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Standard Model after Higgs discovery: Erler, Freitas (RPP) '20

m Good agreement between measured mass and indirect prediction

m Very good agreement over large number of observables:
x2/d.0f. = 40.8/41 (p = 48%) [before FNAL g-2]
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Forward-backward asymmetry:
“forward” defined through event
boost

lab frame:
B:F f
p >f/4 p
&
center-of-mass frame:
BiF f
p 0 p

f

— main systematics:
PDFs, QCD corrections

do o< (1+c§) + Ag5(1 - 3¢cf)
+A13290¢—|—A2%5302¢—|—A339c¢
+ Agcg+ As sg $2¢ T Aps2g s¢ + A759 84

cyp = COs 0 efc.
[in CMS = Collins-Soper frame, with p;. . = pr ]
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Arg = 544
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290 _ in2 g0
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computed in SM

— Assumption that NP is flavor universal




Forward-backward asymmetry:
“forward” defined through event
boost

lab frame:
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center-of-mass frame:
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— main systematics:
PDFs, QCD corrections

ATLAS Preliminary

LEP-1 and SLD: Z-pole
LEP-1 and SLD: Afy
SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV
ATLAS: eec il
ATLAS: ee..
ATLAS: 8 TeV

— talk by llya Gorbunov
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m QCD corrections @ NNLO (MC programs FEWZ, DY Turbo, MATRIX, MCFM)

Gavin, Li, Petriello, Quackenbush 12, Camarda et al. ’19
Grazzini, Kallweit, Wiesemann 17, Boughezal et al. ‘16

m Mixed QCD x EW corrections,
also off resonance

— 70 Gev < myp < 125 GeV used

for sin 9 - determination

ATLAS '18

Ongoing work for complete calculation:
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W mass 4/15

How to measure my, at hadron colliders

Need observables that are sensitive to my:

Transverse mass of W Transverse momentum of ¢
de = ' ' 1 do
dm__w : . | dpl_,(
m,r My w mﬂ,/2 P
Beyond the edge: Mostly detector effects Mostly QCD & QED initial state radiation

Starting from NLO and with realistic detectors the edges are washed out

Slide from A. Behring @ RADCOR ‘21



m QCD corrections @ NNLO (MC programs FEWZ, DY Turbo, MATRIX, MCFM)

Gavin, Li, Petriello, Quackenbush ’12, Camarda et al. '19
Grazzini, Kallweit, Wiesemann 17, Boughezal et al. ’16

and (inclusive) NNNLO Duhr, Dulat, Mistlberger 20

m Mixed QCD x EW corrections

Dittmaier, Huss, Schwinn '15, Carloni Calame et al. ’16

Ja ¢ Bonciani, Buccioni, Rana, Triscari, Vicini ‘19
Bonciani, Buccioni, Rana, Vicini ‘20

@. Dittmaier, Schmidt, Schwarz ’19

w,~Z Buonocore, Grazzini, Kallweit, Savioni, Tramontano 21

dp Z, Buccioni et al. ’19, Behring et al. '20,21

— Impact on Myy measurement O(10 MeV)




W mass:
from pp — W=+ — ¢*p,
using mp and p, | distributions

LEP Comb.

Tevatron Comb.

ATLAS

I I I
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— talk by Martina Pili

m,, [MeV]

Ultimate precision at HL-LHC:
dMpy < 10 MeV

my, Uncertainty [MeV]
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e my is input for global EW fits

e Most precise measurement

omt ~ 0.3 GeV at LHC
PDG 20

e Theoretical ambiguity in
mass definition:

I
mB(Qo) — mPe'e

= —2a5(Qo) Qo + O(a2Qo)

Hoang, Platzer, Samitz '18

ATLAS+CMS Preliminary Miep SUMMAry, ¥s=7-13TeV April 2021
LHCIopWG
------- World comb. (Mar 2014) [2]

stat total stat

fotal uncertainty . m,,, ttotal (stat +syst) Vs Ref.
LHC comb. (Sep 201 3) LHCtopWG I—-—I 173.29 +0.95 (0.35 +0.88) 7 TeV [1]
World comb. (Mar 2014) = 173.34 +0.76 (0.36 £0.67) 1.96-7 TeV [2]
ATLAS, |+jet3 |—|—-—|--| 172.33 £1.27 (0.75 £1.02) 7 TeV [3]
ATLAS, dilepton ——t— 173.79 +1.41 (0.54 +1.30) 7 TeV [3]
ATLAS, all jets FH—=—H 1751418 (1.4 +1.2) 7 TeV [4]
ATLAS, single top =t 172.2 £21 (0.7 £2.0) 8 TeV [5]
ATLAS, dilepton = 172.99 £0.85 (0.41£0.74) 8 TeV [6]
ATLAS, all jets e 173.72 £1.15 (0.55 =1.01) 8 TeV [7]
ATLAS, l+jets = : 172.08 +0.91 (0.39 +0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) Hi: 172.69 +0.48 (0.25 +0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass (*) i H=—H 174.48 +£0.78 (0.40 +0.67) 13 TeV [9]
CMS, l+jets e+ 173.49 £1.06 (0.43 +0.97) 7 TeV [10]
CMS, dilepton I—|—0-|—i—| 172.50 +£1.52 (0.43 =1.46) 7 TeV [11]
CMS, all jets =t 173.49 £1.41 (0.69 +1.23) 7 TeV [12]
CMS, I+jets HeiH [ 172.35 +0.51 (0.16 +0.48) 8TeV [13]
CMS, dilepton |—|0|—| 172.82 £1.23 (0.19 £1.22) 8 TeV [13]
CMS, all jets et 172.32 +£0.64 (0.25 +0.59) 8 TeV [13]
CMS, single top H—O—e—!—l 172.95 £1.22 (0.77 £0.95) 8 TeV [14]
CMS comb. (Sep 2015) HE 172.44 +0.48 (0.13 +0.47) 7+8 TeV [13]
CMS, l+jets i 172.25 £0.63 (0.08 £0.62) 13 TeV [15]
CMS, dilepton e 172.33 +0.70 (0.14 %£0.69) 13 TeV [16]
CMS, all jets et : 172.34 +0.73 (0.20 £0.70) 13 TeV [17]
CMS, single top (*) e 172.13 +0.77 (0.32 +0.70) 13 TeV [18]

* Preliminary :
[ | I I | | [ : | L1 1 | [ | L1 1
165 170 175 180 85

My, [GEV]




New physics: SMEFT analysis

Effective field theory:

Op1 = (DpP) D T(DHED)

Opw = PTBLWH P

O = (If oL WL o™y Lf )
ol = i(ot D, &) (Fayhfr)
R=1 " TR IR
OF = i(dt D, d)(F vAF) )
L [ v LY L

NS —_
OB — j(@t DI &) (FLoay"FL)
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L=350;+O0(N3)  (A> Mg)
al\T = %%
aAS = —ev 20/\\2/\/
C(3)e
AGp = —v255

f=entblq

P= (.90

More operators than EWPOs — need to make assumptions
[e.g. U(3) or U(2) xU(1) flavor symmetries]




Some operators enhanced for high m;j,,, Iin

pp — (o
pp — Y
2
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W
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Panico, Ricci, Wulzer ’21
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Energy-enhanced operatfors 10/15

Some operators enhanced for high mj,,, in Panico, Ricci, Wulzer 21
pp—>€+€_
pp — giy Dashed:
Single differential
3 - — Solid:
Ol(q) — (ELO-I’YILLEL)(QLO-IW,UJEQ) Fully differential
1 — _
oy = (T er) (@ vwar)

m Interference

Ocu = (ery"'er) (UrpyuuR) :
Ocq = (err"'er)(dryudR) e
Ory = Tu7"t1) () e
Ora = Urpy*er)(drYudR) SRR ) T
Oge = (qrvpar)(ErV" er)

Some degeneracies (flat parameter directions) difficult to resolve at LHC

m Full




Fitting Methodology (68% CL): DY+ E I C: BeSt BO U n d S YEt

For EIC/DIS: For LHC/DY: . Define y2 test statistic
- Integrate over (x, Q2) bins - Integrate over my; bins (DIS case):
- Assume uncorrelated errors - Error Correlation from ATLAS Ao 2
=2 2 Gt
- Aoy pr measures deviation from SM - Data deviation from SM X Aog,r
Bins Pol/+
ATLAS Collab. (1606.01736) /
O [case 1] - X {case 2]
eu 7eve] o Cot = €V Ceu [iva] Coa = €2
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slide from D. Wiegand Boughezal, Petriello, Wiegand 20
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Schematic of an
| 80-100 km
‘ long tunnel

FCC % ‘

m circular colliders: high-lumi run at /s ~ M»

m linear colliders: radiative return ete™ — ~Z

Vs My 2 My 240-250 GeV 350-380 GeV
ILC 100 fo— 1 500 fb—1 2ab—1! 200 fb—1 (10 pts.)
CLIC — — — 1ab—1!

FCC-ee | 230ab—1 | 10 ab—1 (2 pts.) | irrel. for EW phys. | 200 fb—1 (8 pts.)
CEPC | 45ab~1 | 2.6ab~! (3pts.) | irrel. for EW phys. —




Electroweak precision tests at future eTe— colliders
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Anticipated precison for EWPOs:

Quantity current | ILC | CLIC | FCC-ee | CEPC
My [MeV] 21 | - | - 0.1 0.5
7 [MeV] 23 | - | - 0.1 0.5
My, [MeV] 12 | 25| ? 0.7 1.0
sin? 05 [1075] 14 | 2 | 78 0.5 2.3
R,=TrY%/rhad[10-5| 66 | 23 | 38 6 4.3

m Can be optimized with different run scenarios

m Polarized beams at ILC (P,—=0.8, P,4=0.3) and CLIC (P,—=0.8)




Effective operator analysis: future colliders 14/15
m SMEFT dim-6 operators provide framework for comparing experiments
m Correlations between sectors (e.g. Higgs and EW)
95% CL reach from the full EFT fit (modified SILH')
10° - Ml HL-LHC S2 + LEP/SLD M ILC 250GeV B CLIC 380GeV light shade: individual fit (one operator atatime) 107
£ Il CEPC Z/WW/240GeV M ILC 250GeV/350GeV Il CLIC 380GeV/1.5TeV solid shade: global fit i
|l FCC-ee Z/WW/240GeV l ILC 250GeV/350GeV//500GeV | CLIC 380GeV/1.5TeV/I3TeV| \epton coliiders are combined with HL-LHC & LEP/SLD ||
= 1 02 __. FCC-ee ZIWW/240GeV/365GeV P(e‘,e*):($0.8,10.3) P{e',e*):(xO.S, 0) flavor universality imposed in gauge couplings | 1074
E, E E 2
— | .
& 10— -
— =2
0.1 _ 102
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T

de Blas, Durieux, Grojean, Gu, Paul '19
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m Electroweak precision tests have played an important role in testing the
Standard Model

m LHC will improve measurements of sin? 0 . My and my
— Theory input (higher-order corrections) needed to exploit full potential

m In SMEFT framework, significant improvements for several operators from
LHC data, but other experiments needed to lift degeneracies in parameter-

space

m Future e e~ colliders will push the reach into the multi-TeV regime




