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Some of our motivations

e The discovery of the Higas BoOson "finalizes” the SM |
e No clear experimental hints of New Physics

e \We have all necessary tools

Why not to try? o

NB: The three-loop R.enormalization /
Group Equations (R.GE) in the MSSM®Bre know:
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What to caleulate”

D =4 —2¢
e Renormalization constants in MS
scheme Zr of certain dimensionally
recularized 2-3-, and 4-point Green
functions I' at | 2 and 3 loops

e From Zr extract Z,, - ren const. For

the SM parameters a; /
e Find Reta-functions from 2, fand

7

anomalous dimensions £rom At
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Relation to rare parameters in MS scheme:

(m) 1

en’

-2
Ok, Bareld S = &k(/.ﬂ)) = Gk + Z Ci.
pr =1 /2 For aauae and fukawa

Px = 1 For Hiaas self-coupling

_ da;(,€) B (1) 2) (3)
Bi(ak) = dng? | Bi=pB,"+8,"7"+ 8" +
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KNnown results
(courtesy to M Steinhauser)
¢« QKauge couplings:
- | loop:

- 2 loop:

-3 |oop:

Mihaila Salomon Steinhauser |2
(Pull result for the first time)

ACAT 2013, Beijing, Ib May 2013



Known resurts

e MUukawa COUPIINGS:

-7 loop:

- 3 |oop:
Chetyrkin, Z oller'|2

(NO electroweak couplinas, only top \lukawa)/

(courtesy to M Steinhauser)
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KNnown results
(courtesy to M Steinhauser)
e Higas sector:
-7 loop:

- 3 |oop:

Chetyrkin, Z oller'|2

(NO electrowesk couplings, only top Mukawa)
Chetyrkin, Z oller'|3 /

(Pull result for the first time)
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Prorlems ..

» A lot of Feynmwan diaarams O (10% —10°)

caleulation By hand — impossigle..

|

/
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Prorlems ..

» A lot of Feynmwan diaarams O (10% —10°)

caleulation By hand — impossikle..

» V5 treatment in dimensional
recularization

Antocommute or not ar\'ticor\nnnu—te?/

{?

! : : UV PO
Y, 151 =0 vs  tr (v#*y"y°7%v5) = —4ie!?

ACAT 2013, Reijina, Ib May 2013 .
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OQur solutions (D

e [nPraRed R earrancement (IRLR)

- We are Interesting in LAV diveraencies
only, sO It Is possikle to chanae IR
structure of the diaarams

— This should e done without introduction

of spurious IR. diveraencies. /

NB: R_*-operation for dealing with roth IR. and LAV

ACAT 2013, Beijing, b May 2013 §
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Qur solutions ()

e [nPraRed R earrancement (IRLR)

e Calaulation in the unrroken phase oOf
the SM (massless fields)

/
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OQur solutions (D

e [nPraRed R earrancement (IRLR)

e Calaulation in the unrroken phase oOf
the SM (massless Ffields)

e Backaround fleld-aauae fixing in order
t0 extract gauge reta-functions solely

£rom
R

self-enerales

ED-like \Ward identities!

ACAT 2013, Beijing, b May 2013 §




OQur solutions (D

e [nPraRed R earrancement (IRLR)

e Calaulation in the unrroken phase oOf
the SM (massless Ffields)

e Backaround field-aauae fixing IN order
t0 extract gauge reta-functions solely
Lrom self-enerales

o High level of automatization

ACAT 2013, Beijing, I May 2013
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IR.R_ trick

e Variant |

- Set all masses tO zero

- Set n external momenta in all relevant
diaarams with 2+n leas to zero

sinGle-scale propaagator—type intearals |

|

e Pro: Mulktiplicative renormalizagility of B
Green functions can e used A

L
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IR.R_ trick

e Variant l:

E xpand 1N external momenta around zero
t0 a8 sufficilent order

— Introduce an auxilarily mass in each
Propagator

Sinale-scale vacuum intearals /

e Pro: No spurious IR diveraencies

ACAT 2013, Beijing, Ib May 2013 §
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IR_R_ tricks. Which one?

e Variant |

- @auce and Yukawa coupling reta-functions |

- Field anomalous dimensions

e Variant ll:

- reta-function for Hiaas
self-coupling

- Beta-function for Hiaas mass
parameter

ACAT 2013, Beijing, Ib May 2013 §



The SM in BEG

L=Lc+Lyg+Lyr+ Lar+ Lrp.

1 L
~3GhGhy — Wi W,y — 3B By,

= 8,G% - 8,G5 + 9. f*°G, G,

= W, — 8, W, + g2 WIW},
= 8,B, - 8,B,,

Gi=G2+G% a=1,..,8
Wi=Wi+Wi, i=1,..,3
Dy =0y —ig1°G), — ingiW;;

ACAT 2013, Beijing, Ib May 2013 §



The SM in BEG

L=Lc+Lyg+ Ly + Lar+ Lrp.

_yt(Q(I)C)tR = yb(Q(I))bR —= yT(L(I))TR + h.c.

ACAT 2003, Beijing, I May 2013 § |
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The SM In BEG
eyt Lr - LoF + Lrp.

Ly = (D,®)(D,®)+m?d'd— ) (20)°
|

/

|"

|

j
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The SM in BEG

L=Lc+ Lyg+Lyr+ Lar+ Lrp.

Ly = (D,®)(D,®)+m?>d'd— ) (20)°

-

The renormalization constant and corresponding
reta-function can re extracted from the renormalization

of the composite operator
h2 2
(I)Tq):( o ¢+¢_> /
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The SM in BEG

L=Lc+Lyg+Ly+ Lar+ Lrp.

1 1

1
aGa
%g ¢ C

)
GB?

A G@’
2%w V" 2p

~a abc Ab Are
e e

171 1ikyrritirk
(‘JMWM + go¢€ J W,ZWM
0,B,
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The SM in BEG

L=Lc+Lyg+Lyr+ Lar+ Lrp.

_ 0G,

Lrp = —Cq 38 P a,=(G,W,B)

(Dubc)® = 8,02 + 95 f**°G} 05
(DMHW)i = 3,,,9%4/ X gzeijkWZQ% ;
0,05 .

ACAT 2013, Beijing, Ib May 2013



i c W', B h, qbi, %

/\

71/2? z,, =Z\V_’V1/2’ Z,, = —1/2

G
fL,R

B

2§t &= h, X A

 VZ1. 21,24
Z¢+t4 ~d f R.L

ACAT ZOB Beijing, |6 May 2013
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What we calculate?

|

Zhhhh = Lhhét -

7, — Zhnhh _ Lhhgt - /
B 2.7,

|"

|

j
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A comment on Mmass
anomMalous dimension

Mass parame-ter m2 anomalous dimension can re found
By considering the following diaarams:

L4

..*‘

ot Aot h

B

L

H\
h_.f': o) \*\(’?_ h_.i""'

le., By selecting the diaarams which contrirute to
hhq5+q5_ Green function and have gb+ : gb_
external particles connected to a four-vertex

A 2
7 5 = Zhnlster]

A ACAT 2013, Beijin, Io May 2013 |
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Qur setup

e Purlic and private computer codes:

- LanHEP

- FeynArts

- Diana (RQRGR.AR
- MINCER.

- COLOR. B
- BAMBA
- MATAD

- Some awk/python/Bash maaic
ACAT 2013, Beijing, I May 2013 § |
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Automatization.

Variant | (MINCER)
ACAT 2013, Beijing, Ib May 2013




Automatization.

[ FeynArts }

Variant | (MINCER)
ACAT 2013, Beijing, Ib May 2013 '




Automatization.

[ FeynArts }

Variant | (MINCER)
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," 2pt and 3pt
‘\ topoloay ﬁles','

Variant | (MINCER)
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," 2pt and 3pt
‘\ topoloay ﬁles','

Variant | (MINCER)
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," 2pt and 3pt
‘\ topoloay ﬁles','

Variant | (MINCER)
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," 2pt and 3pt
‘\ topoloay ﬁles','

3 loop
disaarams

Variant | (MINCER)
ACAT 2013, Beijing, Ib May 2013
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Automatization.

Diana
(RGR.AM)

i

4
|

il

/

Variant |l (Rurrles)
ACAT 2013, Reijina, Ib May 2013

|
i
k
)
|
¥
¥
| §
A



Diana 3
Gy | - L, foroiocy bies MaPD|ar\a:|

Variant Il (rRurrles)

ACAT 2013, Beijing, Ib May 2013




Diana ‘ W :I
' |
(QGRAD e

. topoloay #ules ¢

Variant |l (rurgles)

ACAT 2003, Beijing, I May 2013 § |

- '-—*.:r il B

R e e Y



Diana ' 3
Gy | -  xorolocy sies MaPD|ar\a:|

Variant |l (rurgles)
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Diana 3
@QERADY | ., forolocy sies Manlar\a]

Variant |l (rurgles)
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Diana "
| (Q&&AC) e ‘\ topoloay -PI'CS ¢ MaPD|ar\a ]

&AM&A/MA@

Variant |l (rurgles)
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| b Sl :' ' MapDiana :I
(QRGR_AD) ., topoloay #lles ’

[& e ] &AM&A/MA@
( D

renormalized

Variant Il (rRurrles)

ACAT 2013, Beijing, b May 2013
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Diana '/ ;
@QERADY | \ topoioay siles,/ N\aPD|ar\a:|

3 loop
diaarams

[&esul—ts ] &AM&A/MA@
( )

renormalized

Variant Il (rRurrles)
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In D dimensions

1%, 5 =0 = tr ("7 ) =0

Naive DRE &G

/

ACAT 2013, Beijing, Ib May 2013
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.and (our) "solutions” (IN

In D dimensions

{’Y;u 75} =0 m tr(*77°7° ) =0

Naive DRE &G

How arout? /
£

B i~
4D ogject!

ACAT 2003, Beijing, I May 2013 § |
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Semi-nalve Ganmmas

e Semi-naive treatment of Ganmmas:
RS =0, =1

t0o put all the aammaS's to the rightmost
POsition IN a8 fermion chain¥

i

- "Even' traces (N0 75 left) pose NO prorlem

- In "Odd" traces (oneYsleft) we uy
hric:? O(e)

Qe Zeﬂl 2 43 g ’y'ul fy/m ,Yug ’Y'IM

- Conctract Eps—tensors as in 4Dl
ACAT 2013, Beijing, Ib May 2013 :
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Semi-nalve Ganmmas

B 5) — i

Vector indices should Re contracted either with external
MmomMmenta or with each other

E

Two closed fermion |oops are required

What kind of fermion |Ioops appear In our calculations?
ACAT 2013, Beijing, lo May 203 |5
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Semi-nalve Ganmmas

Two internal fermion loops

\

Only BOsonNic external fields
at three loops

Gauae-ANnomaly cancelations:

No EPS-contirution upon
sunmmation over the SM
fermnions

AVAVAVAVAV

_— s

"Danaerous” diaarams

O(e)

eryror A

|
|
I..
|
F

ACAT 2013, Beijing, Ib May 2013 §
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Semi-nalve Ganmmas

One internal Ioop and one external fermion chain

R_elevartt for our calculation of /

Yukawa coupling Z-'s Become a loop in D|rac
space upon contraction

with 8 projector

J
Gauae-ANomaly cancelations:
JT No EPS-contirution upon
1  summeation over the SM
=Z
<€ < <

fermions
0}

ACAT 2013, Reijina, Ib May 2013 .
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Semi-nalve Ganmmas

One internal Ioop and one external fermion chain

Relevant for our calculation of / B
Become a loop in Dirac

space upon contraction

I with 8 projector
I ¢

AVAVAY,

Mukawa coupling Z's

| Gauge-Anomaly cancelations:
: No EPS-contirution upon
| sunmation over the SM
|
|
|
|

fermions

ACAT 2013, Reijina, Ib May 2013 .
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Semi-nalve Ganmmas

One internal Ioop and one external fermion chain

R_elevartt for our calculation of /

Yukawa coupling Z-'s Become a loop in D|rac
space upon contraction

l with 8 projector

error ——» Not important
€

Non—trivial contrirutionl!

ACAT 2013, Reijina, Ib May 2013 .
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Semi-nalve Ganmmas

The price of simultaneous application of the
arove-Mmentioned rules Is the fact that there i1s an
amBiGuity in positioning Of aammad N a trace, e.a.

B T A I 0 5 s - - - Vs )] X (D —4)ep, . s

We are lucky! FeynArts and DIANA

uniQuely define "cut” points of closed
fermion chains for all the diaarams

with the same "Generic" propotype

ACAT 2013, Beijing, Ib May 2013 §
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R esults. U] gauae couplinG

Three-loop conrtrirution to the three-loop reta—function:)

(Vs dEIRVZIVESS

g1
g2
9s
Yt
Yb
Yr

14

http://arxiv.ora/sre/I210 68713/ane

= 0.3576
= 0.6514
— 1.2063
= 0.9665
= 0.016

= 0.01

== 050

= 100 GeV

ACAT 2013, Beijing, Ib May 2013
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http://www.inr.ac.ru/~fedor/SM

R_esults.

(Vs dEIRVZIVESS

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

http://arxiv.ora/sre/I210 68713/ane

LA(D) qauae couplina

Relative contributions to 5

ACAT 2013, Beijing, Ib May 2013
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R esults. SLA(L) gauce coupling

Initial values: Relative contributions to ,822

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

4.
1 B —a e

| .F http://arxiv.ora/sre/I210 L8713 /ane ACAT 201, Beijina, I May 2013




Results. SLA(3) gauce coupling

(Vs dEIRVZIVESS Relative contributions to ,B?ls

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

4.
1 B —a e

| .F http://arxiv.ora/sre/I210 L8713 /ane ACAT 201, Beijina, I May 2013




Results. Top Mukawa

Initial values: Relative contributions to ,Bi

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

4.
1 B — sk

| .5 http://arxiv.ora/sre/l2126829/anc ACAT 2013, Beijina, I May 2013




R_esults. Bottom Mukawa

Initial values: Relative contributions to ,83%

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

4.
| B e

| .5 http://arxiv.ora/sre/l2126829/anc ACAT 2013, Beijina, I May 2013




R.esults. Tau Yukawa

(Vs dEIRVZIVESS Relative contributions to ,827

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

4.
1 B — sk

| .5 http://arxiv.ora/sre/l2126829/anc ACAT 2013, Beijina, I May 2013
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R_esults. Higas self-coupling

Initial values: Relative contributions to ,Bi

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592

ap =1.62-107°

a, =6.33- 107"
X =0.00088

http.//arxiv.ora/sre/I303 4364 /ane ACAT 2013, Beijina, I May 2013




R_esults. Higas self-coupling

51074

- 2,3 1oops

evolution
from 100 GeVto 5-10'° GeVv

0.05
A

http.//arxiv.ora/sre/I303 4364 /ane ACAT 2013, Beijina, I May 2013
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Conclusions

e 3-l00p rReta-functions for all the
Lundamenttal parameters of the SM are
ortalned and a full agreement Is found with

(3-loop Mukawa rReta-functions - Nnew resurt )

¢ A framework Is estarlished £or calculation
of three-loop R.GEs within
"areitrary’ QFT model
( with the help of LanHEP/FeynR ules)

ACAT 2013, Beijing, b May 2013 §
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Conclusions

e All the results can re found online as
ancillary files of the ar™iv versions of
the correspondinG papers

e But: do not foraet arout another RiG
Proklem: two-loop "matehing”..

S

ACAT 2013, Beijing, I May 2013
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Thank you £or your
attention!




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	page19 (1)
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	page26 (1)
	page27 (1)
	page27 (2)
	page27 (3)
	page28 (1)
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62

