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Some of our motivations |

* The discovery of the Higgs boson "finalizes" the SM

* No clear experimental hints of New Physics

m, = 175 GeV
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Some of our motivations

* The discovery of the Higgs boson “finalizes" the SM

* No clear experimental hints of New Physics

* We have all necessary tools

Why not to try? :)

NB: The three-loop Renormalization Group Equations
(RGE) in the MSSM are know:
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What TO calculate?

D=4 — 2¢

e Renormalization constants in MS scheme
Z1 of certain dimensionally regularized
2-,3-, and 4-point Green functions T°
at 1, 2, and 3 loops

I'Ren (Q—j, ai) = lim Zp (1, ai) TBare (Q°, @i Bare, €)
7 €

e—0

a;(u) - Standard Model parameters in M .S

(811{?;1?_ i aia%"_’yf‘) I'ren (%,ai) =10
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What to calculate?

D=4 — 2¢

» Renormalization constants in MS scheme
Z1 of certain dimensionally regularized
2-,3-, and 4-point Green functions T°

at 1, 2, and 3 loops

* From Zr extract Z, - ren. const. For the

SM parameters a;

* Find beta-functions from 7, and anomalous

dimensions from Zr

BLTP, 16/10/2013
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SM (running MS) parameters :

N, _ (59 9 9 v v
! 31672’ 1672’ 1672’ 1672’ 1672’ 1672’ 1672

Relation to bare parameters in MS scheme:

m) 1
en’

Gk, Barels 2P*€ = Z,, ax (i) = ax + Z e

For gauge and Yukawa

pr =1
For Higgs self-coupling

_ da;(p, €) B 2) ()
B@(ak) - d]].]ﬂlﬂz X 13% _137, +,3% sl ,3% SIS 5.
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Known results

* Gauge couplings:
-1 loop:

- 2loop:
- 3 loop:

Mihaila, Salomon, Steinhauser'12
(full result for the first time) 0/ 2013
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Known results

* Yukawa couplings:
- 2 loop:

- 3 loop:

Chetyrkin, Zoller'12
(no electroweak couplings, only top Yukawa)
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Known results

* Higgs sector:
- 2 loop:

- 3 loop:

Chetyrkin, Zoller'12
(no electroweak couplings, only top Yukawa)

Chetyrkin, Zoller' 13 ~ <@==  Made their results public a week
(full result for the first time) Earlier than our group...
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Problems ...

* A lot of Feynman diagrams O (10" — 10°)

calculation by hand - impossible...
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Problems ...

* A lot of Feynman diagrams O (10" — 10°)

calculation by hand - impossible...
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B.Ml.Nepar, 0.B.Tapacos, A.B.Wupkon

AHATUTUYECKUE BHYACTEHUA HA 3BM
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Problems ...

* A lot of Feynman diagrams

calculation by hand - impossible...

* Y5 treatment in dimensional reqularization

Antocommute or not anticommute?

?

B ) = i
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Our solutions (I)

* InfraRed Rearrangement (IRR)

- We are interesting in UV divergencies only, so
it is possible to change IR structure of the
diagrams

— This should be done without introduction of
spurious IR divergencies.

NB: R *-operation for dealina with roth IR. and LIV

BLTP, 16/10/2013
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Our solutions (I)

* InfraRed Rearrangement (IRR)

* Calculation in the unbroken phase of the
SM (massless fields)
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Our solutions (I)

* InfraRed Rearrangement (IRR)

* Calculation in the unbroken phase of the
SM (massless fields)

* Background field-gauge fixing in order to
extract gauge beta-functions solely from
self-energies

QED-like Ward identitiesl!

BLTP, 16/10/2013
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Our solutions (I)

* InfraRed Rearrangement (IRR)

* Calculation in the unbroken phase of the
SM (massless fields)

* Background field-gauge fixing in order to
extract gauge beta-functions solely from
self-energies
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The SM in BFG

e+ Ly + Lor + Lrp.

1 1
~2GhGhy — Wi Wiy — 7Bu By,

= 8,G% - 8,G% + 9. f*G, G5,

= W, — W, + g26"*WiW,,
= 8,B,-8,B,,

G=G2+G% a=1,..,8

WamWit Wl =13
: s L Yw
Dy =0, —igs TG, — igeT' W, +ig1 ?Bﬂo
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The SM in BFG

e+ L+ Lor + Lrp.

;_|
Ly = —Y¥(Q:P)u;g — Y;‘}(QZ-(I))de — Y5(L;®)E;g + h.c. B}
|

—— 1.2, 3 |
i

A et = (F -0 |
B = N |, ®=ig?®I=| V2 :
< 75 (b + ) g -~}
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The SM in BFG

e Ly + Lor + Lrp.

Ly = (D,®) (D,®)+m?*d'd— A (270)

4

The renormalization constant and corresponding beta-function can
be extracted from the renormalization of the composite operator

dTp = (h2+x2 : cb%‘)

2
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The SM in BFG

e+ Ly + Lor)+ Lrp.

1 1

1
U:Ga
ng GG

)
GB?

7 Gi
2%w " " 2%p

~a N Val Wale
B GG

171 1ikyxritask
8MWM + g2€ Y WIZWM
5.5,
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The SM in BFG

e+ Ly + Lor +(Lrp.

_ 0G,

Lrp = —C,, e cg o, =(G,W,B)

(Dubc)® = 0,08 + g5 f*°G,,0% |
(DMHW)i = Q,ﬂ%/v T 92€ijngelle ;
0,05 -

NB: The corresponding Feynman rules
are obtained by means of LanHEP package
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(back to) IRR trick

 Variant I:

Pt

— Set all masses to zero

- Set n external momenta in all relevant
diagrams with 2+n legs to zero

single-scale propagator-type integrals

* Pro: Multiplicative renormalizability
of Green functions can be used

BLTP, 16/10/2013
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IRR trick

* Variant II:

- Expand in external momenta around zero toa | |
sufficient order (or use “"exact” decomposition) | |

— Introduce an auxilarily mass in each
propagator

1
(g—p)2 q¢2— M2

g — Integration momentum, p — external momentum

BLTP, 16/10/2013




IRR trick

* Variant II:

- Expand in external momenta around zero toa | |
sufficient order (or use “"exact” decomposition) | |

— Introduce an auxilarily mass in each
propagator

. ¥
| |
i

i

Single-scale vacuum integrals
* Pro: No spurious IR divergencies

BLTP, 16/10/2013
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IRR tricks. Which one?

 Variant I:

Pt

- gauge and Yukawa coupling beta-functions

- Field anomalous dimensions

 Variant IT:

- beta-function for Higgs self-coupling

- Beta-function for Higgs mass
parameter

BLTP, 16/10/2013
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What WE calculate?

—c W', B T

BT\ i

Z‘A/ Zf/ Zh:Zgbi:Zx

_1/29 z,, =Z\V_Tvl/2’ % ~1/2

B G

o fL.R
Z,78 fid 6= h, X /T
\/ L Lgp g s

Ziss « fni
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What WE calculate?

Zhhhh = Zhhotp-

7, = Zhhih _ Lhhgté-
22 T ZnZ,
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A comment onh mass
anomalous dimension

Mass parameter m*anomalous dimension can be found by
considering the following diagrams:

L4

a "

Y ot Hot h
(=
h_.f': ¢ \“?_ .-’;r,"f.-'

1/2

i.e., by selecting the diagrams which contribute to
hh¢+¢_6reen function and have ¢+7 O
external particles connected to a four-vertex

A -
7., = Zhhigte]

BLTP, 16/10/2013
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Out computer setup

* Public and private computer codes:

- LanHEP

- FeynArts

- Diana (QGRAF)
- MINCER

COLOR

BAMBA

MATAD

Some C++/awk/python/bash magic

BLTP, 16/10/2013




Mincer vs "Bubbles”
D6

Tensor integrals  pS

| & |

A finite set of master integrals

dekzagib [q'ul(pla °°°7pm7k1) 7kl)] =1

BLTP, 16/10/2013
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Automatization...

[ FeynArts ]\

+* 2pt and 3pt K

[

' topology files ’,'

\[MapMi ncer :I

1

Variant I (MINCER)
BLTP, 16/10/2013
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Automatization...

Diana ¢ .
(QGRAF) ]* = MopDianc |

"Mincer"

BAMBA/MATD

Variant II (bubbles)
BLTP, 16/10/2013
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...and (our) "solutions” (IT)

/7/5 ? In D dimensions

{Wa B (1" ) = 0
Naive DREG

How about?

? .
B dic
4D object!
BLTP, 16/10/2013




Semi-naive Gammab

* Semi-naive treatment of Gammab:

-Use {%,7"}=0, v =1
to put all the gamma5's to the rightmost
position in a fermion chain*

- "Even"” traces (no 75 left) pose no problem

- In "Odd" traces (one 75 left) we use

i
Rt _zeuluzuguﬂ“wuwuwml O(e)

- Contract Eps-tensors as in 4D! Dif ference!

BLTP, 16/10/2013
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Semi-naive Gammab

B 5) — i

Vector indices should be contracted either with external

momenta or with each other

Two closed fermion loops are required

What kind of fermion loops appear in our calculations?
BLTP, 16/10/2013




Semi-naive Gammab

Two internal fermion loops

\L

Only bosonic external fields
at three loops

Gauge-Anomaly cancelations: No
EPS-contibution upon summation
over the SM (anti)fermions

jEEE T TC) = ()

"Dangerous” diagrams
O(e)
error

62 * BLTP, 16/10/2013




Semi-naive Gammab

One internal loop and one external fermion chain

Relevant for our calculation of / :
Yukawa coupling Z's Become a loop in Dirac space
upon contraction with a

projector

A J

f
A Gauge-Anomaly cancelations: No
! EPS-contibution upon summation
over the SM fermions

Y

BLTP, 16/10/2013




Semi-naive Gammab

One internal loop and one external fermion chain

"

Become a loop in Dirac space
upon contraction with a

| projector
I ¢
AVAVAY,

Relevant for our calculation of
Yukawa coupling Z's

Gauge-Anomaly cancelations: No
EPS-contibution upon summation
over the SM fermions

BLTP, 16/10/2013




Semi-naive Gammab

One internal loop and one external fermion chain

Relevant for our calculation of / :
Yukawa coupling Z's Become a loop in Dirac space
upon contraction with a

projector

(€) error > Not important
€

Non-trivial contribution!

BLTP, 16/10/2013




Semi-naive Gammab

The price of simultaneous application of the
above-mentioned rules is the fact that there is an
ambiguity in positioning of gammab in a trace, e..g.

B R B 5 ey -~ - Vs )] X (D — 4)ep, s

We are lucky! FeynArts and DTIANA
uniquely define "cut” points of closed
fermion chains for all the diagrams with
the same “"Generic" propotype

BLTP, 16/10/2013




Towards the results...

The boundary values should be obtained by matching, i..e
comparing the predictions with (psedo)-observables.

LO NLO NNLO NNNLO
0 loop 1 loop 2 loop 3 loop
g2 2Myw |V full ~ Work in progress —

gy 2v/Mz — M3, /V  full  Work in progress
Yy V2M, |V C’)Eaj) O(a?, asaq o) O(a2)
Q

O

A i A full for gf1’211: 0
u

m? 1 full full —
Here we have defined V = (v/2G,)~Y? and g; = \/5/3gy.

full

BLTP, 16/10/2013
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Towards the results...

The boundary values should be obtained
by matching, i.,e comparing

the predictions with
(psedo)-observables.

a~ ! = 137.035999
s (Mz) = 0.1184(7)
Gr = 1.16637 x 10~5 GeV 2
M, = 173.5(1.0) GeV

& 1\, - 1255(1.5) GeV |
My = 91.1876(21) GeV

My = 80.385(15) GeV
mb(mb) = 418(3) GeV
M, = 1.77682(16) GeV

Pl

BLTP, 16/10/2013



Initial values:

g1
g2
9s
Yt
Yb
Yr

A

14

Towards the results...

The boundary values should be obtained
by matching, i.,e comparing
the predictions with

0.3576 (psedo)-observables.

a~! = 137.035999
0.6514 as(Mz) = 0.1184(7)

1.2063 Gr = 1.16637 x 10~5 GeV 2
M, = 173.5(1.0) GeV
0.9665 t
S & 1\, - 1255(1.5) GeV
' Mz = 91.1876(21) GeV

0.01 My, = 80.385(15) GeV
0.13 mb(mb) = 4.18(3) GeV
e M, = 1.77682(16) GeV

BLTP, 16/10/2013
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http://www.inr.ac.ru/~fedor/SM

Results. U(1) gauge coupling

Three-loop contribution to the three-loop beta-function:)

Initial values: Relative contributions td® 21

a1 =0.00134996
as =0.00268702

as =0.009215
a; =0.00592
ap =16 2eal0E"
a, =633 10N
&) =0.00088

| {F http://arxiv.org/src/1210.6873/anc BLTP, 16/10/2013
1 s — faa 3

N



http://www.inr.ac.ru/~fedor/SM

Results.

Initial values:

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62-107°
a; =6.33-107"
&) =0.00088

i
| B

| ,E http://arxiv.org/src/1210.6873/anc

U(1) gauge coupling

Relative contributions to ,821

N

BLTP, 16/10/2013




Results. SU(2) gauge coupling

Thitial values: Relative contributions to ,832

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62¢ 10%°
a, =6.33 10N
&) =0.00088

| ,E http://arxiv.org/src/1210.6873/anc BLTP, 16/10/2013
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Results. SU(3) gauge coupling

Initial values: Relative contributions to ,st

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62¢ 10%°
ar =6.33-107"
&) =0.00088

| ,E http://arxiv.org/src/1210.6873/anc BLTP, 16/10/2013
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Results. Top Yukawa

Initial values: Relative contributions to ,Bi

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62-10°
ar =6.33- 10"
&) =0.00088

| {F http://arxiv.org/src/1212.6829/anc BLTP, 16/10/2013
1 s — faa 3
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Results. Higgs self-coupling

Tnitial values: Relative contributions to ,Bi

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62-107°
0, —GrSousiiii
| ) =0.00088

| {F http://arxiv.org/src/1303.4364/anc BLTP, 16/10/2013
1 s — faa 3
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en
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c=
p—
o
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Q
N

T e T
L -

SM Running

RGE scale u in GeV

DE

107 107 10"
log (u [GeV] )
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Application - Vacuum Stability

The SM Vacuum can be studied by considering the full effective
potential for background higgs field.

Given the existence of EW vacuum with VEV v
The effecitve potential for classical fields h>>v
can be approximated via

Vorr(h) =~ X(h)h* /4

With )\(,LL) being the running Higgs self-coupling

http://arxiv.org/src/1303.4364/anc BLTP, 16/10/2013
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Results. Higgs self-coupling

5.107*

: 2.3 1oops !
evolution ™ ps

from 100 GeVto 5-10'° GeV

005  0.10
A

http://arxiv.org/src/1303.4364/anc BLTP, 16/10/2013
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But, again,...

Different implementation of matching procedure leads to
different results...

Ho= 96 GeV
| Ap= 0.133
Inl.hal m \ i(ﬂO)EIBA(HO): -0.01

parameters from 2L\ S A= Ralmo)= 0.001

The issue should be
clarified..

T e T
L -

BLTP, 16/10/2013




Conclusions

* 3-loop beta-functions for all the fundamental
parameters of the SM are obtained and a full
agreement is found with

(3-loop Yukawa beta-functions - new result :)

2:1
il
Gauge and Higgs couplings Yukawa couplings
NB: two different groups from Karlsruhe BLTP, 16/10/2013
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Conclusions

* 3-loop beta-functions for all the fundamental
parameters of the SM are obtained and a full
agreement is found with

(3-loop Yukawa beta-functions - new result :)

* A framework is established for calculation of
three-loop RGEs within “arbitrary” QFT model
( with the help of LanHEP/FeynRules)

BLTP, 16/10/2013
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Conclusions

* All the results can be found online as
ancillary files of the arXiv versions of the
corresponding papers...

* But: do not forget about another big
problem: two-loop "matching”. There is a
discrepancy in two different apporaches..

BLTP, 16/10/2013
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New results are on the way

|

1|
1

We recalculated the RGEs with general |
complex Yukawa matrices which encompass | |
general flavour structure of the SM |

BLTP, 16/10/2013

— e



Plans*...

e Extract the RGEs for CKM matrix elements
from the obtained results for Yukawa
matrices

* Calculate and study leading four-loop
contribution to the Higgs self-coupling
beta-function

* Carry out a careful study of 2-loop matching
conditions in the SM (the above-mentioned
discrepancy)

* either with or without the President’s grant BLTP, 16/10/2013 | i

i
-
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Plans... .
* Find four-loop gauge-coupling beta-function in
non-supersymmetic QCD with with quarks,

“gluinos” and “squarks” (a request from
S. Mikhailov and A. Kataev)

* Evaluate four-loop SM gauge beta-functions
to verify the predictions based on Wey!
consistency conditions

* Calculate three-loop running of the
parameters of the 2ZHDM and the
corresponding two-loop matching...

BLTP, 16/10/2013
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Thank you for your attention!

/

BLTP, I6/10/2.013




Cvl
1011

Scale U, GeV

BLTP, 16/10/2013




Results. Bottom Yukawa

Initial values: Relative contributions to ,83%

a1 =0.00134996
az =0.00268702
as =0.009215

a; =0.00592 |
ap =1 O RN )
0, =6t SDCEMIR e —————

&) =0.00088

| {F http://arxiv.org/src/1212.6829/anc BLTP, 16/10/2013




Results. Tau Yukawa

Initial values: Relative contributions to :82,

a1 =0.00134996
az =0.00268702

as =0.009215
a; =0.00592
ap =1.62¢ 10%°
a, =6.33 10N
&) =0.00088

‘B http://arxiv.org/src/1212.6829/anc BLTP, 16/10/2013
| —_— —
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