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2. Constraints on neutrino models

3. Future ete colliders
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Z-pole observables 3/21

Z-pole asymmetries:
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sin? ngr = “effective weak mixing angle”
sin? Ggfr = sw = 1 — M2 /M3 at tree-level

Most precisely measured for f = ¢




Current status of electrowedadk precision tests
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Standard Model after Higgs discovery:

m Good agreement between measured mass and indirect prediction

m \Very good agreement over large number of observables

Erler '13
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Direct measurements:
My = 125.6 + 0.4 GeV
mi = 173.24 + 0.95 GeV

Indirect prediction:
My = 123.7 £ 2.3 GeV
(with LHC BRS)
My = 89722 Gev
(w/o LHC data)
mi = 177.0 £ 2.1 GeV




Known corrections to Ar, sin? ngr’ GV 1 GAF
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e Complete NNLO corrections (Ar, sin? Qgﬂr) Freitas, Hollik, Walter, Weiglein 00
Awramik, Czakon ’'02; Onishchenko, Veretin '02

Awramik, Czakon, Freitas, Weiglein '04; Awramik, Czakon, Freitas '06

Hollik, Meier, Uccirati '05,07; Degrassi, Gambino, Giardino '14

e “Fermionic” NNLO corrections (gy f, g ) Czarnecki, Kiithn '96
Harlander, Seidensticker, Steinhauser '98
Freitas '13,14

e Partial 3/4-loop corrections to p/T-parameter
O(arad), O(a%as), O (o) Chetyrkin, Kiihn, Steinhauser '95
Faisst, Kuhn, Seidensticker, Veretin '03
Boughezal, Tausk, v. d. Bij '05
th Schroder, Steinhauser '05; Chetyrkin et al. ‘06
(ot = E) Boughezal, Czakon '06




Current uncertainties 6/21
Experiment Theory error Main source
My 80.385+ 0.015 MeV 4 MeV a3, alas
7 2495.2+23MeV  05MeV o, o> aas, aad
Ugad 41540 + 37 pb O‘%osn a3, alas
R, =rY%/rad 0.21629 +0.00066  0.00015 o2, a3, a’as
Sin? 0 0.23153 £0.00016 4.5 x 107> a3, a?as

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

m Common methods:

Count prefactors (o, Ne¢, Ny, ...)
Extrapolation of perturbative series
Renormalization scale dependence
Renormalization scheme dependence

m Also parametric error from external inputs (m¢, my, as, Aapag, ---)




Oblique parameters:
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General parametrization of new physics 8/21
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m “Integrate out” heavy praticles with mass m ~ A
(expand full result in Mz /)

m Generate higher-dimensional operators, leading dimension 6
L=Yi0;+O(N3)  (A> Mgz)

m Possible operators restricted by SM field content and gauge invariance

Buchmdller, Wyler '86
Grzadkowski, Iskrzynski, Misiak, J. Rosiek '10




General parametrization of new physics 9/21

Effective field theory: L=3;50;+0N3)  (A> Myg)

O1 = (Dp®) > &1 (DHo) aAT = -2 %

Opw = ®TBLWH O aAS = —62’026/8\\2/\/

O = U Tomh1) G = 2SR

O]F; = (T 5# D) (frY*fR) f=e,pnr,b,lg

of =it Dyoxrirr = (0)(1)(7)(5)-0)
e v T d, s b

07T = i(of DT &) (FLowy"FL)

In general more operators than EWPQOs
— Some can be constrained by W — ¢v, had., eTe™ — WTW—




Assuming flavor universality: L= Zz SO; + O(N3) (AN > M)
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Heavy sterile neutrinos

Extend SM with one (several) sterile neutrinos

Loinaz, Okamura, Rayyan, Takeuchi, Wijewardhana '02,04
Akhmedov, Kartavtsev, Lindner, Michaels, Smirnov '13

0 O O Yes
.. . 0] 0 o) Yus
Mass matrix in (ve, vy, vr, vs) basis: o o0 o . M > My
Yrs
Yes Yns Yrs M

— Heavy neutrino mass eigenstate v, with mg4 ~ M,
small mixing with SM leptons ¢; = |U;a|?, (i =-e, p, )

m Impacton Z — vir: ,/TeM=1—L(cc+eu+er)

L
. -G .
m Impact on Fermi constant:  G% — G2.(1 — e.)(1 — €u) = F< :
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Cancellation between tree-level and loop corrections possible
— Relatively large mixing angles allowed by EWPOs

€e + €4 + €+ (color coded)
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Heavy sterile neutrinos
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Additonal constraint: lepton number universality

de Gouvea, Kobach '15

Observable

SM

Observed
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lge/ ger

I'(r — pw) /T (7 — ev?)
INm— er)/T{m — prr)

I'K — ev)/T(K — uv)

'K — 7)) /TR — wer)
'K — mue) /T(Kp — wer)

I'(W — }IU};’T[”- — €1’

0.9726
1.235 x 107 [18]
2.477 x 1075 [18]

0.6591 + 0.0031 [19]

0.6657 + 0.0031 [19]

1.000 [25]

0.9764 + 0.0030
(1.230 + 0.004) x 1074
(2,488 + 0.010) x 10~ °
0.6608 £ 0.0030
0.6669 + 0.0027
0.0993 + 0.019

9./ gc|* = 1.0040 £ 0.0031
\ge /g,)* = 0.9958 + 0.0032
|ge /g,)? = 1.0044 £ 0.0040
9 /ge|? = 1.0026 + 0.0065
9, /ge|* = 1.0018 + 0.0062
g /ge|? = 0.993 + 0.020

2

't = ev?) [T'(u — ev)

I'r — m) /T (7 — 1)

I'r — Kv)/T'(K — u)
D, — rv)/T(D, = pr)
I'(B — D*rv)/T(B — D*pv)

1.345 x 10°
9771 + 14 [26]
180 + 1 [26]
9.76 [17]
0.252 =+ 0.003 [24]

(1.349 + 0.004) x 10°
9704 + 56
1694+ T
10.0 + 0.6
0.336 + 0.040 [20]

lg-/gu|® = 1.003 + 0.003
lg-/a.|* = 0.993 + 0.006
lg=/g,|2 = 0.977 £ 0.015
lg-/gu]? = 1.02 + 0.06
lgr/gu|? = 1.333 +£0.159

I(r — wv) /T'(w — ev)
't = Kv)/T(K —= ev)
LW — 7))/ T(W — er)

(7.91+0.01) x 107 [18, 26]
(1.940 + 0.004) x 107 [18, 26]
0.999 [25]

(7.89 £ 0.05) x 107
(1.80 + 0.03) % 107
1.063 + 0.027

lg-/ge|* = 1.000 + 0.007
lg-/ge|?> = 0.974 + 0.015
lg-/ge|® = 1.063 + 0.027

I'(B = D*rv)/T(B — D*fv)
]"H? =¥ DTI!]J-"'IH{B — D)

0.252 + 0.003 [24
0.299 + 0.011 [23

0.318 4 0.024 [21, 22]
0.406 £ 0.050 [21, 22]

1.262 = 0.096
1.359 £ 0.171

2|g-12/(|ge® + lgu?)
E|H.—i2,-".[ e 2 =+ !Q.Ii|2]




For m4, < M: Decay Z — v;v4 possible

If v, does not decay in detector:
— Lesser suppression of [,

only forUys = U;4 =0

de Gouvea, Kobach 15
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For m4, < M: Decay Z — v;v4 possible

If v, does decay in detector
— Direct search limits

Antusch, Fischer '15
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Future e e~ colliders
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m International Linear Collider (ILC)
Int. lumi at /s ~ Mx: 50-100 fb—1

m Circular Electron-Positron Collider (CEPC)
Int. lumi at /s ~ Mz: 2 x 150 fb—1

m Future Circular Collider (FCC-ee)
Int. lumi at /s ~ M»: > 2 x 30 ab—1

: Schematic of an
§y 80-100 km

3 long tunnel

b




Future projections 17/21

Measurement error Intrinsic theory
Current ILC CEPC FCC-ee  Current Futurel
My, [MeV] 15 3-4 3 1 4 1
., [MeV] 23 08 05 0.1 0.5 0.2
Ry [1072] 66 14 17 6 15 7
sin2 0% [107°] 16 1 23 0.6 4.5 L5

— EXxisting theoretical calculations adequate for LEP/SLC/LHC,
but not ILC/CEPC/FCC-ee!

I Theory scenario: O(aa?), O(Njaas), C’)(NJ%anxs)
(N} = at least n closed fermion loops)




Future projections
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FCC-ee:

50 MeV 0.0002 0.1 MeV 3-5x 10°

Measurement Intrinsic theory Parametric

ILC FCC-ee Current Future ILC FCC-ee
My [MeV] 3-4 1 4 1 26 0.6-1
I, [MeV] 08 0.1 0.5 0.2 0.5 0.1
Ry [1072] 14 6 15 7 <1 <1
Sin2 0% [107°] 1 2.3 4.5 1.5 2 1-2

Projected parameter measurements:
dmy das oMz I(Ac)

ILC: 50 MeV 0.001 2.1MeV 5x107°




Projected bounds on neutrino models
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Improved bounds both from EWPOs and direct searches
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For small mixing || = 3, ¢; and small my,
v, propagates in detector before decaying
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For small mixing || = 3, ¢; and small my,
v, propagates in detector before decaying

lifetimex|9[? [s]
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— see talk by J. Klaric




Summary 21/21

m W/Z precision data provides trong constraints on multi-TeV new physics
— Non-trivial test for low-scale seesaw / left-right symmetric models, etc.

m For some neutrino models and regions of parameter space, EWPOs are the
most important constraints

m Future et e colliders will probe new, theoretically motivated parameter space







Theory challenges

Full SM corrections at >2-loop:
m Large number of diagrams and tensor integrals, ©(100) — ©(10000)

m Many different scales (masses and ext. momenta)

Computer algebra methods:

m Generation of diagrams with FeynArts, QGraf, ...
Kublbeck, Eck, Mertig '92, Hahn '01
Nogueira '93
m Dirac/Lorentz algebra with Form, FeynCalc, ... Vermaseren '89,00
Mertig '93

Evaluation of loop intfegrals:
m In general not possible analytically
m Numerical methods must be automizable, stable, fastly converging

m Need procedure for isolating divergent pieces




