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Invitation

Two-loop amplitudes A = [ Z beyond 2 — 2
> 5-gluon all-plus

7T : Badger, Frellesvig, Zhang (2013
Z : Badger, Mogull, AO, O’Connell (2015

A : Gehrmann, Henn, Lo Presti (2015)
» n-gluon all-plus
Z : Badger, Mogull, Peraro 520163
A : Dunbar, Jehu, Perkins (2016
» 5-gluon all helicities (Z implicit, numerical |)
A : Badger, Bronnum-Hansen, Hartanto, Peraro 220173
A : Abreu, Febres Cordero, Ita, Page, Zeng (2017
» 5-point general massless QCD

talks by Bronnum-Hansen and Sotnikov

V]

™)
%]



Invitation

Two-loop amplitudes A = [ Z beyond 2 — 2
> 5-gluon all-plus

7T : Badger, Frellesvig, Zhang (2013
Z : Badger, Mogull, AO, O’Connell (2015

A : Gehrmann, Henn, Lo Presti (2015)

» n-gluon all-plus
g p Z : Badger, Mogull, Peraro (2016
A : Dunbar, Jehu, Perkins (2016

» 5-gluon all helicities (Z implicit, numerical |)

A : Badger, Bronnum-Hansen, Hartanto, Peraro (2017
A : Abreu, Febres Cordero, Ita, Page, Zeng (2017

» 5-point general massless QCD

talks by Bronnum-Hansen and Sotnikov

Analytic wishlist:
» control complexity of Z = complexity of A

» understand provenance of IR divergences through O(e=2F)




Invitation

Two-loop amplitudes A = [ Z beyond 2 — 2
> 5-gluon all-plus

7T : Badger, Frellesvig, Zhang (2013
T : Badger, Mogull, AO, O’Connell (2015

A : Gehrmann, Henn, Lo Presti (2015)
» n-gluon all-plus
Z : Badger, Mogull, Peraro 52016%
A : Dunbar, Jehu, Perkins (2016
» 5-gluon all helicities (Z implicit, numerical |)
A : Badger, Bronnum-Hansen, Hartanto, Peraro EQOI?;
A : Abreu, Febres Cordero, Ita, Page, Zeng (2017

» 5-point general massless QCD

talks by Bronnum-Hansen and Sotnikov
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» control complexity of Z = complexity of A

» understand provenance of IR divergences through O(e=2F)

This talk:
» inspect 4-pt integrand in N =2 SQCD (full color and Ny)
» analytic IR+UV structure at O(e™%), O(e3) and O(e~?)
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Outline

1. IR factorization review
2. N = 2 integrand
3. Analytic IR structure

4. Summary & outlook
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IR factorization review



IR factorization . ,
Kunszt, Signer, Trocsanyi (1994)

Catani, Seymour (1996)
Catani (1998)

MY = 10 MO + 0(0)
MP =10 (QOMP + 1P (M + O(e)
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IR factorization . ,
Kunszt, Signer, Trocsanyi (1994)

Catani, Seymour (1996)
Catani (1998)

MWD = 1D (MO + O(L)
M = 1O OMD + 1D (MO 1+ O

n n
(1) e 1 wml ¢
I ( 1—6 Z§<62+T?€ ( SU) T T

1

1960 = - %I(l)(e) <I(1)(e) - 2ﬁ€°>

p(rl(l__)z) (60 Krs. ) 10(26) + O ™)

NB! O(e72) and O(¢~!) depend on dimreg scheme, e.g.

32 4 P 5 2 2
Kepp=(2 —ce- " )Oou- 20N, — [ 2~ Ze) N,
FbH (9 9° 6) 479 (9 276>
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Undoing renormalization
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Undoing renormalization

MDD = pm() M@M(O)
T - @ _ "By n=2 (b5 B\
" " 2¢° " 4 2 €2 € "

Rearrange Catani 1nto

(1) — (1) ©) 4 — — - e
MP = IEDMP + 5 < n =2 Z%) )
M — I&l)(e)M%) _ 51(&1)(6)[&1)(6)/\/1%0)

e T —2¢) (Bo (1) 0)
+ F(l — 6) < c + KR.S.> I, (QE)Mn

+ g (nﬁo - Zv) ((n —2)fy — 27) MO + O

IM(e) = EQF = 2; —s;)"°T;-T;  NBI Mixed IR with UV
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Assume IR factorization for N' = 4

Consider difference w.r.t. N = 4:

MO - M = —@M )+ 0()
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Assume IR factorization for N' = 4

Consider difference w.r.t. N = 4:

MO MY = _@M )+ 0(0)
M3 — MJ(\Qf):4 B (Z sz‘j=<(,Ti : Tj) (MO — M(l):4)
i<j !



IR factorization for N' = 2 SQCD

Specialize to N = 2, external gluons:

N
50:Nc_7f

5 Y = Bo, Kn—=2 = Kn=14+ 260+ O(e)

Singularity structure encoded by triangles through O(e=2):

MDD - M = —@M )+ 0()

M(Q)—M(: ( 5”=<(T T) )_Mj(\lf):4)
1<J
(Z 51j=‘< heh ) MO+ 0@

1<J
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N = 2 integrand



One-loop N = 2 integrand Johansson, AO (2014)
Start with BCJ numerators ng\f:?,pure = V=t — 2nﬁv:2’ﬁmd,

where név:lfund a

4 1 K K K19 + ks Kos + K K13 + K
n(}::I):ljtf-i-?tu—i-uz( 12 T R34 | K23+ Kid, Fas 24)
3 2 U U S t U
4
1 K13 K23 Ko4 K14 s
() = (554 58) omr (B4 ) s o) )

3

4 1 Koz + K14 K13 + K2g
n(3O)) - (M ) (o)

tre = tr4 (1(€ — p1)(£ — p12)3)
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One-loop N = 2 integrand Johansson, AO (2014)
Start with BCJ numerators n;v:lpure = V=t — 2nﬁv:2’ﬁmd,

where névzlfund a

4 1
K K K12 + K: Koz + K K13 + K
n( }:I > :123t1“—|—224tr++u2< 12 T R34 | K23+ Kid, Fas 24)
3 2 U u ] t U

4
1 K13 K23 K24 K14 S
”( }”) = (G 7)o+ (G 30 e 3 () (¢ 1)

3
”(22‘"0"{;) _ (Hzg Jtr K14 K13 Z /<624> (s R 7p12)2)
try = try (1(€ — p1)(¢ — p12)3)

Integrand-reduce

4 1 K13 K23 Koa  Ki4
TL<3}‘{2> = (ﬁ + tT> tr+(13€4) + (F + tT) tl"_(1364)
4 1 K13 + K24 K23 + Ki4
(O = ()

Pro: triangle integrates to zero;  Con: color-kinematics broken
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One-loop N = 2 integrand
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One-loop N = 2 integrand

=5 S (X ) () + () ()
() () < BB ) (b))

(30 (363¢) Y500 (302
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Finite boxes

NEZ! rr ) )
I tro [1(4— l— 3| =——11 +71°|+0
(X ) [onete=m-pmapsi] = =5 Lo +2%) +00

e.g. Badger, Mogull, Peraro (2016)
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Finite boxes

INL 1 rr ) )
I tro [1(4— l— 3| =——11 +71°|+0
(X ) [onete=m-pmapsi] = =5 Lo +2%) +00

e.g. Badger, Mogull, Peraro (2016)

4 1 B B 7[-2
I & 1 10,230,4)] = —2H_; _ i (—
<;}:|:g2> [tI‘+( 12342 )] 1, 170,0(X) + 3 12( X)
2 w2
— <2 log(1 + x) — 3 log x + 2C(3)> log(1 + x) + 6x¢(3)

4 1 _ _
I( z)j:{e ) [ty (16124£53)] = —2Ho,—1,0,0(X) + 7*Lia(—x)

3 2
2

4
+% log? x + 4¢(3) log x + % +6(1+ x)¢(3)

Caron-Huot, Larsen (2012)

where x = t/s
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Two-loop N = 2 integrand

Johansson, Kélin, Mogull (2017)

Start with BCJ numerators

faloli— o1 1 _ _ _ _
7?,( m ) = —,LL12(I€12 + l€34) + ﬁ (IQ13 tl"_(1€124€23) “+ Kog tr+(1€124€23))

3 2

1 L L
+ th (K14 tT,(1€123£24) + K23 tr+(1€123£24))

A lalizpl 1 _ _
77,( :m: ) = M13(’£12 + HZ34) ) (l{lg tr_(1£124€33) + Ko4 tr+(1€124€33))

3 2

1 _ _
— = (k1a tr— (10123034) + Kog try (16,23034)) etc.

Relation to N = 4:

4 1 4atloli— o1
nN4SYM< m ) :n< m )
3 2 3 2
Qaloli—m1 4aloli— 1 4aloli— 01
o T ) e (YD) (N
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Two-loop N = 2 integrand

Integrand assembled with color factors

Y b == 9lb==9
o () YO o)
B ) (<)
LML) B (4F)
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Analytic IR structure



Nice features of N' = 2 integrand

Two-loop numerators related to N' = 4:

4 1 daloli— o1
nN4SYM< m ) :n< m >
3 2 3 2
Qatloli—m1 4aHloli— 1 4aHloli— 1
+2n< g ) —|—2n( Y ) +2n< sy )
3 2 3 2 3 2

» matter loops IR-regulated by numerators

» O(e%) entirely inside Mf)’N24
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IR factorization of singuler double boxes

4 2lim 1
j:E( [try (17,23754) j>= ]:[ [tre (102374)] + O(e ™)
3 2
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IR factorization of singuler double boxes

A 201— 1
j:E( [try (17,23754) j>= ]:[ [tre (102374)] 4+ O(e
3
4
= Xt — ]:[ — >
Pt (P - Ot O
A 2l1— 1
j:E( [tr (10,24753)] j>= ]:[ [tre (102473)] + O(e
3
4 4 £ 1 1
_ j>=<):[ fora] — su ]:[ ru=(O=l—u =Q=)
3 3 2 3 2

+0(e™h
where recall 1-loop try = trL(1(£—p1)({—p12)3)
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IR factorization of singular cross-boxes

—~ 1

~3

4@[1 ftrs (265054)] =

[tri (12243[732)] =

[tre(10323024)] =

T stepon) < < +0
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IR factorization of singular cross-boxes
l1— 1 4

52/@[ [trs (203024)] = jjl[trjp(w(um)?))} x =<(1 + 0>
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IR factorization of pentagon-triangles and box-bubbles

L1— 1
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IR factorization of pentagon-triangles and box-bubbles

L1—

45%:2—1 [try (glsl24)]
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Extract difference from N = 4
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Match difference from N = 4

After analytic rearrangements match reorganized Catani

Mf) . M4(12)’N:4

() ) ()

perms
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Summary & outlook

v

v

v

Matter loops IR regulated

v

v

External matter in progress

STAY TUNED!

Discussed QCD-like IR structure beyond N = 4
Explicit 4-gluon integrand from 6d unitarity cuts

Johansson, Kélin, Mogull (2017)

e.g. box from Badger, Mogull, Peraro (2016)
double boxes from Caron-Huot, Larsen (2012)

Divergences of unregulated loops extracted analytically

similar to Anastasiou, Sterman (talk 2018)

N
N

N
%]



Thank you!



Backup slides



General conventions

_ o [ — .~ N2~
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N = 0 conventions

0 i 4 1\ 1
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All singularities of double box

A2l 1 _ _ _ A2l 1 _ _
]:E( [trs (12,23(7; +2)4)] = jj:( [trs (10,230,4)] + O(°)
3 2
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1 2 _ _
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S 3 3
4 1 4 _ _
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