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Introduction

The Standard Model works beautifully up to
hundreds GeV, but it is bound to be an
effective theory valid up foascale A<M,

Lsm(Mw ) - .
A ~

EW scale

Violates in general
tree-level relations
and accidental
symmeftries

Spontaneously broken renormalizable theory:
tree-level relations, accidental symmetries
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Spontaneous breaking of S
Higgs vev & renormalizabi

U(2),®U(1), via

ity imply:

1) tree-level relations in EW sector
(for example M, = M, cos6, )

2) calculable loop corrections

= EWPO potentially very sensitive to NPII

= actual NP sensitivity depends on the
exp. precision and th. uncertainty
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Qualitative change in the EW fit with the expt.
observation of the Higgs boson

* Before:
- top mass & indirect evidence of a light Higgs
- Higgs and NP effects entangled in EWPO
* After:
- SM predictions fully computable
- constraints on NP (including Higgs couplings)
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The 7 SM Input Parameters

» 5,=1.1663787 10° GeV?, 0=1/137.035999074 (PDG)
> M, =911875 + 0.0021 GeV (LEP)

» m =(125.6+0.3) GeV (ndive average of Atlas & CMS)

» o (M_2)=0.1184+0.0006 (PDG excluding EWPO)

> Ao, (M ?)=0.02750+0.00033 (Burkhardt & Pietrzyk:

see also Davier et al, Hagiwara et al, Jegerlehner)

P m, =173.2 + 0.9 GeV (TeVatron average; LHC has
m, = 173.3 £ 1.4 GeV)
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EWPO: Mw, ' and 13 Z-pole observables
(LEP2/Tevatron) (LEP/SLD)

Pseudo-observables can be written in terms of Ar and effective Zff couplings

LEP EWWG;ZFITTER,;

M2 4o ‘ : R .
2 _ Mgz . Chetyrkin et al;Baikov et al;
My = 9 (1 T \/1 ﬂG#M% (1 + ) Czarknecki&Kuhn;

Harlander et al.Bardin et al

L= Cy— Z (q{;'r# — giﬁfﬂs) I )
— Z I [unﬂm(l +95) + g1 vu (1 — *rs)] I 3 :
Wow
I f 1 ay
f 7 g2 £ g 7T Qs (1 N E)
= ——\/r} 2, Zf[(f — 2QsrL sl ) — ") £ -
W 2 _ Ma/ on-shell
PR "W T M2 scheme
AOF — 4. 2Re (gV/yA) oy 3
R = Af = PSNE AF-Bzz.AfAf (f =4£,¢,b)
1+ [Re (gl /d%)]
anl — ./-L,— sin GlEpt = RE(EEE)S?V

2
R, + R,

12 L Ty, 'y |
3 g 0o __ e 0o __ 0o __ C,
T, =0I(Z — ff) x |p? E’anﬂ'h— s Ry = —, R, , =
=1 ) o pz] M2 T% T,

v
gh
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SM corrections: state of the art

Available calculations:

- Ar: numerical expression including O(a),
O(aa,), O(6,0.°m2(1+m,2/ M2 +m /M %),
O(a?), O(Guzocsm,f), O(Gfmf’)
th. err.on M, < 4 MeV (neglected)

- k' numerical expression including O(o?),
O(6 o m,*), O(6,°m.°) (bosonic 2-loop
missing for f=b); th. err. < 2 10-*(neglected)

Sirlin;Marciano&sSirlin;Djouadi&Verzegnassi;Djouadi;Kniehl;Halzen&Kniehl;Kniehl&Sirlin;Djouadi&Gambino;
Avdeev et al.;Chetyrkin et al.;Barbieri et al.;Fleischer et al.;Degrassi et al.;Freitas et al.;Awramik&Czakon;
Onishchenko&Veretin;Van der Biji et al.;Faisst et al.;Awramik et al.
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R, or not R : that is the question

A problem with p_":

W{“‘T - complete two-loop corrections still missing;

L

- two-loop fermionic corrections to R °=I',/T,

WQ’ZW recently computed by Freitas & Huang;

- result much larger than expected:
Wf“f[ 0.21576 — 0.21493 (as large as one-loop!)
H O'Eg

| - results only available for I' /T", and I /T,
'fi cannot compute all p,fat two-loops, only R, °

rees &g (12— two-loop computation of all p_f needed!!!

Marco Ciuchini Corfu Summer Institute 2013 Page 8



s inconsistent touse I' /T, and ' /T, from

Freitas & Huang and "old" formulae for all
other p_f-related observables (R°, I",, 5, °)

see e.g. Gfitter...

» expect large two-loop corrections to all p,*:
introduce additional large th. uncertainty

* we repeat our analysis in two scenarios:
- "OIld R.": use O(o’m.*/M*) & O(a’m.2/M,?)

- "New R.": use Freitas & Huang result plus 3
new parameters &p. >~ to account for missing
2-loop corrections, with |8p_>¥| <5 x 107
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Fit Procedure

* Bayesian analysis, exp. likelihood used as

priors for all input parameters
Caldwell et al.

* MCMC implemented using the BAT library

= New code for EWPO written from scratch
and validated against ZFITTER (thanks to
the ZFITTER authors!)

* Part of a larger HEP model fitting project

» Official release of the code to appear (soon)

recent frequentist analyses: Gfitter, Erler, ...
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SM Fit Results - "old R *

Data Fit Indirect Pull
as(M32) 0.1184 £ 0.0006 0.1184 £ 0.0006 0.1193 £ 0.0027 +0.3
AaP) (M2) 0.02750 £ 0.00033 0.02740 £ 0.00026 0.02725 £ 0.00042 —0.5

LEP Mz [GeV] 91.1875 £ 0.0021  91.1878 £ 0.0021 91.197 £ 0.012  +40.8
Tev m; [GeV] 173.2 £ 0.9 173.5 + 0.8 176.3 + 2.5 +1.1
LHC myp, [GeV] 125.6 + 0.3 125.6 + 0.3 97.3 + 26.9 —0.9
My, [GeV] 80.385 + 0.015 80.367 + 0.007 80.362 £ 0.007 —1.4
I'w [GeV] 2.085 + 0.042 2.0891 + 0.0006 2.0891 = 0.0006  +0.1
'z [GeV] 2.4952 + 0.0023 2.4953 + 0.0004 2.4953 = 0.0004  +0.0
ol [nb] 41.540 + 0.037 41.484 + 0.004 41.484 +0.004  —1.5
sin? 9°P* (Qhad 0.2324 +0.0012  0.23145 + 0.00009 0.23144 + 0.00009 —0.8
ppel 0.1465 + 0.0033 0.1476 + 0.0007 0.1477 £ 0.0007  +0.3
A; (SLD) 0.1513 4+ 0.0021 0.1476 + 0.0007 0.1471 +£0.0008  —1.9
A, 0.670 + 0.027 0.6682 -+ 0.0003 0.6682 = 0.0003  —0.1
A 0.923 + 0.020 0.93466 + 0.00006 0.93466 + 0.00006 +0.6
AL 0.0171 £+ 0.0010  0.0163 4 0.0002 0.0163 £ 0.0002  —0.8
AYS 0.0707 4+ 0.0035 0.0740 + 0.0004 0.0740 = 0.0004  +0.9
A% 0.0992 + 0.0016  0.1035 £ 0.0005  0.1039 &+ 0.0005  +2.8
R? 20.767 + 0.025 20.735 + 0.004 20.734 £ 0.004  —1.3
Ré 0.1721 = 0.0030  0.17223 4 0.00002 0.17223 = 0.00002 +0.0
R} 0.21629 + 0.00066 0.21575 =+ 0.00003 0.21575 + 0.00003 —0.8

Fit: our fit results

«— large deviation!

«— old Rb

Indirect: determined w/o using the corresponding experimental information

Pull: in units of standard deviations evaluated from the p.d.f’s of “Data” and “Indirect”

Marco Ciuchini

Corfu Summer Institute 2013

Page 11



SM Fit Results - "new R "

Data Fit Indirect Pull
as(M32) 0.1184 1 0.0006  0.1184 + 0.0006 0.078 £ 0.024 —1.9
Aal® (M2) 0.02750 £ 0.00033 0.02742 + 0.00026 0.02728 + 0.00043 —0.4
LEP Mz [GeV] 91.1875 + 0.0021  91.1878 + 0.0021 91.204 + 0.013  +1.2
TeV m; [GeV] 173.2 4+ 0.9 173.5 + 0.8 175.7 + 2.6 +0.9
LHC my, [GeV] 125.6 4 0.3 125.6 + 0.3 98.5 + 27.7 —0.8
spY — —0.0052 + 0.0031 — —
dpt, — —0.0002 £ 0.0010 — —
5p% — —0.0021 + 0.0011 — —
Mw [GeV] 80.385 £ 0.015 80.366 £ 0.007 80.361 + 0.007 —1.4
I'w [GeV] 2.085 £ 0.042 2.0890 =+ 0.0006 2.0890 + 0.0006  +0.1
I'z [GeV] 2.4952 + 0.0023 2.4952 + 0.0023 — —
o [nb] 41.540 £ 0.037 41.539 + 0.037 — —
sin? 919P* (Qhad 0.2324 + 0.0012  0.23145 4 0.00009 0.23145 + 0.00009 —0.8
ppe! 0.1465 + 0.0033 0.1476 + 0.0007 0.1476 £ 0.0007  +0.3
A, (SLD) 0.1513 £ 0.0021 0.1476 + 0.0007 0.1470 £+ 0.0008  —1.9
A, 0.670 £ 0.027 0.6681 + 0.0003 0.6681 + 0.0003  —0.1
Ay 0.923 + 0.020 0.93466 + 0.00006 0.93466 + 0.00006 +0.6
ASg 0.0171 + 0.0010 0.0163 + 0.0002 0.0163 £ 0.0002 —0.8
ASS 0.0707 + 0.0035 0.0739 + 0.0004 0.0740 £ 0.0004  +0.9
ALS 0.0992 + 0.0016 0.1034 + 0.0005 0.1038 £ 0.0005  +2.7
RY 20.767 £ 0.025 20.768 + 0.025 — —
R? 0.1721 + 0.0030  0.17247 4+ 0.00002 0.17247 £ 0.00002 +0.1
R} 0.21629 + 0.00066 0.21492 £ 0.00003 0.21492 £ 0.00003 2.1

Marco Ciuchini
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Predictions & Uncertainties

Aoz(5)

Prediction g had M, My
My, [GeV] 80.3625 & 0.0085 +0.0004  £0.0060  +0.0026  £0.0054
Ty [GeV] 2.0888 + 0.0007 +0.0002  £0.0005  +0.0002  £0.0004
Tz [GeV] 2.5014 +0.0060*  £0.0004  £0.0003  40.0001  +£0.0002
o9 [nb] 41.425 4+ 0.123 % +0.004 +0.000 +0.001 +0.000
sin? 0P (Qhad)  0.23149 +0.00012  +0.00000  +0.00012  +0.00001  +0.00003
prel = A, 0.14725 +£0.00094  £0.00002  40.00091  +0.00012  =£0.00022
Ac 0.6680 + 0.0004 +0.0000  £0.0004  +0.0001  40.0001
Ay 0.9346 + 0.0001 +0.0000  £0.0001  £0.0000  £0.0000
A% 0.01626 & 0.00021  £0.00000  £0.00020  +0.00003  +0.00005
AR 0.07377 £0.00052  £0.00001  40.00050  +0.00006  =0.00012
A% 0.10322 £ 0.00067  £0.00001  £0.00064  £0.00008  +0.00016
RY 20.808 =+ 0.090* +0.004 +0.002 +0.001 +0.000
RY 0.17242 £ 0.00002  £0.00001  40.00001  +0.00000  =0.00001
RY 0.214991 £ 0.000036  +0.000009  £0.000004 =£0.000001  £0.000035

* completely dominated by unknown corrections to p, !l ("new R.")

Marco Ciuchini
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SM Parameters
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COMPATIBILITY PLOTS
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m, & SM Vacuum S‘rablh’ry

The measurement of the top mass Emh_l_g, -

178

is crucial for testing the stability of :+ T
the SM vacuum. Degrassi et al.(12); Buttazzo et al.(13 ) ”*?;;_mhm" .Hﬁ, ]

o] RAUPCIRPLAR ) Ve o Lot 1L

fﬂle < (171.36 £+ 0.46) GeV
Tevatron pole(?) mass: 173.2 + 0.9 GeV " s

Higgs pole mass M), in Gel

']'-:1] pole

Pole from MSbar: 173.3 + 2.8 GeV do not miss Degrassi talk!

(hopefully before the phase transition)

Indirect determination from EWV fit: 175.7 & 2.6 GeV

F 3 [:1s)
MW L - my [Indirect] vs. M,, [Fostarior] o
I —s— Direct measuremants g 55 5a
E
Iz T 2 4c
pPal 1.5 3o
A 1 20
|
0.5 1@
AR |
0
160 165 1 ?U' 1?5 'I a0 185

300
m; [GeV]
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EWPO Beyond The SM

Several NP scenarios:

1. Oblique: NP contributes mainly to gauge-
boson self-energies;

2. Modified Zbb couplings;
3. Non-standard (composite) Higgs: modified
Higgs couplings

4. Effective Lagrangian for EWPO: generic
NP contributions to EWPO from dim.-6
operators
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1. Oblique NP

Suppose that dominant NP effects appear in the
vacuum polarizations of the gauge bosons:

S = —16xII,,(0) = 167 [HNP’(O) HNP’(O)]

47
T = 2 2 N2 [HNP (0) — HNP(U)} Kennedy & Lynn (89);
wW=w*Z Peskin & Takeuchi (90,92)
U = 16 [I(0) — II3F(0)]

EWPO depend on the combinations:

(cw —sw)U

2
281y

SMy, 6Tw x —S + 2¢c3, T +

6Tz o< —10(3 — 8s2,) S + (63 — 12653, T

Sw)

others o< § — 4(:%1,3%1, T

Cannot use I' > with the new Rb.
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0.5

“old Rb” ‘|

“new Rb” |

-0.5

Marco Ciuchini

Constraints On S, T,U

U=0
| mm '
WM .

[ P sinels PP, A, AL ’;'
B -rz }.r

|
[

’
kel o
B sin®ot, P, AL A L
= i
L3

=
et
S+

S

U0

05+
u-_ ,
\
—I].E-—
—EII.E [I:I — CI'.IE
S
“old Rb” “new Rb”
U#0 U=20 U=20
S | 0.04 =0.10 0.06 £+ 0.09 | 0.08 £+ 0.10
T | 0.05+0.12 0.08 £+£0.07 | 0.10 £+ 0.08
U | 0.03 +0.09 — —

see also Gfitter, Erler, ...
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2. Modified Zbb Couplings

» The long-standing pull in A_,°and the more
recent one in R ° (if confirmed) may be due
to a non-standard Zbb vertex

* NP may couple mainly to the third generation
* Parametrize possible NP contributions as
91 = (91)sm + 091,  gr = (gr)sm + 09k

(690 = g% + g%, 6g% = g% — g%)

Bamert et al.;Haber&Logan;Choudhury et al.;Kumar et al.;Batell, Gori & Wang;...
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Constraints On 3g,°, 59,° (8g,°, 89, °)

a5 002 %5 b |2 b |2
@ “ ooal b~ |59R| _ IJQLI
I f b |2 b2
D_ 'D.I'.'IE_ |69R| -l_ |5QL|
i [ 3
-0.02 0 0 b
[ - AF’B — ZAeAb
| 0.02 I
ose o] T 5g%|% + |66 |3
I {I! — IIf!.ll]."-'!I I Iﬂ.lild-l I .-l].{H- =0.02 0 0.02 0.04 0.06 b ™~ | gRl + | ng
5gh dgh
b b
a5 0% % [(g9R)sm| < [(g7)sm|
L 0.04
ol
B! “old Rb” “new Rb”
ooel of dg% | 0.018 £ 0.007 0.019 £ 0.007
- _ dg? | 0.0028 4 0.0014 | 0.0016 + 0.0015
[ 0.021 5g° 0.021 + 0.008 0.020 =+ 0.008
0.04 - : dg% | —0.015 + 0.006 | —0.017 + 0.006
0.04 1 A
o oz oo 004 002 0 002 004 006
gy dah S
ee also Batell et al. (13)

tensions in A_°*and in R ° removed
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The Nature Of The Higgs

Consider an extension of the SM in which:

Giudice et al;Contino et al;Azatov et al;Contino et al

- the only new light state below the cutoff is
the Higgs boson

- there is a custodial symmetry

- there is no new source of flavour violation

2 h
E.:UZ'I‘I‘(DHETD”’E)(1—|—2u——|—---)+~-- SM: a=1

v

S= 1 (1—a?)1 (AE)
(1 —a’)ln A=4 1— aZ
127 mi ﬂi"/\/l a?|

3 AZ?
T = (1 —a*)In ( ) Barberi, Bellazzini, Rychkov & Varagnolo (07)
- 16mcZ, m?2
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Constraints On a And A

N
2\ heavier Mw
- 5

Probability density

10 -

i 1.05

5 1.00

I -0.1 0.95

[ O 0.90

: _ 4 0.85

[y e ——— AR | | I L1 Ny J . SEF IS I B S L S
09 095 1 105 11 115 02 -0 0.2 0.3

lichter Mw

a = 1024 i 0021 ([098,107]) see also: Falkowski,Riva&Urbano;

Contino et al.;Pich et al.

- composite Higgs models typically generate a <1
Falkowski,Rychkov&Urbano
« fora<1l A>17 TeV

- need additional light states to fix EW fit!
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EWPO And The Scale Of NP

Generic effective EW Lagrangian:
Ci
ﬁeﬂ? — L:SM + z FOZ

Most general set of dimension-6
operators relevant to EWPO:

Buchmuller & Wyler;
Grzadkowski et al;
Aguilar-Saavedra;
del Aguila et al;
Barbieri & Strumia;
del Aguila & de Blas;
Contino et al

Owp = (HTT(IH)WEHB”",
1 _
GLL — E(L"}’HTQL)E,
OYyo = i(H'D,m*H)(Q+"7°Q),

Onq = i(H'D.H)(Q"Q),
OHU - E(HTD”H)(ﬁT”U) )

Oy = |HTD#H|2 \
O%yp, = i(H'D,m*H)(Ly*71°L),
Onr = i(H'D,H)(IA*L),

Our =i(H'D,H)(EY"E),
OHD — E(HTDHH)(ﬁ"}“”D) .

Marco Ciuchini
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Constraints On c. /A

Switching on one operator at a time (+ LFU):

“old Rb” “new Rb”

C:/AZ [TeV—7] A [TeV] C:/AZ [TeV 2 A [TeV]
Coefficient at 95% Ci=-1 C;=1 at 95% C;=-1 C;=1
Cwpe [—D.ﬂﬂgﬁ, D.DD42] 10.2 15.4 [—D.'I]D'!-]E, [].[I"Délﬁ] 10.3 15.0
Cu [—0.030, 0.007] 5.8 12.1 [—0.031, 0.008] 5.7 11.5
Crr [—0.011, 0.019] 9.5 7.2 [—0.016, 0.023] 8.0 6.6
Clyy [—0.012, 0.005] 9.2 14.1 [—0.017, 0.009] 7.6 10.8
Cho [—0.010, 0.015] 10.2 8.2 [—0.40, 0.20] 1.6 2.2
Crr [—0.007, 0.010] 12.2 10.0 [—0.034, 0.022] 5.5 6.7
Cuo [—0.023, 0.046] 6.6 4.7 [—0.01, 0.11] 11.7 3.0
Cug [—0.014, 0.008] 8.4 11.1 [—0.029, 0.019] 5.9 7.2
Cuu [—0.061, 0.087] 4.0 3.4 [—0.37, 0.08] 1.6 3.5
Cup [—0.15, 0.05] 2.6 4.6 [—1.1, —0.2] 1.0 —

NP scale for c.=1 beyond the LHC reach,
while TeV NP possible for perturbative c.

Marco Ciuchini

Corfu Summer Institute 2013
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F l 1. m u l 1. l p l e Large-m; expansion Using ref. [16, 83]
9 Coefficient Ci/A% [TeV™2 at 95% | C;/A* [TeV 2] at 95%
.|.. g Cws —0.009, 0.018] —0.009, 0.021]
Oper'a ors o) Cu —0.058, 0.015] —0.068, 0.016]
Chy —0.026, 0.008] —0.029, 0.006]
In NP models, > Clio —0.18, 0.00] —0.34, 0.31]
L = CHL —0.013, 0.020] —
contributions to N Cro —0.11, 0.07] ~0.07, 0.12]
different operators T Cu —0.022, 0.018] —
.2 Crv —0.22, 0.41] —0.26, 0.49]
may be correlated: : o 12, —0.2] 12, 02
cancellationl! Z  ClA] — —0.0021, 0.0050]
Chy —0.026, 0.008] —0.029, 0.006]
In some cases, Cr —0.013, 0.020] —
determining the S Cup ~0.022, 0.018] —
: . : - Chv, —0.22, 0.45] —0.32, 0.55]
single coefficientis o Corp. 12, -0 12, -0
not possible. One g Chan+ Cha, —0.59, 0.51] —0.68, 0.61]
: F % — Cho —0.30, 0.17] —0.67, 0.55]
| - H)s H()2
Och.l ns.only.fhe S Cho, + Cros (—0.22, —0.01] —0.77, 0.63]
combinations inthe L o4, - -0.0021, 0.0050]
o , : A s A* A°
observables 2 C[luadl —0.039, 0.044] —0.42, 0.43]
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Conclusions

* Tndirect searches for NP as important as
ever: EW fit is alive and kicking even more
now that the Higgs is there and measured!

» Overall consistency of the SM fit is very
good, but fermionic two-loop contributions
to p,’ need to be confirmed and completed

» EWPO very effective in constraining EW-
related NP (updated results on oblique NP,
Zbb couplings, composite Higgs, EF T analysis)
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Outlook

Indirect searches have always had a twofold role:
i) probing inaccessible high scales and ii) providing
clues on the nature of new particles

In the case of the EW fit, an order-of-magnitude
improvement would allow to constrain the
Lagrangian of new TeV particles and to probe NP
scales up to ~100 TeV

Strong motivation for new e*e- facilities (ILC,
TLEP, ..) and for theorists to go on improving the
SM calculations of EWPO
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CORRELATION MATRIX FOR SM

Parameter (Xs Aaﬁ?d M my  mp 0p% 0 ,0‘2?
P 1.00
Aol —001  1.00
My 0.00  0.08  1.00
My 0.01 0.18 —0.05 1.00
mp, 0.00 —0.01  0.00 0.00 1.00
5pY, 0.00 —0.01 —0.05 —0.02 0.00 1.00
5p 0.00  0.02 —0.11 -0.07 0.00  0.49
5pY% —0.18  0.10 —-0.03 —0.06 0.00 —0.28 1.00

Marco Ciuchini
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PREDICTIONS FOR “old R."

Prediction (Vg Aoffl?d M My
My [GeV] 80.3625 + 0.0085 +0.0004 +0.0060 +0.0026 +0.0054
[y [GeV] 2.0889 + 0.0007 +0.0002 +0.0005 +0.0002 +0.0004
[z [GeV] 2.4951 + 0.0052 +0.0003 +0.0003 +0.0002 +0.0002
o9 [nb] 41.484 + 0.004 +0.003 +0.000 +0.002 +0.001
sin? 01" ( 0.23149 + 0.00012 +0.00000  +0.00012  4+0.00001  +0.00003
Prol = A, 0.14725 4+ 0.00094 +0.00002  +0.00091  4+0.00012  +0.00022
A, 0.6680 + 0.0004 +0.0000 +0.0004 +0.0001 +0.0001
Ay, 0.9346 + 0.0001 +0.0000 +0.0001 +0.0000 +0.0000
A%L 0.01626 + 0.00021 +0.00000  £0.00020  £+0.00003  +0.00005
AV 0.07377 + 0.00052 +0.00001  £0.00050  £0.00006  +0.00012
AYY 0.10322 + 0.00067  +0.00001  +0.00064  +0.00008  +0.00016
R 20.734 + 0.044 +0.004 +0.002 +0.000 +0.000
RY 0.17222 + 0.00002 +0.00001  4+0.00001  £0.00000  40.00001
Ry 0.215762 4+ 0.000033  +0.000002  +0.000004 +0.000007 +0.000032

Marco Ciuchini
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Comparison to ZFITTER

® For a given set of the input parameters,

ZFITTER OURS 2URS_ZIIIER 4100 Exp uncertainty

Mw 80.362216 80.362499 0.00035 % 0.02 %
T'w 2.0906748 2.0887391 —0.093 % 2.0%

| 2.4953142 2.4951814 —0.0053 % 0.09 %

a? 41.479103 41.483516 0.011 % 0.09 %

sin?05P* (Qhad)  0.23149326  0.23149297 —0.00012 % 0.52 %
pFrel 0.14724705  0.14724926 0.0015 % 2.2%
Ay 0.14724705  0.14724926 0.0015 % 1.4%
A, 0.66797088  0.66799358 0.0034 % 4.0 %
Ay 0.93460981  0.93464051 0.0033 % 2.2%
Ag:g 0.016261269 0.016261758 0.0030 % 5.5 %
AYS 0.073767554 0.073771169 0.0049 % 5.0 %
Ag:g 0.10321390 0.10321884 0.0048 % 1.6 %

R 20.739702 20.735130 —0.022% 0.12 %
R? 0.17224054  0.17222362 —0.0098 % 1.7 %

R} 0.21579927  0.21578277 —0.0077 % 0.31 %

Our results are in agreement with ZFITTER v6.43.
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Impact of parametric uncertainties

(3)

Prediction Qg Aoy 4 M my
My [GeV] 80.362 + 0.008 +0.000 +0.006 +0.003 +0.005
I'z [GeV] 2.4951 £ 0.0005 +0.0003 +0.0003 +0.0002 +0.0002
Pf“l = A, 0.1472 £+ 0.0009 +0.0000 +0.0009 +0.0001 +0.0002
A%é 0.1032 + 0.0007 +0.0000 +0.0006 +0.0001 +0.0002
Rg 0.21493 + 0.00004 +0.00001 40.00000 40.00000 =+0.00003

® Aca®) (M2) and mt are the most important
sources of parametric uncertainty.

® The theoretical uncertainty from missing
higher-order corrections has been estimated
as dME° ~ 4 MeV. Awramik et al. (04)
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Individual constraints on the Higgs mass

indirect determination from the EVV fit:

v/

mypy = 97.3 -

direct measurement at

0b
ArB

mhzl

—

10

“old Rb”

Marco Ciuchini

10° 10°

log,,(my [GeV])

Corfu Summer Institute 2013

- 26.9 GeV

LHC (ATLAS & CMS):
25.6 = 0.3 GeV

® Mw gives the most
stringent constraint.

- ® Tension between
AI(SLD) and AFBb.
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Other plots in the SM fit
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Constraints on the epsilon parameters

® Unlike STU, the epsilon parameters involve SM
contributions. Altarelli et al. (91,92,93)

[» Flavour non-universal VCs in the SM
have to be taken into account.

%107

I ----wio nonuniversal comections

€3
E3

“Ol d Rb,, 8 - —e— SM prediction [95%)
Parameter €1,2,3,b fit €1.3 fit
€1 [1073] 56+ 1.0 6.0+0.6 6
€2 [1073] | —7.84+0.9 —
€3 [1073] 5.6 +0.9 5.9+0.8
€ [1073] | —5.8 4+ 1.3 —

P P T R B 10°
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Summary of fit results with new Rb

Data
SM
ST

e 80,

Data
SM
5T
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Data
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0.1513 £ 0.0021

0.14786 £ 0.0007

0.1470 £ 0.0013

0.1480 £ 0.0007

0.1480 £ 0.0008
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0.0739 £ 0.0004

0.0737 £ 0.0007

0.0742 1 0.0004
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Data

ST
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Data
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Data

ST
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0102 0404
[i]
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Summary of fit results w/o new Rb
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WHAT CONSTRAINS a?

* Apply one of the

Muw
N - i constraints M, I,
o : P, A and A_°* at a

Al | time, and compare
ol ) with the full fit

ALE (blue band)
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STABILITY OF a VS m,

> 20r 2
- - B
O i D
S - O -
> 15_ > L
= ! = 10|
o) O i
0] i 0]
O B O L
S 1o s |
o : o _
I o
5 B
0_| Lo 0 |||%‘.\ ||\§|\| !
0.9 1.15 0.9 0.95 1 1.05 1.1 1.15
a d

m =1732+09 a€[098,107] m =173.3+28 a<[0.97,109]
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Mwnp =

I'wne =

I'znp

0
Th NP
. lept
sin2 @'p

eff NP

pol
PT.NP

Ay np

Acnp

where s%v
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_(:c(ﬂ/f%) cw Mz G 92 T_ ((;%V — S%V) U
4((:%1; — S%V) w 2 s%v ’
3a2(MZ) ew My (S 2T (¢t — siv) U) ‘
8 "I%V (C%V — S%V) 2 slz/v J
B o*(M2) My
72 C%‘VS%V (c%,v — s%,[
_ T2ma(My) (729 — 4788 siy 4 8352 sy, — 6176 sy + 640 spy)

- M2 (63 — 12052, + 160 s5,)3(c%, — s2,)

af(M'%) )
= m (S — 4 ey sy T) ,

4a(M2) s%,

) [—10(3 — 85{y) S + (63 — 126 s3y, — 40 s3y) T} ,

(S —4cysiy T),

- = S - 4(,'%[;3%[; T .
(1 - 43]2,1[; + 8 S%V)Q ( )
da(M3) s}y ) 4
=~ S —dciysi T,
(1-— 43%{; +8 5111’,)2 ( Cwsni )
48 a(M7) sy (3 — 4 s3y,) 2 2
- ‘ S—dcysiy T),
0 ois, + 2t )R, =5y O~ dawsw 1)
12a(M32)s% (3 —2s%) )
- ‘ S —dcysiyyT),
(9 — 1252, + 8% )2(2, — 52 ( s )
6a(MZ)siy (1 - 4sf) 2 2
- S—deyswT),
(1—4s% +8si)? ( wsw T)
9 (.lf(ﬂ.f%) S%’V (39 - 3108%,[; + 992 S%V — 1600 s%, + 1024 S?{) ,
T — 45} )2(9 — 24 53 ANV2(2 g2 —acyswl),
(1 —4sqp +8s7)2(9 — 24 s, + 32 s3,)2 (e — si7) (S —dciysiy T)
18 (M%) s?y, (15 — 76 83, + 152 53, — 160 8%, + 64 57, -
= - (1 —4s2, +8sh)2(9 — 1252, + 8sk.)2(c%, — s2) (S —4dcjysiy T),
Sa(M3) (3~ 2sfy)(1 - 5 siy) )
- : S—deysiyT),
3(1—4s% +8sh,)2(cE, — s%) (5 —4ewsw T)
_ 9a(M3) (9 - 36sj, + 165 (5~ 4ckyst T)
(45 — 84 53 + 88 5%,)2(ch, — si) wsw )
6 a(M3) (9 — 36 53y + 165%y)
TS 2,2 ,4“ 272 WQ (S — 4(:%,‘/3%1, T) , (B.1)
(45 — 84 5%, + 88 st,)2(c%, — s2,)
and cf, denote their SM values, and ¢y = /c2,.
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9a
9 N2 .2 2 f
A= Aoy — 2L = @] @2)" s ov 55
=7 a2 7
f g
O0F _ q00 390 9al(08)® — 00 (99)* (9t _ 396 9allen)® — (0h)*] () (ot
FB — “1FB,SM G G2 P GeGﬁf p L}; ;
(356)
M2)M
'z =Tzsm+ al(ZS%f/)c%VZ Z N/ oGy, (357)
f
o 0 127 Ge (X, NEGY) [5G,  Y,0G, 23, NLoGy
Op = Oh SM 5 7 5 + — 7 : (358)
M7 (Zch Gy) Ge >_q Gy > NGy
S NG, (>, NIG,) G,
RB — RS}SNI + . GE T . GQ - ) (359)
]
g0 _ o, 8C.  Ged,0C 0
0 __ no b q q —
Rb - Rb,Sl\[ + Zq Gq (Z Gq)2 9 Gf — (gv) _I_ (QA) ] (361)
q

Marco Ciuchini Corfu Summer Institute 2013 Page 42



(a) (b)
W
YvZW
W
W
N
(c) (d)
VZW oy~ I
wyv{ H_,,Ej\P
%
. N
ﬂ'fH C)(ﬂ) —|— FSRMJIHJ-Y_:‘; O(Etﬁrrm) O(G?ﬁ-rm) + FSR{}:; J.uxﬁ,:r.'.ﬁ -:’j:H.,J'F.'.:!: C)(ﬂﬂ:i! ‘-'1'-'-1’3)
(GeV] (1077 (1074 (10~ (1074
100 —3.566 —6.583 —8.214 —0.404
200 —3.585 —6.587 —8.216 —0.404
400 —3.609 —6.595 —8.220 —0.404
600 —3.624 —6.594 —8.216 —0.404
1000 —3.645 —6.582 —8.201 —0.404
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No LFU

Large-m; expansion

Using ref. [16, 83]

C;/A? [TeV—? A [TeV] Ci/A? [TeV~?] A [TeV]
Coefficient at 95% Ci=-1 C;=1 at 95% Ci=-1 C; =1
Cho, —0.026, 0.034] 6.2 5.4 | [-0.19, 0.01] 2.3 11.9
Clio, —0.026, 0.034] 6.2 5.4 | [-0.20, 0.01] 2.3 10.8
Clio,: CH@s | [-0.025, 0.053 6.3 4.3 (0.00, 0.10] 15.6 3.1
Cro, —0.26, 0.34] 2.0 1.7 [—1.9, 0.1] 0.7 3.9
Cro, —0.16, 0.18] 2.5 2.4 —0.25, 0.15] 2.0 2.6
Cru, —0.13, 0.17 2.8 2.4 —0.97, 0.03 1.0 5.6
Cru, —0.11, 0.17 3.0 2.4 —0.39, 0.21 1.6 2.2
Cip,Crp, | [~0.34, 0.26] 1.7 2.0 [—0.1, 1.9] 3.8 0.7
Cp, —0.38, 0.03 1.6 6.3 | [~0.66, —0.13] 1.2 —
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