T{}
' 2 —4.g¢-(5% +6 . 2.71f
oy =2 T{ =4 g5 (s +Psaw] - K(5.1) /A 4-a - (5 +Hosou} - Ke(s.0@-T)
. A g - sy ) qr - sy ) Kep(s, 1)

» I 1
+2-(4-goN4-qgr) - Sy Osow |[Kep(s. )] Az

optME=2 : change s2,, as if due to changes in the SM input parameters,
like mor G, .
Followed (option) by form-factors recalculation.

optME=3 : add 5, directly in the vertex, almost equivalent to optME=1 for
s2,,+ 0, /K, and s?,, + 8, /K,

voer = [(Z-T{)(Z-T{)
: vg - Uf 2 :
‘ < ‘ ; —s qe - (s.‘z‘, + -K,‘( S. 1) + Oy l: . T%)
ve= (2:T3—4-qe-(sy - Ke(s.0+ ov) A - ; f
_’_ -4 -qr - (Sy - Kel s.r)|+ ovI2-T53)
) > ' A b ¥ !
vp= (2:Ty3=4-q7- (s - Ke(s.)p ov) YA +(4 - e - syp)& - qp - s5)Kep(s.1)

+2-(4-qgo))4-q5°) - sf‘f - Kep(s,t)]-ov] A2
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How to scan s?,,

Around Z-pole slope of A,(s?,) or @8 Tev As [ AA4/A; = 0.01
A (s%,) depends on how variation Asy,
is done in practice. optME=2 0.0735 0.00017
optME=2, G, varied 0.00019
Sensitivity: optME=2, m; varied 0.00070
- - . optME=3 0.00017 B
1% relative uncertainty on A, or A, optME=1 0.00016 7
corresponds to 20 * 10 uncertaint. '
on SZW (except case of mt variation). 0,12:I T T T T T T 17T | 1T T 17T T 1T 1T T 7 17T T T T 7T T T 1T f
< ~ _
< 01 1:_ — W optME=1, EW FF nominal _:
- —i—— optME=2, EW FF nominal |
Sensitivity in case of m, variation much o oPNESZ EWFF G varied ]
weaker due to compensating f T e AT e .
corrections from recalculated FF 0.00k 4 - | =
S .
. 0.08]- L =
Recalculating FF makes procedure - — U / .
formally gauge-invariant, but requires 0,075 4" r O =
m, or G, unreasonably far from " m_=80-100 GeV * &
measured values. 0.06F ,°° I * &
- IT]I <2.5 : ;33
0. _I L1 1 | L1 1 1 ‘ L1 1 1 | 1 Ii 1 1 | I | | L1 1 1 ‘ L1 1 1 T
Scan was perf_ormed using per event 22 0221 0222 0223 0224 0225 0226 0227
weight wttW introduced earlier. . %
nominal
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How to scan sin%0,_;

m

IIIIlIllllllllllllllT‘Tllillll[

|T]|<2.5 |

—
—h—

I:'. . l
ﬂA'l
|
|
|

= 80-100 GeV

optME=1, EW FF nominal
optME=2, EW FF nominal
optME=2, EW FF G_u varied
optME=2, EW FF m varied

optME=3, EW FF nominal

Ox
Gk
C :‘ B
|Z___'|. - ’

II&':'|||III||II|||I||||I||||II

0.229 0.23 0.231 i).232 0.233 0.234 0.235

E. Richter-Was, IF JU

nominal

CERN, LHC EW precision, 7.05.2019
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How to scan sinZ0_

{9095 [T T T 1 T T 1 T T 1 T T 1 LN N I L L L B Y O
0 09 :_ mci2 (w2016) @ 8 TeV, m“=BU-1UD GeV _:
4 v —¥ —  optME=1, EW FF nominal E

D b 085 :_ 4 v —k— OZME=3, EW FF nominal _:
- n A optME=4, Bom effective (LEF) -

0.08 = % v —&——  optME=5, Bom effective (LEP improv) =
0.075F x =
— | Y _]
0.07 X —
— ! _]
0.065F 2 =
- ' =
0.06 N —
- sy ]
0.055F Ly
= .

0_05 O b e b e b v b e e b e b 7

0229 023 0.231 0.232 0.233 0.234 0.235
: 2 aeff
sin“6y,
Scan with EW LO:

optME = 4,5 use Born EW LO amplitude, parametrised with sin20 . and o(M,)
Shift by 20 10-5 in predicted sin?0,; corresponding to the same A, or A4.
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EW schemes: LEP and LHC paradigms

LEP

* EW scheme: ,,on-mass-schell” regularisation; input: (a(0), G, M,), the
most precisely known quantities:

Ao/a.~ 3.6 10-9; AG;/G; ~8.6 10-6; AM,/M, ~ 2.4 10-5
* TH precision @Z-pole: 4 MeV on my,; 5 10-5 on sinZ0
* Parametric precision on sin’0 : 4 10-5 (dominated by Aap,_q)
 Used and develloped still today: GFitter, FCCee preparation.

LHC

* EW scheme: ,pole-mass” regularisation; input: (G, M,, M,)
AG;/G; ~8.6 10-6; AM,/M, ~ 2.4 10-5; AM,,/M,, ~ 1.9 10-4

* Relations to EWPOQ’s: not established.

* EW corrections complete at EW NLO, only some at EW NLO+HO

* TH precision @Z-pole: not established.

* Parametric precision: *15 MeV on M,, -> 30 10-5 on sin20,,
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How to scan s?w: outlook

Similarly here: compare different options, on vertical scale either A,
or A,. Expose, how other SM parameters need to vary in you scheme.

We need it with granularity 5 10-5, in a range +100 10-5 around
central value, in different mass and Y bins.

=t 01 1_' LI L Y Y O B B B O
0.1 v i
B —— |
0.09f | e —
- b o .
0.08 L = -
: N z
0.07] AT .
- I » ]
- I * ]
0.06— : 7oy
- my, Y bin : ¢ 1
O 05 _I PRI AT TR N N SRR R |!| L v e | |_
' 0229 0.23 0.231 §.232 0233 0234 0.235
in2 ff

I sin“0,,°

nominal
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EW LO schemes: running/fixed width

Running and fixed Z-boson width in the propagator:
taking into account photon-loop corrections to I,

1

* Fixed width (5) = .
T M i T, My

1

* Running width (LEP legacy) Yo(s) = I i
A -1z Z)— 7
r("‘)_ 1 _ (1—=i-Tz/Mz)
2= MZ+i-Tz-s/Mg s(1+TZ/M2) — M2(1 —i-Tz/Mz)
 (1—i-Tz/My) 1
T (1+T2/M2) M2 .
Z/ zZns I+l';M§ T ]+l€§,h'zkf£
Both equivalent if redefined VRN
parameters m,, I';, N, (normalization). M. - Mz
. . . /A
Change in the normalisation can (?) [1+T2 /M2
be absorbed into G, redefinition. oo r,
In case of ,,pole” convention (last slide) g [+ 1202
it was absorbed into o. , oy
N, - (1—:-rZ/MZ)_(1—;-FZ/MZ)

(1+T2/M7) (1 +T,% /M7
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EW LO schemes: running/fixed width

Nowdays MC’s are using fixed-width propagators with on-shell M,=91.1876.
How does it affect predictions, if running-> fixed without reparametrizing?
AA;; (m,=80-100 GeV) = 0.0005 (thanks to D. Walker for pointing it out)

Lineshape: ratio

§1.D3_| TT T [ T T T T [T T LI I I B O 3_1.[]3_ LI B e e LI L B e m
L r PowhegZj+wt™ . 53; C A PowhegZj+wit=" ]
[ - EW LO (0} v ~ n
Sl i a(0) v Sl “‘“.A \ EW LO a(0) v0 E
C O L ]
C ‘[ i % Orurand/ zoom .t A A OnnngOnea ]
F A E ]
101 i — 101 1 .
M“ A - r :
— A — A =
A - ]
VT PP VPP PP TFPYTITYTT ikiiiad -4 Ao —
- A W C a ]
C A C A 7
[ " & ] - l
0.091 n f 0.89— A =
E n C re ]
c e c A ]
0.98— i — p.o8— Ax A
= [ 'y |
C ; C A aaadd 7
0-977;' n!’\ IcxlnI I1r|1nI 110 I1'|;nI I1'|m' I1‘|1nI 180 n.oge L L L T L]
&7 ) 89 90 o1 5] 5 o4
m, (Gev)
10° -3
20 | | | | | 00350 | — , .
E @ C a
< F Poy\rheng+wt"‘_ B C PowhegZj+wit™ 7
03— Iy in yiZ): running - fixed = 0 02— I, in x{Z): running - fixed -
= —+— EWLO afd) v0 = C —e— EWLO a0} v0 7
E AAFB 1 zoom 001 30.00005
o 71— ST S
o N — aE SR —
o] R ] c _
e * "oy, = s .
E .’ “tes, C . TEee, ]
oS T, """-.._“ E oo . E
0 2: ""--’-u..u-.-,...‘.-nj E b E
e ~ —0.02— —
D.3i = C .
- _ Covv o bvvv o bvv v b v bvv v w bvvw v by gy gyl
G.O%
o | | | L1 | ! y 88 89 90 91 92 93 94
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Dictionary

EW LO Born (LO = lowest order):

tree-level vertex and propagator of the Z/y* bosons, setting of SM EW parameters
defines the EW scheme.

EW effective Born:

tree-level vertex and propagator of the Z/y* bosons, EW couplings: a(m,), sinZ0,, (m;)
m, set of best measured values.

EW Improved Born Approximation (IBA):

tree-level vertex and propagator of the Z/y* bosons, EW couplings and propagators
multiplied by form-factors dependent on the scattering angle of the lepton (choice of
frame) and virtuality of Z/y*.

QED/EW corrections: D. Bardin et al. arXiv:9908433
separate set of ,,QED corrections” and ,,genuine EW + lineshape corrections”

>
Tree level , T My -1

: F = 5 3 pired” PO = T o ptree =
Standard Model relations: V2m3y, sin® B4 my cos? Oy
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Powheg ew: EW LO, NLO, NLO+HO

EW order || mg, =89-93GeV | m,, =80-100GeV | mg, =70- 120 GeV

Arp a(0)v0 LO 0.06691361 0.06392369 0.06253754

App a(0) vl LO 0.04653886 0.04343789 0.04212883

App G, LO 0.04653886 0.04343789 0.04212883

Arg a(0) VI NLO 0.03004289 0.02690785 0.02569858

Arg Gy NLO 0.02905841 0.02592168 0.02471918

Arg a(0) V] NLO+HO 0.03083234 0.02770333 0.02649700

Arp G, NLO+HO 0.03090286 0.02777783 0.02656851

Mpga(0)vl | NLO-LO -0.0164959 -0.0165300 -0.0164302

Mrg G, NLO-LO -0.0174803 0.0175162 -0.0174096

AApg a(0) vl | NLO+HO-LO -0.0157065 -0.0157326 0.0156318

AMpp G, NLO+HO-LO -0.0156360 -0.0156596 -0.0155603
| AMdpp | EW order | m.. =89-93GeV | mg. =80-100GeV | my =70 -120 GeV |
la(O)vl-a)v0 | LO || -0020375 |  -0.020486 | = -0.020487 |
|G,-av0 | LO || -0020375 |  -0.020486 |  -0.0204871 |

Gy - a(0) vl LO 0.0 0.0 0.0

Gy -a(0) vl NLO -0.00098 -0.00098 -0.00098

Gy - (0) vl NLO + HO -0.00007 -0.00007 -0.00007

Better than 0.0001 agreement on A;; at NLO+HO between two EW schemes !

Are

Status:
September 2018

F. Piccinini et al.

L AA,; (NLO - LO)

| AA.; (NLO+HO - LO)

AA;; between
EW schemes at
LO, NLO, NLO+HO
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Cross-section: EW LO, NLO, NLO+HO
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Powheg_ew
‘ | EW order || Mee = 89 - 93 GeV | | [ EWorder | me=289-93GeV |
| Powhea ew | NTL.O+HOM.0 | |
a(0) vl NLO/LO 1.050350 a(0) vl 1.06325
G, NLO/LO 0.991230 | G, “ | 099104
a(0) vl NLO+HO/LO 1.063247 PowhegZj+ur™" || NLO+HO/LO )
G, NLO+HO/LO 0.991038 “jﬁj o e
G, 0.99167

In Gu scheme, NLO corrections < 1%

HO corrections < 0.02%
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