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Electroweak World

@ in the SM at first glance (at tree-level):
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gauge couplings and avev

straightforward relations to «(Mz), Gr and Mz v/
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Electroweak World

@ in the SM at first glance (at tree-level):

/

8 8 v
gauge couplings and a vev

straightforward relations to «(Mz), Gr and Mz v/

@ but of course physics is not so simple — quantum corrections entwine all sectors

Gr\ . ma 1

V2 2Mysin? Oy 1 — Ar
where Ar = Ar(my, mg, as, . . .)
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Electroweak World

@ in the SM at first glance (at tree-level):

/

8 8 v
gauge couplings and a vev

straightforward relations to «(Mz), Gr and Mz v/

@ but of course physics is not so simple — quantum corrections entwine all sectors
effective Z boson couplings

g = gy +Agy
g — g+ A8,

effective ew mixing angle (for f = e):
e 2
sin” O = L (1 —Reg—A> =ik <1 — M—VZV)
4 8v M3
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Electroweak World

@ in the SM at first glance (at tree-level):
/

8 8 v
gauge couplings and a vev

straightforward relations to «(Mz), Gr and Mz v/
@ but of course physics is not so simple — Yukawa sector

Yukawa sector
— gives fermions masses and thus provides a
second 'natural’ set of eigenstates
— introduces the CKM and PMNS matrices

@ we need at least 2(Ny — 1)* additional parameters to describe the W couplings ®

@ we can learn so much from flavour physics ®
7'\
f‘f:ne: :
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Electroweak Observables

7N
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Electroweak Observables

@ non-Z pole observables

Quantity Value Standard Model ~ Pull Dev.
me [GeV] 1731413 1732413 ~0.1-05
My [GeV] 80.420 +0.031 80.384 % 0.014 12 15

80.376 + 0.033 0.2 0.1
a2 0.3027 + 0.0018 0.30399 £0.00017  —0.7 0.6
_q%, 0.0308 £ 0.0011 0.03001 £ 0.00002 0.7 0.7
_qt" —0.040 £ 0.015 —0.0398 £ 0.0003 0.0 0.0
g% —0.507 £ 0.014 —0.5064%0.000L 0.0 0.0
Qwle) —0.0403 + 0.0053 —0.0473 + 0.0005 13 12
Quw(Cs) —73.20 £0.35 —73.15+0.02 —0.1-0.1
Qu(T1) —116.4 + 3.6 —116.76 £ 0.04 0.1 0.1
Tr [fs] 291.09 £ 0.48 290.02 = 2.09 0.5 0.5
s (3.3312-?4) %1073 (3114£0.07)x 1073 06 06

$(gu —2 — 2) (4511.07+ 0.77) x 1079 (4500.13£0.08) x 10~ 25 2.5

jf?k
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Electroweak Observables

@ non-Z pole observables

» many low energy
observables such as g, and
gr in Fermi theory

Quantity Value Standard Model Pull Dev.
my [GeV] 1731+ 1.3 1732+ 1.3 —0.1-0.5
My [GeV] 80.420 +£0.031 80.384 £+ 0.014 12 15

80.376 £ 0.033 —0.2 0.1
yQ‘ 0.3027 £ 0.0018 d —0.7 0.6
y}, 0.0308 £ 0.0011 0.03001 + 0.00002 0.7 07
9 —0.040 £0.015 —0.0398 £ 0.0003 0.0 0.0
9% —0.507 £0.014 —0.5064 £ 0.0001 0.0 0.0

Qule) ~0.0403 % 0.005: ~00473+0.0005 13 12
Quw(Cs) ~73.20+£0.35 “T315+£002  —0.1-0.1
Qu(T1) ~116.4+36 ~116.76+0.04 01 01
™ [fs) 201,09+ 0.48 290,02 % 2.09 05 05
I'(b- o 9 L — 3 o —

e (svsa‘:};_j’é) X103 (311£0.07)x 1073 0.6 0.6

gy —2—-2) (4511.07£0.77) x 1079 (4509.13 £ 0.08) x 1077 25 2.5
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Electroweak Observables

@ non-Z pole observables
> many low energy

observables such as g; and

8R
@ Z pole observables

J. Rohrwild (RWTH Aachen)

Cruantity Value Standard Model Pull Dev.

Mz [GeV] L1876 £00021 911874+ 0.0021 0.1 0.0

Lz [GeV] 24952+ 00023 24954 £ 00009 —0.1 0.1

Uihad) [GeV] L7444+ 00020 1.7418 £ 0.0009

Clinv) [MeV] 4900 +1.5 50169 +0.07

DY) [MeV] 83984 £0.086 84005+ 0.015

Thad[1b] 41.541 £0037 41484 £ 0.008 L5 15

R 20.804 £0050 20,735+ 0.010 14 14

R, 20,785 £0033 20,735 £ 0.010 L5 L6

R 20.764 £0045 20780+ 0010 —0.4 —0.3

Ry 0.21629 £ 000066 0.21578 + 0.00005 0.8 0.8

R, 017214 0.0030 0.17224 £ 0.00003 0.0 0.0
00145+ 0.0025  0.01633 + 0.00021 —0.7 —0.7
00168+ 0.0013 04 0.6
0.0188 £ 0.0017 L5 LG
00992+ 00016 0.1034 £ 0.0007 -2,

Ay
Ar

Ap

A

0.0707 + 0.0035
00076+ 0.0114

0.0739 + 00005
0.1035 + 0.0007

023244 0.0012 023146 & 0.00012

02316+ 0.0018

0.15138 &+ 0.00216

I
)
)
)
0.1544 & 0.006G0
01498 4+ 0.0049
0142+ 0,015
0136+ 0.0
0.1439 £ 0.0043
0923+ 0,020
0670+ 0.027
191

15
0
2
2
0.805 + 0,00

0.1475 £ 0.0010

019348 + 00001
0.6680 £+ 0.0004
09357 + 00001

—.t
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Electroweak Observables

@ non-Z pole observables
» many low energy

observables such as gr and |47 s

&R
@ Z pole observables
> very high precision

J. Rohrwild (RWTH Aachen)

Cruantity Value Standard Model Pull Dev.
My [GeV 911876400021 9118744 0,002 0.1 0.0
Tz [GeV] 24052+ 00023 24954 £ 0.0009 0.1 0.1
Dllad) [GeV] L7444+ 00020 17418 + 0.0009
[(inv) [MeV] 1990 £ 1.5 50169 0,07
§3.954 £0.086  §40054 0.015
E ) T2 Ve e 7 I3 1 R e
2 20,504 £0050 2073540010 14 14
Ry 20,785 £0033 2073540010 15 16
s 20764 L0045 2075040010 0403
[, 00.21629 + 0.000G6 021578 + 0.00005__0.8_0.8
T, G1721 £ 00030 0.17221 £ 0.00003 0.0 0.0
Al 00145+ 0.0025 0.01633 + 0.00021 —0.7 —0.7
Aled 00169+ 0.0013 04 06
AR 00188+ 0.0017 15 16
Ao 009924 00016 01034+ 00007 —2.7 2.3
Al 00707+ 00035 00730 + 0.0005 —0.9 —0.5
Al 00976+ 00114 01035+ 0.0007 —0.6 0.4
c4‘" X 02324+ 00012 0.23146 + 0.00012 0.8 0.7
02316+ 0.0015 01 0o
A, 015138+ 0.00216 01475+ 0.0010 18 2.2
01544 = 0.006D L1 13
01495 + 0.0049 05 06
Ay 0142+ 0.015
Ar 0136+ 0.015 8 0.7
0.1439 + 0.0043 0.8 —0.7
Ap 0023+ 0020 09348 + 00001 —0.6 0.6 ¥
Ae U670+ 0027 0668000000 0.1 01 /A
A, 0895+ 0091 09357 +0.0000 —04 04  J
°_SFB TR9.
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Electroweak Observables
@ non-Z pole observables

> many low energy

observables such as g; and

8R

@ Z pole observables

» very high precision
» Zline shape:
N, = 2.9840 £ 0.0082

4

cross section [nb]

" My
mass limit m,, > —~
2
LEP: A
ALEPH ES
DELPHI \
L3 / ‘V;)
OPAL
data !

I
86 88 90 92 94
cms energy [GeV]

@ Gr = 1.166364(5) x 107> GeV >

J. Rohrwild (RWTH Aachen)

Cruantity Value Standard Model Pull Dev.
911876 00021 9118744 00021 0.1 0.0
249525 00023 24954 £ 0.0008 0.1 0.1
Uilad) [GeV]  L7444£ 00020 17415 % 0.0009
Clinv) MeV] 4900 +1.5 50168 = 0.07
DY E) [MeV] 83954 £0.086 84005+ 0.015
] TSI E007 ST 000s 15 15
2 20504 £0.050 207350010 14 14
Ry 20785 £0.033 2073520010 L5 16
R 20764 £+ 0045 20780+ 0,010 _—0.4 —0.3
[ 0.21620 = 0.00066 0.2L578 =+ 0.00005__0.8_ 0.8 |
R. 00721 & 0.0030 017224 £ 0.00003 0.0 0.0
Al 00145+ 0.0025 0.01633 + 000021 0.7 0.7
Al 00169+ 0.0013 04 06
AR 00188+ 0.0017 15 16
Ay 00992+ 0.0016  0.1084 + 0.0007 2.7 2.3
Al 00707+ 00035 0.0780 + 00005 —0.9 0.8
A 00976+ 00114 0.1085 + 00007 —0.6 0.4
sS2A 023204 00012 023146 £ 0.00012 0.8 0.7
02316+ 0.0018 01 00
Ae 15138 % 000216 0.1475 £ 0.0010 1.8
0.1544 % 0.0060 11
01498+ 0.0049 0.5
A 0,142+ 0.015 —0.4
Ar 0,136+ 0.015 0.8 0.7
0.1439 % 0.0043 —0.8 0.7
Ay 0923+ 0020 09348 + 00001 0.6 0.6
A 0670+ 0.027 06680 £ 00004 0.1 0.1
As 0505+ 0001 0.9357 +0.0001 0.4 0.4
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BSM Physics

@ basically all Z pole observables (width, asymmetries) can be expressed in terms
of the effective couplings gfw (e.g. v photon exchange diagram is strongly
suppressed):

T'(Z— q9) = oMz [(80)" + (&3)’]
AD =S Ak

A X7 8v8
h8h)? + (82)?

@ electroweak corrections to Gy, i.e. a one loop Ar can be approximated via

self-energy expressions: Bohm
Ar ~ Tan(0) + 20O “ RSPV (M) _ o (2F(Mz) _ 2 (M)
ALY M2 R 02 02
w Sw 7 W
2¢2, SAZ 7 — 4s?
% 5 §0) ity az et zyw logc;,
sy Mz 4rsy, 25y,

Jes
/A

° SFB TR9

J. Rohrwild (RWTH Aachen) EWPCs on 4th family quarks & leptons Durham, September 2011



BSM Physics

@ Experimental precision in better then the one-loop quantum effects
@ EWPO have been (the bane of) a challenge for a many new physics models

» technicolor models
» extra generations
» RS models

>

@ How precise are the SM calculations for the major electroweak observables?
eg. Z—qq

a; (massless QCD) , QCD corrections to m;, , mixed aa, contributions

also O(a’) and quartic in m,
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BSM Physics

@ Experimental precision in better then the one-loop quantum effects

@ EWPO have been (the bane of) a challenge for a many new physics models

» technicolor models
» extra generations
» RS models

Ly

@ Determining the impact of a NP model on the observables is hard and tedious
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BSM Physics

@ Experimental precision in better then the one-loop quantum effects

@ EWPO have been (the bane of) a challenge for a many new physics models
» technicolor models
> extra generations
» RS models
>

@ if BSM physics:
@ doesn’t change/extend the (electroweak) gauge group of the SM
@ does not couple to light fermions
© has a scale above the electroweak scale
then effects on the electroweak observables are captured by gauge boson
self-energy graphs

— introduce oblique parameters S, T and U Peskin '90
— or alternatively €, 5,3 and hy jaz/aw Kennedy '90, Altarelli ‘90

° SFB TR9
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Approximation of New Physics Effects

@ S parameter (breaking of axial SU(2))

f
n 167rSW 4 Z
S Zapz Clv :‘Q:,

7 p
f f
+ (2cwsw— |Q,|C—W) LLQf + (st - 1ar) &QVL
Sw —_ —_
7 p 7 P ]k
+ bosonic contributions to the self energy
@ T parameter (breaking of vector SU(2))
4 f
T WQ w 2 Z Q Z
T e2c2 M2 Z Z =0 Cw g
r - P - P
f’ f
f b
—2CwSsSw &Q\/{ — 32W J 1
- - 24
;P PV },{‘f '

° SFB TR9

+ bosonic contributions to the self energy
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Approximation of New Physics Effects

@ if BSM physics

@ doesn’t change/extend the (electroweak) gauge group of the SM
© does not couple to light fermions
© has a scale above the electroweak scale
then effects on the electroweak observables are captured by gauge boson
self-energy graphs
— introduce oblique parameters S, T and U

@ the shift in the Z couplings is given by

i
08} = T |28 — 4{(ch — Si)HE + 255017 — (P +207)U
16¢cwsyy, Sw
0. &£ o
Sodgmmg & _Sw=Swaam oyl e
84 T6cuss; [ z, (4swT +U)| I3

@ oblique parameters can be fitted directly to experiment
— easy to use
5N
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Sand T

@ before looking at the bounds for 4th generation scenarios a look at the oblique
observables

@ pre LEP vs post LEP

(S e e e . s s s T T T

AN W A

L e e e
\

|
©
I

~
L

|
0
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Sand T

@ before looking at the bounds for 4th generation scenarios a look at the oblique
observables

@ current status (relative to the SM)
- 05

el fitter [ )2

preliminary

TTTT

0.4
0.3
0.2

§=0.02£0.11
T=0.05£0.12
U=0.07=£0.12

M, € [114,1000] GeV
m, =173.3+ 1.1 GeV

Ill|IIIIIlIllllllllllllll”lllllll

-0.3 [-68%, 95%, 99% CL fit contours

F (M =120 GeV, U=0)

C H

Y || =TI I IR AP ISP I I I

-04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4

(72} .°—lllIIlllIIIlllIlIlllllllllllllllll[lllllllIl

Reference point m, = 173.1 GeV and My = 120 GeV {5’
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Electroweak and SM4

@ SM with a fourth generation

@ doesn’t change/extend the (electroweak) gauge group of the SM v/
@ does not couple to light fermions (v)
© has a scale above the electroweak scale (v')

E{i B

° SFB TR9
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Electroweak and SM4

@ SM with a fourth generation

@ doesn’t change/extend the (electroweak) gauge group of the SM v/
© does not couple to light fermions (v)
© has a scale above the electroweak scale (v)

E{i B
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S and T parameter in SM4

@ contribution to S

57 :2]7; > [1 i gln (TTZ)] + é > [1 +2In (%’;)] (Dirac neutrinos)

(U,D) (v.0)

@ contributionto T

N R LT (mu )
pgtien N mt—4 ‘v et ] G
167s3,c3 M2 |; o Z —m} mp

2 mim? m -
— (= > 0 (Dirac
F, 167rswc€VM2 [Z s m? — m? 3 <m1 ) =0 )

i=v,l

j.:’/\

SFB_TR9
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S and T parameter in SM4

@ S with Majorana neutrinos
N, 2 my
(U,D)

@ T with Majorana neutrinos

)
T m:—4 ‘V(CKM) S IMUMD NG
= 167rchWM2 |:Z Z m} — m?,

Bertolini '91, Kniehl '93

Kl el

Gates ‘91, Kniehl '93

OFg Tyl

()

more on neutrinos — talk by Heinrich Pas

J. Rohrwild (RWTH Aachen) EWPCs on 4th family quarks & leptons
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Constraints from S and 7 parameter for SM4

@ full degeneracy (trivial flavour aspects)

04F

Y/
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Constraints from S and 7 parameter for SM4

@ lepton mass splitting (trivial flavour aspects) e.g. Okun; Kribs et. al ‘07

04F

Y/

° SFB TR9
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Constraints from S and 7 parameter for SM4

@ lepton mass splitting (trivial flavour aspects) e.g. Okun; Kribs et. al ‘07

04F

Y/
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Constraints from S and 7 parameter for SM4

@ lepton mass splitting (trivial flavour aspects) e.g. Okun; Kribs et. al ‘07

04F

Y/
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Constraints from S and 7 parameter for SM4

@ lepton mass splitting (trivial flavour aspects) e.g. Okun; Kribs et. al ‘07

04r

Y/
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Constraints from S and 7 parameter for SM4

@ lepton mass splitting (trivial flavour aspects) e.g. Okun; Kribs et. al ‘07

04r

Y/
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Constraints from S and 7 parameter for SM4

@ quark mass splitting (trivial flavour aspects)

04r

Y/

° SFB TR9

J. Rohrwild (RWTH Aachen) EWPCs on 4th family quarks & leptons Durham, September 2011



Constraints from S and 7 parameter for SM4

@ quark and lepton mass splitting (trivial flavour aspects)

04f

T

AN
A INUK ‘”b

J. Rohrwild (RWTH Aachen)

EWPCs on 4th family quarks & leptons

Uf-l
4

also Erler '10 —=58 They
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Constraints from S and 7 parameter for SM4

@ quark and lepton mass splitting (trivial flavour aspects)

200

150

100

m, -m, [GeV]

50

-100

-150

-200

4th Generation
T T

E M,=120 Gev

E 68%, 95%, 99% CL fit contours (alloweld)
.

-100 -50 0 50 100

Y/

° SFB TR9
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Constraints from S and 7 parameter for SM4

@ quark and lepton mass splitting (with mixing matrices)

04r

_0.4 L L L
-04 -0z 0.0 02 04

— strong bounds on quark mixing, esp. 63 y
— correlates masses and CKM elements; larger m; — smaller mixing /i

more one limits/fits for the CKM elements — talk by Otto EberﬁéFrBaTt“
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Constraints from S and T parameter for SM4

Eberhardt '10

05 T T T T T T T 6

045 g
5

04| g
035 - g 4

03| g
3

025 1 g

02| g
2

015 1 g
01 F g i

0.05 - g
0

ok ]
0.05 . . . . . . . 4

250 300 350 400 450 500 550 600 650

Fixed Higgs mass of 120 GeV
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Constraints from S and 7 parameter for SM4

Correlation of mixing/masses and mass splitting is non-trivial especially if the Higgs
mass is also free
Chanowitz '10

0.0 T T

|r|||

0.15

0.10 |+

|Sa4|

0.05

IIl|IllI}7ILII

I
oyoo:ill‘lhIII|IIAII|II\\|IIII
200 400 A 600 800 1000

my(GeV)

45 N
7\

° SFB TR9

only for selected masses: m, = 500 GeV, three different lepton mass splittings
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Subtleties of SM4

e The oblique parameters parameterize new physics in Z pole
observables

e The slight breaking of the requirements in the SM4 scenario can
have two effects

@ modification of low energy observables used as an input of the S, T, U fit
@ contributions beyond the self-energy parts

° SFB TR9

J. Rohrwild (RWTH Aachen) EWPCs on 4th family quarks & leptons Durham, September 2011



Subtleties of SM4

e The oblique parameters parameterize new physics in Z pole
observables

e The slight breaking of the requirements in the SM4 scenario can
have two effects

@ modification of low energy observables used as an input of the S, T, U fit
@ contributions beyond the self-energy parts

An potential example for (1) would be the extraction of G with general PMNS matrix
— increased uncertainty?

— see talk by Andreas Menzel tomorrow

/4

740,
FhE :
° SFB TR9
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Deviations from the oblique formulas

@ the well known candidate for additional corrections: R,
see e.g. Alwall ‘99, Chanowitz '09/'10, ...

o I'(Z — bb)
*~ I(Z = hadrons)
b
> most precise of the R,’s
> Vu, Vy,, are the least
constrained matrix elements
b

{;}\

/68

SFB_TR9
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Deviations from the oblique formulas

@ the well known candidate for additional corrections: R,
see e.g. Alwall ‘99, Chanowitz '09/'10, ...

N N7 bb)
*~ T'(Z — hadrons)
b
> most precise of the R,’s
> Vw, Vi, are the least
constrained matrix elements
b
full 1-loop corrections
[ Gonzélez
[ ORy/R3M® [%)] ]
_0.5 L 1 . f,
0 01 02 !,SFB TR9

534
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Deviations from the oblique formulas

@ non-oblique corrections to other Z Pole observables

—— 814,524 =0, 0 —— 514,824 = 0, 0.1 —— 514,524 = 0.05, 0.1
r - : - r - ; ; : r . I - 1
05F 05k My /MR (%] 4 .5 Oy AT %] o
o ppee T e
-0.5 —0.5 - . : 0.5 1
0 0.1 0.: 0 0.1 02 0 0.1 0.2
534 S34 8§34

for m; = 400 GeV and 16 GeV splitting, mxz = 600 GeV.

@ overall effect of non-oblique corrections is small
@ only R, (and T';4q) are effected in the per mille range y/

° SFB TR9
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Summery

@ EWPO provide very stringent constraints for any new physics model
@ the “oblique method” has two main advantages:

@ assess the effect of a NP in the electroweak sector without the need for a
“full” analysis

@ allows visualization of the effect of individual parameters on the
electroweak fit

@ EWPO constrain the SM4

» strong limits on the maximal mass splitting of quark (~ 85 GeV for
My = 120 GeV) and leptons (~ 140 GeV for My = 120 GeV)
» constrains CKM mixing of the 4th generation with the first three
— most important for the 3 — 4 mixing
— higher masses lead to lower a upper bound
@ mixing allows for a degenerate family
@ non-oblique effects in Rg are sizable

@ for a reliable “probabilistic” interpretation of a given parameter point one mightﬁ%
want to consider these effects S

° SFB TR9
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