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Positivity bounds

® EFTs have to be UV completed

® Unitarity, locality, analyticity & Lorentz invariance of the UV completion
constrain the parameter space of EFTs in the form of positivity bounds
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® EFTs have to be UV completed

® Unitarity, locality, analyticity & Lorentz invariance of the UV completion
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Positivity bounds

® EFTs have to be UV completed

® Unitarity, locality, analyticity & Lorentz invariance of the UV completion
constrain the parameter space of EFTs in the form of positivity bounds
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® EFTs have to be UV completed

® Unitarity, locality, analyticity & Lorentz invariance of the UV completion
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H*D?

_ | i >0 oY) .| (D H'D,H)(D"H' D" H)
o Srampe i+ >0 (2) t t pv
in the SMEFT: H4p4 T Cpaps Oyapa | (DuH'D,H)(D"H'D"H)
(1) (2) (3)
Cips t Caps T Cgips >0 Oglm (D, H'"D*H)(D,H'D"H)

Positivity bounds in the SMEFT: Low, Rattazzi, Vichi (2009); Falkowski, Rychkov, Urbano (2012);
Bellazzini, Martucci, Torre (2014); Englert, Giudice, Greljo, McCullough (2019); Bellazzini, Riva (2018);
Zhang, Zhou (2018, 2020); Bi, Zhang, Zhou (2019); Remmen, Rodd (2019, 2020, 2020, 2022, 2024); Fuks,
Liu, Zhang, Zhou (2020); Yamashita, Zhang, Zhou (2020); Gu, Wang, Zhang (2020); Bonnefoy, Gendy,
Grojean (2020); Gu, Wang (2020); Trott (2020); Chala, Santiago (2021); Zhang (2021); Azatov, Ghosh, Singh
(2021); Li, Zhou (2022); Li, Mimasu, Yamashita, Yang, Zhang, Zhou (2022); Li (2022), Ghosh, Sharma, Ullah
(2022); Chen, Mimasu, Wu, Zhang, Zhou (2023); Gu, Shu (2023); Davighi, Melville, Mimasu, You (2023);
Chala (2023); Chala, Li (2023); Altmannshofer, Gori, Lehmann, Zuo (2023); Hong, Wang, Zhou (2024); Ye,
He, Gu (2024); ...


https://inspirehep.net/literature/1088409
https://inspirehep.net/literature/1295914

For example (1)
in the SMEFT: CH1D?
nglDéL + Cgipzx

H*D?

The CMS Collaboration (2019) [adapted]
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https://inspirehep.net/literature/1713565
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See also Bi, Zhang, Zhou (2019) 6(24)1 4
Remmen, Rodd (2019) H*D


https://inspirehep.net/literature/1713565
https://inspirehep.net/literature/1721736
https://inspirehep.net/literature/1751310
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0 N~ How sharp should At which
Forbidden the boundary be? energy scale?
-100
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See also Bi, Zhang, Zhou (2019) 6(2)
Remmen, Rodd (2019) H4 D4


https://inspirehep.net/literature/1713565
https://inspirehep.net/literature/1721736
https://inspirehep.net/literature/1751310

Positivity bounds at loop level

® Tree level approximation of EFT: bounds on individual EFT couplings

® At loop level in the EFT: dispersion relations involve all EFT couplings

Arkani-Hamed, Huang, Huang (2021)
Bellazzini, Mird, Rattazzi, Riembau, Riva (2021)
Bellazzini, Riembau, Riva (2021)

Ye, He, Gu (2024)

UV theory
Matching I Auvy
EFT
e
EFT Er

Energy scale


https://inspirehep.net/literature/1838930
https://inspirehep.net/literature/1827503
https://arxiv.org/pdf/2112.12561
https://inspirehep.net/literature/2819731

Positivity bounds at loop level

® Tree level approximation of EFT: bounds on individual EFT couplings

® At loop level in the EFT: dispersion relations involve all EFT couplings

Arkani-Hamed, Huang, Huang (2021)
Bellazzini, Mird, Rattazzi, Riembau, Riva (2021)
Bellazzini, Riembau, Riva (2021)

Ye, He, Gu (2024)

® |In the SMEFT Chala and Santiago (2022)
Chala (2023) UV theory

Chala and Li (2023)

Matching I Auv
e Matching may result in negative couplings EFT
°* Renormalization may result in negative couplings RGE I
e In other cases, positivity bounds impose EFT  § Eir

non-trivial constraints on the RGE
Energy scale


https://inspirehep.net/literature/1838930
https://inspirehep.net/literature/1827503
https://arxiv.org/pdf/2112.12561
https://inspirehep.net/literature/2819731
https://inspirehep.net/literature/1938792

Goal of this talk

Understand the impact of
renormalization on positivity bounds

® Pure EFT argument es (1)

e Unitarity, analyticity and
Lorentz invariance of the EFT

Energy

e For particles with any spin
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Setup

e Bubble diagrams with two contact interactions ><><

. Cj C
* Massless particles J &
o No three-point vertices

=) No infrared divergences

=) Single momentum flowing through the loop




Renormalization from amplitudes

® Amplitudes do not depend on the renormalization scale
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® Amplitudes do not depend on the renormalization scale
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Renormalization from amplitudes

® Amplitudes do not depend on the renormalization scale

dAtree i . 1-loop
dlog(p) Z Dises A > Unitarity

S=s,t,u

AT X (X |(A") i, 5)

1
SR ID DD DY BRI
LIPS(X)

-
S=s,t,u X

® Special case of a more general formula

1 1 1
(7£)) - WI(R)) (pla .. ;pn|o|0>(0) = - (pla ce apn|M & O|O>(O)

;
. ] ] Caron-Huot and Wilhelm (2016)
with extensions to higher loops


https://inspirehep.net/literature/1477439

Atree ree ree
— 2 Y [ oA (XA )
dlog(p) T olotn x JLIPS(X)

® Take the forward limit: py —p1, p3 —>ps — t— 0

s-channel: |pin) = |©out) ‘ \\ t
@7 T




Atree / . .
= —— Spou A ree|X><X|(A ree) Pin, S>
dlog(u) Szu v JLIPS(X) b s ‘

® Take the forward limit: py —p1, p3 —>ps — t— 0

s-channel: |pin) = |©out) ‘ \\ b b ),‘
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take s > 0 : —DISCS AP — —— Z/ A x|
LIPS(X)




Atree / . .
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® Take the forward limit: py —p1, p3 —>ps — t— 0

s-channel: |pin) = |©out) ‘ \\ b b ),‘
@ TS @

take s > 0 : —DISCS AP = —— Z/ ACS X <0
LIPS(X)




Atree / . .
= —— Spou A ree|X><X|(A ree) Pin, S>
dlog(u) Szu v JLIPS(X) b s ‘

® Take the forward limit: py —p1, p3 —>ps — t— 0

s-channel: |pin) = |©out) ‘ \\ b b ),‘
@ TS @

take s > 0 : —DISCS AP = —— Z/ ACS X <0
LIPS(X)

—ags", with ay, <0



u-channel: |<,Oin> = \900110 5 b €1>.<),

==

1 1
take u > 0: —Disc, AP = —= / ASS|? < 0
T n ; LIPS(X) o

=a,u", with a,, <0




t-channel: |pin) # |Yout) <~ 4




t-channel: |pin) # |Yout) <~ 4
==

WL,
e

—DISC .Al loop X Z/ \51 61 2|h1|—|—n1(|€ >[€2D2|h2|+n2

LIPS(X)




t-channel: |pin) # |Yout) <~ 4
== | =]

OENAEINO

—DISC Alloop Z/ Ml €1|)2|h1|—|—n1(|€ >[€2D2|h2|+n2

LIPS(X)

] ] . 2|h1|+2|hs|+n1+n2
Lorentz invariance L» o (p1 — pa) — 0

in the forward limit

® Only non-zero in the forward limit for qb4-interactions



Result

® At mass dimension 2n + 4

tree
d 2n+4

dlog(p)

—ass" +a,u", withas, <0, and a, <0

Forward

= (as + (—1)"ay) s"

e Sign definite when n is even: mass dimension 8, 12, 16, ...




Result

® At mass dimension 2n + 4

tree
d 2n+4

dlog(p)

—ass" +a,u", withas, <0, and a, <0

Forward

= (as + (—1)"ay) s"

e Sign definite when n is even: mass dimension 8, 12, 16, ...

e Cross terms are not sign definite = —— Z/ \Atreexlz <0
LIPS(X)

tree 4 Ceé 6 C8 8
— el AW L S8 4(6) 4 T8 4(8) :>{
p—X C4 + A2 + A4 T O C4 Cg elther Slgn



Example Mixing into F/* D* operators

dc(ll 4 1
1672 ﬁ = (=16 ¢3q + 32cupenn — 11 cqp) — G — 2G5 + Ff — F3 — F3,
) dcgim 1 2 2 2 2 2
167 m = —5 (].GCHD + ].6CHDCH|:| +5CHD) —Ql _‘Fl —FQ,
dc(?’gl 4 1
1672 SCHAD: _ 5 (=40 c3q — 16 cupern+ 7Tchp) +2G7 + G5 — G5 + 2 F5 + F5.

5 5 ( 9 5 Chala, Guedes, Ramos, Santiago (2021)
Gi =695 (CW3 + C% ) Helset, Jenkins, Manohar (2022)
Liao, JRN, Shen (2025)

G2 =16 (0%232 +¢ s+ 3 (C%{QWQ + czgww) + 8 (c%pgz + (322§G>)

8 1 1 1 1
Fi = 3 {3 (crra) era + (care)Tere + 2 (ch)) el + 6 (ci ) el +3 (CHu)TCHu}

16 3 3 3 3
Fi =5 (el el +3 (e el

2 T Operators in the “Warsaw basis”
fg 8 (CHud) CHud Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)


https://arxiv.org/abs/2106.05291
https://arxiv.org/abs/2212.03253
https://arxiv.org/pdf/2505.02910

Example Mixing into F/* D* operators

RGE of operators that can be probed in the forward limit:

2 d nglm _

16
" dlog u

(1) (2)
" 5 d<CH4D4 +CH4D4)
" dlog u

1 5 d (CSBLDAL + CgiD4 + CSBLDAL)
T

dlog u




Example Mixing into F/* D* operators

RGE of operators that can be probed in the forward limit:

dc(2) 4 1
? —CD% — — ~(2cpn+cup)? — sc¢hp —Gi —Fi — T3

16 =
" dlog u 3 3

d (C_(H'B_LDAL + CgBLD4) 4 28
1672 e =— g(cnn — 2emp)® — T — 207 — 203 —2F} - Fj

9 d (CSBLDAL + CgiD‘l _|_ CSBLDAL)
167 :—240?{D—3C%{D _gg_g?%

dlog u




Example Mixing into F/* D* operators

RGE of operators that can be probed in the forward limit:

d 6(2)

4 1
1672 #;I: = — §(2 CHO T CHD)2 - ECHD gl — ]:2
d(C(H'B_LDAL +Cg21D4) 4 28
1672 Ao =—§(CHD—20HD)2—§C?{D —293—293—2}—22_}—3?

d (CSBLD‘l + CgZLD‘l + CSBLD‘L)
1672 = —24chg —3¢chp —Gs —Gs

dlog u

In this basis and for these contributions

Liao, JRN, Shen (2025)
CH4 DA (,MIR) 2 CH4 DA (MUV) See also Chala, Santiago (2022)



https://inspirehep.net/literature/2918611

e Full RG has more contributions: <0

dc;(p)

— 57; — Yij Cy AsM + Yijk Cj Ck T+ ...

dlogpu

When do double insertions dominate?




e Full RG has more contributions: <0

dc;(p)

— 57; — Yij Cy AsM + Yijk Cj Ck T+ ...

dlogpu

When do double insertions dominate?

e “Weakly coupled” EFT cs(i) <— strong

2

c < 16m? = ¢* ~ cAgum

e “Strongly coupled” EFT

cx~16m° = ¢® > cAsm

e.g. chiral perturbation theory: ¢+ ~ (cp2)?/(4m)°



Applications and extensions



RG of dimension-six operators EFT of quantum gravity

ik gl )C
Os = e/ " Hi Hi b7 L | (R2¢2)2 — ¢*0°

(05)* — H*D?
2> m2up | B <O 1 s 1)+ (s w)
(05)2 — P2*

Three-point interactions f Non-renormalization results

| ' when only the t-channel exists, e.g.

(F?’)Q%.Héll)4 | 412 2 112 2 172 12
H*D*x H°F*— H°F*D

3

3
N F F &
, .+ t-channel
A R

S
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Conclusion

® Negative EFT parameters are in agreement with dispersion relations

® However, RG contributions from double insertions at dimension 8, 12, 16, ...
are such that EFT parameters grow towards the IR

® This follows from EFT consistency (without assumptions on the UV completion)

® Outlook: three-point interactions, non-forward relations

“Parameter space of SMEFT”
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Why don’t we just compute?

® Anomalous dimensions are basis dependent

® Helpful to identify universal structures of generic EFTs




Why don’t we just compute?

® Anomalous dimensions are basis dependent

® Helpful to identify universal structures of generic EFTs

Henriksson, Herzog, Kousvos, JRN (2025 - expected)
Work in progress |
8 r o ¢r0* 4-loop
e Multi-loop renormalization of E e e
the most general scalar EFT T T e K2 5-loop
bD N D -, ]
. = ~
® 5-loop for any dim-6 operator = 6| 1¢°  5-loop
QCD) K D i S S - 5
e 2-loop for any dim-8 operator O | K 5-loop
2!6 218 ?: 3f2 314 3!6 3!8 4.
@ Future extension to a general spacetime dim. d
Scalar-gluon EFT at mU|t|'|OOp Results from t_he numerical t_)ootstrap
ReSUItS for ISing CFT Henriksson, Kou.sllsTcl:;?gsgghuofIIsq gg;g;




RG from dispersion relations

arc(r) = L/ @A(s,t)

I, 2wt Jp s3

> arc(r) = arc(ry) / — DiscA(s, t)
5 S

» %arc(r) <0

Example in ¢*-theory: %arc(r) = —357}3 + é : O(A6) <0

See Liao, JRN, Shen (2025)



https://arxiv.org/pdf/2505.02910
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Not valid at

loop level Positivity bounds at loop level
in EFT \

s tree 5 S Nt
]-eve]. r a ’¢"‘ ~“s‘
" o *\ e A
! }| I, ! — fammmmmmm= - [ ——— -\
K'Y 1 ; ™~ . ' Vemmmmm—- - msmmsuaa- o
-’ {. "' “~ A2 "’O
e e

® Example: Goldstone boson scattering in the forward limit

-loo 32 1 —S
‘Allillz‘Tp('S?t —0) =c2 AL T (04(,“) T 554 (log M_

co +0(s) >0 ca(s)
cq(s) +O(s) >0

B4 .
co(s) > 5 5 +O(l)s) = ¢co(s) <0 s allowed
Bellazzini, Mir6, Rattazzi, Riembau, Riva (2021)
Arkani-Hamed, Huang, Huang (2021)


https://inspirehep.net/literature/1827503
https://inspirehep.net/literature/1838930

Dimension eight operators

Why study dimension eight operators in the SMEFT?

® Some observables may be dominated by dimension eight effects

e.g. Degrande (2013); Liu, Pomarol, Rattazzi, Riva (2016)
Alioli, Boughezal, Mereghetti, Petriello (2020)

® Helicity selection rules Azatov, Contino, Machado, Riva (2016)

® | ogarithmically enhanced effects at dimension eight
Grojean, Guedes, JRN, Salla (2024)

® |dentify the UV completion from measured EFT parameters
Zhang, Zhou (2020); Zhang (2021)

® Positivity bounds Pham, Truong (1985)
Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi (2006)


https://inspirehep.net/literature/2792998
https://inspirehep.net/literature/1476663
https://inspirehep.net/literature/1794724
https://inspirehep.net/literature/1995881
https://inspirehep.net/literature/214780
https://inspirehep.net/literature/710888
https://arxiv.org/pdf/1308.6323
https://arxiv.org/abs/1603.03064
https://arxiv.org/abs/2003.11615

G =648 (¢ + ). Definition of operators

Gr =8 (CHQWB + CiﬂWB) ;

2
(_';3 =16 (C%_IQBQ + CEZEB +3 (C2H2W2 + CEQWW) + 8 (C%_IQGZ + CEZ@G))

8

.7:12 = 3 [3tr((cHd)TcHd) -+ tr((cHe)TcHe) + 2tr((cg£)T0g)L> + 6tr((cg;)Tcgz) + 3tr((cHu)TcHu)}

o 16
Fo = 3 {tr((cgl)%g%) + 3tr((cgz)Tcg2])} ,
Fs = 8tr((crua) crua) ,

_ 412
H?F? Dy H2D H>D
T pv (1) tiry T M
Ou2ip | (H'H)B,, B O | (HYiDLH)(Tar™v*Ls) T -
Owowe | (HHYWL W o4, (H'iD, H)(@.~"qs) Ono (H H )D (H H )
O 2w (HTH)EivWIW Oggf (HTiDiH) (?IQTI’Y”%)
Omsee | (H'H)GA,GA One | (H'iD,H)(eares)
N N 4 4

Ouoge | (H H)G, G Owv | (H'iD, H)(Gay"ug) H™D
Owrws | (H'r'H)W,,B* Ona | (H'iD,H)(dor"ds) o) s | (D.H'D,H)(D"H'D"H)
O e | (HTTH)W]!, B* Ofwa | i(H'D,HUav"ds)

e " ' 02 .| (D H'D,H)(D"H'D"H)

_ (3)
s @) (Be) O.ii e | (D H'D'H)(D,H D" H)

Ows EI'}KWJVWQIPW;{” OLL (fa’pr,g) (E»f}(‘“Lé)
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