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Gauge coupling (non) unification
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Gauge coupling (non) unification ﬂ("’
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Vacuum stability
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Quatrtic Higgs coupling at the Planck scale
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Ingrediants: 166
— 2-loop effective potential, oo 122 124 1% 18 130 13
— 3-loop beta functions for couplings, My [GeV]

— 2-loop matching relation for initial values of couplings

[..., Bezrukov,Kalmykov,Kniehl,Shaposhnikov'12; Degrassi,Di Vita,Elias-Miro,Espinosa,Giudice, Isidori,Strumia’12;

Alekhin,Djouadi,Moch’12]
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QCD AT

3 3 [Gross,Wilczek'73; Politzer'73]
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QCD
2 d Oés(M) — 6(058)

dp?
s\ 2
= —(*> Po + ﬂ1+< ) 52+< ) B+ ..
T Y
11 2
fo = —Ca—5Tn . v
3 3 [Gross,Wilczek'73; Politzer'73]
,31 [Jones’'74; Caswell'74; Egorian, Tarasov'78]
/82 [Tarasov,Vladimirov,Zharkov'80; Larin,Vermaseren'93]
/83 [van Ritbergen,Vermaseren,Larin’97; Czakon'04]

(5> computed in may different ways.
Check of 33 with indepent method still missing.
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Couplings in the SM

Gauge:
Qg
Q2
Qg
Yukawa:
Qe
Higgs:
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[SU(5)-like normalization)]

x € {u,d,c,s,t,b, e,u,7}

[£=-\®Td)?+..]



SM: f functions AN[{]]
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d qj
2 i _
H d,U,Z ; - Bl(ab A2, A3, Qt, Op, Qry . .oy )\)
P = 27,0 Z,,charge renormalization constant
MS scheme
Q; Q; 0Z,, o 0Z,, -1
= | Dy o T (1
™ Za. — 8aj Za. 8C¥i
LA '
Calculation of 81, 32, B3 requires:
@ Zy,, 24, Lo, 10 3 l00pS
@ [, B, B to 1 loop Qi p,- dependence of Za,, Za,, Za, Starts at 2 loops
a [, to tree level X dependence of Z,,, Za,, Za, Starts at 3 loops
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SM: known results

1 |00p: [Gross,Wilczek'73; Politzer'73]

Karlsruhe Institute of Technology

2 IOOpS: [Jones'74; Caswell'74; Tarasov,Vladimirov'77; Egorian, Tarasov'79; Jones'81; Fischler,Hill'82; Machacek,Vaughn'83;
Jack,Osborn’84]
partlal 3 IOOpS: [Curtright'80; Jones’80; Steinhauser'98; Pickering,Gracey,Jones’01]

3 |OOpS: [Mihaila,Salomon, Steinhauser'12]

2 IOOpS: [Fischler,Oliensis’82; Machacek,Vaughn'83; Jack,Osborn’'84]
partial 3 100ps: (chetyrin zoller12]

2 IOOpS: [Machacek,Vaughn'84; Jack,Osborn'84; Ford,JackJones'92; Luo,Xia0'02]

partial 3 100pS: (chetyrin zoller12]
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2 approaches ﬂ("‘

I. Lorenz gauge,
no spontaeous symmetry breaking,
B and W bosons

II. Background field gauge,
1 only 2-point functions of background gauge boson
broken phase of SM,
~v, W and Z bosons
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Computation of Z,, IT
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.'1“‘

(i) choose vertex involving «; MMV
v,
T :'{"

(ii) compute Zyx ()
-

(iii) compute wave function ren. Zyry > e A A

(iv) Zo, = (=)
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Vertices

Lorenz gauge

Za3 &.OJLOJUL«'-:. w%
Y

o 4
Za, MWL A,
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Background field gauge

@trw@m-n@

B B W+
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Matthias Stdi er— 3-loop gaugea)
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Number of diagrams A\‘(IT

Lorenz gauge

# loops 1 2 3 4
BB 14 410 | 45926 | 7111021
W3W3 17 502 | 55063 | 8438172
ag 9 188 | 17611 | 2455714
CyCqy 1 12 521 46 390
Cw;Cws 2 42 2480 251200
T o 10 429 | 46418 | 6918256
BBB 34 | 2172 | 358716 | 73709886
Wi W,Ws3 || 34 | 2216 | 382767 | 79674008
999 21 946 | 118086 | 20216024
CyCqg 2 66 4240 460 389
Cw, Cw, W3 2 107 | 10577 | 1517631
oTd W3 || 24 | 2353 | 387338 | 77292771
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Number of diagrams A\KIT

BFG
# loops 1 2 3 4
~B~B 13 | 416 | 61968 | 13683693
BzB 13 | 604 | 100952 | 23640897
ZBz8B 20 | 1064 | 183465 | 44049196
wWHBw—B || 18 | 1438 | 252162 | 42423978
gBg® 10 | 186 | 17494 | 2775946
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Vertex diagrams/loop integrals &K"

a set all masses to zero
msetqy =0o0rqgq; =0
<q2 a UV structure not changed
\\ a make sure that no IR poles are introduced

D “MINCER integrals" [Larin, Tkachov,Vermaseren'91]
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MN< ______ >W a anomaly cancellation in fermion
______ triangle
a different for Green’s functions with
AN .
W»< >W external fermions
WAVAVAVAVAVAVAVAVAVAY,
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Automation

QGRAF

g2e

exp

MATAD/MINCER

QGRAF [Nogueira’91]

qu/eXp [Harlander,Seidelsticker, Steinhauser'97;Seidelsticker'97]
MINCER [Larin, Tkachov,Vermaseren'91]

MATAD [Steinhauser'00]
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Automation

QGRAF

g2e

exp

MATAD/MINCER

FeynArts

QGRAF [nogueira'o1]

g2€e/eXp [Harlander,Seidelsticker, Steinhauser 97;Seidelsticker 97]
MINCER (Larin Tkachov,vermaseren'a1]

MATAD [steinhauseroo]

FeynArts3 Hannoy
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Automation
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QGRAF

g2e

exp

MATAD/MINCER

< FeynArtsToQ2E ‘

[

FeynArts

QGRAF [nogueira'o1]

g2€e/eXp [Harlander,Seidelsticker, Steinhauser 97;Seidelsticker 97]
MINCER (Larin Tkachov,vermaseren'a1]

MATAD [steinhauseroo]

FeynArts3 Hannoy

FeynArtsToQ2E (saomoniz)
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Automation

nnnnnnnnnnnnnnnnnnnnnnnnnnnnn

QGRAF

g2e

exp

MATAD/MINCER

< FeynArtsToQ2E ‘

[

FeynArts

I

QGRAF pogueress; | FEYNRUIES

g2e/eXp [Harlander,Seidelsticker, Steinhauser 97;Seidelsticker 97]
MINCER (Larin Tkachov,vermaseren'a1]

MATAD [Steinhauser'00]

FeynArts3 Hannon

FeynArtsToQ2E (saomoniz)

FeynRules (christensen bunrog]
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Checks

2-|00p results for 5Yukawa [Fischler,Oliensis'82; Machacek,Vaughn'83; Jack,0sborn’84]
3-|00p QCD 6 funCtiOI’l [Tarasov,Vladimirov,Zharkov'80; Larin,Vermaseren'93]
3-|00p O(Oégat) to 63 [Steinhauser'98]

3-loop results for SU(3), SU(2), U(1) (only one gauge coupling)

[Pickering,Gracey,Jones'01]

3-loop A terms (curtrightso; sonesso]

Zl,aicﬁ _ Zl,aiaiai

Zocr/Z3,0; a (, /23, )3
a calculation for arbitrary {qcep, $w, €
O S functions are £ independent

ez, =

m BBB vertex [ zero to 3 loops (= sum of 300 000 diagrams)

= IR safe: introduce mass m # 0; asymptotic expansion for g2 >> m?
0 NO In(m?/1?) terms!
(Note: up to 35 sub-diagrams/diagram!)
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Results: [, as an example

IT
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B2 3 3
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+ — -6 —6/ —2 4ng|— 4+ —= 41603
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8 4 2
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ng: # of generations T
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Results: [, as an example
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Results: [, as an example T

Karlsruhe Institute of Technology

86 16ng
= -—+
B2 3 3
60(1 5180{2 40(1 1960{2
+ — - -6/ —6/ —2  +ng + 1603
5 3
16302  56lasx 66711102  Bay A 593 trT
+ 1y S 2 4 207 4 gk — 1282 —
400 40 432 5 40
7290,trT . 533mtrB  729q,trB . 5lagtrl
— —————— — 28q3trT — — — 28atrB —
40 8
2430t 57UB2  45(trB)? A~ lotl?  s(ul)?  270TB
- + + + 15trBtr 4 +
8 4 2 4 2 2
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Results: [, as an example
86 160G
= - =+
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60&1 5180:2 40:1 196012
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Results: [, as an example
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Numerics AT
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Numerics AT
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Numerics
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Dominant terms

Relative contribution to the difference
“3-loop running” — “2-loop running”

a1 | aZai | >90%
az | ada3 | +56%
ag +37%
adag +13%
as ag +137%
Aoy | —112%
agaz +45%
a2a? | +28%
azas | +17%
Qdagay | —16%
ag a3 —58%
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(v =Mz — p = 106 GeV)
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Conclusions

® Bays Bays Bas in SM to 3 loops

a fundamental quantity of SM

a automated setup

a “3loops — 2 loops” ~ experimental uncertainty
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