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Electroweak precision observables have been a
powerful tool since the days of LEP

test compatibility of models with experimental precision
data

constrain range of model parameters

since LHC (2012): existence of a Higgs boson
confirmed, mass My precisely measured

s Standard Model precision observables
uniquely determined

s constraints on BSM model parameters
more severe



Outline

Electroweak precision observables — the Standard
Model

Electroweak precision observables in SUSY models

Electroweak precision observables in 2-Higgs-doublet
models
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electroweak precision observables

u lifetime: GF

Z observables: My, Ty, sin? O, ...
LEP 2, Tevatron, LHC: My, m: + Mg
low energy: (g —2),
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electroweak precision observables

u lifetime: GF

Z observables: My, Ty, sin? O, ...
LEP 2, Tevatron, LHC: My, m: + Mg
low energy: (g —2),

guantum structure of the Standard Model

M

sensitivity to heavy internal particles (X)

Standard Model: X = Higgs, top



experimental input

1.1663787(6) - 107° GeV 2

91.1875 4 0.0021 GeV
80.385 £ 0.015 GeV
173.2 £ 0.9 GeV

= 125.09 £ 0.24 GeV

0.1185 £ 0.0006




Mw — M 5 correlation

Definition of Fermi constant Gg via muon lifetime:

GEm 2 3 mj
= F 14 = 14+ A
m T 19273 <mg) ( MW> ( 1)

Aq:. QED corrections in Fermi Model,

T

GF
— + lhigher orders
V3 g, (- gyt eherordend




Mw — M 5 correlation

Definition of Fermi constant Gg via muon lifetime:

—1_ TFMy Me
F(Te P ) 1+
T 19243 <m2)< t 5z )( +Aa)
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with loop contributions 1-loop examples

Gr a t k
_— o e TOP quar
2 2 2
V2 My, (1 — My, /M) p ; ¢
1+ Ar) W
vy b Ve
Ar: guantum correction e Higgs boson
H
R e
| vy W Ve
determines W mass e gauge-boson self-couplings
p W e
MW :MW(OZ,GF,MZ,mt,MH) W
vy Z. Ve

complete at 2-loop order o and aa;



O(aay) 2-loop calculations for Ar

Halzen, Kniehl
Djoaudi, Gambino

EW 2-loop calculations for Ar
Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

Degrassi, Gambino, Giardino

universal terms at 3- and 4-loops (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kilhn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schroder, Steinhauser

Chetyrkin, Faisst, Kiihn Chetyrkin, Faisst, Kiihn, Maierhofer, Sturm
Boughezal, Czakon



dominant contributions to Ar
2
Ar:Aa—z—gAp—F---
Large universal terms:

Ao = 11/

ferm

(M7) — 1T

ferm

(0) = 0.05907 4+ 0.0001

G pm? m?
Ap = E]@—(%O) — ZJ\V;—éVO) = 387:;—\/’5— = 0.0094 [one-loop] ~ 7~y

beyond 2-loop order: Ap®) + ApW  ~ 2y, asa?, o, oy

reducible higher order terms from Aa and Ap via

1+ A > L
e (1-8a) (1+ 5 29) +-

Consoli, WH, Jegerlehner



photon vacuum polarization

WO

Q 1
ngrm(M%) - 1_[germ(o) =Aa — o(Mz) = 1 — A« = 129
Aa = Aayept + Adthaq,

Ajept = 0.031498 (4 —loop) Steinhauser 1998; Sturm 2013

Aop.,g = 0.02757 =+ 0.00010 Davier et al. 2010
= 0.027626 + 0.000103 Hagiwara et al. 2011
= 0.027504 £+ 0.000118 Jegerlehner 2015

significant parametric uncertainty (universal)
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/ resonance

) 2
S | LEP:
S x| ALEPH A
g DEL PHI
o OPAL

5 20

=
o
T

e I . c
cmsenergy [GeV]

o effective Z boson couplings with higher-order Agy 4
g — gb+Agl, g = gh+Ad)

e effective ew mixing angle (for f = e):

1 g M2, M2
ﬁnﬂﬂz—@—Rﬂ—)21——ﬂ”%—mAp+~-
1 75 vz M2



EW 2-loop calculations for sin? f.g
Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

O(aag) 2-loop calculations (universal)

Halzen, Kniehl
Djoaudi, Gambino

universal terms at 3- and 4-loops (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kilhn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schroder, Steinhauser

Chetyrkin, Faisst, Kiihn Chetyrkin, Faisst, Kiihn, Maierhofer, Sturm
Boughezal, Czakon



SM input completely determined =

T T T I T T T T I T T T T T T T T I T T T T T I T T T T I T T
ATLAS and CMS —e— Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.
ATLAS H —yy H———F+  126.02 +0.51 (£ 0.43 £ 0.27) GeV
CMS H —yy == 124.70 £ 0.34 (£ 0.31£ 0.15) GeV
ATLAS H-2ZZ - 4l —— 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H-2ZzzZ -4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV
ATLAS+CMS yy I—IEIH 125.07 £ 0.29 (= 0.25 = 0.14) GeV
ATLAS+CMS 4| |—|—+I|—| 125.15 + 0.40 (= 0.37 = 0.15) GeV
ATLAS+CMS yy+4l H?H 125.09 + 0.24 ( £ 0.21 + 0.11) GeV
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
123 124 125 126 127 128 129
my, [GeV]

precision observables

uniquely predicted

theo

exp

sin? Qg

MW (GeV)

0.23152 = 0.00005 == 0.00005
80.361 £ 0.006 = 0.004

0.23153 = 0.00016
80.385 &= 0.015




Supersymmetry

Standard particles SUSY particles

| Quarks @ Leoon @ rorce particies

gauge bosons W=+, Z
fermions f7, fr

charginos and neutralinos x7-, x5 5 4

sfermions f1, fr — f1, f

Higgs bosons: 10, HO, AV H*



Higgs fields — MSSM

two scalar doublets from H;, H, superfields:

Hy
H, =

HY

Hl
Hy = 2

H;

Hy
¢1

2

U1
< H{ >0=

0

0
< Hy >¢=

V2

2
% \HI Ho)?

Vielt — m?2 H{Hy +m? HYHy — m?e;; (Hi H] + h.c.)



Higgs potential: Vg = V¥ 4 vpott

= (u? +mi) H{Hy + (u* +m3) HiHy — m3e;; (H{ Hj + h.c.)

2 2 2
+ 0% (HTHy — HIHy)? + % |H| Hy)?

EW symmetry breaking:  minimum of Vg at

HY) =v; #0, HY=v3#0, ¢; =0, ¢3 =0

SM particle masses:

free parameters: m3, tan 3 = 2




mass spectrum: 3 unphysical + 5 physical degrees of freedom

® 3 Goldstone bosons GO, G+
® 2 neutral C P-even Higgs bosons A°, HY

® 1 neutral C'P-odd Higgs boson  A°  “pseudoscalar”
M?% = mj (cot 8 + tan 3)

conventional input parameters: My, tan g = 2

e other masses predicted (tree-level):

m2 MA+M2

M3 = 5 (M3 + M+ /(M3 + M2)? — 4M3 M cos?25)

e substantial higher-order corrections to masses and couplings



Higgs boson spectrum:  k°, HO, A° H*

500 Frrr T
450 E_ m, " scen., tanB = 5 ;
C — h ]
400 - H . 0
wb T e light Higgs boson h
? 3oo§ — mpy < mzf COS(QB)’ + A’mho
,:i:’%zsof —
s C
200p 1 eforheavy A, H?, H*:
150 F = : .
F hY like Standard Model Higgs boson
100 —
E FeynHiggsZ.OE
I‘—_)O_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII__
50 100 150 200 250 300 350 400 450 500

M, [GeV]

higher-order contributions for masses and couplings taken into
account for precision observables



hU,HU,AO H‘L }IO.HU,AU [[i
P , B S " -~ >
\ G /
| | N \ ] ]
/ ' v owE
W W W W wE L d d z Z Z
Lo .H[)
H* W A0 H*
N L~ P~
/ SvowE W / \ Z y N/ Z
wE N / wE N / 2N 2 p 2N !
~ ~ = ~ - ~ - 4 -
RO, HO, A0 RO, HO ho, HO H*

vector-boson self energies: Higgs contributions

#® Higgs masses from FEYNHIGGS

® Higgs couplings as effective couplings

9o +

loops with charginos, neutralinos, sleptons, squarks in
self-energies, vertex corrections, box diagrams

\
1 Q

o
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long-standing activities in precision observables in SUSY

Grifols, Sola 1985
Chankowski, Dabelstein, WH, Moesle, Pokorski, Rosiek 1994
Garcia, Sola 1994

Pierce, Bagger, Matchev, Zhang 1997

Djouadi, Gambino, Heinemeyer, WH, Weiglein 1997, 1998
two-loop Ap*™™Y ~ azay

Hastier, Heinemeyer, Stockinger, Weiglein 2005

two-loop ApS™Y ~ a%,atozb,a%

Heinemeyer, WH, Stockinger, Weber, Weiglein 2006
Heinemeyer, WH, Weber, Weiglein 2008

Heinemeyer, WH, Weiglein, Zeune 2013
My and Ar in view of LHC results



precision observables with SUSY quantum loops

muon decay p — e v, Ve

X = Higgs bosons, SUSY particles

ﬁ = a 1+ Ar(my, X))

V2 M (1= M /M)

determines W mass My = My (a,Gp, Mz, m;, X)

* = MSSM prediction of My

* = each amplitude ~ G requires Ar at higher order



W mass with SUSY quantum loops

Eﬂ. Eﬂ | I I T | I I I | I I I | I

" experimental errors 68% CL

80.50
S
@
S,
=
=
80.40
[ SM[M, = 125.6 + 0.7 GeV
80.30 H MSSME
| SM, MSSM E
Heinemayar, Hollik, Stockinger, Weiglein, Zeuns 13
i | | | | | | | | | | | | | | | | | | | | | | | |

168 170 172 174 176 178
m, [GeV]

dark:  mg, mz > 500 GeV
mg, mg > 1200 GeV



m: < m;z: < 2.5ms:
t1 to t1

80.60r 80.60r
80.55 80.55
S 80.501 S 80.501
(0} - (0} -
o S
= - = -
> 80.45_— > 80.45_—

40— T
- WO a7 777
8035|||IIIIIIlIIIlIIIIIII“II.II|III||' ‘ 8035_||III|J||IIIII|||I|II.I.II'||||||I|II‘I|I'I
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m: [GeV] m; [GeV]
my > 1000 GeV + charginos and sleptons above 500 GeV

(mg, mg > 1200 GGV)



other interpretation:

80.60

80.50

M, [GeV]

80.40

80.30 MSSM —
| SME
Heinamayer, Holllk, Stockinger, Weiglein, Zeuns 13
B | | | | | | | | | | | | | | | | | | | | | | | |
168 170 172 174 176 178
m, [GeV]
dark:  mg, my > 500 GeV, mg, mg > 1200 GeV

heavier

H? = observed signal

- experimental errors 68% CL:

LEP2/Tevatron: today

M, = 125.6 + 3.1 GeV,
MBSM

| SM|M,, = 125.6 + 0.7 GeV




other interpretation:

80.60

80.50

M, [GeV]

80.40

80.30

168 170 172 174 176 178
m, [GeV]
dark:  mg, my > 500 GeV, mg, mg > 1200 GeV

light H* needed

heavier

H? = observed signal

- experimental errors 68% CL:

LEP2/Tevatron: today

M, = 125.6 + 3.1 GeV,
MBSM

SM
Heinamayer, Holllk, Stockinger, Weiglein, Zeuns 13

ruled out soon?



Higgs boson masses [GeV]

iInverted hierarchy - NMSSM

160 ‘ ‘ ‘ ‘ I 1.0f’ ‘ ‘ ‘ ‘ R 80.41["
140! 0.8¢ 80.40
______ =
<
@ 0.6f 1 = 80.39-
120} My = 125.09 = 3.04 GeV S >
g O]
g N Mj,” = 80.385 GeV.
=
© 0.4f ] 80.38¢
jo)]
100} =
(%)
0.2¢ 80.37
80¢
‘ ‘ ‘ ‘ ‘ I 0.0t; ‘ ‘ ‘ ‘ ‘ 80.361, ‘ ‘ ‘ ‘
-250 -200 -150 -100 -50 0 -250 -200 -150 -100 -50 0 -250 -200 -150 -100 -50
A [GeV] A [GeV] A [GeV]

Stal, Weiglein, Zeune, arxiv:1506.07465



Two-Doublet-Model Higgs Bosons

V((I)l, (I)Q) = Al(q)irq)l — 7112)2 + )\2(@;@2 — 022>2 + )\3[(@?@1 — U12) + <®;®2 — UQQ)]Q

FA[(PF D1)(DF Bg) — (BF Do) (P P1)] 4 As[Re(D Do) — v1va]” + Ns[Im (D] Ps)]°

mass eigenstates: h°, HY, A0 H*
free parameters: my, mg,ma,mg+, tanf = g—f, a  As

2
_ 9 2 2 2 2, CO8(20r + [5) 2
A\ = 160082ﬂm%/[mH+mh+(mH_mh) cos | + A3(—1 + tan” )
2 .
9 2 2 2 > \SIn(20r + f) 2
)\2 - 1681n2/6m%v[mﬂ+mh+(mh_mﬂ> Sinﬂ ]+)\3(_1+00t 6)
2,2 2 2,2
g M=+ g° sin2a, , 5 g m3y
A Ay = . — — 4)3 , Ag=
YT oomd, 2mi; sin 23 (miy = mj) ’ °T om,



(

cos (3

—sinf3 cosf

SIN v

Re ¢}
Re ¢

)
)
)
)

)
)
)
)

COS ¥

sin (3

cos [

Im gb(l)
Im gbg

Im gb‘f
Im gbg

sin 3

cos [

oF
O3

sin 3



vector-boson masses: My z ~v, v = /v} + v3

coupling to vector bosons V =W, Z:

(h, HIVV = [sin(a — f8), cos(a — 8)] - [SM]

coupling to fermions, type | [h, H|ff = [S8a sma)gpf)

sin 8’ sinf

coupling to fermions, type Il (v — ®2, d — Py):

[h,H]bb _ [sinoz COS&][SM], [h, H]tt _ [cosa sina][SM]

cos 3’ cosf3 sin 87 sinf

Abb = tan g [SM] Att = cot B [SM]

a=p-3% (ora=p): h'(H")is SM-like
HO(hY), AY with non-standard couplings

myg ~ma ~mg: >myz, a— 3—5: ‘decoupling regime’



bounds from unitarity and vacuum stability

Kanemura, Kubota, Takasugi 1993

Akeroyd, Arhrib, Naimi 2000
Horeljsi, Kladiva 2006

vacuum stability conditions

A1+ A3 >0,
Ao+ A3 >0,
2X3 + Mg 4+ 2/ (A1 + A3) (A2 + A3) >0,

A=+ A s — A
5‘; 6 _ | 52 6|+2\/(>\1+)\3)(>\2+>\3)>0

2A3 +




unitarity conditions

3(A1+ Ao+ 2X3) £ 1/9(A1 — A2)? + <4)\3 + M\ +

A5 + g 2
2 )

(A1 + A2 +2X3) £ -

[ =] =

()\1—|->\2—|-2>\3 + 2 4

) \/(Al—M)
) \/(A1—>\2) 1
1 5}

22 — A4 — =) -\
3 4 5 5+2 6 s
1

1
2\ ) —\ —\
3+ Ag 25+26,

5) 1
2 3 — A4 + 5)\5 — 5)\67
1 1
203 + g + 5)\5 — 5)\67

1 1
2\ -\ —A
3+2 5+2 6 5

1 1
2()\3 + )\4) — 5)\5 — 5)\6 .

[ = 0 partial wave amplitudes

(204 — A5 — Xg)?,

()\5 - >\6)2 3

a|, |b;| < 167



Log;o(tang)

2, -
P - *
e

¥ PN

- e

L T F ¥

" P 4 "4

4 1
.

00 05 10 15 20
Log ,(tang)

D. Das, arXiv:150102610



precision observables and two-Higgs doublet models
— history

Bertolini 1986
WH 1986, 1988
Denner, Guth, WH, Kihn 1991

Chankowski, Krawczyk, Zochowski 1999

Sola, Lopez Val 2013

Stefan Hessenberger, Diploma Thesis, MPI and TUM,
ongonig PhD thesis
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RN SN
/ \ ; \ jf\
\\ / \\ / s SowE
AN AANATEARANAB N ANABANATEARABAN AR o~
w#* w* W=+ W=+ wWE N P
h()‘—[][)
H*E w#*
L s N
/ NI w#*
e o~
wE / wE /
So_ 7 SO
ho, HO A° ho, H°

alignment limit: Q

|
@

|
N3

hY = Hgyy,
HY AV H=

Higgs contributions to vector-boson self energies

]LO,HO,AU Hi
= N

e \ / \

\ ! \ !

\ / N /
ANANATEARNANNNL ANANANAANATERAANAAAL
Z Z 7 7
A(J H+
PN L~

’ Z ’ \ Z
AN e~ AR e~~~
Z \ . 7 N /
N ~ - \4/
ho, HO H*

mpo = 125 GeV

separated from SM part

GU

- =~

7z AN
/
\
Z ~ 7

-~ -

0 770
h’, H'



My in GeV

a=p-n/2
80.44 m 40=n1go
80.42 -
- — — - SM prediction
80.40 my==200 GeV
- my: =400 GeV
80.38 - my==600 GeV
_____________________xmjg ____________________________
: : : " My —myo in GeV
~100 ~50 0 50 oo HTTUH

dominating term ~ Ap

Afr:Aa—%Ap—F---



\
—-100

.2 lept
sin Geff
0.2318 a=F-nr/2
on =mH0
—— - SM prediction
i —— my==200 GeV
L — my==400 GeV
02312+
| — my:=600 GeV
0.2310 -
: : ' my: —myo in GeV
-50 0 50 oo HTTUH



my: in GeV

500

400

300

200

100

100 200 300 400 500

myp in GeV

|a=p-n/2

| mgo=mgo

.2 lept
SIn“ 0,

0.23153

0.23137




two-loop calculations for two-doublet models

dominating one-loop contributions from the p-parameter via Ap

0 . 2
« top-Yukawa contributions  ~ a;y ~ of
2

» Higgs-self-coupling contributions  ~ % . o=HY AV H*

most significant two-loop terms from the top-Yukawa and from
the Higgs sector

obtained in the “gaugeless limit”

91792%0
My — 0, Mz — 0, but cW:]]\@—VZV:C()nst

new parameters tan S and \; enter at the two-loop level

NOTE: different from SUSY mjo0 # 0
no gauge term, but independent Higgs-potential parameter



Top Yukawa contribution

F F
F . F F . s s . F
F’/\/\/\/’\/\/\/‘ AP E [ o AN L/
\ \ / ANANARA<AAANAN
% % Vo v % vV S v
F U F F s s U F
F
F

4 74
S
F F
|4 \%4 i > Vv i > Vv
V V
F F Ja F
S N
S N S SRE S
f\/\‘.//\./*/ ;/v‘/\v/\, \\ /' f\/\/\/‘/’ ) K~ \ / /\/\/\/x//’ \\\./\/‘{/\/
ANANANAAPRASANANAAA
\ ! V \%4 . V V VoS
S %" 5 g g

@ neglect bottom quark mass: m; =0

@ coupling proportional to large top mass
my @ coupling suppressed for large t3

Ns S vLs o Sns = H A% H*

+ = over 60 diagrams to calculate




L

—0.00002

—-0.00004

—0.00006

—0.00008

1500 2000

§(Ap) =104

>

SMyy ~ 6 MeV

mpyo in GeV



Contribution from scalar self interaction

“? S S S
s, s S «.5 S & .S Lo > 2 PECI
/// \\\ W\/‘/ : R v I/ S0 /’*/\ /// \\/// I v ‘\B*'S'?
/\/W‘ L \ :S /,NV\/ ’W\/’\ S /‘/\/\N S\\ /\S fv\/’\ /’\ //‘M W;/\/\/\/\z
v \ R /// v Vv \\~.|_// Vv -__.7 Vv AN AN vV ~-- - -
e S S s Vv Vv S s 4 4
S
S X
/,S_\ TN S 2 \‘,5 S
ANNANAANAIPRARS AN
" % % Vo % % VoS
S %5 S S
scalar self couplings @ contribution from the scalar self
o e o - couplings = contain g and As
__“5___(:/ ° ::*:: @ 5= hO7G07G:|:7H07A07H:|:
S TS -~} = over 200 diagrams to calculate




Ap(z)

0.008 | M 50 =g my+=300GeV ~ A5=0
0.006 -
0.004 |-
0.002 -
Bl S e myo in GeV
250 300 350
Ap(z)
r m a0 =INgo mH+:3OO GeV AS =2
0.0030 F
0.0025 F
0.0020 F
0.0015 F
r ‘4
LS p:
0.0010F * S
N M
C Vi
0.0005 F o
\\‘~~ //’,/ |
: = - ' L myo in GeV
250 300 350
_ (1) — — _
Ap tg=2 tg=4 t5=6




e counterterms for 1-loop subrenormalization

Vff1VSS couplings 052 = 2 AplD)
top mass renormalization om; = Egl)(]é = my)
scalar mass renormalization omgy = Eg) (m%), S=h,H A H*

sm = Lot G =a0 G*

all with standard (t, h, G) and non-standard (H,A,H jE) contributions



e counterterms for 1-loop subrenormalization

VffIVSS couplings 552 = 2 Ap()

top mass renormalization om; = z,ﬁ”(]z = my)

scalar mass renormalization omgy = Eg) (m%), S=h,H A H*

sm = Lot G =a0 G*

)

all with standard (t, h, G) and non-standard (H,A,H i) contributions

e \Ward identity
Ap = 4. (0) = ¥ (0)

Barbieri et al. '93 / Fleischer, Tarasov, Jegerlehner '95

used for checking the results



My in GeV

As =2 Mo = 400 GeV mao = 400 GeV 1y =1 azﬂ—g
80.46 i
80.44
\ Argd
A 2 2
80.42 Argd+ Argy + Ang,
, Arid + Ary + ArG,
80.40 icti
o NN e SM prediction
80.38 I
80.36 i
L L L L 1 L L L L 1 L L L L 1 L L L L 1 myg+ in GeV
350 400 450 500
My in GeV T
)\5 =2 mgo = 400 GeV mapo = 400 GeV tﬁ =4 a = “1/ - 5
80.50
Al
80.45" Ar + ArZ+ A3,
Arid + ArGy + ArG,
----- SM prediction
80.40
I s s s s I s L T L L L L L L L mpg+ in GeV




lg

myo = 300 GeV myo = 400 GeV Ay = —2

300 400 500 600

Mg+ in GeV

[ Unitarity and vacuum stability [ 1 Loop result for My,

MW in GeV

— 80.400

80.390

80.380

80.370



a=8— g Mo = 300 GV Mmoo = 500 GeV mys = 280 GeV

MW in GeV

— 80.400

80.395

80.390

80.385

80.380

80.375

[l Unitarity and vacuum stability



Conclusions

Interplay of precison measurements and precision calculations
has been a convincing concept for the Standard Model

could be repeated also for BSM,
decisive input: Mg = 125 GeV

yields important information on supersymmetric models,
complementary to direct searches

for general two-doublet models:

— Important constraints besides unitarity and vacuum stability
— large one-loop effects

— two-loop calculations required

— specific parameters (tan 3, A5) enter at two-loop level
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