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THE STAGE
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Scattering in QG

o — ¢ tree level diagrams

1
I = Sgn + 5gp + 55 + 2 Jd4x £0,p0 P
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P1 D3 - - N N
P2 P4 P2 P4 P2 P4
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Scattering in QG

d¢p — yy tree level diagrams

L[, L[,
[} = SEH+ng+Sgh+ d xy\/80,40"¢ +— d X\fd Yo'y

P
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Scattering in QG

d¢p — yy tree level diagrams

1 1
I, =8+ S S d4 a dﬂ 4 — d4 oM
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Grawty mediated
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Scattering in QG

d¢p — yy tree level diagrams

[, =S, +S,+S +1 d4x dgb@”¢ +l d*x o
k — OEH T Pgf T Ogp 2 8 2 \[)()(

D

Contact

Gravity mediated (gravity induced)
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Scattering in QG

The cartoon
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Scattering in QG
The cartoon
@ X

4
Graviton mediated process h
PP = xx

Classical of ~
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Scattering in QG

The cartoon
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Graviton mediated process ,
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Scattering in QG

The cartoon ¢
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Scattering in QG

The cartoon ¢

Graviton mediated process
¢P — xx

Unitarity at

Classical o ~ stakelll
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Scattering in QG

The cartoon

@ X
Graviton mediated process
PP = xx
@ X
. N ~ G. s 4 Ynitarity at
Classical o Gy s N f stake!ll

1
“The cure” G, = Gy(k) ~ B for k > M, » ﬂ has a chance to be finite!
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Scattering in QG

The cartoon upgraded

1Pl diagrams
¢P — xx

1Pl version of ~
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Scattering in QG

The cartoon upgraded

1Pl diagrams
¢P — xx

Fluctuation Approach
[Pawlowski, Reichert '21] [Pawlowski, Reichert *23]

Form Factor Approach

[Knorr, Saueressig ’18] [Draper, Knorr, Ripken,
Saueressig ‘20]

1Pl version of ~
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Scattering in QG

The cartoon upgraded

1Pl diagrams
¢P — xx

Fluctuation Approach
[Pawlowski, Reichert '21] [Pawlowski, Reichert *23]

Form Factor Approach

[Knorr, Saueressig ’18] [Draper, Knorr, Ripken,
Saueressig ‘20]

1Pl version of ~ X Sghh X
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Scattering in QG

The cartoon upgraded
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Scattering in QG

The cartoon upgraded

1Pl diagrams
¢P — xx
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Euclidean Lorentzian

X X

P1 P3

riqaulatogs Numerical % Analytical Only R, = k*
ZOO
P2 P4
Wick
A )
30+ years Rotation On-shell! Unexplored
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Euclidean ["?%" paicher 360510168
“Through the looking glass*

P>
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P>

¥ Euclidean I'??" Reichert 2603.10163]
I” “Through the looking glass*

» Momenta (||p;|l,|lp>ll> 2), py - P> = lipy 2ol 2
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Euclidean ["?%" paicher 360510168
“Through the looking glass*

» Momenta (|[p;|l.l|p5ll, 2), Py - P2 = llpi 2]l 2
e Need Wick Rotation

P>
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Euclidean ["?%" paicher 360510168
“Through the looking glass*

» Momenta (|[p;|l.l|p5ll, 2), Py - P2 = llpi 2]l 2
e Need Wick Rotation

 Reconstrution (see later)

R R BR: B
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Euclidean 1'??" A K

“Through the looking glass® See also talk by
Benjamin Knorr

Diag (p/k,p/k,z)
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[APC, Reichert

Lorentzian I'¥ 261X 0000

“Through the looking glassr

e Lorentzian fRG

. On-shell, Lorentzian flow d,Im Fl(:”(s, f)

1 1
1D > d4x\/§0ﬂ¢8ﬂ¢ + 5 d*x g0, 0"y

....
T
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[APC, Reichert

Lorentzian 'Y IS
“Through the looking glass®

- [Braun et al. ’22] [Fehre, Litim, Pawlowski, Reichert. ’21] [Kher, King, Litim,
e | orentzian fRG Reichert. *25] [Pawlowski, Reichert, Wessely ‘25] [Assant, Litim, Reichert *26]

. On-shell, Lorentzian flow d,Im Fl(:”(s, f)

1 1
1D > d4x\/§0ﬂ¢aﬂ¢ + 5 d*x g0, 0"y
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[APC, Reichert

Lorentzian I'¥ 261X 0000

“Through the looking glassr

(See tak by Gabriel Assant |

+ Lorentzian fRG by Rowan Packer]

. On-shell, Lorentzian flow d,Im Fl(:”(s, f)

1 1
1D > d4x\/§0ﬂ¢aﬂ¢ + 5 d*x g0, 0"y
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[APC, Reichert

Lorentzian I'¥ 261X 0000

“Through the looking glassr
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bl
Lorentzian 'Y '

“Through the looking glassr

(See tak by Gabriel Assant |

+ Lorentzian fRG by Rowan Packer]

. On-shell, Lorentzian flow d,Im Fl(:”(s, f)

1 1
1D > d4x\/§0ﬂ¢aﬂ¢ + 5 d*x g0, 0"y

See also [Knorr ’26]
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[APC, Reichert

Lorentzian I'¥ 261X 0000

“Through the looking glass®

See also [Knorr ’26]

10
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RESULTS
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&l
RESULT

Finite Amplitude
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&l
RESULT

Finite Amplitude
¢ S X
h ','
e s—channel \
& S X100k
10
1
— AS|
0.10 x Data
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&l
RESULT

Finite Amplitude
¢ S X
h 'l'
e s—channel \
, 0 X100}
* Lorentzian (reconstructed)
10
1
—_ A8|
0.10 x Data
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&l
RESULT

Finite Amplitude
¢ /X
h 'l'
e s—channel \
, 0 . X100k
* Lorentzian (reconstructed)
, 10
. On-Shell my = 0
1
—_ A8|
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&l
RESULT

Finite Amplitude
¢ S X
h ','
e s—channel \
, ¢ . X100E
* Lorentzian (reconstructed)
, 10
e On-Shellm; =0
¢ 1
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 GR recovered - |
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&l
RESULT

Finite Amplitude
0 X
h
e s—channel \
. & S X100k
* Lorentzian (reconstructed)
10
« On-Shell mq% =0 ,
1
— A
e GR recovered - |
1() x Data
+ Fixed point &/ FINITE A R
0.1 05 |1 5 10 50 100
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&l
RESULT

Finite Amplitude
6 /X
h ','
e §—channel 4
. ¢ N X100k
* Lorentzian (reconstructed)
, 10
« On-Shell my = O
1 P
 GR recovered / — A
0.10 x Data
0.1 05 |1 5 10 50 100
» Graviball resonance? v S[My]
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Interlude

Momentum Variables

cos ¢;,
* (p,z) Euclidean = Wick rotation?

. (p,2)topy, P, [ + angles @;., ¢,..in CoM frame Po> P

9 = \/ G¢¢h(p09Hl_5H9 ¢in)\/ ngg/)h(Po,H Z)H, Do) X T.C.=V(p)) XT.C.

» Reconstruct only p, Multivariable reconstruction

. On-shell: p; = ||p||”
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Al

Lorentzian I™*?
“Through the looking glass*

at>:' = XD+ >ii -
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Al

Lorentzian I"'*?
“Through the looking glass* Structure:

at>::, - >© " > T >< 0,ImIT™*(s, 7) = Gp(x)* Im Diag;(s, 1)

Approxma’uons

e g*Mz, |

3. Gy(X) = Gplk, s) =

k2 + s + g*M2

" Educated by Euclidean results
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Al

Lorentzian I"'*?
“Through the looking glass* Structure:

d,Im [M9(s, 1) = GN(X)2 Im Diag, (s, 1)

Approxma’uons

~ s + log(s)

e g*Mz, |

* Ay B SO e ° e ” = R o & .
ae P VL NN S OREY T BE SRV ST NG Y VT
\

' GN(X) — GN(k? S) —

T o 00 1000 ; k2 + s + g*M2

pl " Educated by Euclidean results
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Al

Lorentzian I™*?
“Through the looking glass*

= ~ : an e . 2 aoe on o e o o . PP
- @l < 7 O BF W O P RN SOy NIV NN AN
4

| Gy(X) = Gk, ) =

~ s + log(s)

IO, TP

Im Ay(s,t =0)

Angelo P. Chiesa - “13th ERG Conference” @Sussex - 03/09/2026



Different Schemes lahd Gauges

Euehcedll. ORI GZIIh
NS AWIOWS KIS REICHELBZOUoRIVR. PN OB RCICUHCL B Oy
P1 P3 P1 P3
P2 P4 P2 P4
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Interlude
Unitarity & Bounds

+ S-matrix Unitarity: SS* = I
» Partial Waves (PW) Unitarity: QU

2im afs) % | a(s)| (non linean {0 < Im a;(s) < 1 (inean)}

_.‘ . o~ '

Partial Waves: f(s,0) = 32x Z CZJ-(S)PJ-(COS 0)
J
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity

. Imay(s) = Ima*(s) + Im aj(4)(s)
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity

. Imags) = Im' il 'CS) + Im a(4)(s)

. j=1
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity

. Imays) = Imaj"l?dfs) + Im aj(4)(s)
e j=1

» Existence of FP 0 < Im(a;) < 17
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity

. Imays) = Imaj"l?dfs) + Im aj(4)(s)
e ji=1
» Existence of FP 0 < Im(a;) < 17

* Constrict UV via physical principle
(unitarity)
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Weak-Gravity Bound

From unitarity

o Im aj(s) — Ir.ﬁ"‘ ﬁ@‘f’(‘s‘) + Im aj(4)(s)
. j: ]
» Existence of FP 0 < Im(a;) < 17

* Constrict UV via physical principle
(unitarity)
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af
Wea k-Gra\"ty Bound [Eichhorn, Held *17]

From unitarity

J=1 @ 0.8}
» Existence of FP 0 < Im(a;) < 17 5 0-6;
0.4%
* Constrict UV via physical principle 5|
(unitarity) ;
0.0
0.0
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100k
Conclusions & Outlook .
1 ’ .
— Al
o Scattering Amplitudes in ASQG 0.10 < Data
0.1 05 1 5 10 50 100
. . . : Vs[M,,
* Finite mediated & finite contact amplitude
0 <Im(ay) <1
4 I I 10°F
» Unitarity Bounds on FP ) = 12
32 Z 0
” <
| = 10'}
e f—channel? ] B
| 107!

2 3 4

© a,, a, bounds: fixed point independeénce’? G

O Lorentzian Mediated??
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Thanks for your attention!
(More) DETAILS 2603.10168 or a.portas-chiesa@sussex.ac.uk

« Scattering Amplitudes in ASQG

* Finite mediated & finite contact amplitude

0 <Im(aj) <1
4-1 T T

 Unitarity Bounds on FP 3

e f—channel? 1

oL~ | . |
> 3 4

© a,, a, bounds: fixed point independeénce’? G

O Lorentzian Mediated??
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b1
o 1T

P1

Scalar-Graviton vertex in AS

Massage

P>

o [ 0h T dhsm
Nk—1

tg¢¢h (P1P2) = (2 T 1 k(Ph)) 8¢¢h «(P1,p) + 8$gh,k(l?1apz)

e Eﬁectlve Un|versallty

[Eichhorn, Labus, Pawlowski, Reichert ’18]

[Elchhorn Lippoldt, Pawlowski, Reichert, Schiffer ’ 18]. ° gn - |00p independent o LOOpSZ ﬂh(Q) — O

G A mse | a0 T e
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. «5
Scalar-Graviton vertex in AS

Flow Equation

P>

Diagrams generated in 0,1 Z)th

R R EEC R ER:

Flow Equation

08 (P>2) = 2 + 1), k(P D)8 ppi iP5 2) + 8 1P 2) DiaG (P, 2)

(p/k, z) dependence — k = O (physics)

Angelo P. Chiesa - “Asymptotic Safety Seminars Series” @zoom - 08/06/2026



Momentum Variables

Full glory
Z = G pi =pi+Ipl° Zin = 1+ Pl (cos(gb- )—1)
P11 p2] n " 1P 1°+ p2 "
2 _l2 72 — 1 ‘7‘2 1
Pout = o+ 111 out=1T \7\2+l2 COS (¢out) -
0
2=~ (22 + 1512 (1 [12(1
()—5 p()"“p‘ ( +Cos¢in>_‘ |~ ( +Cos¢out)
p-l=|p||l|cosbOgc § = Zpin(l + Zjn) = zpout(l + Zout)

t=pi2n +péut + 2(poly + [P || 1] cos Ogc)
— Y2 2 ¢
u—2pin+2p0ut s—1
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&l
RESULTS

Newton Coupling

+ Gy const.intheRp < 1

2

- Non-perturbative corrections: G, ~ p~

Asymptotic Safety hallmark

e 7 Influences the transition
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RESULTS

Newton Coupling

+ Gy const.intheRp < 1

2

- Non-perturbative corrections: G, ~ p~

Asymptotic Safety hallmark

e 7 Influences the transition

— lim gpen(p, 2) ----- im ggeni(p =0, 2)

P—00 k— 00

-1 ~05 0 0.5 1
z
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&l
RESULTS

Euclidean Vertex _ _
uantum corrections, Physical AS

N
A = VE(pO) XT.C. \: l(lcz—él-l‘lxt-|-l/tz—Sz)
\)

el = =0.1My el =10 = 1My |l = |1l = 10My

001 o010 1 o 01 05 1 5 10 |
Po| Mp1] Po| M| po| Mop]
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Al

Reconstruction
Technical details - Pipeline B 2
NGO = | aj(x — xp)
» Assume a continued fraction for V. (||p|l; po) T [+ ar)(X — X;)
* Get the coefficient q Hard Part : AN (6 — ANZp)

» Derive the spectral function p(||p||; ) = 2 ImV(||p||; — i(A + 107))

) i p(Ipll: 2
Compute V )= — —=.
 Compute V,,.(I3ll: po [O S

. >did pdplls A)
 Gompute V(I =[ an

—— X  On-shell Lorentzian Vertex
o T AZ—||p||*+i0
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Technical details - Algorithm  Fixed ||jj|| ==—J§»Repeat ||5]| € [0,10°]

See also [Binosi, Tripolt ’19] M Euclidean Data
(s, V')

lterate 80 times Sam ple N<M

—

o0

7V izt [ @4 pABIAD
’, Vrec(HpH 9p()) — 7 o

03 R

Tl - % i . . o
;?3;‘; N 2 e MR she / -8 A s i RS -
T N SR IR YW AR O Rt AR L IR R IR Y A B W -

-2
=k

-y
- a2
.,’ p-
Py -

L
6 .
-
-
. Z
-

XN > XT

. . 2
v < [ __pibls A Y (vz_vm( g>))
= T 2RI + o )(2=—Z .
0 ]\410=1 V!
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&l
RESULTS

Amplitude & Cross Section
Numerical Nightmare

/ 10§.

|

» Reconstruct and py — — ipo

 On-shell — s,1, u dependence 0.100}

1 0.010;
A =V (s)— (t2 — Aty + u? — 52) 0001l
S -

104k

* Cross Section _5; _do/dQr/3) M) |
d 10 x Data
GS 2 % _ ] _ R _ )
= > | A | 0.1 05 | 510 50 100
dQ 6474 Vs[ M)
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ad
RESULTS o, = V)~ ~ 41+ 1 = 57

R G I co m pa rl SO n gﬁciaSia‘I;Z][Pastor—Gutierrez, Pawlowski, Reichert,

100k

« Standard RGip =0,k = \/E 105

Vils) —{G(y/5.0))
o i : 2 — FEuclidean RGi
Euclidean RGik — O,p“ =5 0.10) // L arat |
VL(S) — G(O,\/E) ) 0151 /‘ ----- - Standard RGi |

01 05 1 5 10 50 100
\/E[Mpl]

Qualitative agreement

+ Adapted RGi: use fixed point of

Miss peak structure!
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A

. Vew(Po) = Y N, 5 ( : 2)\\
COmpanSOn ,p. Z | H (P0+sz) +Mzkl

Other reconstructions [ preac) |

N _1 +/1 1+Zn= anpO 10183- _ptail()\) :.
p=(1+2)|pI’, z= V,(py) = ——! 4 | \}

1+/1 | 1.+Z bn+2P8+2 ~< ',
: Breit-Wigner "

001F o eeeeaeee 7 A &\

005 0.10 050 1 5 10
A
0 A ~ o
A EE-
N i\ I \
TAA LA
e A I | ll‘_"\ / 7T\
E( \ . Q\ f E :_<\ 0 II\_‘. .',.’I \.‘ \ // ' \Weo !
: oo ] = 2 N O N W\ e |77
IA=_01_-075—-1.3 efull result | " N\ = R \ ------- _
el AU 'Qf‘i'(')o o \/ ./ Gaussian Process
v/ ]
- - ol ¥ Regression
|
p pl 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 Zd.O
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Interlude

Avatars

XX

Main approximation: F¢¢hh(p, q) X G¢¢hh(p,0) THP°(p, q)

q

IR
Gcbthh(())

U ~ G]fgbhh(s, £)? Diag, (s, 1)
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