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Motivations

@ The main motivation for studying the quantum structure of maximally
extended supersymmetric gauge theories in dimensions larger then four is
basically motivated by the connection with the low-energy limit of superstring
theory and the interaction of D- and M-branes, which in principle allows the
study of low-energy effects of superstring theory using quantum field theory
methods.

@ Although supersymmetric gauge theories in higher dimensions are not
renormalizable by power counting, direct calculations sometimes show that
some divergences are reduced by supersymmetries.

@ Though models with higher derivatives usually have ghost states in their
spectrum, they are often used for different purposes in classical and quantum
field theory. There are various approaches to handle ghost fields in
interacting higher derivative supersymmetric (and non-supersymmetric)
theories, ensuring that they do not contribute to observable quantities. These
models considered as an effective field theories on the low energy limit.
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6D, N = (1,0) supersymmetric gauge theories.

@ The 6D, N/ = (1,0) supersymmetric higher-derivative gauge theory in
harmonic superspace formulation was firstly constructed in [Ivanov, Smilga and
Zupnik(2005)]

@ Harmonic superspace was originally developed by [Galperin, Ivanov, Ogievetsky,
Sokatchev (86°) ]

@ The ordinary 6D, N' = (1,0) supersymmetric Yang-Mills theory in has a
dimensionful coupling constant and for this reason is non-renormalizable.

@ The UV behavior of such a theory was studied by direct quantum calculations
in the component approach, by using the gauge and supersymmetry methods,
by applying the background field method in superspace [Buchbinder, Ivanov,
Merzlikin, Stepanyantz (86’) | and by the modern amplitude techniques [Bork,
Kazakov, Kompaniets, Tolkachev (2015) ]

@ In contrast to the gauge theory with the standard kinetic term the
higher-derivative model with four space-time derivatives possesses a
dimensionless coupling constant and is renormalizable by power counting.
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Goals and methods

@ We review the higher-derivative 6D, N' = (1,0) supersymmetric gauge theory
[Ivanov, Smilga and Zupnik(2005)] and its quantum structure on the one-loop
|eve|[Buchbinder, Ivanov, Merzlikin, Stepanyantz(2020)]

@ As a further generalization we consider the higher-derivative " = (1,0)
supersymmetric gauge theory in six dimensions coupled to the conventional
6D, N = (1,0) gauge theory and to the hypermultiplet.

@ The quantization procedure is carried out in the framework of the superfield
background method that ensures the manifest 6D, N' = (1,0) supersymmetry
and the classical gauge invariance of the quantum effective action.

@ Using the dimensional regularization and minimal subtraction scheme we
analyze the one-loop divergent contributions to the effective action.
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@ Notations

@ The model

© Background field method

@ Effective action

@ Calculation of the one-loop corrections

@ Generalization: HD coupled to conventional 6D, N = (1,0) SYM.
@ One loop divergences

Q Further perspectives: Two-loop calculations
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The central basis coordinates of the 6D, N' = (1,0) harmonic superspace [Galperin,
Ivanov, Ogievetsky, Sokatchev - Harmonic Superspace (2001) ]

(z,u) = (&M, 07, u*),  M=0,.5 a=12 i=1,2 (1)

The analytic harmonic superspace coordinates
(Cu) = (Z‘A 0%, ii)7 35% = Gk abazbu+ku_l7 6+ = Uy, AN (2)

The spinor and harmonic derivatives

DY = 9., D

a

T = —0ya — 2000, (3)

where 01,07 = 62, utiu_; = 1, and (y™),; are the antisymmetric 6D Weyl
y-matrices, (YM)ap = —(YM)pa , (FM)90 = Leobed(yM) ;| with £20°d being the
totally antisymmetric Levi-Civita tensor.
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The harmonic derivatives

-0 -0
DO — +1 - —1 : “+a o= —a ;
e T e + 07041 — 00 _q,
D:t:t _ +4 -ntapntb ., +a " 44 = +4 _
0= +1i07070qp + 07054, O U ERES
{Df, Dy} = i(v™M)wOur, [DYT, D™= D",

[D**,Df] = 0, [D** Df|=D;f.
The full and analytic superspace integration measures are
d“z=d%z4 (D)X (DY), d¢Y = dSz 4 du (D7)

where we have assumed the notation

1
+\4 abed Myt + + +
(D*)* = —54€ DyD;D;Dy.
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A necessary ingredient is also a non-analytic harmonic connection V=~ obtained
as a solution of the harmonic zero-curvature condition
DTtV — D VTt vttt V] =0. (8)

Using these superfields one can construct the gauge covariant harmonic derivative
Vit = DFE 4 jV++ The superfield V™~ is also used to define the spinor and
vector connections in the gauge-covariant derivatives

Vi=D}f, V,=D;+iA;,  Vap=0u+idew, (9)

where Vo, = 1(vM) 0y Var and Vs = 9y — A, with the superfield
connections defined as

1
Ay =iDIV™" Aw = 3DI DV (10)
The covariant derivatives (9) satisfy the algebra
+ - ; + i +d :
{V,,V, } =2iVy, Vo, Va| = §5abch ) [Vm, V] =iFun .
(11)

where the superfield strength of the gauge multiplet are defined

a Z aoc _—
wte = —5¢ bedpFDF DIV (12)
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The classical action of the higher-derivative 6D, N' = (1,0) supersymmetric gauge
theory [Ivanov, Smilga, Zupnik (2005) | is written in the harmonic superspace as

So = iz%tr /d<<*4>du (F+4)2, (13)

where gg is a dimensionless coupling constant. The covariant strength of the
analytic gauge superfield V1 is defined by the expression

1
Ftt =DMV = —ﬁs“deDjD;DijV__, (14)

where

> ++ ++
Z n+1/du1 du,, Vv (Z ul) vV (Z,Un) (15)

(whul) (i ug) .. (ulut)
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Background field method

Following the background field method, we split the superfields V** and ¢} into

the sums of the background superfields V*+, Q7 and the quantum ones v++, ai,

VI SV Lot o = QY + 4, (16)

In what follows we will focus only on the gauge multiplet dependent sector of the
effective action and put Q% = 0.

Full action Siota) is constructed in the standard way as the sum of the classical
action, the action for the fermionic Faddeev-Popov ghosts Sy, the action for the
bosonic real analytic Nielsen-Kallosh ghost Sy and gauge fixing term Sg¢

See[vTH, V] = —tr/d14zduv |:|2’U
1 dulduQ -
- g [ g B

bV IR 0 ), (17)

where £ is the arbitrary real parameter.
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Effective action

Using the expression for gauge fixing term (17), taking into account that
e~V ~"e® = D™ we can write

1 —~
St(jtal = :|:29(2) tr /dC(*‘L)alqurJr O2vtt
1 / 14 duldu2 1 o
+——tr [ d 27{(1 — —)vi+ OvF ),
2 happ W) (@)

+wfﬁ<v--F++>,v++172}

)

(1+1) /d14zdu1du (ug uy) v ot
28\ € (ujuz 7 K
tr/d<<—4>dub(v++)2c+ §tr/d<<‘4)du<p(v++)2<p, (18)

where the covariant super d'Alembertian is presented in the form

O=0+iWtv, +iFtTv— — %(V"FH). (19)
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After integration over quantum superfields we obtain the one-loop quantum
correction to the effective action

7 1~ _
Ar(l)[VJrJr] =3 Triz,2)In {E(Dly (D;r)45( 2,2)(1“7 us)
+(1 B 1) (DH)* O (DF)* oib1 g—ib2
£ (uy uy)?
(Df)‘*(DJ)‘* iby _—ibs | s —— o+ Z(“T“Q_) 1 ++
—= =2l MeT2 | (VT F —— =1+ —\F
(uful)? K )~ Tt ()

—¢Trln ng;; .

(20)
where 14 (z1 — 29) = 0%(01 — 02)8%(x1 — x2). The functional trace over harmonic
superspace is defined as

Tr (44— O = tr / de{VdY oG ey ot (1g2),  (21)

where 5%’47'1) (2|1) is an analytic delta-function and O@4=D (¢}, uy[Co, uz) is the
kernel of some operator O acting in the space of analytic superfields possessing
the harmonic U(1) charge q.
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We rewrite the first term of the expression (20) as the sum of two logarithms and
obtain

1 1~
§Tr(2’2) In {E(Dl)Q(Df—)45(—2,2) (u1, u2)514(21 _ 22)}
i
+§Tr(272) In {(Dfr)%(_lz)(ul, u2)6" (21 — 22)
L (e (0D e (DD)"
(Dl)id] Uy Ug
(DH)*(D3)*

(uyuz)?

—iba

+ et eib [if(V"F*‘ﬂ

i(uyuy) gy 14
~(E D) TEEF] b M - ) | 22
DD P, e =) (22)
According to [Buchbinder, lvanov, Merzlikin, Stepanyantz(2017)], the first term in this
expression vanishes. To calculate the divergent part of the second term in the

lowest order in (£ — 1), we need to expand the logarithm up to a linear term only.
As a result, we arrive at the calculation of the divergent part of the expression

PGV ] = (04 + T + Ty + Ty + Dasy. (23)

Using the dimensional regularization scheme we calculate each of this terms.

Budekhina Alexandra (Dubna) 6D, N = (1, 0) HD SYM



The terms above are given as

1 tur) . )
r, - —tr/dg )y EF )(D+) (D;)‘*Lﬁ1 2 )3 ettt e~ gl (4 — 2),
(D1) (ui uy )
_ D+ 4 D+ 4 )
r, = _ltr/dg{ Dy —>— ! )+(+ S gitrmiba (7= P ), 6142y — 2),
2 (0y)2  (uguz)?
i _ T,
rs; = §tr/dd Y duy (S )(D+) s (D;’)‘liJr - 26lb167lb2(514(21 — 22)
(D1) (ujus)
'y = —iTrlnV*'H,

in the limit of coincident z points. Here tr stands for the usual matrix trace. We
briefly reproduce calculation of the first term as an example.
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Let us calculate the divergent contribution

r,— &£ [ de™ dun (@) DS
2
((;?55_)) (o2 ) I (FFH)KISI () o) L (28)

In this expression, we recommute the operator (ﬁ)—2 to the right to
delta-function. Taking into account that the covariant d'Alembertian (19) acting
on harmonics only yields terms proportional to i(F*%);; D™, we conclude that
the this divergent contribution is proportional to the third inverse power of the
operator 9% = 3™, acting on the space-time delta-function §°(z; — z2) where
the following identity is used,

1
(92

i
8%z — ‘ =—=—, ¢€—0. 29
Integrating over the Grassmann variables and taking into account (29), after some
transformations one obtains

n,divz—(fil / 4 du (FHH?2 (30)

Budekhina Alexandra (Dubna) 6D, N = (1, 0) HD SYM



One-loop divergences

Similarly we calculate the divergent parts for the rest of the terms and get

11C,
AT = - ——2 ¢ /d gy (FH1)2. 31
div 3(47‘(’)36 C ( ) ( )
@ For the arbitrary gauge & # 0 all divergent contributions depending on the
gauge-fixing parameter & cancel each other. This agrees with the general
statement that the renormalization of dimensionless coupling constants in
multiplicatively renormalizable gauge theories does not depend on the gauge
choice.
We can add the hypermultipllet term. Corresponding divergent contribution

N 11Cs + Tx _
rOv+] = —Wu / d¢Ydu (F+)2. (32)
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Generalization of the higher-derivative model

The classical action for the 6D N = (1,0) SYM HD theory is represented as the
sum of the 6D A = (1,0) SYM theory [B. M. Zupnik (1986)] and the term with
higher derivatives introduced in [lvanov, Smilga, Zupnik (2005) |

1 = (=)™ d“zdu; ... du,
SolVtt] = = tr / VIt (zu1) ... VI (2, uy)
37;2 n (ufud) ... (uful)
1 1
bogptr [ &IE =g fa v @)
0

where gg is a dimensionless constant, fj is the second coupling constant of the
inverse dimension of mass. The indices of the Pauli-Gursey group SU(2) are
transformed according to the rule qj{ =eapqt B, where €19 = 1. The analytic

superfields V™1 and g™ belong to the adjoint representation of the gauge group
G.
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One-loop divergences

Similarly we calculate the divergent parts for the rest of the terms and get

1 _ 110 +Tg / (—4) 42
AT = =3yt [ TV (P2 (34)

@ In the case when the hypermultiplet belongs to adjoint representation the
ghost field contribution is annihilated by the hypermultiplet contributions.

o We pay attention that the one-loop divergences in the theory (33) do not
depend on presence or absence of the conventional Yang-Mills term in the
classical action, higher derivatives suppress lower ones in ultraviolet domain.
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We studied the quantum divergence structure of the higher-derivative
N = (1,0) supersymmetric non-abelian gauge theory in six dimensions.

The model is formulated in harmonic 6D, A" = (1,0) superspace ensuring
manifest A" = (1,0) supersymmetry. The quantization was accomplished in
the framework of the background superfield method with a one-parameter
family of the quantum gauge-fixing conditions.

The corresponding gauge invariant and manifestly supersymmetric quantum
effective action was introduced and all possible divergent terms in such an
action were identified.

A manifestly supersymmetric and gauge invariant procedure to calculate the
one-loop divergences was developed and applied for the explicit calculation of
these divergencies.

As a further generalization we considered the higher-derivative N' = (1,0)
supersymmetric gauge theory in six dimensions coupled to the conventional
6D, N = (1,0) supergauge theory and to the hypermultiplet.

The one-loop divergences of this theory was calculated.
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Further perspectives: Two-loop calculations

@ The multiloop calculations in theories formulated in harmonic superspace face
the certain difficulties. The harmonic supergraphs contain the harmonic
dependent propagators and integrals over harmonics, the number of which
increases with the number of loops.

@ At this point in time known, in the two-loop approximation there are two
types of supergraphs with different topologies. The first has topology of 'O’
and the second one possesses the 'co’ topology.

@ The explicit calculation of such integrals corresponding to these diagrams
requires using the various non-trivial identities for harmonic distributions
which are not evident in each concrete case.

@ In some recent papers [Buchbinder, Ivanov, Merzlikin, Stepanyantz (2021,2023)] a
method which allows calculating the leading 1/ divergences was developed.
It is hoped that by using this method, it will be possible to calculate two-loop
divergences.
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Thank you for your attention!
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