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Motivation
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Motivation

precision LHC measurements

Higgs width [talk by Federica multiloop scattering amplitudes
§
2
]

m,, (GeV)
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Motivation
oe

Towards 3-loop revolution

pp — 7y milestones

NLO cross section (gg channel) [Binoth et al. arXiv:9911340]
2L amplitude (gg channel) [Bern et al. arXiv:0109078

t NLO cross section (gg channel) [Bern et al. arXiv:0206194
NNLO cross section (qg channel) [Catani et al. arXiv:1110.2375]

3-loop amplitude milestones

1—1 QCD [Tarasov et al. PRLB 1980]
21 QCD [Moch et al. arXiv:0508055]
t 2—2 SYM [Henn, Mistlberger arXiv:1608.00850
2—2 QCD [Caola, Manteuffel, Tancredi arXiv:2011.13946

this talk : 3-loop gg — vy QCD amplitude (with Caola, Manteuffel, Tancredi)
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Kinematics

The process

g(p1) + g(p2) = v(—p3) +v(—pa)

2584 4 2566 1 iss1

X

275 pages = 3299 diagrams

complexity summary

H 1L ‘ 2L 3L
# diagrams 6 138 3299
# integral families 1 2 3
# integrals 209 20935 | 4370070
# Mis 6 39 486
Qgraf result [kB] 4 90 2820
amplitudes before IBPs [kB] || 276 | 54364 | 19734644
amplitudes after IBPs [kB] 12 562 304409
expaned amplitudes [kB] 136 | 380 1195

mplitudes for diphoton production in gluon fusion



Kinematics
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Kinematics and color

kinematics 4-point process = 1 dimensionless variable

t
(Regge, forward) 0< x = —— <1 (backward)
s

3
A =512 (4nq) (;‘i) Ci A

color decomposition
where C; is a degree=3 monomial in {Ca, Cr, ns, n,‘/, n/?}

3 closed fermion loop types

Vo _ 2
ne? =3 Qf nf =3, Qf =
> > > > >
A v A v A v A v A v
NITT - S -
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Tensors
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Tensors in d=4—2¢ dimensions

Y (diagrams) # Lorentz indices >  # all invariant structures

#T; = 138 (Lorentz invariant tensors) — 81 (by tranversality ¢; - p; = 0)
— 47 (by gauge fixing €; - pi+1 = 0)
= 10 (independent in d dimensions)

Ti=(p1-€2p1-€e3p2-eaps - €1, €3 - €4p1 - €2pP3 - €1 € - €4p1 - €3P3 - €1,
€2+ €3P2 - €4P3 - €1, €1 * €4P1 - €2P1 - €3, €1+ €3P1 - €22 - €4,
€1 - €2P1 * €3P2 * €4, €] - €2€3 - €4, €1 - €4€2 * €3, €1 * €3€2 * 64)

Piotr Bargieta
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Tensors
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Tensors in 4 dimensions

recent loop-univeral claim in the 'tHV scheme [Peraro, Tancredi arXiv:2012.00820] :

# tensors indpt in 4-dim = # indpt helicity states  (here = 24/2 = 8)
10 o
A= "FTi=>» FiT,
i=1 i=1

orthogonalization procedure : projects out Tg, T 19 from the physical 4-dim subspace

ZT;TTJ- _ 8x8 (4-dim) 0
pel \ 0 [ 2x2 (—2e-dim)/

gain : 1-1 correspondence between form factors and helicity amplitudes

Fi = A
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Integrals
@00

Integral reduction

simplifying 4 x 10° integrals before the IBP reduction

@ map redundant crossings onto the 6 independent ones
& remove scaleless integrals — O(10) reduction

@ map equivalent sectors into common family — O(2) reduction

2%10° 486

Z Cx (dix) Ti(x) 'ZE Y Cx,(di x) Mi(x)
i=1
taming the complexity of the IBP reduction [Andreas, Amlan]

@ solve IBP system with Laporta algorithm [Laporta arXiv:0102033

v (1,p) ) )
fd arr 7,71 o = 0 and Zieext(P?W - Pf’w)Z{nj} =0

o use Fp flnlte field arithmetic [Manteuffel, Schabinger arXiv:1406.4513]

) = 4 oi(d- N (x,d)
C(d; x) = #,g(d; x), where &~ T=H—T
° impose syzygy constraints [Gluza et al. arXiv:1009.0472] [Peraro arXiv:1905.08019]

jaluD + biD; =0

@ partial fraction in d and x
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Integrals
oeo

Master integrals

already computed with differential equations [Henn, Mistlberger et al. arXiv:2002.09492

J:gerg stetiigey
P P

o expressed in terms of Harmonic Polylogarithms (HPLs) with letters «; € {0,1}

X d I n
G(an,.,.,al;x):/ z G(ap—1,..,a1;z), G(0,...,0;x) = n IX
0 Z—ap ——— n!
n times

o claim : can relate all boundary conditions My(€) to a single overall normalization
(3L sunrise =) if
. . v as.. € p 77
require  lim M(e; x) — s i My, regular
s;j—0 7y

we've independently derived Mls and found perfect agreement on the physical
Riemann sheet
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Integrals
[e]e] )

Boundary integrals

procedure summary
@ canonical matrix a(x) with 3 poles x = 0,1, 00

= Fi(esx) = € a(x) Wi( )

@ iterative solution with arbitrary boundary constants ¢
Mi(e,x) ~ €" ¢ n ® HPLs(x)

@ 6 crossed solutions i.e. x — {x, 1—x, i, %, =, %}

careful analytic continuation s;; + ie : cross only 1 branch cut at a time
e.g. x—ia—>%:|:?ia = x—>—x—>—%

3 UV regularity conditions

I[i)n11 Mi;(e; x) regular = linear relations between constants ¢; ,
x—0,1,00

solve recursively to 1 order higher to fix all but 1 boundary coefficient €” csynrise,n

mapping between topologies
eg JPD — J(NPL) _ 5D
& 12,0,0,0,0,0,0,0,2,0,0,0,2,0,1 = /2,0,0,0,0,0,0,0,2,0,0,0,2,1,0 =

Piotr Bargieta
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Results
0000

All-plus helicity amplitude

F3) =
A

Ir f. (1) +1I; f( ) (3 fin) » where A5 = Zi?i?i = S5 f;, and Z; are universal

finite part in the simplest helicity configuration yields

f(a hn)

Ar(x) = —

Da(x) =

As(x) =

Da(x) =
As(x) =

De(x) =

Ar(x) =

Ag(x) =

Piotr Bargieta
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= A1(x) 02 C3 + Do(x) 12 CaCr + As(x) nen}? Ca+ Da(x) (nY )2 Ca + Ds(x) nf2 CE + Do (x) (nY )2 Cr + Aq(x) nen}? Cr + Ag(x) nZn}?

+{(x) < (1-x)},
23Ly(Ly + 2im) + 32Ly(Ly + 2iw) — 46(Ly + iw) ELZ _ BLoLl + lLo —dinle + Lﬂ“

9x2 9x 36
373 185 5 4519 1 . 157 5 5
-G E+—:7rg‘;+m:7r +—wr+—Lox——x ((Lo — L1) +7r).
L 2'” Wb tm Sl 34 oty + Tiotimhe — 2n2 = 2 gir — Riox+ 82 (Lo - L) 47,
x x
Li(Ly +2im) | 2(Ly + iw) — Ly(Ly + 2iw) 475 2 925 1.3 175, Py 5 2
e+ i 77L0+ L0L1 Ln*7(3+ BT 7?11\'+5Lux+5x ((Lo = L1)* + =) ,
SLy(Ly +2iw) | Ly(Ly + 2im) — 8(Ly + i)
T +;L%—ZL0L1—2LD—6(3+§W 75+4L0x—x2 ((Lo = L1)* +72) ,

lazom | bl 220 22 2iprtg 2 i 2Lox - 24 (Lo — L) +72)

W0Ly(Ly +2im) | 32 +im) — byl +2im) L2+ L9L1+7Lo+16<3—§w2+ﬂ——Lax+ 2 (Lo - L) 47,

3x2 3x 3
5Ly (L; +2m) 10(Ly + im) — 8Ly(Ly + 2im) . x X 1
= ;Xz 1 =0 +§L5+§LDL1*?Lo+2mLo+4(3*?+573IW7?LDX+§><2 (Lo — L1)* +7°) ,
731 +7m where  Lo=In(x), Li=In(1-x).

iversity of Oxford
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— — ++ helicity amplitude

compact result even for the most complicated helicity configuration

tr Bargieta versity of Oxford
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Kinematic dependence
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note the convergence of series terms M
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Outlook

o interfere background with Higgs signal [talk by Federica]

1

—— An
P2 — m? + imply W

¢4gg4+H

o differential cross section

1
S [ ) @ 00, 1) @ do(z, 1 i)
ijeflav /0

o hidden amplitude structure awaiting to be unveiled

HANK YOU

000,

Uuuuuuuuu&}g

Piotr Bargieta
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Appendix
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Appendix : tensor projectors

resulting tensors live purely in the unphysical —2¢-dim subspace

8
Ti=T,—=Y (PT)T;, i=9,10, > PT;=35;
j=1 pol
- 1 To To+T3+2T4—2Ts—Tg—T Ts =
To = ( Te 2 3 4 5 6 L 3+Ts>
T3 t u
1( 4T 2T To—Ta—2T3+2Tg+Ts—T7 2T
T10—T1o—3< 4T 6_ 2 4 3-1- 6+ I's 7 3+Ts>

and they vanish (Ve) for each fixed helicity configuration

University of Oxford
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Appendix
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Appendix : tensor projectors

10 v K oov
_ __ . p:q; + q: p;
Pi=d (MY, Tk My=3TIT;  Dodiefr =g+ HE A
k=1 pol pol Pi - Gi
X4 dx®)
3(d—1)(d—3)¢2
M= 0
0
8 32 2 2 2 2 4 12 4 2 2 2. 2
“etus stL oL @ADL L Yo7
-2-2 -1 1 —4-2 -1 —t
s 4 _12 —s_2 24p B _w_5 _s_p L4349y
2 2 u
242 -2 -1 442 1 t
() _ sta 5
X = -2-2 -1 -2 ) -1 —t ’
2 2
Syl sir 2 M leia rio 2 ooss
242 1 -1 442 -2 t
2 t —t —”—:—25—3u t t?
12 12 4 32+d) L 12 3 6. 3,3 3 3 6 3_3 3
2owtoe te ¢ Cgtity i op Fos-i i 0
3 3 0 0 o 0 0 o0
0 3 0 o 0 0 o
u2
XU _ 0 [ 3 0 0 0 o0
0 0 0o 3 0 0 o0
0 0 0o o e 0o o
0 0 0 o 0 3 0
0 0 0 o 0 0 o0
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[e]e] e}

Appendix : helicity amplitudes

evaluate tensors at fixed helicity config_uration_ As =27, Fi TX =S5 f;
spinor weights
s n2p s (12) (1) [24] s (21) (24 [14] () (a0 [4]
HE T oy ey T T ey 23y 20y T T ey @3y sy T T ay any (s
(42) (43)[23] (12)[34] (13) [24] (23)[14]
S T @ ST T e ° (1324 ' ST e

little group scalars

2 (2 2F3 =
f++++:7(iuﬁ—i53—}'1)+}-s( +2 +4)+ (Fo— Fa+ Fs — F1),

- 7
+F1)+t<—8+ (Fa+F5—F2)) ,

(5
2 (2Fg — Fs 1
f+—++:*7(u6 f1>+t(78*§(2+}'3+f5>)-,
Fe — -
( ) J+,(fﬁ+f7,],5)> .
s T2

s
T - 7
( uﬁ—F1)+t(7”+ (F4+f7—fa)>-

t° = 1 = — — — —
fopt = = Pt 5 t(Fo + Fs — Fo — F1) +2Fs,
AP Y (i B S I
su 25  2u 4

21— - = = _
f+——+:77F1+5t(F37}'4+]-'57]:s)+2]:s

fopir =

friy— =
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Appendix : finite part

2
coupling renormalization Zla]l=1— % (52) + (% - /36) (g ) + 0O(ad)
MS scheme Sepeos p = pas(p) Z[as(p)], Se = (4m)ce e
beta function Bo="Ca— 3Tens, Br=4C3— Tens (53Ca+ Cr)

finite part fS*ﬁ") = f§3) A f;l) -7 fASZ)

IR operators [Catani arXiv:9802439)

o
with

KZ(% %)CA* 0nfT,:

He= (90 % 5) G e (% - (B %) o) + BT

University of Oxford
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