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Outline

<> Ultimate question:

<> Is a profoundly new framework needed for quantum gravity,
or is there more to be learned from conventional approaches?

<> Motivations — Why study UV divergences in N=4 supergravity?
<> Methods - Lightning review of BCJ & Double copy
<> Explicit results

<> Highlight unexplained cancellations

< Role of anomalies

<> Punch line: “Enhanced cancellations” and limitations of standard
symmetry considerations
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ULTRAVIOLET DIVERGENCES AND THE s
DOUBLE COPY METHOD .




UV Divergences in Supergravity

<> Supergravity is a nice test-bed for expanding our understanding
of gravitational theories

<> Supersymmetry & duality symmetry can help tame the naive
power-counting from gravity’s two-derivative coupling

dez (gp}) -
gauge theory: / H D propagators

dD i /g; V oo
gravity: / H p pz b )

D propagators
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<> Simultaneously, powerful new (~2008) methods of calculation
allow access to high loop orders

<> Allows both theoretical and practical access deep into the
perturbative series

<> Verify our understanding, or indicate something new
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UV Divergences in Supergravity

<> Quantum gravity needs good control over ultraviolet behaviour

<> Renormalisation group flow dictated by scale dependence

< i.e.log(p?) terms

<> Typically, L-loop Feynman integrals in dim reg have a global
factor out front, and look like

() (E+)

<> This pegs log(pn?) to singularities in €.
<> Therefore, we use divergence as proxy for scale dependence
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<~ (somewhat easier to calculate)
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UV Divergences in Supergravity

<> Most of this talk is about half-maximal supergravity
<> N =4 supergravity in D=4
Gl 2 | e L (P OE | R D
state Count| 1 4 6 4 2 4 6 4 1

Das (1977);
Cremmer, Scherk, Ferrara (1978)

<> Duality symmetry SU(4) x SU(1,1)

<> The two scalars parameterize the coset space SU(1,1)/U(1)
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<> Anomaly in the U(1) subgroup means quantum inequivalence
between different classical formulations Marcus (1985)

<> We use the SU(4) formulation of Cremmer, Scherk, Ferrara
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Expectations from Symmetry

<> 1970’s-1980’s: Supersymmetry
delays UV divergences until
three loops in all 4D pure
supergravity theories

<> Expected counterterm is R*
<> In N=8, SUSY and duality

symmetry rule out
couterterms until 7 loops

<> Expected counterterm is
D3R4
<> 7-loop counterterm has an
analog in N = 4 supergravity at
three loops

<> But the divergence is not
present

Grisaru; Tomboulis; Deser, Kay, Stelle;
Ferrara, Zumino; Green, Schwarz, Brink;
Howe, Stelle; Marcus, Sagnotti; etc.

Bern, Dixon, Dunbar; Perelstein, Rozowsky (1998);
Howe and Stelle (2003, 2009);
Grisaru and Siegel (1982);

Howe, Stelle and Bossard (2009);
Vanhove; Bjornsson, Green (2010);
Kiermaier, Elvang, Freedman (2010);

Ramond, Kallosh (2010);
Kallosh; Howe and Lindstrom (1981);
Green, Russo, Vanhove (2006)
Bern, Carrasco, Dixon, Johansson, Roiban (2010)
Beisert, Elvang, Freedman, Kiermaier,
Morales, Stieberger (2010)
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Duality Symmetries

<> Analogs of E,(; for lower supersymmetry

N=8: E;) E77/SU(8) :
N=6: SO*(12) SO*(12)/U(6)
N=5: SU(5,1) SU(5,1)/U(5) -

N=4:SU(4) x SU(1,1) SU(1,1)/U(1)

<> Can help UV divergences in these theories

< Still have candidate countertermsatL=N-1
(1/ N BPS) Bossard, Howe, Stelle, Vanhove (2010)
<> Nice analysis for N = 8 counterterms
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Beisert, Elvang, Freedman, Kiermaier, Morales, Stieberger (2010)
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Recent Field Theory Calculations

<> How are the calculations done?

1. Find a representation of SYM that satisfies color-kinematics
duality (hard)

2. Construct the integrand for a gravity amplitude using the
double copy method (easy)

3. Extract the ultraviolet divergences from the integrals
(straightforward, but a practical challenge)
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Color-Kinematics Duality

<> Color-kinematics duality provides a construction of gravity
amplitudes from knowledge of Yang-Mills amplitudes

Bern, Carrasco, Johansson (2008)

<> In general, Yang-Mills amplitudes can be written as a sum over

trivalent graphs A - - n;C;
n — Y4
: )
{

D

<~ Color factors c; ~ fobe fede
<> Kinematic factors n; ~ (€1 - ko) (€2 - k3) (€3 -€4) + ...

<> Duality rearranges the amplitude so color and kinematics satisfy
the same identities (Jacobi)
¢it+cjte,=0<n;+n;+n,=0
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Example: Four Gluons

<> Four Feynman diagrams
<> Color factors based on a Lie algebra

fal agbfba3a4
ai1aab pbasas
H E{ o pooab s
\ fa1 agbfba4a2
\ \

Atree =g (
S t U

n—==¢1 -koey-€3€4-k1+...
<~ Color factors satisfy Jacobi identity: Cs+ct+cy =0

<> Numerator factors satisfy similar identity: n; +n; +n, =0
<> Color and kinematics satisfy the same identity!

u
NsCg N Cy T Cuy
+ +
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Gravity from Double Copy

<> Once numerators are in color-dual form, “square” to construct a
gra\"ty amplltUde Bern, Carrasco, Johansson (2008)

An=g"") nDC > M, =i (g)n—z 2 nDn

1

<> Gravity numerators are a double copy of gauge theory ones!

<> Proved using BCFW on-shell recursion | ern, Dennen, Huang, Kiermaier (2010)

<> The two copies of gauge theory don’t have to be the same
theory.

10 July, 2015
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Gravity from Double Copy

<> The two copies of gauge theory don’t have to be the same
theory.
<> Spectrum controlled by tensor product of Yang-Mills theories

N = 8 sugra: (N =4 SYM) x (N =4 SYM)
N =5 sugra: (N =4 SYM) x (N =1 SYM)
N = 4 sugra: (N =4 SYM) x (N =0 SYM)
N =0 sugra: (N =0 SYM) x (N =0 SYM)

<> More-sophisticated supergravity theories

Damgaard, Huang, Sondergaard, Zhang; Anastasiou, Borsten, Duff; Duff, Hughes, Nagy;
Johansson, Ochirov; Carrasco, Chiodaroli, Gunaydin, Roiban;
permutations...

<> Relatively compact expressions for gravity amplitudes

LN
—
(@]
o
>
=)
E
(@]
—
-
(&)
e
>
N
I
|_
(NN}
(%]
()
©
>
fy s
=
£
<

 \
[EEY
w

—



Loop Level

<> What we really need are multiloop gravity amplitudes

<> Color-kinematics duality at loop level
<> Consistent loop labeling between three diagrams

<> Non-trivial to find duality-satisfying sets of numerators

/

/

<> Double copy gives gravity

Aloop L n 2+2LZ/H Céﬂ-pll)sl nlJ)CJ

M%;)Op L—I—l (

n 2+2L

Bern, Carrasco, Johansson (2010)

Just replace c with n

1 ??,j??,j

Z/Hifés D,

10 July, 2015

=
O
‘=
S
N
T
l—
L
®
(%]
O
©
S
=
=
S
<

 \
[EEY
s

—



Known Color-Dual Numerators

N=4SYM | 1loop | 2Loops | 3loops | 4loops | Lloops _

trivial trivial ansatz ansatz
construction ansatz ansatz
construction

7 point construction

construction

Bern, Carrasco, Johansson (2010)
Carrasco, Johansson (2011)
Bern, Carrasco, Dixon, Johansson, Roiban (2012)
Yuan (2012)
Bjerrum-Bohr, Dennen, Monteiro, O’Connell (2013)
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Colour-dual representation

<> N =4 SYM BClJ-satisfying
numerators are trivially
obtained

(1) tree
<> Numerator is totally AN 4 = XStA

symmetric

<> Triangle numerators
vanish through Jacobi ool L p .
. 00 , n— d“p; 1 n;n;
identities (No triangle ~ M7*" =" (g) Z/lﬂl (27)1[7 S ;)jj
property of N=4 SYM) T
<> Numerator is independent
of loop momentum
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<> Can factor it out of
integrals
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Double copy at one loop

<> Through the double copy, the gravity amplitude for Q+16
supercharge supergravity is

(1) _ (5o Atree (1) (1) (1)
MQ—i-lG — U (5) [StAN:4(1927374)]|:[14Q (1727394) + AQ (1739472) + AQ (1347273)]|

N=4 box numerator Linear Combination of one-loop YM amplitudes

<> The N=4 numerator factors out of all of the integrals

<> Second copy of YM reorganises into a particular linear
combination of colour-ordered amplitudes
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<> Valid in any number of dimensions
<> Q=16 gives N=8 supergravity
< Q=0 gives N=4 supergravity
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YM and Gravity Linked

=i (5)4[315Aj@<§4(1,2,3,4)][@18&1, 2,3,4) + A5)(1,3,4,2) + 45)(1,4,2,3)]
) \

N=4 box numerator Linear Combination of one-loop YM amplitudes

<> There is the possibility that supergravity amplitudes can vanish
in the UV even when Yang-Mills does not.

AM(1,2,3,4) = ¢ [c§12>S4A<1>(1, 2,3,4) + U AD(1,3,4,2) + . AD(1, 4,2, 3)]

<> Renormalisability of Yang-Mills theory imposes a relationship
between UV of different colour-ordered amplitudes

<> In precisely the combination that appears in the gravity

amplitude
AY1 234+ A4Y 1342+ 48 (1. 4.2 3 — 0
Q(777)+ Q(777)—|— Q(7”>UVpole
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N=4 supergravity UV

M(l)( H’3H’ |D Adiv. O’
M(l)( Hy H7 3V; A% |D 4 div. = O,
1 1 /rye 3(D, — 2)
(1) _ _ tree S
M (1V7 2V7 3\/'7 4V)‘D:4div. - p (47‘()2 (2) StAQ_167
_ 1 K\ ree DS —2
M(l ( Vi V17 3\/27 Vo ‘D —4div. = —ZW (5) StAtQ:lﬁT’

< In 4D, factor of D.-2 is due to U(1) duality symmetry anomaly
<> (more later)

Y

MW (14, 24,35, 4) | g, =0,
M(l)(1V72V73V74 )|D 6 div. :O)
1 1 K\ 4 26 — D
1 — tree s
M( )(]_ 2\,1,3\/2,4 ’D:Gdiv. = E(ZLT)?’<§> StAQ=16TS7 (4]_0)

1 1 K4 26 — D,
M(l)(lH, 2H7 3V’4V)’D:6div. = —— (5) st ge:elﬁT (81 €98 — 2]{31 * &9 kg o 61) .

< In 6D, factor of 26-D, suggestive of bosonic string
<> But no real surprises here
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Colour-dual representation

N\

/

<> Only two graphs (and permutations) contribute to the N=4 SYM
amplitude
<> Numerators of the two graphs are the same
<> Implies vanishing of triangle-graph numerators
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T _ X _ x _

Niggy = SIC, N3y = SIC, Nig3 = LA, tree

Wy =tK,  nip=uk, iy =uk, B t4a5e(1,2,3,4)
2341 = VA, 1342 = ) 4231 = :

<> Numerators are all independent of loop momentum
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N=4 SYM amplitude at two loops

A(Q)(la 27 37 4) - g6 Z |:Cglc234Aw(17 27 37 4) + C§421Ax(37 47 27 1) + CT423A$(17 47 27 3)
xe{P,NP}

+ 0:53411493(2’ 3,4,1) + C:f34214x(1a 3,4, 2) -+ 63132311433(47 2,3, 1)] ;

<> Again, renormalisability gives constraints on the 4D UV
behaviour of different colour-ordered amplitudes

<> Recall instructions to replace colour factors with kinematic
numerators to get Gravity amplitudes:

n—2+2L d 1 n.:n.
loop _ L—l—l( ) Di 27
M >/ H Sre

10 July, 2015
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Double copy at two loops

<> Through the double copy, the gravity amplitude for Q+16
supercharge supergravity is

(2) (kR 6 tree x x
MLi6(1,2,3,4) = i(5) stAGE(1,2,3,4) > [s(A7(1,2,3,4) + A7(3,4,2,1))
z€{P,NP}

1H(A%(1,4,2,3) + A%(2,3,4,1)) + u(A%(1,3,4,2) + A%(4,2,3,1))

<> Again, the N=4 SYM copy factorises out of the integrals

<> Second copy of YM reorganises into a particular linear
combination of colour-ordered amplitudes

<> In 4D, precisely the combination(s) that are UV finite due to
renormalisability of YM
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N=4 Supergravity in D=4

D, — 2)?
4 )

6 ce
M(2) <1V17 2\/17 3\/27 4\/2) ‘D:4div.: —6_2 (47T)4 _) S2tA22:16

<> The only UV divergent 4pt amplitude is with four external vector
multiplets

< D,-2 indicates connection to U(1) anomaly
<> No real surprises
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N=4 Supergravity in D=5

M® (1,25, 3u,4n) o =
D=5div.—= 4 |\
MP Ay, 2v, 3y, 4v) D=5 div. % (471'(')5 (2)5 stAGSs 2 _3DS)7T(82 e
MP (1vs, 2, 3vs, dvs) D=5 div. % (471T)5 (g>5 StAge:em = _6DS)7T (@ 5 2t
MP (15,25, 3v,4v) e = _% (471T>5 (g>5 24 AU, (10 —6Ds)7r

X (g1 - €98 — 2k - eoks - 1)

<> Pure graviton amplitudes are UV finite at two loops in D=5

<> No known symmetry explanation
<> But follows from YM renormalisability arguments similar to

4D
<> i.e. Follows because double copy directly links SUGRA UV to YM UV

< Also see suggestive 10-D, factors
<> Just numerology?

10 July, 2015
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Colour-dual numerators

Bern, Carrasco, Johansson (2010) 1 (a) 11 (b) 1
2 2]
<> Factor of stA®® pulls out of QKKS
every graph, but loop T ;
¢ 1 o 4
momentum dependence ; L,
remains b 716 |
< Graphs with triangle g M o
subdiagrams have vanishing 2 : 2 ;
numerators
L) Lo 4

Integral 1**)| A = 4 Super-Yang-Mills (/N = 8 supergravity) numerator

2

(a)—(d)
(e)—(g) (s (—Tas + Tas +t) — t (To5 + T45) + u (T25 + T35) — g2 )//3
(h) (s(2715 — T16 + 2726 — Tor + 2735 + T36 + Tar — u) Ti; = 2]{'@ . lj
+t (T16 + T26 — Tar + 2736 — 2715 — 2707 — 2735 — 3717) + 57 ) /3
(1) (s (—725 — 726 — Tas + Tas + T45 + 2t)

+t (726 + T35 + 2736 + 2745 + 3746) + uT2s + 5° ) /3
(3)-(D) s(t —u)/3

<> Numerators satisfy BCJ duality Qj:D:l/ )jj:z jX(
N
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N=4 Supergravity in D=4

NN X X X

Series expand the integrand and select the logarithmic terms

Reduce all the tensors in the integrand
Regulate infrared divergences
Subtract subdivergences

Evaluate vacuum integrals

" ~ N2ra12 . 2\ 8
Graph | (divergence)/((12)°[34]"stA™*°(%)") < / <
(a)-(d) 0 /\ /\
263 1 205 1 5551 326317\ 1 B)
(e) 768 & T 37648 2 ( 768 03 T 110.592) e @) (b) ©)
175 1 11 93 217571 1
() _23’00425 —1= T (LQ)SSC - 1Ga§88) e
. 11 1, 2057 1 10769 226201 \ 1
() |-z toozet ( 5304 63 — 165888) <
(h) 31 41 1 (3227C 3329 ) 1
1 323~ 1536 &2 230453 ~ 18432) © (d) (e) (f)
(i) |l _ 20 1 ( 2087 - 10495)1 " "~/ N
! 128 3~ 1024 2 230453 ~ 110592 ) <
- 15 1 9 1 101 3227 1
() | —Bh+&s+(Qe-2E)! | /
) 5 1 89 1 377 287\ 1
(k) ﬁ€_3+11526_2+( 14463 +435)? \ /
25 1 251 1 835 7385\ 1 M)
() ﬁe_f*» — 110526_2 + ( 14163 + 3402) e &) (h) )
o o AN AN L
v" The sum of all 12 graphs is finite! > / /

(J) (k)

Bern, Davies, Dennen, Huang (2012)

(1)
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N=4 Supergravity in D=4

~ «
M (1,25, 3m,4n) =0 -
D=4 div.= 2 | \
M(B)(lH,QH,3v,4v) =0
D=4 div.
1 AN (D, — 2)?
(3) 1 2 3 4 - (_) 2 t2 2 tAtree S
MY (1v, 2y, 3v,4v) Dt i @0 \2 (s° +t°+u”)s oS
" D, —2 1 i 1
2¢3 € €
MB 1y 20, 3v, 4) g (ugly and not very interesting)
=4 div.

<> The vanishing of the pure supergravity divergence remains
unexplained through symmetry understandings

<> Although, there is an understanding from string theory

Tourkine, Vanhove (2012)

<> Another puzzle: R* counterterm is allowed by known symmetries
<> This is one of the critical L=N-1 cases.
<> What about N=5 and L=4?
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Colour-dual numerators

<> 82 colour-dual (O P (P Ry B A
numerators in N=4 SYM & f o e JE( = =< s &

theory at four loops .t 5 B s AL
<> Too lengthy to put @ @ ﬁd kil ks

here 5 e o g e e &
<> Factor of stA're° = QR gB-IP SR RIE -l ol Qi o Qa4
pulls out of every A e b B FH O A R
numerator Q%ﬁ%ﬁﬂ@*@ﬁ*@

< Up to two powers of &%@%A*@**@@W%@

loop momentum in
numerators Rl
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N=5 Supergravity in D=4

; : 3 213112 o7 Atree )10
|graphs‘ (divergence) x u(4m)®/(—(12)%[34]%st A" (5)!9) ‘ ‘graphs‘ (divergence) x u(4m)®/(—(12)*[34]*stA™*(5)') |
=
_ 1 [ 207863 ;2 | TUSITO | 1230523 ,0] | 1 [183507269 2 121097629, 125340203 4 % {19882556 5% — LBt %tl’] +% [fg&’&ﬁo 52 0T gt — fgégggégtﬂ
o | 3981312 7962624 2654208 &3 | 318504960 106168320 159252480
1 37331 88 132377 14255
41 ¢ (75478031782 _ 364821169 o4 19297919t2) =@ ( 207863 (2 | TL5179 o4 4 1230523t2) + 2 [Cs (7 273301050332 _ 5297%91%%95t+ %ﬁ) +¢ (9;559372852 _ 5953372838t = 2075(;752)
e |63 (~ 3686400 22118400 7372800 2 (1990656 3981312 1327104
625357 2 | 5161189 1428583 42\ _ 7648139167 (2 _ 22568882383 55681241 2
-5 (002 4 MOITS LOTORIS ) SOOTD 2 GUGMGLIATLy LTI ] -2 (SR + i — ) — TR - N - B
) ) : ) e | 1 225641 2 12031021 _, _ 2378855,2\ _ ~ (4044329 2 | 3646153 _, _ 2056603 ;2
+1 [{5 (42165713 2 1 12876011 oy 4 1004075342) 4 ¢, (116260052 1 L8820T07L op 1 LIOTAO7GS42) w +2|6 (- %eis s 5t — “tais ) — Sa (Ggosoo S T ‘91600 5t — 33600 £)
1-30 . 607657561815 5 : 5
. ) ) o 1m0 co : 57 2 | 3396579085657 . | 2089036585637 ;2\ _ ~ (51416459 2 | 801749
— (5 (LUB00518408983 o2 1 30280283413171 5 — 2013863213181 42) — (, (JL031T981 52 - SO36TI8L oy + C3 (O Ea0a00-s” + 2S5eaisos00 -5t + Zgomrosaoon ) — G2 (oossso s + bisao St
. omar o s ana ARAEAROT00% - 65544931 12\ _ 625357 2 | 5161189 , 1428583 ,2\ _ 8055438013 2
— —7715%4;602“4707752) — Tlep (19%%2352585 s2 + —205751%16783 st — —1;90771%5:; tz) —S2 (_335333(;*;&15095 2 9953280 © ) Tlep (497664S + 1492002 5T — Taao6 ) SQ( 16588800 ©
- 555755309 555207793 ;2 715513 2 | 718247 285839 ;2
19386147397 9723954001 ;2 4137589 .2 | 2283701 527011 42 + 2o st + Eoe—t°) — D6 s+ STELS t
+ Mbstoss st + Ysermaon t) — D6 (Tiamo-s” + Feisan st + Taret’) 20 ot ¢ ) (5 eece 0" )
_ 2052398390611 (2 _ 534679988685821 4 _ 8363820769903 12} + 1016368396178 52 1 T20881T2U8T03 5 + %ﬁ]
143327232000 1146617856000 T146617856000 ©
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N=5 Supergravity in D=4

e it
<> Surprise -
y U

<> Second example of L=N-1 case UV finite, unexplained

<>  How much further can we go?
<> N=6is out of reach (requires L=5 BCJ numerators)

<> We could look at L=4 N=4
<> Above the critical L=N-1 line.
<> Multiple counterterms allowed by symmetry.
<> Solidly in the territory of amplitudes that should diverge
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N=4 Supergravity in D=4

M4 loop

div (47T)8 2 288¢

Three distinct counterterms
--++ is 4-graviton sector

S

were not anomalous
<> E.g.in N>4 SG

1 (/{)10 1 — 264(3

StARES, (O~ + 307 46007 HT)

Double copy makes SU(4) R-symmetry manifest

Bern, Davies, Dennen, Smirnov? (2013)

The latter two configurations would vanish if duality symmetry

<> All three independent configurations have a similar divergence!

<> How much can we really read into this? There is very little
information in the transcendental coefficient.
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Matter Multiplets in the Loops

_ 1 k1081 — 264¢ L .
4-loop — (_) tAtree O “=F 30 +++ 600++—|—+
MV e = e 2 N2 (0T ¢ )

|

(nyv + 2) (G(nv + 2)ny N (nv +2)(3ny +4) — 96(22 — nV)Cg,)
4608 €2 €

<> Couple to matter multiplets to get more info

<> Requires honest subtraction of subdivergences, since matter
amplitudes diverge already at one loop Fischler (1979)

<> Kinematic factor is the same as pure SUGRA
<> Transcendental constants factorize out
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The Structure of the Result

_ 1 k1081 — 264¢ L .
4-loop — (_) tAtree O “=F 30 +++ 600++—|—+
MV e = e 2 N2 (0T ¢ )

|

(nyv + 2) (G(nv + 2)ny N (nv +2)(3ny +4) — 96(22 — nV)Cg,)
4608 €2 €

<> All three independent configurations still have a similar
divergence

<> Peculiar because the nonanomalous sector should naively
have a very different analytic structure. Not related by any

supersymmetry Ward identities.
<> Factorization of transcendental constants is (slightly) less trivial
than it looks
< {,and {; cancel away unexpectedly

< ny dependence is apparently consistent with U(1) anomaly
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U(1) Anomaly

Marcus (1985) Carrasco, Kallosh, Tseytlin, Roiban (2013)

<> There is an anomaly in a U(1) subgroup of the SU(4) x SU(1,1)
duality symmetry

<> Scalar degrees of freedom parameterize SU(1,1)/U(1)
<> Can gauge the U(1) to linearize the action of SU(1,1)
< scalars become complex doublet under global SU(1,1)

<> Pick up a phase under local U(1)
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<> Anomalous means different gauge choices for the U(1) give
different theories at the quantum level

<> Theories differ by a local, finite term in the effective action
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Anomalies in unitarity cuts

<> As pointed out by Carrasco, Kallosh, Tseytlin & Roiban, the
anomalous sectors are poorly behaved and contribute to a four-
loop UV divergence (unless somehow cancelled, as they are at

three loops)
<> Anomalous sector feeds poor UV behavior into MHV sector

h2++ 7 hy~ Figure from arXiv:1303.6219

Carrasco, Kallosh, Tseytlin, Roiban

hi™ hy~
< Key Feature: Each anomaly insertion gives a factor of (n,+2)

<> This cut contributes (n,+2)? times a two-loop integral

< To get {5 requires a three-loop integral, which leaves only
enough room for one anomaly insertion.
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Connection Between Sectors?

_ 1 k1081 — 264¢ L .
4-loop — (_) tAtree O = 30 +++ 600++—|—+
MY e = @or 3 N2 (0T ¢ )

|

(nv + 2) (G(nv + 2)ny N (nv + 2)(3ny +4) — 96(22 — nV)Cg,)
4608 €? €

<> Result looks consistent with being entirely due to the anomaly
< (n,+2)? for rational numbers
< (ny+2) {; consistent with a single anomaly insertion

<> Bottom line: This divergence looks specific to N = 4 SG, and likely
due to the anomaly.

<> Though the high loop order prevents a detailed analysis
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Quantum (in)equivalence

<> In light of a forthcoming paper, one might worry that we’ve
done something bad in N=4:

Bern, Cheung, Chi, Davies, Dixon, Nohle (to appear)

<> In the presence of anomalies, UV divergence and
renormalization scale dependence can become unlinked

<> Then UV divergence isn’t a good proxy for log(M?) terms

<> Two-loop calculations in Einstein gravity show this explicitly
for the conformal anomaly

* See also Zvi Bern’s talk at Strings

<> Not a problem in our case — verification of subdivergence
cancellations
<> Although U(1) duality symmetry is anomalous in N=4, UV is
still linked to log(M2)
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Ennancea
Cancellations




Enhanced Cancellations

<> We’ve seen three examples of vanishing of expected UV
divergences.

<> How exotic are these cancellations?

<> Among the symmetry considerations:

<>

¢

Bjornsson & Green developed a first-quantized formulation of
N=8 sugra based on Berkovits’ pure spinors

BEFKMS Used duality symmetry to exhaustively rule out N=8
counterterms until 7 loops (L=N-1)

Bossard, Howe, Stelle, Vanhove extended the L=N-1
countertermto N=4,5 & 6
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Enhanced Cancellations

<> All paths lead to the same conclusion: L=N-1 has an allowed
counterterm

<> From a unitarity perspective, symmetry arguments essentially
expose the power counting on maximal cuts

— <> N=4sugrais (pure YM) x (N=4 SYM)
<> Pure YM is already log divergent on the
2 3 . .
) 4 maximal cut of the ladder diagram
<> No amount of standard symmetry
p~__4 transformations can push these log

divergences into other diagrams

<> Any cancellations beyond these, such as those between different
diagrams on maximal cuts, we term “enhanced cancellations”

<> Enhanced cancellations are not present in non-abelian gauge
theories
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Summary

<> Known explicit examples of enhanced cancellations
<> D=4, N=4 pure sugra is finite at 3 loops

<> D=4, N=5 pure sugra is finite at 4 loops
<> D=5 half-maximal sugra is finite at 2 loops
<> No known standard symmetry explanation for any of these

<> Enhanced cancellations appear to be a qualitatively new
mechanism controlling the UV

<> Though still mysterious!
<> Awaits bold new ideas
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