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Outline

@ DREG, FDH and DRED:
Consistency, UV and IR properties
[Gnendiger, Signer, DS; Broggio, Gnendiger, Signer, DS, Visconti;

DS, Unger (preliminary)]

@ Renormalization of VEVS (speriing, Ds, voigt
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Outline

0 Regularization: DREG, FDH, DRED: UV, IR
@ Precise definitions of all schemes possible
@ puzzles can be resolved
@ Simple point of view for DRED — understand IR structure
@ |s DRED supersymmetric???

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Regularization: DREG, FDH, DRED: UV, IR



Motivation

Regularization necessary to define QFT at the quantum level

cutoff-scale A DREG
jip|</\ d4p N4_D f de
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Motivation

Regularization necessary to define QFT at the quantum level
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Motivation

Regularization necessary to define QFT at the quantum level

cutoff-scale A DREG
v_, i J Jip|</\ d4p N4_D f de
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@ Choice of regularization is unphysical //% e
@ Unitarity/causality determine physics 41:2 // -
@ e.g. anomaly/breaking of scale invariance ////:‘* .
@ regularization must be consistent with 1'::'5%"“““
unitarity/causality of e
(proven for DREG: (speer 74]iBreiteniohner, Maison ‘77, o A

equivalence of DRED, no inconsistency: ac,

e ——— otyo ot e e 085
Jones, Roberts '94][DS ’05]) . . ‘A .

F;-log,4(x)
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Motivation

Regularization necessary to define QFT at the quantum level

cutoff-scale A DREG
Y Jip|</\ d4p N4_D f de

History: puzzles, problems
@ DREG breaks SUSY
@ “DRED is mathematically inconsistent siegei's0)”
@ “DRED has IR factorization problem van Neerven, smith, et al ‘88 and ‘05izerwas et al)”
@ “No DRED IR factorization problem found (kunszt, signer, Trocsanyi '94; Catani et al

'97]
“DRED violates Unitarity ['t Hooft, van Damme ’84]”

@ “Some published results therefore wrong iHariander, kant, Minaila, Steinhauser ‘06;
Kilgore ’1 1]”
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Motivation
Regularization necessary to define QFT at the quantum level

= cutoff-scale A DREG
S :
] - pr|</\ d*p 2 [ d%
Aims:

@ resolve inconsistencies, study symmetry properties of schemes

@ today: consistent definitions of DREG, DRED, FDH;
IR relations; SUSY breaking of DRED(?)
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Definitions/explicit construction

4S: ordinary 4-dimensional Minkowski/momentum space, metric g*”

QDS: “D-dimensional space” wison73}(colins] :=
truly oco-dimensional space with some D-dim characteristics:

» D-dimensional Integral = linear mapping [ dPke=* = 7D/
> gég): bilinear form p=0,1,2,...00, gip'n=D
» ~-maitrices similar

22¢S: “2e-dimensional space” analogous
Q4S: “quasi-4-dimensional space” Q4S := QDS & Q2¢S

hierarchy of spaces 4S € QDS € Q4S  (ps o5

although 1 =0,1,2, ... 00, useful relations hold, e.g.

9" =9yt 92y 9u=%  9"Kop =Kp)

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Regularization: DREG, FDH, DRED: UV, IR



How does Q4S avoid Siegel’s inconsistency?
Siegel: “With

el(::)lizlisu4€'(/‘112/21/37/4 X det((g;(ﬁlj))
calculate

(Dypwpr () D) (apys

apys € uvpo €
in two different ways

= 0=D(D—-1)*(D—2)*(D-3)%(D - 4)
different calculational steps lead to different results,

mathematical inconsistency!!!” [Siege!80]

Don’t allow explicit index counting (step one) any more, because
g¥,,, equasi-4-dim space!
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Define four commonly used schemes isineros o

Q4S=QDS®:Q26S, g =g" +ag"
@ difference: internal and/or external gauge fields
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CDR HV FDH(=DR) DRED

Define four commonly used schemes isineros o

Q4S=QDS®:Q26S, g =g" +ag"
@ difference: internal and/or external gauge fields

o Note: van Neerven, Smith, Zerwas et al used DRED, Kunszt, Signer, Trocsanyi, Catani et al used DR=FDH=>

resolves half of factorization problem
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Define four commonly used schemes isineros o

Q4S=QDS®:Q26S, g =g" +ag"
@ difference: internal and/or external gauge fields

o Note: van Neerven, Smith, Zerwas et al used DRED, Kunszt, Signer, Trocsanyi, Catani et al used DR=FDH=>

resolves half of factorization problem

@ focus first on UV: CDR=HV= DREG, FDH=DRED
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CDR HV
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Dim. Regularization (DREG)
D dimensions
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Dim. Regularization (DREG)

D dimensions
g A o D Gluon/photon-components
VAP P = (2 — D)3Py 4 Gluino/photino-components

SUSY broken, need SUSY-restoring counterterms

Regularization: DREG, FDH, DRED: UV, IR
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4-dim. scheme (try 4S c QDS)
D dimensions

4 Gluon/photon-components

4 Gluino/photino-components
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4 Gluon/photon-components
4 Gluino/photino-components
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4-dim. scheme (try 4S c QDS)
D dimensions

o ~ A 4 Gluon/photon-components
VAP P = 25°Pp — 457D, 4 Gluino/photino-components

complicated; no D-dim. gauge covariant derivative possible
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4-dim. scheme (try 4S c QDS)

D dimensions
o ~ A 4 Gluon/photon-components
VAP P = 25°Pp — 457D, 4 Gluino/photino-components

complicated; no D-dim. gauge covariant derivative possible
sometimes used in literature, e.g. for chiral anomaly (anseimi 14
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FDH/DRED (use Q4S)

D dimensions
. A 4 Gluon/photon-components
VAP Po v = (2= 4)37Pp 4 Gluino/photino-components

simple; D-dim gauge invariance holds
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FDH/DRED (use Q4S)

D dimensions
. A 4 Gluon/photon-components
VAP Po v = (2= 4)37Pp 4 Gluino/photino-components

simple; D-dim gauge invariance holds
Lorentz invariance only in D-dim; not in full Q4S
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Summary regarding UV regularization:
@ CDR and HV only need QDS, simpler but break SUSY
@ FDH and DRED require Q4S to preserve gauge invariance
Common formulation of FDH (Bern, Dixon, Freitas; Kilgore, .. .):
9@ “4 < D < Ng, internal gluons are Ng-dim.; at the end Ng = 4”
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Important complication: Renormalization in FDH/DRED

@ e-scalars not “protected” by gauge invariance

DF = 0" +igA" = OF + igA+ +  igA+
4-componentGluoninDRED g — D-component gauge field § -+ e-scalars g
7z - N N 7z -
- N -
. N .
. N
Qs TTTOX As - Qe R O4¢
N N 7z 7 N N
N . N

@ Different couplings,
especially dag # dae, 35 # [, ...

@ Distinction required, otherwise .
divergent/non-unitary results E

[Jack, Jones, Roberts '94][Harlander, Kant, Mihaila, Steinhauser

’
— Neglm-part

"06][Kilgore '11]
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FDH or DRED
HV or CDR of theory with new, e-scalar of
schemes

multiplicity N. = 2¢ with independent couplings

This point of view also allows to understand IR structure in these
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1-loop CDR | 1-loop FDH,DRED
2-loop GDR | 2-loop FDH,DRED

soft/soft-collinear:

,ycusp ,),cusp 1 MZ
T, T, ~1In
el j( 4¢2 * 2¢ 2 —sj
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1-loop CDR | 1-loop FDH,DRED
2-loop CDR | 2-loop FDH,DRED

soft/soft-collinear:

collinear:
,ycusp ,),cusp 1 2
xT;- Tj ( 42 +

1m
22" —s,-,-)
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1-loop CDR | 1-loop FDH,DRED
2-loop GDR | 2-loop FDH,DRED

. collinear:
soft/soft-collinear:

,ycusp ,),cusp 1 uz ’yi
T-T; In X 5
x (4 2 "2 2"

CDR: Three constants describe all IR divergences

e =24) PN =2(-8C) =2 - e NF}
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Pi_ jk

Side remark about real corrections
Pj-Pk
Unitarity: Trrréii Trm{i}rrm*

real virtual coll. sing.

f Pi—)anything = 7(’)

u]
|
1
I
!

DA
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1-loop CDR | 1-loop FDH,DRED

[Signer, DS ’08]

2-loop GDR | 2-loop FDH,DRED

~ — -

g ¢ g ¢ g+g 9 g+g 9+0
g g 9+ 9+9
CDR HV FDH(=DR) DRED
2§07 = g2 [ HCa+ SN Ces AfPH = JDRED —
+ 4N

DRED = 22 (~4Cp) + 52 (2NE Ti)

u]
|
1
ul
!

Dac
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1-loop CDR | 1-loop FDH,DRED

[Signer, DS ’08]
2-loop CDR | 2-loop FDH,DRED
g 9 g 9 g+g 9 9+§ 9+9
CDR HV FDH(=DR) DRED
290 = g2 - O+ 5] JEOH = QRED —
+ 4N

DRED = 22 (~4Cp) + 52 (2NE Ti)

[Kunszt, Signer, Trocsanyi '94]

FDH: Three constants veusp, Vg, Vg describe all IR divergences
addltlonal Vll’tual State g VaIUGS Of '.)/’S Change [Catani, Seymour, Trocsanyi ’97]J
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1-loop CDR | 1-loop FDH,DRED

[Signer, DS '08]
2-loop GDR | 2-loop FDH,DRED
g & g 9 g+o 9 g+g 9+0
g g 9+9 9+9
CDR HV FDH(=DR) DRED
2§07 = g2 [ HCa+ SN Cen AfPH = ~RED _
+aNG

DRED = 22 (~4Cp) + 52 (2NE Ti)

DRED: Four constants needed: vcusp, 79> V5 Vg
addltlonal eXterna| Q add|t|ona| ')’g [Signer, DS '08; Broggio,Gnendiger,Signer,DS, Visconti]

split g = g + g required to understand factorization
(SOIVeS “prOblem” Of [Beenakker, Kuijf, v Neerven, Smith '88][v Neerven, Smith ‘04])

Regularization: DREG, FDH, DRED: UV, IR
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Apply in practice to calculation of A'-eoP

Direct computation of A1-loop understand IR structure:
M; Ioop( ) =
FOH
1 Ioop( ) =
\(DRED
1 Ioop( ) =

[m] = =

Dac
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Apply in practice to calculation of A'-eoP

Direct computation of A1-loop understand IR structure:
éﬁrﬂ( l}
M; Ioop( ) =
1F[I)o|-ci)p( ) =
MR g-.) =

[m] = =

Dac
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Apply in practice to calculation of A11-oop

Direct computation of A 1-ooP understand IR structure:
@QE@ y
HV

’)’
M; Ioop( ) = - g Mtree( g)
MFOH ’YQFDH FDH
1Ioop( ):"'_’_?Mtree(---g---)

~DRED ~\DRED
\(DRED DRED, & g DRED, =
MPioop(--g--) = .+ 926 tee (---9...)+ 5 Miee (-..0..
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Apply in practice to calculation of A11-oop

Direct computation of A% understand IR structure:
@@W v
SHV
1|oop( ) +%M{}|¥e(g)
MFTPH % | Fon
1Ioop( ) "'+?Mtree(--~g---)
~DRED ~DRED
A(DRED DRED, 4 g DRED, =
1 Ioop( ) ot 926 Mtree g ) + ¢ Mtree g

“Factorization problem of van Neerven, Smith, et al was:
DRED( . g...)

expected r.h.s.=.
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Apply in practice to calculation of A11-oop

Direct computation of A% understand IR structure:
%@W v
JHV
1|oop( ) +%M{}|¥e(g)
MFTPH % | Fon
1Ioop( ) "'+?Mtree('“g---)
~DRED ~DRED
A(DRED DRED, » g DRED, =
My Ioop( )=t 926 Myree g..)+ ¢ Miree g

Remainder: finite, regularization-independent M,
= can simply translate between schemes
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

@ It works similarly

» PhD theses C. Gnendiger, A. Visconti

> [Gnendiger, Signer, DS '14][Broggio, Gnendiger, Signer, DS, Visconti PLB 15, JHEP '15]
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

Key insight: All IR divs — factor Z, Z~'|.4) =fin. {Bechor, Noubert 06)
d
g2 =12

2nd inSig ht [valid at least up to 2-loop order]

(if)

Changes in FDH and DRED: Same structure ... but the ~’s change and
everything depends on as, ae, a4e
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Is DRED supersymmetric???
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Slavnov-Taylor id. and Quantum Action Principle

Slavnov-Taylor identities: desired identities for Green functions

0= 5sym<T¢1 d)n> = <T(5sym¢1)---¢n> + ...

Regularized Quantum Action Principle

iy (T 1 ... on)" 8 = (Toy...0nA)E, A= / dP x8gym L8

Proofs for particular regularizations:

BPHZ [Lowenstein et al '71]
D R EG [Breitenlohner, Maison '77]
DRED [DS '05]

~» can check whether STl is valid on regularized level
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Further explicit checks of SUSY in DRED?

Status: many SUSY identities checked in DRED:

[Capper,Jones,van Nieuvenhuizen’80] [Martin, Vaughn '93] [Jack, Jones, North '96] [Beenakker,Hopker,Zerwas’96]

[Hollik,Kraus,DS’99] [Hollik,DS’01] [Fischer,Hollik,Roth,DS’03] [Harlander,Kant,Mihaila,Steinhauser’07]

o sufficient for many SUSY processes g
= multiplicative renormalization o.k. KR
= no SUSY-restoring counterterms

@ but not all identities have been checked 3 F

e.g. two-loop Higgs mass calculations:
= SUSY-restoring counterterms required?
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Higgs boson mass and quartic coupling

X N . X
""" YT Higgs mass
0 @ M), governed by quartic Higgs
DN 7 self coupling A
! @ )\ x g?in MSSM
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Quartic coupling and SUSY

o L Slavnov-Taylor identity
/,.\ @ expresses A x g?
g ~h .
A @ Needs to be verified
7
h~ ~ g
F w A
xg finite

0 < Ssusy (hhhH)

o ) - DA
Regularization: DREG, FDH, DRED: UV, IR
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Quartic coupling and SUSY

o L Slavnov-Taylor identity
/,‘\ @ expresses A x g?
T, @ Needs to be verified

h~ h~ H

)MW"‘ h————.< e

7 w’ i
xg

finite

§55(IN
S¢addpdpcdHoE

explicit: 0 = = rF[Y¢iEr¢a¢b¢C¢i + Tpagp YA€r¢cFIA t+..

[m] = =

Dac
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Quartic coupling and SUSY

o L Slavnov-Taylor identity
) Q. . @ expresses A x g?
T, @ Needs to be verified )
) If verified:

LN LN A @ Usual, multiplicative
/‘ewv"v + rr‘< e renormalization o.k.
i w’ z @ otherwise, SUSY-restoring
xg finite
counterterms would have to
be added

0 < Ssusy (hhhH)
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Quartic coupling and SUSY

o L Slavnov-Taylor identity
) @ . @ expresses A x g?
" A " @ Needs to be verified
1 Strategy:
~. ~. H @ Use quantum action principle
/‘MW+'P-':‘< in DRED (s 05
i w’ e
xg finite

0 £ Ssusy (hhhH) = (AhhhH)

[m] = =
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Quartic coupling and SUSY

o L Slavnov-Taylor identity
) @ . @ expresses A x g?
" A " @ Needs to be verified
0 Strategy:
o . H @ Use quantum action principle
/‘MW+'P-':‘< in DRED (s 05
L wo ® dsusy(hhhH) = (AhhhH)
where A = dsusy f dDX£

0 £ Ssusy (hhhH) = (AhhhH)

[m] [l = DXe
Regularization: DREG, FDH, DRED: UV, IR
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Quartic coupling and SUSY

o L Old check: STI at 2-loop
/‘\ O(O&?’b, oztybas) [Hollik, DS "05]
o7 (AhhhH) = 0 &

xg finite

[m] = =

Dac
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Quartic coupling and SUSY

NP New check: 3-loop STI
/‘\ at O(Oétag) [DS, Unger, preliminary]
.7 (AhhhH) = 0 &
I

I N 1

oy ,r‘< .

it w’ i .=0

xg finite
Ingredients: J

@ structure of possible SUSY-restoring c.t. = can set py, = 0
@ can simplify closed fermion loop to at most three v-matrices
@ recipe of pss) then proves result
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Quartic coupling and SUSY

~h
A
m~ h~ A
Fr v’ £
xg finite
Outlook:

@ check complete two-loop, three-loop (?)
@ check further, relevant STls

Dominik Stockinger
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Outline

9 Renormalization of VEVs
@ Why interesting? Definitions of VEV
@ Essential point: relation to gauge fixing
@ Investigate in detail: extended BRS/STI
@ Results and insights
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Renormalization: which counterterms are necessary?

Other questions: physical meaning of renormalized theory, unitarity/symmetries of physical S-matrix, absense of anomalies. . .
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Higgs vacuum
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Renormalization of VEVs

Higgs/spontaneously broken gauge invariance:
p—=>¢d+Vv

such that (¢) = 0, i.e. tadpoles vanish
Need to renormalize:

¢—>\/2¢, V= V4oV

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH
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Motivation

ov appears in/is needed for:
@ v inloop calculations:

My = gv/2, — My = dgv/2 + gdv/2,
. Vu o 6VU 6Vd
tanﬁ_v—d, —>5tanﬁ_(vu Vd)tanﬁ

@ Sy, Bran 8 in spectrum generators (sofisusy, sPheno, FlexibleSUSY, Sarah)

Aim: better understanding of §v, general computation

Could get §v from e.g. My — no insight.

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Renormalization of VEVs



Details and questions

Most generic renormalization transformation:

(p+Vv) > VZp+v+ov
or (¢4 V) = VZ(d+ Vv +V)

Ultimately dv is important for § tan 3, 5 functions, etc.

0V characterizes to what extent v renormalizes differently from ¢.
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Details and questions

Most generic renormalization transformation:

(p+Vv) > VZp+v+ov
or (¢4 V) = VZ(d+ Vv +V)

Ultimately dv is important for § tan 3, 5 functions, etc.

0V characterizes to what extent v renormalizes differently from ¢.

Questions:
© When/why 6V # 0?
© Properties of §v?
© 5, and applications.
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Details and questions

Most generic renormalization transformation:

(p+Vv) > VZp+v+ov
or (¢4 V) = VZ(p+V+V)

Ultimately dv is important for § tan 3, 5 functions, etc.

0V characterizes to what extent v renormalizes differently from ¢.

Questions:
© When/why 6V # 0?
© Properties of §v?
© 5, and applications.

ldea:
° v=vsZ
@ compute §Z (using STI)
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Current status for RGE coefficients

needed by SUSY spectrum generators (Spheno, Softsusy, SuseFlav,
FlexibleSUSY, Sarah)

Model B(phys. parameter) ~(fields)

YV gauge theory  machacek vaughn 83, Luo et al 03] v
Y SUSY model \/[Martin,Vaughn;Jack, Jones; Yamada '93] v partlally

. ?
Note in SUSY: ’}/( scalar in WZ gauge+Landau or Rg gauge) # ’Y( superfield) = ’Y( light cone gauge)

Model (1) (2)

MSSM / [Chankowski Nucl.Phys. B423] v/ [Yamada 94] 0(92 Y2)
EcSSM v/ [Athron, DS, Voigt '12] X

Y gauge theory ? X

V¥ SUSY model ? X

Here: fill the gaps
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Meaning of running v, alternative treatment

@ Fix renormalization scale y, renormalize in MS/DR-scheme
@ adjust v such that tadpoles (¢) =0

= v= minimum of renormalized effective scalar potential at scale 1
@ Change
@ change parameters, including v, according to g functions
@ all Green functions unchanged, including (¢) = 0

= Minimum v of renormalized effective scalar potential is u-dependent
and gauge dependent = not an observable
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Meaning of running v, alternative treatment

@ Fix renormalization scale y, renormalize in MS/DR-scheme
@ adjust v such that tadpoles (¢) =0

= v= minimum of renormalized effective scalar potential at scale 1
@ Change
@ change parameters, including v, according to g functions
@ all Green functions unchanged, including (¢) = 0

= Minimum v of renormalized effective scalar potential is u-dependent
and gauge dependent = not an observable

Very different treatment of v possible,

e.g. [Jegerlehner, Kalmykov, Kniehl "13][Bednyakov, Pikelner, Velizhanin ’13]:
@ always define vpare =Minimum of bare scalar potential
@ then wye=abbreviation of combination of bare parameters

@ In this scheme, dv, sMyy, § tan S=gauge independent,
but tadpoles are divergent (physical quantities unchanged)
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Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:
° SV =vsZ
@ compute 6Z (using STI)

Personal motivation/more detailed questions:
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Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:
° SV =vsZ
@ compute 6Z (using STI)

Personal motivation/more detailed questions:
2001: A: "MSSM: % _ %% _finjte|”
u d

B: "Why?”
A: ??77?
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Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:
® 6V =vsZ
@ compute 6Z (using STI)

Personal motivation/more detailed questions:

2001: A: "MSSM: g — 2% finite!”

B: "Why?”

Ar 7?77
SUSY non-renormalization theorems? only at one-loop? Later: also
true at O(asa top) (Rzenan
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Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:

® 6V =vsZ

@ compute 6Z (using STI)
Personal motivation/more detailed questions:

2011: A: 7" Also true in 2HDM!”
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Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:

® 6V =vsZ

@ compute 6Z (using STI)
Personal motivation/more detailed questions:

2011: C: *Why §v £ 0 at all?”

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Renormalization of VEVs



Motivation

Questions:
@ When/why §v # 0?
@ Properties of §v/?
© 73, and applications.

Idea:

® 6V =vsZ

@ compute 6Z (using STI)
Personal motivation/more detailed questions:

2011: C: "Why 6V #£0 atall?”
Answer: global gauge invariance broken by R¢ gauge

— idea: take this seriously!
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Idea as usual:

@ get most general possible divergence from Slavnov-Taylor identity

@ use BRS invariance

@ Trick: extend BRS invariance for additional insight
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QCD running in 5 loops

Konstantin Chetyrkin (KIT)

g(IT in collaboration to

fqep is expressed completely through Z-factors appearing in the
(renormalized) QCD Lagrangian

1 | _ ) 1
EBAR = — %5 (Ou e — AL — 59 ZP (8,AL — B, AL) (Ap X Ap)® — 192 Z3 (A, x A,)?

+ Z50,E(0pc) + g Z{POPE (AL X ) 4+ Za Vi — Zgymp bt + gZPV S A

Minimal (and simplest) set of Z-factors to compute /3: %
( plest) . : i used STI

Let us concentrate on Z;*Y and consider vertex function

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Renormalization of VEVs



Abelian Higgs model = ¢* + QED
L= D62 — Pl + v~ N+ vI* — TFFuu + Lign

1
Liix = —2—§F2
F=0"A, —¢ev(2Img)
global transformation:

5rigid¢(X) = ia(d(x) + v),
but drigial # 0

Symmetry broken by L 5y, cannot conclude digid L pare = 0, hence

d+V— \/Z,(¢+v+6V)

is allowed and expected to be required!
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Influence of global gauge invariance in a nutshell

When does dv appear?

global gauge invariance = ov=20
no global gauge invariance = ov#0

R. gauge fixing:
F=0"A, —¢ev(2Ilmg)

R. breaks global gauge invariance for  #0 = ov # 0.
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Investigation of ov in a nutshell
Problem: R; breaks global gauge invariance for £ # 0 = §v # 0.

Trick: Keep global gauge invariance in intermediate steps! ikraus,sibold 95]
also [Kraus '97] [Hollik,Kraus,Roth,Rupp,Sibold,DS '02]

Introduce background field ¢(x), only at the end: ¢(x) = ¥ =const
¢ = deit = ¢ + &

where ¢ has same gauge transformation as ¢.
Modified R; gauge fixing:

F=0"A, + ieg(d'¢ — ¢'d)

@ global gauge invariance! = 6v =0

@ renormalization der — VZ(6 + V' 28)
® Vi = V62, easy to compute using STI

Dominik Stockinger
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Abelian Higgs model with background field ¢et = ¢ + &

1 v
L = |D"pei? — mP| st — At * — 27" Fur + Liixgh + Lex

Liixgh = S [5 (gB+ F)] , sc=B,sB=0

F=0'A, +ies(d'o - 6'9)
Lext = KpSo + K o',

This £ reproduces standard-£ for ¢ = ¥, § = 0 and is invariant under:
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Abelian Higgs model with background field ¢et = ¢ + &

1 v
L = |D"pei? — mP| st — At * — 27" Fur + Liixgh + Lex

Liixgh = S [5 (gB+ F)] , sc=B,sB=0

F=0"A,+ie(d'o — ¢'9)
Loxt = KySp + Ky 597,
This £ reproduces standard-£ for ¢ = ¥, § = 0 and is invariant under:
global symmetry: Origid® = lag
Jrigid = i
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Abelian Higgs model with background field ¢et = ¢ + &

1 v
L = |D"pei? — mP| st — At * — 27" Fur + Liixgh + Lex

Liixgh = S [5 (gB+ F)] , sc=B,sB=0

F=0'A, +ies(d'o - 6'9)
Lext = KpSo + K o',

This £ reproduces standard-£ for ¢ = ¥, § = 0 and is invariant under:

BRS invariance: Steft = €O gaugePeft = —I€CHet
sRest = standard
=0
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Abelian Higgs model with background field

Secondary trick: BRS transformation — control ¢
s¢=09,5=0
this means that
Sgeft = —I€CHefs
requires:
S¢ = —ieChett — q

hence:

Lot =...+Ks (—iec(¢+$)—€7)
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Abelian Higgs model with background field

As before: most general divergence structure, most general L pare from

drigidl =0 = Origid L bare = 0
or Ol bare or O bare
sL=0 = =0
5K b

Result: £ pare generated by the renormalization transformation

bt =9+ §— VZ (9+V20)

§ - VZVZ24
CrUCial: E bare = ... + K¢ (_iebarecbare(¢ + \/Eé) - \/Ea)
q Ky .
e e = Lsz
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Abelian Higgs model with background field

Compare with standard approach:
b+ Vv —=VZ(p+Vv+V)

Here, for ¢ =V, dett = ¢ + V =
b+ V= VZ(p+ V2V
hence

V + 6V|standard = \/E‘A/

here
What have we gained?

@ /v & dimensionless field renormalization constant
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. — aa K¢b PN
Understanding of 6V from ====-3}3---- = —56Z

a

Very few Feynman rules for --=-; -

> with well-defined origin

\

[breaking of global invariance §e($drd> - ¢T$)] lBRS trgnsformg el

[m] (=l =
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aa K¢b

Understanding of v from =====3F---- = —56Z
Very few Feynman rules for , |}K¢” with well-defined origin
Eext = K¢ S¢ + -
= Ky (—iec(¢+ ) — Ky G+ -
A . ch
aa l K¢a ’
======= =fe @ ——————- = e
\\\ ¢b f u\ ()bb
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aa K¢b

& o K
Very few Feynman rules for ----; F--

\
~

b

- with well-defined origin

F=0'A,+ies('¢ — ¢'9)
Lrixgh = S[C(F +¢B/2)]
= —cie¢(§te — ¢'a) + ...
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aa K¢b

Very few Feynman rules for ==q=={ -2 with well-defined origin

\
~

Feynman rules o § only from ¢ in gauge fixing, vanish for ¢ = 0, can
depend only on gauge couplings (also in general models!)
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General model
Scalar, spinor, vector fields ¢, ¥p, V4 with Lagrangian

L= [finv|¢—>¢eff + »Cfix,gh + [fext
with
Einv = -

1 L, 1 o -4
ZFAFA + 5 (Dm) (D“¢)a+ ot (O10%),

m§b¢>a¢b— abc¢a¢b¢c Aabcmaqsbqbcd»d
1
Y |:(mf)pq l/}gl/)qa + hC] - E [quwgquqﬁa + hC}
Liixgh = 8 [ (F*+¢8%/2)]
Lext = Ky Sha + KyasV/i + Koasc” + [Ky,sup + h.c.]

General, modified R¢ gauge fixing:

FA= 0"V +igt(d)aTapdn
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Calculation of §Z — 1 Loop

Ay cA ’
Qa ’ g TA K da TA
=E====== \ —_ , ——=-===- —
\\ ¢b g ab I:l\ qsb g ab
Ga y Kss Qa K.
====¢ - + ______
\ /

(4m)26 2 = 2g2¢C?(S)—

Dominik Stockinger
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Calculation of §Z — 2 Loop

Qa ¢ G K
Blone « Bloa
9 ///’ —\\\\ K K
=
1 1
(4m)%92® = G CXS)Y2(S) - 1 ) + Old)

no Y*#, no X terms (in contrast to §.2)
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Calculation of §Z — 2 Loop

Qa b Qa Kss

===O——O—— - —+ :::&—O—D—— =+

~ //’—\\\\ K A K

Tyt o BT itg?
=

1 1

(4m)%92® = G CXS)Y2(S) - 1 ) + Old)

no Y*, no \ terms (in contrast to .2) Note alternative:
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Results — 3,

viov=V20 )
V4oV =vZVZi = 9(8) +4(S)
=
By = (S) +A(S) v
3(8) = 773229°C%(S)

3@)(S) = (4%4 {94 [2(1 + &) C?(S)C?(S) + %CQ(G)CZ(S)]
— 29°C?(S) Y2(S)}

can now be implemented into spectrum generator (generators) Sarah
istauel, FlexibleSUSY
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Results — Sian g in the MSSM

Vu Btan g N N
B v = n 5= +Au — Ad

MSSM:

ﬁtanf} (1) (1) ; 2
tang — i~ Vad < cancellation of 4 terms

1)
IBtan 8 @ (@ § 3 2 B(an 3
tan,@ =Yuu — ’Y + (471')2 (Eg-l 292) tanﬁ [Yamada 02]

Understanding:
o S — % finite & 4y — Jg = O
@ Only true at one-loop because squared gauge couplings are equal

@ similar in 2HDM, NMSSM
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Results — Sian g in the EgSSM

EsSSM: extra U(1)ny gauge symmetry

5(;35 NG 3 2 [ (Nu\% [ Niy\?
tang ~ i "l T g22N (2) _(T)

Vu _ Vg _
° B T2 =divergent < 4y = 4 # 0

o AIready one-loop difference due to different U(1)y-charges

[Athron, DS, Voigt '12]
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General method of extended BRS/STI

Here: used ¢, s¢ = § to obtain information on §v

Other possibilities
@ s¢{#A0=> 35(. ..) calculable (kraus Haussing 95](Grassi.Gambino ‘00][Freitas, DS '02]
@ se 7& 0= 5ediv calculable [Flume,Kraus; Kraus; Kraus, DS '01]
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Outline

Q Conclusions

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Conclusions



Conclusions

DREG, HV, FDH, DRED: all consistent schemes
@ old puzzles resolved
@ DRED, FDH = DREG with additional e-scalar parton
@ IR structure and renormalization in FDH, DRED understood
@ practical transition rules
@ DRED supersymmetric in many (not all?) important cases

Divergence structure of jv (example of extended BRS/STI)
@ if tadpoles=0: VEV is gauge- and p-depedent quantity
@ Jv from gauge fixing, o< squared gauge couplings and « &
® — 02y, — 624, =finite in MSSM at 1-loop accidentally
@ 2-loop 3 functions, vSYSY complete

Dominik Stockinger Renormalization of VEVSs, IR structure in FDH Conclusions



1-loop CDR | 1-loop FDH,DRED
2-loop CDR | 2-loop FDH,DRED
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

Key insight: All IR divs — factor Z, Z~'|.4) =fin. [Becher Nebert 06
d
T Mz = Iz

2nd inSig ht [valid at least up to 2-loop order]

T,-T; cusp Mz i
M= 2—2 Y In_—S"+Z’y

(i) oo
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

Key insight: All IR divs — factor Z, Z~'|.4) =fin. {Becher, Noubert 06]
d
g2 T2

2nd |nS|ght [valid at least up to 2-loop order] ,u-dependence of Iin Qg and In e

as\" os\" "
r— (—) M :(—) { M onp+r
4 47 ¢ n
T T
,ycusp7 ,),i ,ycusp
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1-loop CDR | 1-loop FDH,DRED
2-loop CDR | 2-loop FDH,DRED

2
® Integrate g5, Z = —TZ, Use g zas(n) = —cas(u) + fge + - --
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

d
dinp

@ Integrate Z=-TZ, use d#"ﬂzas(u) = —eas(p) + 550% +...

Result:
VAR as\2( BBl  T5—4Bl T2
nz=(32) (462 * 26) Ha) (Hes P el T )

Same three constants %P, 4, ~9 describe all IR divergences
1-loop agrees with previous result, at 2-loop also g needed

J
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1-loop CDR | 1-loop FDH,DRED
2-loop CDR | 2-loop FDH,DRED

Changes in FDH and DRED: Same structure ...

d

—7Z=-I1Z
ding

...but the ~’s change and everything depends on ag, ae, a4e

Ti-T s Mz i
_ p _ !
r=> 52" In—+> 1

(i) oo
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

® Integrate 382 = —IZ, use (%, 3%, etc

fon [ @s\2 [ 3P0y oy —4B20l10 | T2
2380 = (52) (_ 163 ' 162 | 4c
asy (e (3600 | My —4F7Tor | a1

+(32) <47r>( 163 162 | 4

ae\2 [ 3BGIo1  Top — 48501 | Too

+(32) ( 163 T 162 ' 4

) + O(ase, 0°).
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

o Integrate g-.Z = —TZ, use %, 3%, etc
ron (@s\2 [ BP0l — 4820010 | T2
N2 = (47) (_ 1663 1662 e

s\ (e 367101, M1 — 480 | T
+<47T)<47r)( 163 162 | 4

(Oée)z < 3,6 F61 ng — 4ﬁ5”2F01 F02

4r

FDH: three constants 1P, 49, 49 = CDR-values +O(N,)

@ need 3¢, ae-dependence separately
@ Leads to translation rules between CDR, HV, FDH

163 16 +4e)+0(a46’ ?)
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

® Integrate 382 = —IZ, use (%, 3%, etc

I ZFor (%)2 (_3520r'10 o Moo —4P20no0 rzo)

zrloop = \ 47 16¢3 16¢2 4e
as\ (ae\ (307 | Ty —48%Tor | T
+(a) (32) < 163 162 | 4

ae\2 [ 3BGIo1  Top — 48501 | Too 3
+(4w>< 63 T e Tz ) TOueaT).

FDH: three constants 1P, 49, 49 = CDR-values +O(N,)

@ Logic and result fully compatible with [Kilgore '12]

o Differences to [Kilgore '12]: slightly different 4/, other sample
processes
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1-loop CDR | 1-loop FDH,DRED

2-loop GDR | 2-loop FDH,DRED

® Integrate 382 = —IZ, use (%, 3%, etc

InZoH <Oés)2 (_3520F’10 N Mo — 4820l 10 N rzo)

2loop = \ 47 1663 16€2 e
os\ (ae\ (3070 | Ty —46fiTo1 | Moo
+(32) (32) ( 163 | 162 | 4c

ae\2 [ 3BGIo1  Top — 48501 | Too 3
+(4w>( 63 T e Tz ) TOueaT).

DRED: again same structure but four constants %P, 49, 19, 9
@ turns out to depend even on ay,
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IR structure in all four schemes

)

common structure, depends on anomalous dimensions v and 3
functions of all couplings

Allows transition rules between schemes, once all v’s are known
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Two simple processes/form factors

v —qq

H— gg

u]
|
1
I
!

DA
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Two simple processes/form factors

@ IR structure, transition rules
@ determine 4’s

v —qq @ study concrete
calculation/renormalization

H— gg
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Two simple processes/form factors

Simple kinematics

v—qq = F"(S)W<

@ v
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Two simple processes/form factors

Simple kinematics

v—qq = F"(S)W<
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Two simple processes/form factors

Simple colour/IR structure:

M—_»o C/__’A,ycusp

v —qq . .
r=27(=9q,9.9,9)

H— gg
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Two simple processes/form factors

Simple colour/IR structure:

M—_»o CF,A ,ycusp

_> 0 .
1A r=24(i=q.9.9.9)
Z 'F = fin.
In F —InZ = fin.
H— gg 2L_1 1Ly2| _ 2L g
[F 5(F™M72] = Inz2- = fin.
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Example: Hgg in FDH/DRED. Starting point: gauge invariant Leg
Lot = AHOy + AHO; + ...

with
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Need two-loop diagrams and counterterm diagrams such as

@ all couplings A\, \¢, as, ae, age appear

@ Need also: all one-loop renormalization constants for these
couplings

@ Need also: two-loop d ), d A,
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Need two-loop diagrams and counterterm diagrams such as

@ all couplings A\, \¢, ag, ae, age appear

@ Need also: all one-loop renormalization constants for these
couplings
@ Need also: two-loop d ), d A,
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Problem: renormalization of Lg, A, A

Situation in CDR, HV:
0)“'_6)‘—1—1— ilnz - . . . .
—)\ = as aas Qs [Spiridonov '84, Chetyrkin, Kniehl, Steinhauser '97]

@ known from literature, no dedicated computation required

Situation in FDH, DRED:
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Problem: renormalization of Lg, A, A

Situation in CDR, HV:
*} )‘+_>\6>‘ = 1 + as(%s In Zas [Spiridonov '84, Chetyrkin, Kniehl, Steinhauser '97]
@ known from literature, no dedicated computation required

@ Reason: full basis of local operators O; 5
; 9
Can a” be ertten aS mﬁQCD

Situation in FDH, DRED:
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Problem: renormalization of Lg, A, A

Situation in CDR, HV:
*} )‘+_)\6>‘ = 1 + as(%s In Zas [Spiridonov '84, Chetyrkin, Kniehl, Steinhauser '97]
@ known from literature, no dedicated computation required

@ Reason: full basis of local operators O; 5
; 9
Can a” be ertten aS mﬁQCD

Situation in FDH, DRED:
@ e.g. OA*A, exists in operator basis
@ has no counterpartin Lqocp = Spiridonov’s method fails
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Problem: renormalization of Lg, A, A

Situation in CDR, HV:
) )\+_>\5>\ =1+ asa%ls IN Z,, ispiridonov ‘84, Chetyrkin, Kniehl, Steinhauser '97]
@ known from literature, no dedicated computation required

@ Reason: full basis of local operators O; 5
; 0
can a” be ertten as mﬁQCD

Situation in FDH, DRED:
@ e.g. JA*A, exists in operator basis
@ has no counterpartin Lqocp = Spiridonov’s method fails

@ way out: determine operator mixing renormalization constants
from explicit off-shell calculations (one- and two-loop)

@ off-shell means: non-gauge invariant operators also needed
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Hgg in FDH: Sample results

22278 ) (3 (22 (20) ()

[Spiridonov '84] applicable, but mixing occurs




Hgg in FDH: Result for G = F92- — J(F91L)2

49

2
G(Z)(as,ae)=G(2)'CDR(aS) +(4%5r)2 N, {CZ|: 4€3+ 18+72 LR 72

+CANF91€2}
() (22) Ne{ CF”F}W(Ne ).

@ IR prediction was: [G?) — InZ|2L]=fin. for both FDH and CDR
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Hgg in FDH: Result for G = F92- — J(F91L)2

49

2
G(Z)(a&ae):G(Z)»CDR(aS) _‘_(%)2 N, {CZ|: 4€3+ 18+72 LR 72

+CANF91€2}
() (22) Ne{ CF“F}W(Ne ).

@ IR prediction was: [G?) — InZ|2L]=fin. for both FDH and CDR
@ This is valid!
@ can read off e.g. 95, = 75, + N (27 32) ca
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Hgg in FDH: Result for G = F92- — J(F91L)2

49 x?

G(Z)(a&ae):G(Z)»CDR(aS) +(4%i)2 N, {CZ|: 4€3+ 1s+7z _|_27 7z
c v ol o).

@ IR prediction was: [G?) — InZ|2L]=fin. for both FDH and CDR
@ This is valid!
@ can read off e.g. 95, = 75, + N (27 32) ca

+ CANFglz}

o after subtracting IR divs, the difference is O (N.€°)
@ = translation rules
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Hgg in FDH: Result for G = F92- — J(F91L)2

2

G®(as, ag) = GR)CDR(¢y) _|_(%sr)2 N, {CZ|: 4E3+ 1s+72 + ot 77r2
b2 (32) Ne{ CF“F}+O<N6)

IR prediction was: [G® — InZ|?"]=fin. for both FDH and CDR
This is valid!
can read off e.g. 35, = 75, + Ne (27 32) ca

+ CANFglz}

after subtracting IR divs, the difference is O (N.°)
= translation rules
Similarly, obtain all two-loop F9, F9, +'s in all schemes

FDH,DRED , FDH,DRED , FDH , DRED . DRED
“eusp’ » Vg Vg V5 7
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