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A river can be crossed with a bridge or a boat.

A storm
calls for

Resistance to wind
fluctuations

Resistance to water waves
fluctuations
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A river can be crossed with a bridge or a boat.

A storm
calls for

Resistance to wind
fluctuations

Resistance to water waves
fluctuations

In the same way any theory has to be resistant to quantum fluctuations
regardless of the formalism we use to navigate it.
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In this talk

Introducing the question: anomalies and on-shell methods
Gravity as a probe for anomalies

Collinear factorization and unitarity

Gauge anomalies on shell

Outlook
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In this talk

Introducing the question: anomalies and on-shell methods
Gravity as a probe for anomalies

Collinear factorization and unitarity

Gauge anomalies on shell

Outlook

Ol ap >

Why? ‘7 ‘7 «  Gauge anomalies must cancel when gaugeing flavour symmetries
o o o

* On-shell understanding of the Green-Schwarz mechanism in
anomalous-U (1) flavour models
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1. Introducing the question: quantum fields

Lagrangians for spin-1 and -2 particles have gauge symmetry.

Unphysical: gauge dependence cancel in observables
Necessary: prevents the existence of negative norm states
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1. Introducing the question: quantum fields

Lagrangians for spin-1 and -2 particles have gauge symmetry.

Unphysical: gauge dependence cancel in observables
Necessary: prevents the existence of negative norm states

Anomaly: breaking of a symmetry
P upon computing loop correlators.

Not problematic in principle.
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1. Introducing the question: quantum fields

Lagrangians for spin-1 and -2 particles have gauge symmetry.

Unphysical: gauge dependence cancel in observables
Necessary: prevents the existence of negative norm states

At one-loop, gauge symmetry (as Ward identities) is lost

+0
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1. Introducing the question: quantum fields

Lagrangians for spin-1 and -2 particles have gauge symmetry.

Unphysical: gauge dependence cancel in observables
Necessary: prevents the existence of negative norm states

At one-loop, gauge symmetry (as Ward identities) is lost unless gauge anomaly
cancellation conditions are satisfied

p Physical constraints on the
' % =0 y
7 . z \ spectrum of the theory

n
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1. Excursus: Amplitudes
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1. Excursus: Amplitudes
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1. Excursus: Amplitudes
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1. Excursus: S-matrix o

S-matrix: unitary operator relating states at past and future infinity: %L *]\

' 2%
S = lim etfotfr g tH{=t)p—iHot; — 1 4T OL /)Z/ £
tf—>+oo / <v\
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1. Excursus: S-matrix o

S-matrix: unitary operator relating states at past and future infinity: %L 7\
/
S = lim elfoly g7 tH{r~ti)p—iHoti —1 4T ];\ )V A

Amplitudes are its matrix elements: < fIT li > = 2m)*6™(Tps — Tp;) M(i - f)
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1. Excursus: S-matrix

B
S-matrix: unitary operator relating states at past and future infinity: /QL | \P
. | . AT //\ //4\
S = lim etHotr g tH(s~t)p—iHot;i — 1 4T *\/L >, A
ti—>—oo ‘ % A |
Lo+ % / <\

Amplitudes are its matrix elements: < fIT li > = 2m)*6™(Tps — Tp;) M(i - f)

Poincaré invariance: M depends only on s;; (and eventual polarizations)
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1. Excursus: S-matrix

., O
S-matrix: unitary operator relating states at past and future infinity: /QL | \ﬁ
SR e . Cr T I
S= lim elHotr g~ lH(ty~tD=iHoti =1 4T [
ti—>—oo ‘ ?\X 43 |
Lo+ /4 / <‘\

Amplitudes are its matrix elements: < fIT li > = 2m)*6™(Tps — Tp;) M(i - f)
Poincaré invariance: M depends only on s;; (and eventual polarizations)

Locality: M(s;;) is analitytic in s;; except from branch cuts and simple poles
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1. Excursus: S-matrix s

Yy N
S-matrix: unitary operator relating states at past and future infinity: /QL | \p
. | . L, - //\ //A\
S = t.l_iEloo et Hoty o=UH(tr—ti)p—iHoti — 1 4T \/L - L/;l
tp—>+00 %\/ ' <\

Amplitudes are its matrix elements: < fIT li > = 2m)*6™(Tps — Tp;) M(i - f)
Poincaré invariance: M depends only on s;; (and eventual polarizations)

Locality: M(s;;) is analitytic in s;; except from branch cuts and simple poles

Crossing symmetry: relates [ T(s,t)
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1. Excursus: S-matrix o

.
/?( A
S-matrix: unitary operator relating states at past and future infinity: . //Q{ by
"
. IR T
S = lim e'Hotr g=tH(Er=t)p—iHoti —1 4T ~1 /// 7
i i\)\ "‘4‘:(\
tf—>+oo /’ ?

Amplitudes are its matrix elements: < fIT li > = 2m)*6™(Tps — Tp;) M(i - f)
Poincaré invariance: M depends only on s;; (and eventual polarizations)

Locality: M(s;;) is analitytic in s;; except from branch cuts and simple poles

Crossing symmetry: relates [ T(s,t)

Little group symmetry: can we exploit it manifestly?
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1. Excursus: On shell methods
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1. Excursus: On shell methods

Po—P3 D1~ 1P2 w2
Hno— — 2 = |
i (P1 t1ip; Dot P3) det(p” g ) P /;/éavl;iigiilfegroup
manifest, aka
pRo., = |Ip.>q [Dla with [ple= (Ip >4)7, Pa?/kages spin
a=1,2 /\ e
lp >=z|p > /W/QL/ T///;
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1. Excursus: On shell methods

Po—P3 DP1—1lp; 2

Hee : det(p, o") = =0 .

Puo (P1 +ip, Do+ Pa ) (pﬂ ) p Make _I/ttle group
covariance
manifest, aka

6L, = >, Dl2 with [ple= (Ip >4)", packages spir
a=1,2 /\; |
L NN
p >- z|p > Adr ), 7B
LAt Lf\’/’ .

Scattering amplitudes are naturally expressed in terms of these variables.

g <12 >hsThhac 23 SMimhe=ha < 13 She=Ma—hs  p 4+ b, + h; <0
== ga[lz]h1+h2_h3 [23]h2+h3—h1 [13]h1+h3—h2’ hl 4 h2 + h3 > 0
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1. Excursus: On shell methods

6
M(1_2_3+) - 1 < 12 > G§#1V1,H2V2,H3V3)(P1;P2;Ps)
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1. Excursus: On shell methods

1 < 12 >6 G§ﬂ1v1.M2V2.M3V3)(P1'P2'P3)
Mp; < 13 >2< 23 >2

— — + .
M(1,2,3p) = i (Vv obtava Do)
= <§> Symy, ey, SYMy, v, SYMy oy, [g3“1 vH2V2H3V3IPLP2) 5 perms of (1,2,3)]

(H1V1,U2V2,13V3)(D1,P2)
93

i 1 U3, V3 Ui, V1V U3 K1 ViU, V2V
:Z §P1P2U12U12—P1P277127723

e (pl . pz) <_ (%) nﬂ1v1n#2#3nvzv3 + 77#11’277#21/377#31’1 - (%) 77#1#2171/11/217#31/3 + (%) 771111/177#21/217#31/3)]

Greatfor: + finding bases of higher dimensional operators

\ \
* deriving higher point tree amplitudes from factorization and recursion " % .
* simplifying loop matching and operator mixing via unitarity \; ‘ %\ \ \7
* making chirality and helicity selection rules manifest \ ] \’\\ \\m ' 4
AN
N\\ \/T
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1. Excursus: On shell methods

R, R R R R R R
M, = syt Bu Bst Tew | Row Tstw

S t u st su tu stu
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1. Excursus: On shell methods

W WA
M4=’+ t+—+ F b

su

24 4y
Res|M,,s = 0| = lim M s=‘+‘ ’ ‘: 0
[M, ] =limM, bt~ i ¢¢
15 37
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1. Excursus: On shell methods

LR K RN
M, = +—+—+ il
su

2=
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S—
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1. Excursus: Unitarity cuts 73

We can reconstruct loop amplitudes just by recycling tree-level informations (/\Z/Lﬁ/

1-loo
A, 0% =

nlegs
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1. Excursus: Unitarity cuts <y
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We can reconstruct loop amplitudes just by recycling tree-level informations M'lﬁyf/

Al—loop 4

nlegs

Unitarity cut: replace two propagators with delta functions putting them on-shell

ng E + Zczﬁﬁv +Zbi>®< + Rn

efficients
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This is computed in terms of :.
the tree-level amplitudes on
the left and the right of the cut
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1. Introducing the question: on-shell methods

We can construct our theory using as building blocks not quantum fields, but three-point
amplitudes.
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1. Introducing the question: on-shell methods

We can construct our theory using as building blocks not quantum fields, but three-point
amplitudes.

2y

Higher-point and loop-amplitudes can be constructed from a set of three-point
ones by unitarity
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1. Introducing the question: on-shell methods

We can construct our theory using as building blocks not quantum fields, but three-point
amplitudes.

2y

Higher-point and loop-amplitudes can be constructed from a set of three-point
ones by unitarity

Gauge invariance is bypassed from the get-go
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1. Introducing the question: goal of this work

In standard formulation of QFT gauge On-shell formulation of QFT bypasses
invariance gives constraints on the gauge invariance.

charges of the spectrum.

Where are such constraints from in the on-shell formulation?
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1. Introducing the question: goal of this work

In standard formulation of QFT gauge On-shell formulation of QFT bypasses
invariance gives constraints on the gauge invariance.

charges of the spectrum.

Where are such constraints from in the on-shell formulation?

Earlier work suggests that they are hidden in a tension between
unitarity and locality

The question was also discussed from other groups
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1. Introducing the question: goal of this work

In standard formulation of QFT gauge On-shell formulation of QFT bypasses
invariance gives constraints on the gauge invariance
charges of the spectrum

Where are such constraints from in the on-shell formulation?

Earlier work suggests that they are hidden in a tension between
unitarity and locality

The question was also discussed from other groups

Answer: anomalies lead to a breakdown of collinear factorization
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2. Gravity as a probe for anomalies

Anomalies appear in triangle one-loop diagrams, but
for technical reasons these are hard to study on-
shell.
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2. Gravity as a probe for anomalies

Anomalies appear in triangle one-loop diagrams, but
for technical reasons these are hard to study on-
shell.
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2. Gravity as a probe for anomalies

Anomalies appear in triangle one-loop diagrams, but
for technical reasons these are hard to study on-
shell.

Certain four-point amplitudes probe the anomaly,
thanks to gravity. These are computable on-shell, up
to rational terms.
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2. Gravity as a probe for anomalies

Anomalies appear in triangle one-loop diagrams, but
for technical reasons these are hard to study on-
shell.

Certain four-point amplitudes probe the anomaly,
thanks to gravity. These are computable on-shell, up
to rational terms.

1=
MW [l; 2;3;“1;] =M3yn + R3yn, L%LZ 3+
N \/55:3 14

Mgy = — lz anii] i (12)2[34)2[4]py pa 4] Fyn (5, 1),

n=1

1 t t—u t\" |
E,’ﬁrh(,s,»?t) E? 4log E + S log ; + lu=—s—t- Zvllﬁd 1/{%@ n
+
4p
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3. Collinear factorization

Our statement is that anomalies manifest on-shell as the breakdown of collinear
factorization, formulated as

Zero in gravity

Universal & depends Universal & depends
on collinear on collinear

kinematics only kinematics only
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3. Collinear factorization

Our statement is that anomalies manifest on-shell as the breakdown of collinear
factorization, formulated as

Zero in gravity

(1)

Universal & depends Universal & depends

on collinear on collinear
kinematics only kinematics only

Crucially, this factorization holds forn = 5
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3. Collinear factorization

Our statement is that anomalies manifest on-shell as the breakdown of collinear
factorization, formulated as

Zero in gravity

a ~ - for x
IR photon
e 7 +
X b

. for x
Sab graviton

Universal & depends Universal & depends
on collinear on collinear
kinematics only kinematics only

Crucially, this factorization holds forn = 5

Any deviation from this pattern leads to an inconsistency.
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3. Collinear factorization

We constructed the following algorithm to detect anomalous theories fully on-shell

F » -
yes
Compute Choose a Does it t - -

MLV using m) collinear ~ respect
unitarity limit (1)?
Does it
no » Fix R respect
(1)?
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3. Collinear factorization

We constructed the following algorithm to detect anomalous theories fully on-shell

F » -
yes
Compute Choose a Does it t - -

MLV using m) collinear ~ respect
unitarity limit (1)?
Does it
no » Fix R respect
(1)?
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3. Collinear factorization

We constructed the following algorithm to detect anomalous theories fully on-shell

Compute Choose a
M,(ll) using collinear
unitarity limit

Pick suspicious M,,gl): the ones
proportional to cancellation
conditions (e.g. Y,,, 03)

AAAAAAAAAAAA

yes

Does it
respect
(1)?

no

No anomaly
detected

Fix R

No anomaly
detected

yes

Does it
respect
(1)?

e -
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3. Attention span saving break

* On shell methods — gauge symmetry is dropped

 Gauge anomaly cancellation conditions — hidden somewhere
* Collinear factorization = broken in some channels

* Restore it with a rational term — breaks it in other channels
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4. Gauge anomalies on-shell: U(1)3

Start from a five point amplitude and
take a collinear limit to expose the
structure of interest.

ardo
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4. Gauge anomalies on-shell: U(1)3
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Take a second collinear limit to test the pole structure. Does

. 1 0
it scale as — or s7,?
,—512 12

If yes, can we interpret this as a collinear factorization of

the 5-point amplitude?

1

~

VS12
S12 ™ 0 Z Q3
—_— SQED (5111251113 1 0(5120, S451)) +R

< 12 >2 [35]3 < 3|p,0]4] < 45 >2

512545

Soep =

~/S12 + 0(s12)

—V2e3
A= 202
16m2M7,
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4. Gauge anomalies on-shell: U(1)3

The collinear interpretation
fails: it leads to non universal
splitting functions.

We can still save the
amplitude by adjusting R.
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4. Gauge anomalies on-shell: U(1)3

R cancels the s, singularity




4. Gauge anomalies on-shell: U(1)3

R cancels the s, singularity, but it introduces another

one in sy3.
This one cannot be interpreted as a collinear factorization,

and there is no other way to cancel it.

S =L Xn Qa oo 1 =
— ASQED +0(512 ;S45 ) +R pi 0( 512)

512513

< 12 >2 [35]3 < 3|p,0]4] < 45 >2

512545

~/S12 + 0(s12)

SQED =

—/2e3
A=
16w2M%, p ]
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4. Gauge anomalies on-shell: U(1)3

R cancels the sy, singularity, but it introduces another

one in sy3.
This one cannot be interpreted as a collinear factorization,

and there is no other way to cancel it.

The amplitude is inconsistent, unless this piece is
identically zero. This means imposing

) o

Anomaly cancellation conditions follow from restoring
collinear factorization
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4. Gauge anomalies on-shell: general

U(1)3

= ZQn=

U(1)-gravitational

m) ZQn=0
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5. Outlook

In this work we showed how:
* Gauge anomalies appear on shell as breakdown of collinear factorization

* Restoring the factorization yields gauge anomaly cancellation conditions

For the future:

* Include Green-Schwarz formalism: how new DOF restore factorization
« Study global anomalies via a gravity probe

* Possible on-shell proof of the Adler-Bardeen theorem
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5. Outlook

In this work we showed how:
* Gauge anomalies appear on shell as breakdown of collinear factorization

* Restoring the factorization yields gauge anomaly cancellation conditions

For the future:
e |nclude Green-Schwarz formalism: how new DOF restore factorization

« Study global anomalies via a gravity probe
* Possible on-shell proof of the Adler-Bardeen theorem
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