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Invitation: misconceptions about EFT & oblique parameters

- Oblique parameters S, T etc. can be used to constrain any
(calculable) BSM theory. x

- Oblique parameters S, T etc. can be used to constrain the general
dimension-6 EFT parameter space. x

- Oblique parameters S, T, etc. can be used to constrain “universal
theories,” where only bosonic operators appear in the EFT
Lagrangian, no matter which basis is used. x
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Introduction

EFT & oblique parameters
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Effective field theory (EFT)

- General, model-independent and consistent approach to precision
analyses, in search of deviations from the Standard Model (SM).

l dimension-6 operators

2

[,:,CSM—FZCZ'%—F... where ciw(’)(%) N~ TeV?

- Theory prediction for observables
s

OSMEFT — OSM(1 1 §NPO)  where PO = Zaici + O(A‘*) ~ O(1%)?
Wells, ZZ, 1406.6070

- Compare with precision data = constrain/determine c; = infer UV theory.
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EFT operator bases

- To use EFT consistently, we need a complete, non-redundant operator basis.

- Warsaw basis
« Buchmuller and Wyler (1986)
- Grzadkowski, Iskrzynski, Misiak, Rosiek (1008.4884)

- SILH basis
- Giudice, Grojean, Pomarol, Rattazzi (hep-ph/0703164)
- Contino, Ghezzi, Grojean, Muhlleitner, Spira (1303.3876)
- Elias-Miro, Espinosa, Masso, Pomarol (1308.1879)

- EGGM basis

- Elias-Miro, Espinosa, Masso, Pomarol (1302.5661)
- Elias-Miro, Grojean, Gupta, Marzocca (1312.2928)

- They are equivalent descriptions of the theory, related by field redefinitions
(equivalently, SM equations of motion).
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Oblique parameters S, T, etc.

- Parameterization of vector boson self-energy corrections.
- Initiated by Kennedy and Lynn (1989).
- S, T, U proposed by Peskin and Takeuchi (1992).

- Extended by Maksymyk, Burgess, London (hep-ph/9306267), Barbieri,
Pomarol, Rattazzi, Strumia (hep-ph/0405040), etc.

oV oV
5 (p) = (g“” — pp]; )HVV/ (p?) + pp]; (...) (new physics part only)
1
where  Thyv:(p*) = Tyy(0) + My (0)p° + 51174 (0)(p%)° + .
W S= 225 = —£115(0), T=al = e [T (0) — I33(0)], ete.

- See e.g. PDG for current constraints on S and T from precision EW data.
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Obligue parameters: caveats

S=228=-2I4,00), T=ol = [ww(0)—Is3(0)], etc.

my,

DN

- 1) Iy (p?) are not invariant under field redefinitions.
- They are NOT physical observables.

- In the EFT, values of IIyy(p*) are basis-dependent and ambiguous.

- See Sanchez-Colon and Wudka (hep-ph/9805366), Grojean, Skiba, Terning (hep-
ph/0602154), Trott (1409.7605) for earlier discussions.

- 2) Bounds on S, T, etc. are derived assuming they capture all the BSM
effects (or at least the dominant ones) on the processes under study
[e.g. “no Zff vertex corrections”].

- This assumption is NOT satisfied for the most general BSM deformations.
- Thus S, T, etc. are meaningful ONLY when restrictions are imposed.
- Generally speaking, these restrictions define universal theories.
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Consistent EF T description

of universal theories
based on 1510.08462
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EFT definition of universal theories

- Universal theories are theories for which, by field redefinitions, it is

possible to write the effective Lagrangian as >, (posonic
'Cunlversal - £SM + Z Cz—
1=1
Operator Warsaw EGGM | SILH i ~ O(ﬁ)
' 1| Ow=%H'T, m)D"'We, x A2
Ow &5 Omw +(Oww +Owp), 2 | Op =4 (H''D ,H)0"B,, x
310 = ig(D*H) oo (DYHYW?® X X
0p &5 Opp + - (OBB + Own), 4 (f)I:(VB _ ?;’(D“I)I)T(g)”H))BMSV y y
5 independent among 5 Oww = g°[H]*Wg, W Quw = |H[*Wjg, W X
the 7 above dashed line 6 Owp = gg'H'0c*HW},B* | Quws = H'c*HW}, B* X
7 Opp = ¢"*|H|* B, B*” Qup = |H|*B,,B*
8 | " oo = HPGAG™ | Guo = HPGAG [T
9 Oy = ——(D“W a )2 X x
10 Oz = —3(0# Buu)z X X
11 Osc = ——(D“G V)2 x x
12 O — g_eabcwauwbpwcu QW — eachﬂ.qul/zpwpcp
13 O3G — %fABCGAVGprE“ QG — fABCG;lqupGg‘y
14 Or = 3(H' D ,H)? Qup = |[H'D,H|?
15 On = 3(0u|H[?)? Quo = |HPO|H?
16 O = AH|® Qu=|H®
17 O, = |H?*|D,H|? X X X
18 Ok4 = |D?*H|? X X X

- 16 independent CP-even bosonic operators one can possibly write down.
- The most general dim-6 deformations of the SM in the bosonic sector.



Pheno 2016, Pittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan)

16 Obosonlc

TranSIating Eumversal - ESM + Z &

1=1

Into the Warsaw basis

- 7 of the 16 bosonic operators do not appear in Warsaw basis.

- Their effects are captured elsewhere.

- Example:
IBP ig' s 9% e
ig(D*H)'(DYH)B,, — —THJr ot HW, B + = ~(H'D ,H)0"B,, — T |H "By B
/ 12 12
'EL“Q —TQHJr o HW?, B* — %(HT Do) - QIIH 2By, B"
.y - /2
v / £, A= r
B =L 1Dt 4 g zijfmf +Zg2 N Y (HID H) f" f
f

- LHS: bosonic operator (absent in Warsaw basis).

- RHS: other bosonic operators, plus fermionic operator combination
(present in Warsaw basis).

“No Zff vertex corrections” = “universal Zff vertex corrections”.
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Translating

Luniversal

9 bosonic
operators

Zhengkang "Kevin" Zhang (U Michigan)

Eumversal — ESM + E Cz—

Obosonlc

1=1

Into the Warsaw basis

1
= Lam + E(CHWQHW +CupQuB + CruaQuc + CuwpQuws + CwQw

+CcQc + CupQup + CunQuo + CuQu + CuswQuiw + CripQuin

+Co w Qogw + CoypQ2i8 + CoycQoia + CyQy + CoyQ2y),

@1

Definition

Warsaw basis operator combination

QijE %(HTdaﬁuH)J%L

7 fermionic

28 -
Quip="%(H D, H)J4

All ([ ]’LZ [ S;]u)
29 ( Qi + Vi@
[QHu]u + Yd[QHd]u + Y'e[QHe]u)

operator
combinations

_ ap
Qayw = Jiy, Iy

( Z’Lj] 1 [Qll]iijj + %[Qll]i]gz 2 [Q(g)]njj)

(effects

Q278 =JBuJh

/2 (Yz[ ( )]n]] + Y12 [Qll]iijj +2Y, Y[qu ]uJJ
+Y.2[Quuliijj + Y 1Qadliijs + YE[Qeeliijj
+2Y;1Yu[Q¢(1h)]iijj + 23@%[@;3]%]7 +2Y,Ye [Qqeliijj
+2Y1Y4[Qualiijs + 2Y1Ya[Qudliijj + 2Y1Ye[Qreliijj
+2Y, Yy [Qilcl)]iijj + 2Y Ye[Qeuliijj + 2YaYe[Qedliij)

equivalent to
the other 7
independent
bosonic

— 7A 74
QQJG :JGNJG“

1 1 3
93(—%[Qt(zq)]iijj + %1[ c(lq)]mz + 4[Q( )]mz

_%[ng)i]iijj + %[Q(lg)t]ml ~ 6 [Qgg]uﬂ +3 [Qdd]ijji
+2[QquJiigs + 2[Qgq liigs + 2(Quqliiss)

operators)

Qy =|H[*(HaJ$ +hc)

[Wul)ij[Qur)ij + [Vexkmyalij [QdH]ij + [ye]ij [Qemr)ij + h.c.

Qay =Jjady

~[yulu [yLM%[QgB]W + Q% ]”kl) Llyelalyd )k 1Queliji
~[Vexmyali [deCKM]k]( (Q ijwa + [Q,(Id)]zjkl>
+ ([l s [VCKMyd]kl [Qquqd]z]kl [Yelij[yulr [Ql(egu]zjkl

+[yelij [deCKM]kl [Qiedqliji + h.c. )

Still 16-dimensional parameter space (subspace of full SMEFT).
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Obligue parameters in universal theories

- To unambiguously define oblique parameters from v (»?), we require
the following 3 oblique parameters defining conditions be satisfied:

- 1) The Lagrangian is written s.t. only bosonic operators are present.
- 2) The kinetic terms of W* and B are canonically normalized.
- 3) Iyw (0) = 0 where W represents W-=.

Barbieri, Pomarol, Rattazzi, Strumia, hep-ph/0405040

- 1) is possible only in universal theories, where field redefinitions can

put the Lagrangian into the form ., +§:Ci E’i‘“‘ic " no matter which
basis one works with. i=1

- 2) and 3) fix SM parameters g, g’, V.
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Obligue parameters in universal theories

- Up to dimension 6, the nonzero oblique parameters are:

- Their expressions in different bases are related by basis transformations.

EGGM

SILH Warsaw Bg Bg
S 9*(Ews P (ESw + 155 gz(ﬁCHWB +1Casw + 1Cuyp | $*(Ews P (LSw + 1Sp)
) +3Ew + 1EB) _%S?QJW — 352sB) —5Couw - 5C2B) +3Ew + EB)
T Er St — %-S25B —3Cup + % (Crsp — Cayp) Er St
W %Ezw —9725'2JW _%CQJW %E:EW % :ZW
Y 9 Esp —%-So7B —%CoB 9 Eap 9 S2B
Z %Ezc —92—252JG _§02JG % e % Socz

Coefficients of fermionic operator combinations appear!

W

See 1510.08462 for details.
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Conclusions

(calculable) BSM-theory.
- Generally speaking, oblique parameters S, T, etc. can only be used to
constrain universal theories.

[ ] Wﬁ. ; - I
! on-6.EET | |

- They cannot be used to constrain the full EFT parameter space.
Restrictions must be imposed.



Pheno 2016, Pittsburgh, May 2016 Zhengkang "Kevin" Zhang (U Michigan)

Conclusions

13

7
J

| an ’ ich basis i !'
- Universal theories are defined by a 16-dimensional subspace of the

full dimension-6 EFT parameter space. Fermionic operator
combinations can appear in some bases (e.g. Warsaw).

- Final comment

- Universal theories can flow to non-universal theories under RG.

bosonic

16
- At EW scale, it is not possible to write £sm+) ¢ —2— (unless w/ fine tuning). So a
=1
priori, oblique parameters are not well-defined.

- See 1512.03056 for detailed discussion of RG effects.
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Thank you!

The end
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Backup slides
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Example of ambiguity

) adapted from Grojean, Skiba, Terning, hep-ph/0602154
- Field redefinition of O(E) is equivalent to application of the SM

equations of motion (EoM) on dimension-6 operators.

4

dO—>d+0¢p = S[¢]EFT_>S[¢]EFT‘|‘(%)SM5¢+O(%)

N

SM EoM 0(53)

anomalous triple-gauge couplings

/ -/ YERN 12
ig(D*H) (DY H)B,, 25 —949 Hic"HW®, B" + %(HT D ,H)0" B, — gI|H|QBWBW

EoM 9q’ " 0 w972 — vector boson
T Ty Hlo HW ., B = “(H'D,H)* —» self-energy

4
: tions (S, T)
ig? PN correc ,

2 ;Yf(H DpH) " ®m) anomalous Zff couplings

5 ig s -
0 Bm,:?HTDMH—i-g'E Yrfy.f +
f

12

_QI|H|2BWBW, m) affects Higgs physics only

- Physical effects are equivalent (e.g. ete™ — WTW ™).
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ONO O WN -

G O R L I G T G |
oO~NOOCOT P, WN-OO

OO WN -~

18+6+38=62

Operator Warsaw EGGM | SILH Bg Bsg
Ow =4 (,HTJ“EMH)D”W;L, x
Op =% (H'D ,H)d"B,, X
Ouw = ig(D*H)'o®(DVH)W, X X X
Opp =ig'(D*H)Y(D"H)B,, x X X
Oww = g2|H|2W;j,,Wa/“’ Quw = |H|2W,7VW““” X X
Owp = g H'c"HW S, B" Quwp = Hlo® HW, B X X
Opp = ¢*|H|*B,,B" Qur = |H|?B,, B"
| Occ = @IHPGLGY | Que = |HPGLGY™ | | D
OQW = —%(D“Wﬁy)z X X
023 = —%(8“31“,)2 X X
OQG = —%(D“Gﬁy)z X X
Osw = %e“bCW;}"W,f’prC“ Qw = e“chl‘f”W,pr/f“
O3G — %fABCGAVGEpGg“ QG — fABCGﬁ‘VGEPGg‘u
Or = J(HT D, 1y? Qup = |H'D, H?
O = 5(0,|HP?)? Quo = |HPPO|H|?
O = M\ H|® Qu = |H|°
O, = |H|*|D,H|? X X X
OK4 = |D2H|2 X X X
Oy = (iH D ,H)(I") 0 x
OB = (iH6o "D, H)(Iy" o) 5 x x
O = (iH1'D  H)(er"e) Qure x
OL ;= (v ) (IvM1) Qu X unspecified
O?%R = (éfyue)(éfy”e) Qece X
OB — (i, TAu) (dy" T Ad) Q¥ X
other 38 fermionic operators kept in all 3 bases

Table 1. List of CP-even dimension-6 operators (column 1) in the notation of [33]. There are 53
independent operators (for one fermion generation assuming baryon number conservation) among

the 24 listed (18 bosonic and 6 fermionic, separated by the horizontal solid line) plus 38 unlisted
(fermionic) operators, so 9 of them should be eliminated to form a complete SMEFT basis. The
eliminated operators for each of the three recently-proposed bases, Warsaw [79], EGGM [40], and
SILH [33], are marked by “x” (the eliminated fermionic operators refer to the first-generation ones).
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Some UV completions of universal theories

- New states at the scale A only couple to the bosonic sector of the SM;

- SM fermions are weakly coupled to new states at A via vector and/or

scalar currents appearing in the SM; Barbieri, Pomarol, Rattazzi, Strumia, hep-ph/0405040
A _ . omAyp EoM oy ~A
Jou=9s Y JwIT'f == D'G},
fe{au.d}
a  — = 0% EoM a9 R
Ty, =9 Z f7u7f == D'WY, — ?HTO' D, H,
SM currents refady y b i
— BoM i o osonic fields
Jsu=9 Y Y 2% 07B,, - %HTDMH,
fefalude}

Jy = ayl gse”® + Vormyad + *yee

t LM, (D2H)* 4+ M2HT — o\ H|2HT,
- etc.

- Note: EFT definition of universal theories does not rely on UV completions.
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Complete LO characterization of universal theories

- Generalizing the oblique parameters framework, we define 16
universal parameters, which completely characterize the 16-
dimensional parameter space of the universal theories EFT:

e 5 oblique parameters S : T, W.,Y, Z;

e 4 anomalous TGC parameters Ag?, AR, 5\7, 5\9;

e 3 parameters for the rescaling of the SM h3, hf f, hVV couplings Akrs, ARp, ARy ;
e 3 parameters for the hV'V couplings with non-SM Lorentz structures fqq, f.v, fyv;

e 1 parameter for the O(yj%) four-fermion coupling cg,,.

- Their values are basis-independent for any specific universal theory.

- See 1510.08462 for their expressions in different bases, and example
applications.
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Universal parameters from the effective Lagrangian

1l/7a0\2_- _
‘Cuniversal = ( 9 ) W+W B+ (1 _T)§<260) Z,UJZIL
JEEIN _ _ A _ A8) — o~ _ 1- - _
—§G;;‘KWG;‘ ~WRMW, — 5WjKWWE - EZ—ZWjK“”BV ~ 5B.K"B,
1 L A pouw A4 Tt A2t — o L 18 fr2ur i3 Lo comwn
o |25 G R Gl W (W K2V, + SWERHWE) 4+ Y o Bk B,

+ig{(W,j;W—“ — WL, W) [(1+ Agl)esZ” + 59 A
1 -, - _ -
+§W[:;’W;] [(1+ ARZ)coZ" + (1 + AR, )59 A" ]
.
+ES W (02, + saAp“)} - m—2 o LI
w w

A o 7 -
L —g—% FABCGAGErGS + S K o L3
My My

1 - o
+§8Mh8“h - 5(2A17 )h? — (1 + Aka)\oh?
]_7, 3 1 ?I,2 Ul —
- [1 +(1+ Afp) = + (—AFDF - —Af_fv> _—] Wl
SEE)T T 2 )T 2 §2
B ARz = Agf — “LAR,,
2 ouN2 _ . _ ~1l/7a0\2- - C
+(1+ AR [(%) SW (1 —2D)3 (é"fv) Z,,Zﬂ] ’
v 72 o o fww = fz’y +50f7'y + QAE'W
gu T — s
(1+4AH,V)—[ IV WiW—+ + (1 - 67) ZZ“]
o 2 ( ) 2<2C9> fez = (C§ — 5) for + G5 fry + —5 AR,
+(h h'2 > [f gsa GAa[y GAz/] + f V_V—l- W—;w 2 Z;w 2
-+ ag v ww n% + fzz ,ul/ . 2(30 _z
0 Jwo = _?Agla
gg v é 1 AUV 2117 — T +pv 2
o 2 2 A 4 £ A, AP 4 Fung? (W 0,W T 4 hc.) P 2.
Ly S Ty e TR e fio = =5 |(ch ~ shaal + S (AR, - $)],
+fz[\g Z,u,auzlw + f’yDgg’Z,uauAlw} 9 o
T = — 2 (232AG7 — ARy + ).
+2y‘]ya‘]ya + Zlf’)/'uDuf + O(V4, h4, h3f27 h3v2, hv3) f’YD g2( CpRAgy Ry + )

f
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Universal parameters in different bases

EGGM SILH Warsaw Bg Bs
S 7*(Ewp P(LSw +1Sp 92($CHWB + 3Casw + 1Cuyp | ¢*(Ews 9*($Sw + 15B)
+iEw + 1Ep) — 1S w — $527B) —2Coyw — 1Cayp) +3Ew + 1EB)

T Er St — %,252JB —3Cup + %2(CHJB —CayB) Er St

w %Ezw _%SQJW _§02JW ;Ezw % Sow

Y %EQB _92_252JB _§C2JB %E_'QB %5'23

Z %Ezc: _%S2JG —%sz %Ezc % Socz

Ag? —zl%EW —%(SW + Suw _%(CHJW —2Cyyw) —;%EW —4:9 (Sw + Suw)

—2827w)

ARy | ¢°Ewsp _%(SHW + SuB) LCuwp 9*Ewp —%( Suw + SuB)

Ay _§E3W _%SBW -¥ 0w _§E3W —%st

Ag _94_2E3G _%S3G —%CG —§ e —% S3¢:

Aky | —Eg — 3Ey —S6 — 35 + %SMW —3+Cx +3Cyo — 3Cup —FE¢— 3Ey —Ss— 38k
—94—2(CHJW — Coyw) —1E, — A\Ek.4 —18, — 4\Ska4

ARp —Ey—%EH —Sy—%SH-i-‘%QSQJW —Cy—i-CHD—%CHD —%EH—Z/\EKAL —%SH—2)\.§K4
—%2(CHJW - Cogw)

ARy | —3FEn —3Su + %SQJW Cuo — 1Cup —3(Ey — E;) —3(Su = Sy)
_%(CHJW — Cogw)

fog | 4Ecc 4Sca %CHG 4Ecq 4Sca

for | 2263 Eww — 2s3Epsp —4s2Spp 2o7(2¢050(Crw — Cup) 2122 Eww — 2s2Epp —4s2Spp

—(cg — s3)Ew ] —3(Saw — Sus) —(cj = 53)Cnws] —(cj — s3)Ew] —3(Suw — Sus)
fvv | 4Eww + Epp — Ewg) | 4SBB 4(;_20HW + Q%CHB - %CHWB) 4(Eww + Egp — Ewp) | 4Spp
Coy Esy Say Cay Ek4 Sk

- These expressions are related by basis transformations.

- Values of universal parameters are basis-independent.
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Universal vs. non-universal: EWW sector

- In the general EFT, — effective Vif couplings”

A

Loc = %{WJ | (8 + By Vg + (3 + B9l ig)vir*er ) + e},
£xc = D0 |5 Zul(TF = Qr33)di; + 097 Iglis) + E4uQy035 | Fir 1

CoSp
- Hatted fields are mass eigenstates. Higgs basis, LHCHXSWG-INT-2015-001

- Hatted parameters follow from redefinitions that undo new physics
corrections of the input observables m,, G, a.

- |In universal theories,

02 € 52
82 €
3071 (F = wpndp.en) | 8, [T3%8 + Qi (3 — Aea)
82 €
6977 )ij (f = ur,dr,er) | 6Qr ="z (55 — Acs)
€o 50

2
© where Aq =T-W--2Y, Ae=5-W-Y.
0
- Universal relations: 5o _ 51 Sgft gkt bghe
I T VI A

0g7¢ + 0gF" = 0gf°, 697"+ dgF? = SgB" + o9,
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Universal vs. non-universal: Yukawa sector

- In the general EFT,
iL =/ f/ L. f/ 5 /
Lups=—1 . Zd Z gy ] (%‘ + [0y y]ij(cos ¢j; — isin gy, )) £,
l:u7 )e Z)j

- We follow the Higgs basis defining conditions (LHCHXSWG-INT-2015-001)

- In universal theories,

- Yukawa matrices are diagonal; ¢=0; and the following universal relation
hold:

OYu = 0Yd = 0Ye = ARF.
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RG evolution of the universal
theories EFT

based on 1512.03056
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Universal theories can flow to non-universal theories

- Though the full SMEFT parameter space must be closed under RG,
the 16-dimensional subspace defining universal theories is not.
- It is not meaningful to talk about running of oblique parameters without
additional prescriptions.
- Use of oblique parameters is not a priori justified at the EW scale (where
the theory is non-universal).

- Two example observables: R, = I'y.q/T(Z — (747), Ry = T(Z — bb) /Thaa

- Our RG analysis in 1512.03056 makes use of the recently calculated
anomalous dimensions of dimension-6 operators:
 Jenkins, Manohar, Trott, 1308.2627, 1310.4838.
- Alonso, Jenkins, Manohar, Trott, 1312.2014.
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defined with prescriptions to absorb partial RG effects
¢ \ . -~ 80 o A~
NP Ry = —0.36[Aes(upw) — cgAer (uEw)] €1 W=V, Ag=5-W
In(A/pew _ _
+%(0.13§— 0.053Ag]Z + 0.0028A/<al — 0.0091022! ),

NPR, = 0.079 [Aes(prw) — chel(MEW)] S other phenomenological parameters
characterizing universal theories

In(A/pew) _ .
+T(—0-19A91Z +0.010A%, — 0.032c2y), (linear combinations of Wilson coefficients)
FT T T T T T T T T T T T T T T 7 T T T T
0.218] _0.3% :
, - ,
//
I —0.2./
0.217+ S |
 (tree + partial RG) , ~
A& — G Ae = V| LEP+sLD
I 0.01 / ’
O e e g£ 001 002 003 004
Z=-003 -0.02 -0.01 4“SM "-“(‘)'O;)g ------- - ,
i 1 /. (Gfitter) ' 0.01 -0.015
, 1.
0.215} ~ -
, Wl .
v *: AgZ e [-0.054, 0.021]
7 C2y =029 a: AK,[-0.099, 0.066] |
7/
0.214 // (95% C.L. from LEP2 single-parameter fit)-
20.65 20.70 20.75 20.80 20.85
R

- The oblique parameters fit must be extended for consistency beyond LO.
(Note: still 16 underlying free parameters.)



Examples of RG-induced non-universal effects

Figure 1. Examples showing how nonuniversal effects can be generated by universal oblique
corrections. Left: effective Wqq¢' and W/v couplings are renormalized differently, due to the
different couplings of quarks and leptons to neutral gauge bosons. Middle: the Zb.by coupling
is singled out among all the Zff couplings probed by Z-pole measurements for relatively large
running effects proportional to y?, via loop corrections involving the charged Goldstone boson (or
the longitudinal W= if one uses the unitary gauge). Right: the Higgs boson couplings to the up-
and down-type quarks and leptons are renormalized differently, due to different gauge interactions
of the fermions. In each example, the interactions generated for the SM fermions are not in the
form of the SM currents, and thus the corresponding operators cannot be eliminated in favor of
bosonic operators. These examples, as well as many others, can be more rigorously formulated in
terms of SU(2)r, x U(1)y invariant operators, but we prefer to give a more intuitive illustration at
this stage. The arguments here will be made concrete in sections 3 and 4.
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Challenge: how to define oblique parameters at the EW scale?

- Our strategy:

- With additional prescriptions, separate RG evolution into universal and
non-universal parts.

- Absorb the universal part into the running of oblique parameters.

- Account for non-universal part separately when calculating observables.

- With our prescriptions in 1512.03056,
- The non-universal part is practically negligible for most EW observables.
- Exceptions are those involving t, b, tz (due to y,~1).

- Two examples:

Ry, = Fhad/F(Z — €+€_) Ry = F(Z — bl_))/rhad
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Running of oblique parameters

. . 1 A
S = S(A) — In S,

. . 1 A -
T =T(A) — In ,
W) = W(A) — —— In 2 yir

= — n
HEW 1672w
1 A
Y(pew) = Y(A) In —Y,

1672 upw

S = —%(1992 — ¢S — %g2T — %(2792 — ¢ AGE + %(3392 + g% + 24N AR, + 26°0,

%9%’% + %92(92 —9%) for + €97 fry +6y7 S (3.112)

T = 3(392 + 8)) [T - Qi—g(ﬁ — AR,)| — 24Xs3A57 — 392 ARy +12¢2T (3.11b)

W = §g2c§Aglz, (3.11c)
Y = —gg@(é + c3AGE — AR). (3.11d)
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RG effects in the Yukawa sector

1 A . .
1) —0 = — | oyy — O
ye(Hew) — dyp(HEW) i MEW( Yt — Oyp)
L A 6200 — ARy 4 407205 — 24750 A
- 167T2 n,LLEW - yt( KF — HV)—F g SpRgr — <49 % H’Y

2 2 33 A 2 2 2 41 5, 16 2 2 33
~2(g” = 29°) 55 + 7T + (357 +29")W — (o7 — A— 207 +497) 2V
9 9

128

2
g
—g U 2 20— Ny + 97(€ o 9 f-)]

In(A S A
. @/ imw) /3“EW) (—0.23AFr + 0.11ARy + 0.0022Ag7 — 0.0014AR., — 0.00195 + 0.0197

+0.061W — 0.020Y — 2.8Z + 0.032¢2,, + 0.00023 f-, — 0.00031 .~ ), (4.6a)
1 A . .
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1 A 2 _ _ 40 D/ 20 233 _
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1 4 1 2
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3 9 3 cy
128 q> 10
3 >‘ 3 Z 2(yt - A)yt202y + 893]099 - ?g/2<e2f’y’y - g/2fz7)}
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~ M(O.O&SARF — 0.056ARy — 0.0074A§1Z + 0.0048Ak, — 0.000014S

3
—0.066W — 0.013Y + 0.37Z — 0.032¢2, + 0.34f,4 — 0.00078 f,, + 0.0010f,~). (4.6b)



