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Precision physics with future eTe— colliders 1/26

Exp. precision estimates for electroweak parameters:
Current exp. ILC250 CEPC FCC-ee

Myy [MeV] 11-12 2.4 0.5 0.4
Iz [MeV] 2.3 1.5  0.025 0.025
R, =T1229/rY [1073] 25 20 2 1
R, =Y /rbad10-9] 66 23 4.3 6
Sin2 0% [107°] 13 2 0.3 0.4

Some issues discussed in the following also relevant for DY @ (HL-)LHC




ete™ — ff for Egy ~ Mz:

e Mass M,

o Width Tz = ¥, T 45

e Brachingratio Ry =4/l
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EWPQOs: Z-pole asymmetries 3/26

Forward-backward asymmetry: BiF f
A :O‘F—O‘B_§AA e /’% €+
kB = op+og 4 « f |
2(1 — 4sin2 ¢/ f
Ap = ( >IN efff> SIHQQgﬁ—L[l—Reg—‘]{
14 (1 - 4sin?6.)2 41Qyl g%

Left-right asymmetry:

With polarized e~ beam: AR =

Polarization asymmetry:
Average 7 pol.ineTe™ — 7 T7: (Pr) = —Ar




EWPQOs: Z-pole asymmetries 3/26

Forward-backward asymmetry: B ;/ f
A :a'F—O‘B —§AA e /i‘ 0 €+
FB—JF+UB_4€f f i
2(1 — 4sin2 9 /
A= ( il efr> sin? 0] = Lll - Reg_‘;
14 (1 —4sin26/ )2 41Qyl g%

Left-right asymmetry:

OL — OR — A
— (&

With polarized e~ beam: AR =
oL T OR

Polarization asymmetry:
Average 7 pol.ineTe™ — 7 T7: (Pr) = —Ar

Decay widths in terms of sin? ngr: .

Drp= C[(g\];)Q + (91{1)2] = C(gﬁ)Q[(l _ 4|Qf|sin eefF)Q <|m Z_‘]{)Q]
A




Need for theory input 4/26

m Comparison of EWPOs with SM to probe new physics
— multi-loop corrections in full SM

m Extraction of EWPOs (pseudo-observables) from real observables
— backgrounds (in full SM), QED/QCD, MC tools

m “Other” eletroweak parameters (“input” parameters)
— my, as, etc. extracted from other processes




Need for theory input 4/26

m Comparison of EWPOs with SM to probe new physics
— multi-loop corrections in full SM

m Extraction of EWPOs (pseudo-observables) from real observables
— backgrounds (in full SM), QED/QCD, MC tools

m “Other” eletroweak parameters (“input” parameters)
— my, as, etc. extracted from other processes

Pseudo-observables: I ¢ ¢, sin? egﬁ, g£, g]J;,




m Deconvolution of initial-state QED radiation:

U[e+6_ — ffl= Rini(s, 3/) =Y Uhard(sl)

Kureav, Fadin ‘85

Berends, Burgers, v. Neerven '88
Kniehl, Krawczyk, Kihn, Stuart ‘88
Beenakker, Berends, v. Neerven '89
Bardin et al. '91; Skrzypek 92
Montagna, Nicrosini, Piccinini '97

Soft photons (resummed) + collinear photons
(87
Rim = Z(—) Z hnm In™ ( )
n \T e

Universal (m=n) logs known ton = 6,

also some sub-leading terms
Ablinger, Blimlein, De Freitas, Schonwald '20

Exclusive description: MC tools
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Z lineshape

6/26

m Deconvolution of initial-state QED radiation:

oleTe™ = f71 = Rini(s,5") ® ohara(s)

m Subtraction of y-exchange, v—Z interference,
box contributions:

Ohard = 0z + 0y + O~Z + Opbox
m /-pole contribution:

R
= —> —5—5 T Onon—res
(s —MZz)?>+ MZTZ

g7

R and T contain dependence on sin? ngr’ Cif, -

O, O',YZ, Oboxs 9non—res known at NLO
— need consistent pole expansion framework
— NNLO likely needed for FCC-ee/CEPC
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Z lineshape
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m Deconvolution of initial-state QED radiation:

oleTe™ = f71 = Rini(s,5") ® ohara(s)

m Subtraction of y-exchange, v—Z interference,
box contributions:

Ohard — 0Z ‘I'?’Y + O~Z + Ibox

m /-pole contribution: T computed in SM

R |
o7 = + onon—res
2 —2 =2
(s — M32)2 + M35

R and I"z contain dependence on sin egﬁ, Cepy o

Ovs 0~Z, Opox: Onon—res kKnown at NLO

— need consistent pole expansion framework
— NNLO likely needed for FCC-ee/CEPC

— possible BSM physics?

LEP EWWG '05

Opad [nb]




Expand amplitude for eTe~ — ff about complex pole sg = M% + iMZI7:

— All terms are individually gauge-invariant

Mij = - _’”80 + Sij+ (s —s0)Si;+ ...  (i,j =V, A)
R.: — Zierf
N 1+ Z/Z $=350
o Zz'eZ;'f + Zz{erf B ZierfZ% G’ieij + B,
Y 143/, 21+%)?  s+%y V],
e’ s, f e’ =, f
Zie Zjf Gie v Gy
e z f e f




Expand amplitude for eTe~ — ff about complex pole sg = M% + iMZI7:

— All terms are individually gauge-invariant

Mij = — " + Sij + (s —s0)Si; + ... (i,j =V, A)
ZieZjg
Ri; = ! +BY, .+ B In(1 - £
) 1_|_Z/Z 5= Y21 Y4, ( )

ZieZip + 21255 ZieZip T GieGlg

Sij:[ 1+, 2045, Tstx, T 7 L:SO
+B5, 5+ B3k, in(1 - 2)

A
Sli= ..




Pole expansion 8/26

Expand amplitude for eTe~ — ff about complex pole sg = M% + i M2l 2:

R;;
Mij=——+S;; + (s —s0)Si; +...  (i,j =V, A)

s — 80

Current state of art: R @ NNLO + leading higher orders
S, S’,...@ NLO

For future ee colliders: (at least) one order more!

. R
Cross-section: o7 = = + Onon—res

(s — M2)? + M2T3

1

In exp. studies: o ~
P (s — M2)2 + s2I'2 /M3

My = Mz /\J1+T3/M2 ~ Mz — 34 MeV
rz=Fz/\/1+F /M2 ~T7—0.9 MeV




Express R;; in terms of sin egﬁ and Fj; (accurate up to NNLO):

A4
sin20/. = = |1 _Re- V!
41Qy] ZAf] =112
f Zasl° LN, T2 Im >~/ O(a?
Z s=T12
Lol
= Rij = JJ;
14+,
= 41313\ F§{F} [Qfo + . ] Ql, =1 - 4|Qlsin? 0L,
/ Qh=1
terms related to (n) = loop order
Im Zz'es Im ij, Im ZZ
and the vZ box
/ :
Cr = Mo FA[(1 = 41Qglsin? )2 + ..




LEP1 era fit parameters: Schael et al. '05

. Ceel
m 9-parameter fit: M2, Iz, aﬁad ~ ﬁg elfof, Re, Ry, Ry, ALy, Afg, AT
Z Z

it 0 o 12mlel 0
m 5-parameter fit: Mz, "'z, o 4 & Mg r%ff’ Ry, ALy

Heavy-flavor pseudo-observables (R, ., A,@CB, ...) handled separately

m Underlying assumption: Can trust SM predictions for
a) non-resonant contributions (beyond leading Z pole)

b)Im Z; ¢, Im >y




"Model-independent” fit 10/26
LEP1 era fit parameters: Schael et al. '05
m 9-parameter fit: My, [, 00 ~ 122 1f R R, R, Ay, Ay, AT,

2 2
MZ I—Z

{

. Ceel
m 5-parameter fit: Mz, [z, 00,4 ~ ﬁg elfof, Ry, ALg
Z Z

Heavy-flavor pseudo-observables (R, ., A%‘é, ...) handled separately

m Underlying assumption: Can trust SM predictions for
a) non-resonant contributions (beyond leading Z pole)
— affected e.g. by Z’ bosons
b)Im Z; ¢, Im%> 4
— affected e.g. by light BSM particles in loops

m Assumption probably ok for LEP1 given constraints from BSM searches
— doubtful if precision is increased by factor 10-100




"SM Effective Field Theory” (SMEFT) 11/26
Extension of SM by higher-dimensional operators: Wilson '69
Weinberg 79

_ — 1 (d)
L—LSI\/]"I_Z d_4ZCiOi
i=5 "\ i

m More general description of BSM effects

m Operators ranked by suppression power A*—¢

m Leading effects typically for d=6

m Assumption: £ < A (A ~ mass of heavy BSM patrticles)




SMEFT operators for electroweak precision 12/26

Leading dim-6 contribution: L=73;:50;+ OAN=3)  (A> My)

<> 2c
(9¢1 :%|C|D]L D/J CD|2 O‘AT:_%%
Opw = ST BL,WHd aAS = —e2p? BY
O(3),u€ — (E,M a L'LL)(Ee a MLG) NGr = — 26(L3L)'u}'8
s _
Oi’; = i(®T Dy @) (FRYFR) f=entblq
o ~ t
OF = i(®t Dy &) (FLAPF) F=(").(").(7) (59 ()
e v T d, S b

NS —_
OB = j(@t DI &) (FLoay"FL)

More operators than EWPOs — need assumptions:

- - - Y
m Family universality, e.9. cg = cg = ck

m U(2)xU(1) flavor symmetry, e.g. c& = ci 7 ck




Translation SMEFT «— EWPOs 13/26

Leading Z pole contribution:

Modified propagators:

e.g. Oy1 = (Du®) T OT(DHD) e’ f
Opw = ®TBLWH o >3@<<
e Z f
Modified Z-fermion couplings:

VN _
e.g. Of=7§(Cl>Jr D, ®)(fyH*f) f=e nu1,b,..

Direct correspondence between pseudo-observables and SMEFT ops.:

20t f f
5Tyr _ L [071 N 52, 6sin?0e 1 62] 8z},
r zi  zi sin2 ¢/ 1-zizL Lzl 7]
1t L R eff L/4“RL4L R
_ 1 3 sC 1 1.3) 4 £\(+f 5°
57 = {IZJSCXC(L - §C§< Qp—wn ~ (1661~ feip + i) (1 + Q5—)
5 My

1 (3)
MW 6 5ZL CLL




SMEFT: future collider reach 14/26

Project reach of future colliders to constrain SMEFT operators:

95% CL reach from the full EFT fit (modified SILH')

3 =
10 W HL-LHC S2 + LEP/SLD B ILC 250GeV CLIC 380GeV light shade: individual fit (one operator at atme) 10
- ll CEPC Z/WW/240GeV I ILC 250GeV/350GeV B CLIC 380GeV/1.5TeV solid shade: global fit i
L B FCC-ee Z/WW/240GeV M ILC 250GeV/350GeV/500GeV | CLIC 380GeV/1.5TeV/3TeV lepton colliders are combined with HL-LHC & LEP/SLD ||
2 B FCC-ee Z/WW/240GeV/365GeV P(e‘,e*):($0.8,10.3) P(e',e*):(xO.S, 0) flavor universality imposed in gauge couplings 4
= 0= 22 [
= r ] =
o .
|i 10— 4107 5
— C 5 (0]
i 1 S
k T 71
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Oy, Osw Ows Or One Ong O'ng Onu Ona O
| |

de Blas, Durieux, Grojean, Gu, Paul '19




Translation SMEFT «— EWPOs 15/26

Beyond leading Z pole (“background”):

Additional 4-fermion operators e’ f
e'g' OJ(C]J-C? — (ffy,uf)(f_lfyluf,) f,f/:Ei,,LLT,b,... e_>:<f
(related via e.0.m. to energy-dependent Z f f /~ f f couplings OJI,? ~ fylE, DY f)

— Model-independent analysis requires additional parameters (or Wilson
coeffs.) in non-resonant terms




Factorization of massive and QED/QCD FSR:
NCMZ

My~
P~ 1on

[RJ;Fé + R FY

] s=M>

%@g 1 finite,  with

R , RQ: Final-state QED/QCD radiation;

known inclusively to O(ag), O(a?), O(aas) Kataev '92
Chetyrkin, Kiihn, Kwiatkowski 96
Baikov, Chetyrkin, Kihn, Rittinger '12

or compute exclusively using MC methods

e’ f
Fé j;: Electroweak corrections >\“ﬂ<
- Z
e f




Factorization of massive and QED/QCD FSR:
NCMZ

My~
P~ 1on

[RJ;Fé + R FY

] s=M5

%@g 1 finite,  with

R , RQ: Final-state QED/QCD radiation;

Simulate with Monte Carlo event generator, e.g.

KKMC, Arbuzov, Jadach, Was, Ward, Yost '20
SHERPA YF'S, Krauss, Price, Schonherr 22
POWHEG_EW Barzé, Montagna, Nason, Nicrosini, Piccinini '12,13

LL [(alog;Z)"| + some NLL |a?log Z |




QED radiation 16/26
Factorization of massive and QED/QCD FSR:
= NeMy [ fof o pof f]
M =~ R+, F: R, F
f 127 V-V + AT A S:M%
Additional non-factorizable contributions, e.g.
; — Known at O(aas) Czarnecki, Kithn '96
Y Harlander, Seidensticker, Steinhauser '98

— Currently not known at ©(a?) and beyond

— Small (< ©0(0.1%)) but not negligible contribution
— Additional matching terms in MC simulations

— Influenced by different SMEFT ops. than Z f f vertex




Monte-Carlo for future colliders

17/26

m Current state of art: e.g. KORALZ, KKMC
— O(a?L) accuracy [L = In(s/m2)]

m One to two orders improvement needed:

Jadach, Ward, ...

Observable Where from Present (LEP) FCC stat. | FCC syst ;E‘:
Mz [MeV] Z linesh. [25] 01187.5 +2.1{0.3} 0.005 0.1 3
I'z [MeV] Z linesh. [28] 2495.2 + 2.1{0.2} 0.008 0.1 2
Re— T M1 o(Mz) [33] 20.767 £ 0.025{0.012} | 6-107° i«1072 12
op,qmbl] 0.q [28] 41.541 £0.037{0.25} | 0.1-107% | 4-107* | 6
N, a(Mz) [28] 2.984 £ 0.008{0.006 } 5.10°0 1-1074 6
sin ﬁfﬂ-‘fx_ lt_.'ia .--IT-‘L;'J‘-;' [33] 23099 £+ 53{28} 0.3 0.5 Bl
L Lo [28] +0.020{0.001} 1.0-105 | 0.3-1075 | 100  Jadach,
Skrzypek ‘19
(a) 0.5% (b) 0.02% (¢) 0.001%
1 1 1
ol v oL oy oL )
a’L? [ o’L o a’l? o’L [ a? o’l? o’ «
o’ o’l? oL o L3 [ LT oL «a a’L? o’L? [ oL of
o'l ol o'L? ot ot o’L? oL} ofl? 'Ll « oLt [ oL o'l? oLl of
: : : : : : asL ;
m Need control over

e multi-~ production

ev/g— ff

e hadronization

e heavy-flavor correlations

e color reconnection




Forward-backward asymmetry for heavy quarks 18/26

m Measurement of A,@CB requires
e b/b (c/c) discrimination
e Measurement of b (c) angle

m Mismatch between observed and parton-level b (c) angle due to QCD radiation
(requires accurate modeling)

m Contamination from gluon splitting g — bb (9 — cc)

m Impact of hadronization/fragmentation
(need more precise models and fragmentation functions)




A_.(b/c)

arXiv:2010.08604

anti-b \

b-tagged jet

b-tagged jet

QCD
radiation

J. Alcaraz, 20 Jan2022, FCC-ee EW, EFO4

B

New developments for A_,(b/c):
QCD corrections and uncertainties
can be reduced significantly using
acollinearity (¢) cuts = important
reduction in systematics, but how
much ?

Further improvements expected
from better heavy flavor tagging
capabilities and a more accurate
measurement of the heavy quark
flight direction

More sophisticated b/c tagging
techniques => minimal
charm/light background effects
g->QQ splitting: huge control
samples, smaller effect with
back-to-back configuration and
double tagging

Note that all these measurements
can be done with exclusive decays.
A Tera-Z facility will provide =108 B*

exclusive decays
14



introduction models tuning & data introduction

(0]@) 0000 O0000e0000 (0)¢)

“missing” pieces: gluon fragmentation (1)

o g — QQ splitting tricky in parton showers

(no soft enhancement, coll. divergence shielded by masses)

e HF production is perturbative process

e analyse 4b and 2b2c final states
combine two softest equal flavour HFs into “gluon” and measure the
g — QQ splitting function
will yield information about shower evolution parameter and correct
scale definition for as

F. Krauss IPPP

Measurements for Hadronization Models



introduction models tuning & data introduction
(6]6)

0000 00000e000 o]e

“missing” pieces: gluon fragmentation (2)

@ e et (like LEP) dominated by quark jets:
— questionable handle on details of gluon fragmentation

(examples: enhanced diquark-popping? (leading) baryons? realisation of LPHD in gluons?)

4 3031106-003
@ measurement strategy: L |

B 1SDala I

e "'Mercedes star’ with two L i
id'd heavy quark jets T + o 1emc ]
— third jet is gluon jet

e jet-shape measurements:
sub-jettiness & friends

e hadron yields inside jet y

o leading hadron identity/x, I '

o di-baryon/di-strange ' ’

[ [l - L] i I | |
correlations inside jet 0 A P P otz

® CLEO84
2+

ggg/qq Enhancement
]

F. Krauss

Measurements for Hadronization Models




Theory calculations: Uncerfainties

22/26

m To probe new physics, compare EWPOs with SM theory predictions

m Need to take theory error into account:

Current exp. Currentth. CEPC FCC-ee

My [MeV] 11-12 4 0.5 0.4
Iz [MeV] 2.3 0.4 0.025 0.025
R, =129/ [1073] 25 5 2 1
R, =TY%/rhad 10-9] 66 10 4.3 6
sin2 05 [1075] 13 4.5 0.3 0.4

m Theory error estimate is not well defined, ideally A+, < Aexp

m Common methods: e Count prefactors (a, Ne, Ny, ...)
e Extrapolation of perturbative series
e Renormalization scale dependence
e Renormalization scheme dependence




Example: Error estimation for I 23/26

m Goemetric perturbative series ap = am%

O(a®) — O(af)

O(a) — O(af) ~ O(a?) ~ 0.20 MeV

O(a)
O(a’as) — O(a%as) ~ O(az()?(_a()g(a%)O(aas) ~ 0.21 MeV
O(aag) — O(atag) ~ O<aa$)@zog<ata5)(’)(ozas) ~ 0.23 MeV
O(aag’) — O(Oztas) O(aaS)OECS(ataS)O(aag) ~ 0.035 MeV

m Parametric prefactors:
5 an|q
O(aag) — O(Oztozs) ~ —as ~ 0.29 MeV

Total: 5|_Z ~ 0.4 MeV




Uncertainty on the theory uncertainty? 24/26

summer 1998 summer 1999 summer 2001

6 - 6 . 6
| —10®=1288780.090 ' L aa®, = : ' . 2a®,=
i 1/0®)=128.905+0.036 —0.02804+0.00065 i —0.02761%0.00036
- : i - - 0.02784+0.00026 ; - i - 0.02738+0.00020
44 1 4- : i 1 4- ‘ -
[qV} | N | | N 1 |
> > >
< < <
2- 1 2- 1 2] -
0 | Excluded N\ Preliminary 0 | Excluded Preliminary | 0 | Excluded w4 Preliminary |
2 3 2 3 -
10 10 10° 10 10 10> 20 100 400

m, [GeV] m,, [GeV] m,, [GeV]




summer 1998

6 —
-theory uncertamty
— 1/a®=128.878+0.090
- 1/0®=128.905+0. 036
— 4 ]

summer 1999

—
=
]
]

pp—hh+X

summer 2001

-theory uncertamty | -theory uncertalnty |
® - ® -
Aoy = i | Ady oy = |
+—0.02804+0.00065 : . — 0.02761+0.00036
t--0.02784+0.00026 T Lo 0.02738+0.00020 ]
; 4 41 B —
N ]
> .
<
— 2 | —
Preliminary 0 Excluded ' Preliminary
3 3 20
] 10

m,, [GeV]

400

M4 <pR LE<My,
- PDF4LHC15_nnlo_30 LO®E
- m, =125 GeV NLO =

MMNLO

N°LO B |

'-'-.;u'--;.;'.;n. \n,:-.:-.t.'-'.,;-'-.1.--lq.,'-.'-.h.-ltl-.\\".t-“'-.,-.-.u.\\xk\'-\

E

04 E z
10 20 30 40 50 60 70 80 90 100

s [TeV]




Uncertainty on the theory uncertainty?

24/26

sz

summer 1998

summer 1999

summer 2001

61— . 6 . 6
' = 1/a®=128.878:0.096 ' Lpa®) = ; ' - aa® =
i 1/0®)=128.905+0.036 —0.02804+0.00065 i —0.02761+0.00036
' : i ' 4+ 0.027840.00026 - i - 0.02738+0.00020
4- 4 41 ‘- -' 4 4- ‘ -
_ _ A
>
=
2 1 21 -
0 Preliminary_ 0 | Excluded ‘ L/ Preliminary_
) 3 20 100
2 f pp—+hh+X 10
/o MppfAsuplgsmy, my, [GeV]
: PDF4LHC15 nnlo_30 LO =3
1078y m, =125 GeV NLO
j NNLO =
4 NLO
T B m Theory uncertainties do not
Y g have stat. mterpretatlon (except
. - —— = E
o 0B : : e
z in large-N limit
€ 06
04 F

400




Summary 25/26

m Precision measurements require theory input for measurements of pseudo-
observables (BRs, widths, masses, cross-sections, ...) and their SM/BSM

interpretation

m Need for higher-order loop calculations, but also new frameworks for
parametrizing cross-sections, matching to Monte-Carlo, and fitting to data

m Many improvements needed for MC tools:
(N)NLL QED/QCD showering, fermions pair production, hadronization, ...

m New ideas for how to estimate and interpret theory uncertainties?




Organizing theorists is like herding cats

Lessons from LHC:
e Initially the challenge seems daunting
— Les Houches wishlist (2005—-09, mostly NLO QCD)

e At some point, critical mass is achieved and progress accelerates




Lessons from LHC:
e Initially the challenge seems daunting
— Les Houches wishlist (2005-09, mostly NLO QCD)

e At some point, critical mass is achieved and progress accelerates

NLO timeline G.Salam, La Thuile 2012
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Theory community organization 26/26

Lessons from LHC:
e Initially the challenge seems daunting
— Les Houches wishlist (2005-09, mostly NLO QCD)

— Completed in 2012
e At some point, critical mass is achieved and progress accelerates
e Theory expectations for LHC have been scaled up!
— Les Houches precision wishlist (2011—, NN(N)LO QCD, NLO EW)

NLO timeline

(. Salam, La Thuile 2012

N )

22§
- ;‘; o= -
o - =
s ¥ vy “’“";—“‘7‘@
% t W
! (A - F
)
LA Dy AY) R """"ry

| ' I 1 |

1980 1985 1990 1995 2000 2005 2010




G. Salam, Erice, 2019

W/Z total, H total, Harlander, Kilgore
H total, Anastasiou, Melnikov
Htatal, Ravindran, Smith, van Maerven

WH total, Brein, Dicuadi, Harlander
H diff., Anastasiou, Meknikov, Petriallo
H diff.. Anastasiou, Melnikov. Petrialio
W difl., Malnikov, Patriella
WIZ diff., Melnikov, Pefrielio
H dift.. Catari, Grazzini
/'I.M'Zdi

major advances in NNLO
calculations v. time

WH diff.. Femera, Grazzini, Tramontana

-y, Catanietal

Hj (partial), Boughezal atal

" Hbar total, Czakon, Fiedler, Mitow

Zy, Grazzini, Kallwed, Rathlev, Toms

i ipartial], Curria, Gehrmann-De Ridder, Giover, Pires
77, Casciofiit ot al.

diif., Czakon, Fedler, Mitov
Z-y. W-y, Grazzini, Kallweit, Rathlay
Hj, Boughezal & al..

~Hj. Gasole, Melnikov, Schutza
2, stal
WH diff., 7H diff., Camgbell, Eliis, Wiliams
y-y, Campbell, ElEs, Li. Williams
W, Grazzini. KaBweil, Rathlev. Wiesemann
i P Gehrmann-De Riddse st al.
WA . Grazzini et al.
MCFM at MNLO, Boughezal et al
e gingle top, Berger, Gao, C.-Yuan, Zhu
HH. de Flosian etal
Py Chen et al
Pz, Gehrmann-De Ridder st al,
i Gurrie, Glover, Pres
¥, Campbel, Elliz, Williams
yj. Campbedl, Eliis, Wilkams
WH, H-=bb, Femera, Somogyi, Tramomtana

single top. Berger, Geo, Zhu

2002 2004 2006 2008 2010

as of 2019-05, with input from Fabrizio Caola

HHZ. Li, Li Wang
DIS . Zlebéik et al.
WH, H-=bb, Caoia, Luisoni, Melnikov, Roentsch
Py Gehrmann-De Ridder atal
WEBF difi., Cruz-Marlinez, Gehrmann, Glover, Huss
Wi, Zi, Gehrmann-De Ridder et al.
tihar total, Catani at al
¥j. Chen etal.
H-sbbj, Mondini, Williams
tebar diff,, Catani st al.

2012 2014 2016 2018

56




Theory community organization 26/26

Lessons from LHC:

e Initially the challenge seems daunting
— Les Houches wishlist (2005-09, mostly NLO QCD)
— Completed in 2012

e At some point, critical mass is achieved and progress accelerates

e Theory expectations for LHC have been scaled up!
— Les Houches precision wishlist (2011—, NN(N)LO QCD, NLO EW)
— Many items completed, remaining ones in progress







Comparison of EWPOs with theory

m To probe new physics, compare EWPOs with SM theory predictions

m Need to take theory error into account:

Current exp. Currentth. CEPC FCC-ee

M* [MeV] 11-12 4 0.5 0.4
Iz [MeV] 2.3 0.4 0.025 0.025
R, =129/ [1073) 25 5 2 1
R, =TY%/rhad 10-9] 66 10 4.3 6
sin? 05 [1075] 13 4.5 0.3 0.4

* computed from G/,




m Many seminal works on 1-loop and leading 2-loop corrections
Veltman, Passarino, Sirlin, Marciano, Bardin, Hollik, Riemann, Degrassi, Kniehl, ...

m Full 2-loop results for My, Z-pole observables

Freitas, Hollik, Walter, Weiglein '00 Hollik, Meier, Uccirati ‘05,07
Awramik, Czakon '02 Awramik, Czakon, Freitas, Kniehl ‘08
Onishchenko, Veretin 02 Freitas '14

Awramik, Czakon, Freitas, Weiglein '04 Dubovyk, Freitas, Gluza, Riemann, Usovitsch 16,18
Awramik, Czakon, Freitas '06

m Approximate 3- and 4-loop results (enhanced by Y; and/or Ny)

Chetyrkin, Kiihn, Steinhauser 95 Chetyrkin et al. 06
Faisst, Kiihn, Seidensticker, Veretin '03 Boughezal, Czakon 06
Boughezal, Tausk, v. d. Bij ‘05 Chen, Freitas '20

Schroder, Steinhauser '05




Theory calculations: Uncertainty projections

m Estimated impact of future higher-order calculations Freitas et al. "19

Current th. Projected th. CEPC FCC-ee

Myy [MeV] 4 1 0.5 0.4
Iz [MeV] 0.4 0.15 0.025 0.025
R, =129/ [1073] 5 1.5 2 1
R, =TY%/rhad 1079] 10 5 4.3 6
sin? 05 [107°] 4.5 1.5 0.3 0.4

" Theory scenario: O(aa?), O(Nraas), O(N]%azozs), leading 4-loop
(NJ? — at least n closed fermion loops)

Note: Estimates (based on extrapolation of perturb. series and prefactors)
are unreliable and only provide a rough guess




