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M otivation

g functions ardundamentaguantities of the SM

» Precision tests of the SM (EWPO)

o Indirect Search for New Physi¢giroughRGES

# gauge coupling unification
o stability bounds for the EW vacuum
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| ntroduction

SM (SU(3)xSU(2)xU(1)) couplings:
® Gauge couplings

5) OéQED
X1 = = 5
3 cos? Oy
__@QED
Qo — . 9
sin” Oy
3 = Qg [with SU(5) normalization ]

® Yukawa couplings ,

ams

- 2sin® Oy M3,

ol with z=¢t,0,7,---

® Higgs quartic couplingsX)
Equartic — _(47T5‘)(HTH)2
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SM 5 functions ﬂ(".
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SM 5 functions ﬂ(".

2
du?

® SM Gauge sector:
1 |OOpZ[Gross, Wilczek'73; Politzer 73]

Q; = 572({04]'}7 6)
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SM 5 functions

2
du?

® SM Gauge sector:
1 |OOpZ[Gross, Wilczek'73; Politzer 73]

® 2 loops:
[Jones’'74; Tarasov, Vladimirov'77; Caswell'74; Egoridiarasov’ 79, Jones’'82]

& Yukawa [Fischler, Hill'81; Machacek, Vaughn’83; Jack, Osbornf84

Q; = 572({@]'}7 6)
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uzi
du?
® SM Gauge sector:
1 |OOpZ[Gross, Wilczek'73; Politzer 73]
® 2 loops:

[Jones’'74; Tarasov, Vladimirov'77; Caswell'74; Egoridiarasov’ 79, Jones’'82]
& Yukawa [Fischler, Hill'81; Machacek, Vaughn’83; Jack, Osbornf84

® 3loops:
QCD [Tarasov, Vladimirov, Zharkov’80, Larin, Vermaseren'93 ]
QCD & top Yukawasteinhauser99]
simple gauge groupickering, Gracey, Jones '01];[Curtright'80; Jones’80]

Q; = 5@'({0{7}7 6)
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SM S functions A{]]

uzi
du?
® SM Gauge sector:
1 |OOpZ[Gross, Wilczek'73; Politzer 73]
® 2 loops:

[Jones’'74; Tarasov, Vladimirov'77; Caswell'74; Egoridiarasov’ 79, Jones’'82]
& Yukawa [Fischler, Hill'81; Machacek, Vaughn’83; Jack, Osbornf84

® 3loops:

QCD [Tarasov, Vladimirov, Zharkov’80, Larin, Vermaseren'93 ]

QCD & top Yukawasteinhauser99]

simple gauge groupickering, Gracey, Jones '01];[Curtright'80; Jones’80]
® 4loops:

QCD [Ritbergen, Vermaseren, Larin’97; Czakon '05]

Q; = 5@'({0{7}7 6)
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® SM Gauge sector
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SM 5 functions ﬂ(".

d
:uzd_/ﬂ@i = Bi({a;},€)
® SM Gauge sector

® Yukawa sector:
o ? |OOpSZ[FischIer, Oliensis’82; Machacek, Vaughn’84; Jack, Ostf4]
® 3 loops:top Yukawa & QCDichetyrkin,zoller '12]
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SM S functions A{]]
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d
:uzd_/ﬂ@i = Bi({a;},€)
® SM Gauge sector

® Yukawa sector:

o ? |OOpSZ[FischIer, Oliensis’82; Machacek, Vaughn’84; Jack, Ostf4]
® 3 loops:top Yukawa & QCDichetyrkin,zoller '12]

#® Higgs quartic couplings:

o ? |OOpSZ[ Machacek, Vaughn’'84; Jack, Osborn’84, Ford et al'92; L¥iao '02]
® 3 loops:top Yukawa & QCDichetyrkin,zoller '12]
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Calculation =0

7 —1
i i 07, ; 04,
B = — e +2-0 ey <1+2O‘ )

Z4, charge renormalization i = 1,2, 3
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Calculation =0

7 —1
87 87 07, 87 07,
= — |le— 42— Bl [ 1+2 :
52 ¢ ™ . Z | , 6.7 ( + Zgi 5’042- )

Z4, charge renormalization i = 1,2, 3
o Calculation ofgy, 52, 53 at 3 loopsrequires:
® Z,.,Z, Z4 to 3 l00ps
® By uUpto 2 loops
® [yuptolloop
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Calculation ofZ,,, to 3 loops:

7 ZV Zl,gq;cq;c‘q; o Zl,gigq;gi

"o Hk V Zk,WF - Z2,Cz' V Z3,9z‘ B (\/ Z3,gz')3 B
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Calculation ofZ,,, to 3 loops:

ZV . Zl,gz'cq;c‘q; o Zl,gigq;gi

Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ Z3,gz')3

® (O(10°%) Feynman diagrams

AWW o> > -
/\/| ‘ Ir:'
' L]
AN 3 ,
V| |l L’ 1
U227 T MNs SN A
AN ll N .
AR "y ;
\( I . 7_'1‘

haww < - - -
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Calculation ofZ,,, to 3 loops:

7 2y . Zl,gz'cq;c‘q; . Zl,gigq;gi

"o Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ Z3,gz')3

® (O(10°%) Feynman diagrams

SWW o> - > -
/\/| ‘ Ir:'

' L]
A 3 I
/, |l L’ // '
M| I| AAVAV P A
\\ ll N .

S <-- - -

® MSscheme
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Calculation ofZ,,, to 3 loops:

7 ZV . Zl,gz'cq;c‘q; o Zl,gigq;gi

“o Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ ZS,gz')B

® (O(10°%) Feynman diagrams

MW o> > -
7 | ‘ Ir:'
//\\ I g X
V) | .
/’ || " // '
\ | l| MNs P 4
Ny | N .
\ l : \‘ .
~< , 7_%
W < «- -<-

® MSscheme

® 1 non zereexternal momentum & all masses setztyo
= MINCER [Larin, Tkachov, Vermaseren’'91]
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Calculation ofZ,,, to 3 loops:

7 ZV L Zl,gz'cq;c‘q; . Zl,gigq;gi

“o Hk V Zk,WF B ZQ,Cz' V Z3,gz' B (\/ Z3,gz')3

# (O(10°%) Feynman diagrams> automation

PAAAA Lor - > -
/\/| ‘ Ir:'

' L]
SN 3 X
/’ || e // [
M AN LA A
AN ll N .
RN v I

haww < - - -

® MSscheme

® 1 non zereexternal momentum & all masses setztyo
= MINCER [Larin, Tkachov, Vermaseren’'91]
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Automation ﬂ(".

Karlsruhe Institute of Technology

QGRAF
Y
g2e
Y
exp QGRAF [Nogueira’91]
g2e/exp[Harlander, Seidensticker, Steinhauser'97]
MINCER [Larin, Tkachov, Vermaseren’91]
MATAD [Steinhauser'00]
Y
MINCER/MATAD
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Automation ﬂ(".

Karlsruhe Institute of Technology

QGRAF
! FeynArts
g2e
Y
exp QGRAF [Nogueira’91]
g2e/exp[Harlander, Seidensticker, Steinhauser'97]
MINCER [Larin, Tkachov, Vermaseren’91]
MATAD [Steinhauser'00]
\A FeynArts3[Hahn'01]
MINCER/MATAD
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Automation ﬂ(".

Karlsruhe Institute of Technology

QGRAF|<
! FeynArts
g2e
Y
exp QGRAF [Nogueira’91]
g2e/exp[Harlander, Seidensticker, Steinhauser'97]
MINCER [Larin, Tkachov, Vermaseren’91]
MATAD [Steinhauser'00]
\A FeynArts3[Hahn'01]

MINCER/MATAD FeynArtsToQ2E[Salomon’12]
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Automation ﬂ(".

Karlsruhe Institute of Technology

QGRAF|-
! FeynArts
g2e 1
FeynRules
Y
exp QGRAF [Nogueira’91]
g2e/exp[Harlander, Seidensticker, Steinhauser'97]
MINCER [Larin, Tkachov, Vermaseren’91]
MATAD [Steinhauser'00]
\A FeynArts3[Hahn'01]

MINCER/MATAD FeynArtsToQ2E[Salomon’12]
FeynRulesChristensen '08]
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Treatment of v ind # 4 ﬂ("‘

® 5 present in fermion loops
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Treatment of v ind # 4 ﬂ("

® 5 present in fermion loops

® Problematic diagrams have at maestple poles %
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Treatment of v5ind # 4 ﬂ("

® 5 present in fermion loops

#® Problematic diagrams have at mastple poles %
® “Semi-naive” scheme:

{v5,7.}=0 , =1
Tr(Y#9" 7P ) = —4i "7 + O(e)
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Treatment of v5ind # 4

® 5 present in fermion loops

#® Problematic diagrams have at mastple poles %
® “Semi-naive” scheme:
{7577#} =0 ) /Vg =1
Tr(*y 777 5) = =4 77 4 O(e)

& P9 1s aformalobject
® completely anti-symmetric

~UV PO e v _p o]
SHYP Euv' ool = g[u, 9., gp, ga,]
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Internal checks

® 2 independent calculation
® Lorenz gauge & unbroken phase of SM
® Background field gauge & broken phase of SM
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Internal checks

® 2 independent calculation
® Lorenz gauge & unbroken phase of SM
® Background field gauge & broken phase of SM

Lorenz gauge

# loops 1 2 3 4
BBB 34| 2172 | 358716 | 73709886
WiWoWs 34 | 2216 | 382767 | 719674008
gqg 21| 946 | 118086| 20216024
CqCq4 2 66 4240 460 389
cw, Cw, W 2 107 | 10577| 1517631
dtd~Ws || 24 | 2353 | 387338| 77292771
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Checks A“(IT

stitute of Technology

Internal checks

® 2 independent calculation
® Lorenz gauge & unbroken phase of SM
® Background field gauge & broken phase of SM

BFG
# loops 1 2 3 4
BB 13| 416| 61968| 13683693
~BZB 13 | 604 | 100952 | 23640897
VA AL 20 | 1064 | 183465| 44049196
WHBWw-B || 18 | 1438 | 252162 | 42423978
gBgP 10 | 186 | 17494| 2775946
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Internal checks

® 2 independent calculation
® Lorenz gauge & unbroken phase of SM
® Background field gauge & broken phase of SM

CPU Time:100cores=- from 1hup to1l day
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Internal checks

® 2 independent calculation
® Lorenz gauge & unbroken phase of SM
® Background field gauge & broken phase of SM

Lorenz gauge

¥ ) Z — Zy _ Zl’gicic_z' Zlagigigi
g;

IoZowe  Zocin/Zsg, (754,
Z4, also from¢™ ¢~ Ws

calculation for arbitrary, , &w , &p

BB B vertex zero to 3 loops ( sum 800 000 diagrams)

e o 0 0

IR safe: mas3// =~ 0 for all particles
asymptotic expansion faf > M?
= NO In(M?/q¢*) (up to 35 sub-diagrams/diagram)
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Comparison with the literature

9

e o @

2-100P Byukawa [Fischler, Hil'81; Machacek, Vaughn’83; Jack, Osborr]84
3-loop Sgcp [Tarasov, Viadimirov, Zharkov'80, Larin, Vermaseren'93 |
3-loop O (a3a;) to B3 [Steinhauser99]

3-loop Beange fOr simple gauge group (only one gauge coupling)
[Pickering, Gracey, Jones '01]
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31

{48904% | T83anas 3401a3 N 54a1 )\ N 18z 3677 2827 trT

(47)* | 2000 200 80 25 5 5 200
ATlaotrl  116astrT 1267aitrB 1311astrB 68astrB  2529aitrL
8 5 200 40 5 200
1629cuatrL N 183tr B2 N 51(trB)? N 157tr Btr L N 261tr L2 N 99(trL)?
40 20 10 5 20 10

3trT'B N 339trT"2 N 177trTtr B N 199trTtrl,  303(tr1)?
2 20 5 5 10
e [ 2320 Tajaz | 16605 548aiaz  4azas N 1100043}
75 25 15 225 5 9

"G 135 15 135

o [ 836aF 440 1936a§”
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s {4890& | T83anas 340103 N 540 A N 18ash  364% 2827 trT

L (4m)* | 2000 200 80 25 5 5 200
ATlaotrl  116astrl’  1267aitrB 1311lastrB - 68astrB 2529 trL
8 5 200 40 5 200
1629cuatrL N 183tr B2 N 51(trB)? N 157trBtr L, N 261tr L2 N 99(trL)?
40 20 10 5 20 10
N 3trT'B N 339trT"2 N 177trTtr B N 199trTtrl,  303(tr1)?
2 20 5 5 10
[ 232a7  Tajas  166ai  b48ajas  4asasz  1100a3
+ ng| — — + — —
I 75 25 15 225 5 9
o2 [ 836a]  44aj 1936a§]}
¢l 135 15 135
A 1 T A 1 T - 1
7= —yUyU"  B— —yPyPt  j_ ~yLyL!
4 4 41
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s {48904% | T83anas 3401a3 N 54a1 )\ N 18ash  364% 2827 trT

L (am)* L 2000 200 80 25 5 5 200
AT1aotrT  116astrT’ 1267aqtrB 1311lastrB 68astrB 2529« trL
8 5 200 40 5 200
1629cuatrL N 183tr B2 N 51(trB)? N 157tr Btr L N 261tr L2 N 99(trL)?
40 20 10 5 20 10
N 3trT' B N 339tr12 N 177trTtr B N 199trTtr - 303(trT)2
2 20 5 5 10
N [ 2320% Tajas N 1665  548aias  4dasas N 1100043}
n J— J— J— R
17 s 25 15 225 5 9
o2 [ 836aF  44a; 1936a§”
¢l 135 15 135
(o, 0 O ag 0 0 1
tr'l’'B = tr 0 a O |Vekm | O as O V(;TKM
| 0 0 (o' 0 0 Op i
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a1 {4890& N 7830 o N 3401a3 N 540 A N 18az A 362 B 28271 trT’

L (am)* L 2000 200 80 25 5 5 200
ATlaotrl  116astrl’  1267aitrB 1311lastrB - 68astrB 2529 trL
8 5 200 40 5 200
1629cuatrL N 183tr B2 N 51(trB)? N 157trBtr L, N 261tr L2 N 99(trL)?
40 20 10 5 20 10
N 3trT'B N 339trT"2 N 177trTtr B N 199trTtrl,  303(tr1)?
2 20 5 5 10
[ 232a7  Tajas  166ai  b48ajas  4asasz  1100a3
+ ng| — — + — —
I 75 25 15 225 5 9
o2 [ 836a]  44aj 1936a§]}
¢l 135 15 135
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s {48904% | T83anas 3401a3 N 54a1 )\ N 18ash  364% 2827 trT

L (am)* L 2000 200 80 25 5 5 200
ATlaotrl  116astrT 1267aitrB 1311astrB 68astrB  2529aitrL
B 8 5 200 40 5 200
_ 1629astrL N 183tr B2 N 51(trB)? N 157tr Btr L N 261tr L2 N 99(trL)?
40 20 10 5 20 10
N 3trT' B N 339tr12 N 177trTtr B N 199trTtr - 303(trT)2
2 20 5 5 10
L ong [ 23207 Taiag N 166a;  548ciaz  4dasag N 1100043}
I 75 25 15 225 5 9
o2 [ 836aF  44a; 1936a§”
| 135 15 135

2 loops:Qvy, Qg s, trl tr5, tr L
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s {48904% | T83anas 340103 N 540 A N 18ash  364% 2827 trT

L (am)* L 2000 200 80 25 5 5 200
ATlaotrl  116astrT 1267aitrB 1311astrB 68astrB  2529aitrL
B 8 5 200 40 5 200
1629cotrl,  183trB2  51(rB)?  157trBtrL,  261trL?  99(trL)?
B 0 T2 710 T 5 T T T 10
srT’B 339wr7?  17TaTtrB 199trTtrl  303(trT)?
i T 5 * 5 10
[ 232a7  Tajas  166ai  b48ajas  4asasz  1100a3 }
+ ng|— — — — +
75 25 15 225 5 9

135 15 135

o [ 836aF 440 1936a§”
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Numerical &

'fects of 3-loop corrections ﬂ("‘

3 loopeffects to thes functions

o 61:
o 52:

$ 63:

2.2
s

2 92
o3
Oé%(){:g

4
o

4
(g

Oég()ég

2 2
3y
Ckngt

2 9
3y

(+90%)

(+56%)
(+13%)
(+37%) [Pickering, Gracey, Jones '01]

(+ 137%) [Tarasov, Vladimirov, Zharkov’80, Larin, Vermaseren’'93 |
(+45%)

(+17%)

(-112%) [Steinhauser'99]

(+28%)

iy (-16%)
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Numerical analysis ﬂ("

SM Input parametersoc:

sin? @M = (0.23119 4 0.00014 .
a = 1/137.036,
Aol = 0.02761 4 0.00015

OéS(Mz)

0.1184 £ 0.0020 .
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Numerical analysis ﬂ("

Conversion taviS scheme &5 active flavours

_ 2

AGBIMS _ A, (108 _ o (100 1 7, My

T\ 2T 6 4 M2

~ 0.0072 [PDG]
ANQ v
o (Mz) = (5) (5) (5)
1 — Ao‘lep — Aoyl — Aoztop — 0.0072
1

127.960 = 0.021

[KUhn, Steinhauser '98; Steinhauser'98; Teubner et al:10]
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Numerical analysis ﬂ("

TOp-quark threshold eﬁ:ECtlSnchiotti et al '92, Chetyrkin et al '98]

MS(M,) = 1/(128.129 + 0.021)
sin? @ OMS(\7,) = 0.23138 +0.00014,
O)(My) = 0.1173 + 0.0020.

= ready for running to high energies
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Numerical analysis ﬂ("

N——"

0.07514 ,
0.00002064 ,
8.077-107°,
Ar\ = 0.13.

Q

O
T TE S
)] )] 0)]
N
|

N——"

Q
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Numerical analysis ﬂ("

0-01:‘\“‘\“‘\“‘\“‘\“
2 4 6 8 10 12 14 16

log, (W/GeV)
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Numerical analysis %(IT

-1
x 10

0.237~"=

~ N—— ~ =
0.2368}
0.2365 = _ J
$V0.2363] — |
= 0.236} :
0.2358} . ° .
0.2355/| * ., . ot |
0.2353| Lot e ., |

O 235 ‘ ‘ : : . : L ‘ ‘ ‘ | w \ ‘ | ‘ ‘ ® ol
12.98 13 13.02 13.04 13.06 13.08
log, (W/GeV)
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Conclusions o
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SM gauges functions to3 loops
Numerical effects for, , oo =~ experimental uncertainty
General Yukawa sector

e o o o

Automated setup
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