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* (Convex cone approach
* Pheno. of the positivity and inverse problem
* Constraints on anomalous dimension matrix

Summary
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» BSM is low scale: direct searches for peaks, probe on-shell NP

» BSM outside the collider reach region: indirect search, precision physics, EFT

g --SM
dE ---SMEFT
—Experiment

Esaw

collider reach region

EFT breakdown

heavy new
particle

» LEP experiment is an example of the precision physics:
tests the SM electroweak sector near Z-pole, EWPOs /

» EFT approach — sensitivity to NP is increased by

the energy

Ener
&Y [M. Farina et al., 1609.08157]

A2>s|ci|/6

sl /A < i< h

Energy helps precision
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» SMEFT calculates physical processes by adding high-dimensional operators

. . sM Y
ESMEFTZESM—sz"FZ%"F”' \c‘/ — oo
| | SM/ \SM SM SM
» Construction of the SMEFT basis «  The Field content and Symmetries of SM

* Remove redundance: integrate by part & Fierz identities
* Equations of motion

> Bases have been constructed:

Dim-6:

[B. Grzadkowski et al., 1008.4884] (Warsaw)
Dim-7:

[L. Lehman, 1410.4193] [Liao & Ma, 1612.04527]
Dim-8:

[H.-L. Li et al., 2005.00008] [C. Murphy, 2005.00059]
Dim-9:

[H.-L. Li et al., 2007.07899] [Liao & Ma, 2007.08125]

Hilbert Series
[Henning et al, 1512.03433] [Marinissen et al, 1512.03433]

What is their relation to NP? * Automation Tools:
Sym2Int [Fonseca, 1703.05221]

ABC4EFT [H.-L. Li et al, 2201.04639]
AutoEFT [Harlander&Schaaf, 2309.15783]
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Tree-level UV dictionary of SMEFT

» Dim-5: origin of majorana-type neutrino masses:

Field J,C, W,Y)

o \ / Se 0,1,3,1) Three type of
05 = el (E?Cﬁj)HkHl |:> )—\/\ >- - ’\ |:> F, (1/2,1,1,0) Seesaw models

FS (1/2/ 1/ 3/ 0)

Wemberg operator Topology

> Dim-6: [C.Arzt et al., 9405214] [J. de Blas et al., 1711.10391] [N. Craiget al., 2001.00017]

X3 ©® and D2 2P (LL)(LL) (RR)(RR) (LL)(RR)
Qe | fABCGAGEGS | Q, (¢p)? Qe, (¢'0) Tperp) Q(’f) (Tpyule) (I™1s) Qee (fp’her)(?ﬂ“et) Qe (Lvalr) (E57*er)

6 | FAEOGGEGS | Qu | (WD) || Que | (0)(@u?) . ) 7:%) Qo (u,””ur)(?fﬂ:m) | ot )(m:m)
Qw | KWW IrwEr | Qup | (¢'D0)" (¢'Dup) | Qup (¢70)(2pdrp) ?f) @ qr)(im ra) | Qu ((fﬂ”dr)((_mﬂdt) o (l_ ) ﬁﬁdt)
Qw EIJKWJVW,;];:WPK,L Qg) (Tvule) @5y QLI) Qeu (fiﬂ,ter)(ujv ug) Q(q:) (@pYugr) (Esy™er)

X2p? W Xp 2D Q| Grr't)@'r'e) g(ld) ((‘jp%ter))(( _sv:i;)) '(1:) . (q;;uqr;iusvug |

UpYuUr)(Gs u r ) (Us U,

Qo | #loGhE™ | Qu | GorelroW), | QU | (liDuo)brt) o (u,ngzur)(rigwtf*dt) Q?‘) qp?;pvuZT)( SZMdt) |
Qi | #leGra™ | Qu | GoreloBu | QY | (D] o)) QY | @Ta)(dy TAdy)
Quw | oW W™ | Qua | @ T u)FGh, | Qpe (v*il} v)(eprter) (LR)(RL) and (LR)(LR) B-violating
Qaw | PeWLW™ | Qur | @o*u)T'EW,, | Q% (¢1i D, ) @70 Quedg (Ber)(duai) Quug ey [(d5)TCuf] [(q17) " Cl)
Qs ¢’ B B* Que | (30"ur)@ Buy ) (w*iD:f D@ re) | | QW | @uen@d) | Qua e [(g57)"Caf] [(w))"Ce]
Q.5 ol B, B Qac | (Go*T*d)p G, | Qpu (<p‘\i£):‘ o) (@"ur) Q‘(I?qd (BT uy)ejn(@ETdy) || Qqqq ePejnerm [(¢29)T O] [(@7™)TCI)
Qews | PITOWLBY | Qaw | (G d)T oWy, | Qea | (W'iDue)(dd) | | Qi | Bedein@u) | Quun e [(dg)"Cuf] ()" Cer]
Quws | OTeWLB™ | Qi | (§0"d)eBu | Quua | (@ D) (@yd,) QD | (ouwen)em(@omuy)

» Dim-7 and Dim-8 EFT-UV dictionaries have also been obtained recently. [X-X. Li etal., 2307.10380]
[H-L. Li al., 2300.15033]

» Recent development: one-loop dictionary of dim-6 operators [G. Guedes&P. Olgoso, 2412.14253]
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Tree-level UV completion of SMEFT

» Dim-5: origin of majorana-type neutrino masses:

Field J,C, W,Y)

o \ / Se 0,1,3,1) Three type of
05 = el (E?Cﬁj)HkHl |:> }—\/\ >- - ’\\ |:> F, (1/2,1,1,0) Seesaw models

. FS (1/2/ 1/ 3/ 0)
Wemberg operator Topology
im-6° [C. Arzt et al., 9405214] [J. de Blas et al., 1711.10391][N. Craiget al., 2001.00017
1m-0: g
Fermion extension Scalar extension Vertor extension
o
y - —
e > ond o'D? 1 / (LL)(LL) (RR)(RR) CnGR
o [ roararad o @o) o W) [ Q[ Guiiort) | Qe[ @edeare) Q| G \
s | FAPCGIGEGH | Quo (ofo)0(ete) Que ('0) Gurd) %Z; (@) @) | Quu (fpvuur)(ffw“ut) Qu (j,vu )(uﬂ:ut)
W “
Qw | WEwWrwE Qun | (6D0) (6D,0) | Qe | (010)(@dee) o @r'a) @7 7'a) || Qua | (dprud)(dntd) | Qu | () (dydy)
0w 8”KWI”WJ"WII’ th (p'Yu ) (@ ) Qeu (Epvuer) (s us) Qqe (G Vuar) (Esy™er)

Z — QY | Grm)@ ' T'a) | Qea | (@vuer)(dey dy) W (@) (@ ue)
ks 1 e Q(ub) (ﬁp')'uur)(_ﬁ#dt) '(Ii) (qp'YuT @) (@sy*Tuy)
<pT<.0 Gﬁ,,GAuv Q( ) (‘PTzDu go)(l ) QT(Z) (ﬂp’Y,‘TAUr)(fis’Y”TAdz) Q(l) (@) 1,y dy)

(3)
Can not be UV- T | KAl o8 | @ ey
| O | @iDuo)E"er) (LR)(RL) and (LR)(LR) B-violating
completed at 9| @Bo6rn ([am]  Godd |om e [ C] [ O
@ | (4D} @) @' r"ar) Q0. | @wen@d) | Quan e [(g29)TCof¥] [(u))"Cer)
Qeu | (11D, o) (@ u) Quna | (@THu)ein(@TAdy) | Quag e jugim [(g57)7 Caf*] [(m)7Cly]
Quws | 'TloWL B™ Qua | (¢'iD,¢)(dn d,) Qey | Benen(@uw) | Quuu e [(d2)TCuf] [(u])" Cer]
QVJWB ptrlep WJVB‘UI QaB (30" dr)p By ’\de i@’ D,Lga)(up'y“d - (Bower)ejn(@a u)
<

» Dim-7 and Dim-8 EFT-UV dictionaries have also been obtained recently. [X-X. Li etal., 2307.10380]
[H-L. Li et al., 2309.15933]

» Recent development: one-loop dictionary of dim-6 operators [G. Guedes&P. Olgoso, 2412.14253]
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The UV perspective

(UV complete model)

e &
matching

tree or loop

Measurements

Consiraintsy  ess—-

EFT: Ci(A)

Running and mixing
RGE: Jenkins et al

Alonso et al. 1312.2014

v
EFT: Ci(Q)

i

l mapping

Observable

arXiv:1308.2627,1310.4838,

» SMEFT pheon. in 3 steps

1. Matching

2. Running
3. Mapping

Xu Li

Tools: FeynRules, MG5_aMC, Pythia etc

Positivity Constraints in SMEFT

Wilson [J. Aebischer et al, 1804.05033] DsixTools [J. F.-Martin et al, 2010.16341]
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Matching UV model to SMEFT @

> Tree-level:
e Full tree-level matchings up to dim-7 are known, of new physics model with genera

scalar, spmor, and vector field content and arbitrary interactions. [de Blas et al, 1711.10391]
[X-X. Li et al., 2307.10380]

» One-loop:
e Diagrammatic methods: MatchMakerEFT using QGRAF&KFORM  [A. Carmona et al, 2112.10787]
e Functional methods: Matchete based on Covariant Derivative Expansion(CDE)
* Matching to dim-6 is automatic, but higher order is not available. [J. F.-Martin et al, 2212.04510]

» On-shell matching development:
* The oft-shell matching approach at high dimensional faces challenges such as an
excessive number of operators and difficulties in simplification

* Ons-shell approach avoid the problem of operators reduction  [XL&Zhou, 2309.10851]
[M. Chala et al, 2411.12798]

» Two-loop:

e Partial results obtained based on the CDE method [ F.-Martinet al, 2311.13630]
[J. F.-Martinet al, 2412.12270]
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Whyv Renormalizarion of SMEFT | ,'N”FN

» EFT is renormalizable order by order in 1/A.

“Non-renormalizable theories... are as renormalizable as renormalizable theories”, Weinberg 2009

» Scale separation: coefficients are matched to BSM at scale A, but are probed at much lower
scales

» Collider observables span a wide range of energies, therefore running and mixing effects of the
theory are needed.

DY ~ TeV

Top physics ~ my,

Higgs physics ~ my
LEP & EWPO ~my

Flavour ~ my,

A

» For some processes, the RG-induced effects offer comparable/stronger bound compared to the

tree-level constraints [Aoude et al, 2212.05067] [Heinrich and Lang, 2409.19578]
[Di Noi, Grober ,2312.11327][R. Bartocci et al, 2412.09674]
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RG mixing

dCuw) = g%‘j Cj ()

dlogu
. : \ Anomalous dimension matrix
* Important for scale uncertainty.

e assumptions about some coeflicients being zero at low scales are not valid

> One-loop:
* Diagrammatic methods:

Anomalous dimensions are known for all operators up to dim-7.
[Chankow&Plucien, 9306333] [Manohar&Trott, 1308.2627][R. Boughezal et al,2408.15378]

* Functional methods:

Master formula for bosonic dimension-six operators using super-heat-kernel expansion.
[Buchalla et al, 1904.07840]

» Beyond one-loop:
* Two- and three-loop anomalous dimensions of CP-violating gluonic operator. [de Vries et al,1907.04923]
* T'wo-loop dim-5 anomalous dimensions is completed recently [A. Ibarra et al, 2411.08011]
* Two-loop RGE for dim-6 operators 1s 1n progress [L. Born et al, 2410.07320] [G. Duhr et al, 2503.01954]
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Renormalizarion of SMEFT C INFN

RG accuracy in SMEFT

Dim-5 Dim-6 Dim-7 Dim-8

One-loop | v v v )

Two-loop \/ v X X

» The dim-8 anomalous dimension matrix (ADM) has not been fully obtained
» The difficulty in calculating the dim-8 ADM:

L. Very large operator set (for the same reason, the UV
C : : : . .. . .
2. TlmG-COHSU.Hlng reduction Process dictionary remains incomplete)

» Positivity will help to understand dim-8 ADM
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Global analysis of SMEFT

» Wilson coefficients in SMEFT
are highly correlated and only
global analysis can give
meaningful results.

I. One operator ifluences different
observables

2. One observable can be influenced
by many operators

» Datasets: EWPOs, diboson,
Higgs, Top, ...

» The Global-fit likelihood:

COV = COViy, + COVeyp

Ndat

—2logL =

n
dat =1

O(1/A?) or O(1/A%)

Xu Li Positivity Constraints in SMEFT

INFN

( top EW —\

(Ui,SMEFT(C) — Ui,exp) (COV_l)ij (Uj,SMEFT(C) - Uj,exp)

Cw
QHD \ CHt
C'HWB CHD Cll (1)
Cno o O o | CH|| G
Crrw ) el | €5
C$ CY) Cuy Cua
Cre Coq
. W EWPO )
Con Ce Cf; Chp Co. Caa
Crn Co C% C° C®
C,uH tt
k Higgs —

operator sets contributing to the

individual datasets at 1.O
[J. Ellis et al., 2012.02779]
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Global analysis of SMEFT @
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BN NLOO(A™?) mmm NLOO (A™)

t
1073 102 107! 1° cow
2L2H Ctz
@)
% — o —— |
) (3)
“Qq ¥Q
38 (=)
—— o —— .
p———

. f >‘< i o
;
C%: ii:é >.\A/W V
> Results from SMEFit3.0  ———— | . -
[E.Celada et al, 2404.12809] ! ! N 1 ! !
> Most Wilson coefficients have o v
bounds below 1 for A= 1 TeV :;L’M“ v
CWWW o V
h S MEFiT|
> Yet no clear evidence for NP
I Linearin EFT 95% Confidence Level
B Quadratic in EFT Bounds (1/TeV?)
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Inverse problem: inferring UV INFN
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CDF measurement of myy

[E. Bagnaschi et al, 2204.05260]

[CDF Collaboration, 22°] 0.05 SU(3)%: EWPO + Diboson + Higgs
0.04 ‘QS%CLindividuaI; o (13\:32V)2 ‘
0.03
0.02
y |
0.00 Y\ | 1 | | + + | | } }
oo ) i i
-0.02
-0.03
_0.04 2020 fit, No My,  BR 2022 fit, CDF My, update ||
' B 2020 fit
e g 2 S o3 = ¢ 0% = 2 2
3 @) O O O 0 O Q @)
o o o
— — —
’ Model H CHup ‘ Cu ‘ Cg’l) ’ C§-Ill) ‘ CHe ‘ Crno Cry Cin Cor P = Mass limits (in Tev)
S =1l 1
1 3 =
z {1 : -
i Am . i
y S IE!
E —i|~1 i i B .
B | 1 3o [ % |-y
B —2 —Yr —Yt —Yb
_ 2 2 2 2 2 N °
= | -2 (k) HEINTACINEICINEACS
7 3 e 2| =
w % —% —Yr —Yt ) E ®

Xu Li Positivity Constraints in SMEFT Page 13/44



Inverse problem: inferring UV @
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Likelihood in coeffs. A—l = f(9uv, muy) Likelihood in UV couplings

Log L(c) Log L(guv, Muv)

v

® Less parameters
@® Stronger correlations
@® Model dependent

Sensitivity to the BSM scale [E-Celada et al, 2404.12809]

I LEP + LHCRruy_9, =1 W + HL — LHC, =1 Il + FCC — ee, =1
He avy Scalar Run—2, UV guv €e, guv
1031 LEP + LHCRyy_9, guv =47 + HL — LHC, gyy = 4n + FCC — ee, gyy =47

102.

AJUv[qkﬁq

101_

100_

w1 Wy ¢ 0 Q T d
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Positivity bounds

* (Convex cone approach
* Pheno. of the positivity and inverse problem
* Constraints on anomalous dimension matrix

Summary
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Introdution: Positivity Bounds

All possible
Ultraviolet(UV) physics
Can they
take
arbitrary

value?

cPoP c®0

SMEFT : »CSMEFT:»CSM—l—Z A +Z ZA21 ...

Xu Li Positivity Constraints in SMEFT Page 16/44



INFN

Istituto Nazionale di Fisica Nucleare

Introdution: Positivity Bounds

All possible
Ultraviolet(UV) physics
Can they
take
arbitrary

value?

cPoP c®0

SMEFT : »CSMEFT:»CSM—l—Z n +Z FERmR et

Positivity bounds are a set of
inequalities that

If UV physics satisfied causality,
unitarity, Lorentz symmetry,

crossing symmetry...

{Z a.C. >0 constrain Wilson Coeffs.
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Introdution: Positivity Bounds

All possible
Ultraviolet(UV) physics
Can they
take
arbitrary
value?

cPoP c®0

SMEFT : »CSMEFT:»CSM—l—Z n +Z FERmR et

Positivity bounds are a set of
inequalities that

If UV physics satisfied causality,
unitarity, Lorentz symmetry,

crossing symmetry...

{Z a.C. >0 constrain Wilson Coeffs.

Many UV models

RG ADM
(zeros, signs)

Positivity Constraints in SMEFT Page 18/44



Introdution: Positivity Bounds
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> 2-to-2 tree forward amplitude (spin-0): [A. Adams, et al. JHEP 10 (2006) 014]

) + 1) = 19) + 17)

A A(s) = ap + f1232 5 iy,

pi(p1) pi(p3) | 3 | /7

wj(p2)” ™~ ©;j(p4)

O:ZI‘CSA(S) :ag—l/é‘ 0-(8) = a9 >0

s m (m?2)3

» Apply it to SMEFT, the leading energy dependence only, s, comes from Dim-8 operators

d?A(s,0
» To extract dim-8 effect, we consider: M = ( ’ )
d s>
Xu Li Positivity Constraints in SMEFT Page 19/44



Introdution: Positivity Bounds @
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General 2-to-2 scattering of massless scalars at tree-level:

n+m>0
We
— > =

> B=0 t=0focus

> Cos Tt = 2 > 120 > Co

» One-field # » Multi-field

Higher-dimension coef. Beyond the forward limit Bounds for multi-field
[N. Arkani-Hamed, et al. 2012.15849] [A. Tolley et al., 2011.02400] [T. Trott, 2011.10058 ]
[S.D. Chowdhury, et al, 2112.11755] [S. C-Huot. et al. 2011.02957] [Zhang&Zhou 2005.03047]
[B. Bellazzini. et al. 2304.02550] [S. C-Huot. et al. 2201.06602] [M. McCullough et al, 2312.03834]
Formal theory or gravity EFT SMEFT

> Elastic approach

Superposition elastic: M(|u> + |’U> — ”LL> + |U>> — uif()juk*’ul*Mijkl > 0
with [u) = u'[i), |[v) = v7]3)

» Convex cone approach(this talk focus)

Xu Li Positivity Constraints in SMEFT Page 20/44



Positivity Bounds

Optical theorem: Digc M (s

INFN
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_ZZ/dHX i x (8 +1i€) My, (s + ie)

d2
@Azj—)kl<s t= 0)
© A (8, I1x)A; s, I1 .
_ Z/ s iax(8,1Ix) 3kl—>X( x) LGl
X J(eh)? s
4 AW P
X = BSM states e <1 §-> U Crossing
[Q. Bi, et al, JHEP 06(2019) 137]
S
Master formula: MR = Z/ 7;3 mami* + (j < 1)
g -

Forward scattering amp, at low energy

(calexulable in EFT), represented by Wilson coeft.

Xu Li Positivity Constraints in

SMEFT

~

Amplitude of SM -> X
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Convex cone approach

[Zhang&Zhou 2005.03047]

> ds ,
Master formula: | MYk = Z/ me?é* + (5 1)

rad

MUk is positive linear combinations of

] kl il kj
My "My +my m

mm)p 1. /Y is a convex cone

Any vector inside cone can always be written
as positive linear combinations of Ai

Positivity bounds arise as boundary of cone!

[Q. Bi, et al, JHEP 06(2019) 137] [B. Fuks, et al, CPC 45 (2021) 2, 023108]

Edge vectors -> Extremal rays (ER)

Xu Li Positivity Constraints in SMEFT Page 22/44
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Convex cone approach

2. X couple toiand j, X (UV) belong to the direct product space of 1 and j

ki

st (el

> du m Yim
]\/[zﬂd — Z/ il X X
5 — M2/2
X ey T (= ME/2) M(ij — X©)
= <X|M|XT>CZ’;"

C 1s the CG coefficients for the

direct sum decomposition of I'; 03¢ I'j

Mijk:l:/oo Y [(XIMIX ) itk
(eA)2 Xz'nXTﬂ-(’U’_M2/2>3 i

The only necessary information is

o (71 k|l r,o r.o\* i3 . Z y kl
Projector: Pr(‘ﬂ V= Eaci,j <CA,;1 ) Mkl is a convex cone: cone ({P’r(]' | )})

So  Edge vectors = Extremal rays (ER) = 1-particle extension

» UV state X lives in the irrep r

cone(Aq)
Xu Li Positivity Constraints in SMEFT Page 23/44



Positivity bounds 1in the SMEFT @

Triangular cone

R [Remmen&Rodd, 1908.09845]
- 2®2=1643
£ nggS OPGI"G"'OI"S & D [Zhang&Zhou 2005.03047] - 35

o o ol
Oso = [(D,®)'D,®] x [(D"®)'D"®], Fso >0,

() (o}
Os,1 = [(D,®) D"®] x [(D,®)'D"®], ‘ Fso+ Fs2 >0, 3 3A
Os2 = [(D,®)!D,®] x (D" ®)! D'a]. Hsg+ 551 +Fgo = 0.

(0]
1A
4-W operators 3®3=1®305
T £ B - FT,Q > O: _
Oro = Te[W,, WH ] Te[W, s WP APy + Fra 2.0, 6-facet 4D

. . N . ne
Orso = ’I&[WWW“J]Tr[YVQUWm] Frnop L8 o 33 () 0 \

Ory = TT[WMW“'B]TT[WMBWW] ‘ 8Fro+4Fr; +3Frs > 0,

i OE s
Or,10 = Tr[W,,, W Tr[W, g W] 12Fpo + 4Fp 1 + 5Fps +4Fp 10 > 0,
[Q. Bi, et al, 1902.08977]
[K. Yamashita, et al, 2009.04490] 4Fro+4Fr1 +3Fra + 12Fr10 > 0.
4-electron operators [B. Fuks, et al, 2009.02212] 4D “circular cone”
O3 =0~ e/ e)duleyse) 5 ettt jﬁf‘;‘l‘;it(-)'v:—'::ﬂz oM
- €; £ 0,65, 20,6, 0, L T L@ M
Og = 0%(ev"e)0a (Iv,ul) , - ) . 5 = 2 _C 2 & 1 ;45
o > i
O = D*(él) Dy (le), LA = I
24/C1Cy 2 —(Cy + C3) i

Oy = 0%(I"1) Ba(lyul) |
More bounds see: [C.Zhang, 2112.11665] [XL&Chala, arXiv: 2309.16611]
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Pheno study in collider (NN
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» Since positivity imposes constraints on dim-8 coeffs., we should 1dentify
observables that are sensitive to dim-8 operators.

3597 (13 TeV)

! T
L — — Expected 68% CL |
20 i Expected 95% CL
— — Expected 99% CL
[ —— Observed 95% CL |

1. 77 and 7y production

(0]

|
[Bellazzini&Riva, 1806.09640] "5_ i

o=

2. Quartic gauge-boson coupling (aQGC)
[Q. Bi, et al. 1902.08977] [K. Yamashita et al, 2009.04490] ;
3. ete-toYY 1°

[J. Gu, et al. 2011.03055]

4. Higher angular coeffs. m DY

[S.Alioli, et al. 2003.11615] [XL et al. 2204.13121]
h. ete-to ete-
[B. Fuks, et al, 2009.02212]

» In the ideal case, we are able to infer UV information from convex cone viewpoint
based on pheno. studies
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e+e- scattering

>\ >

2 N - P 4

\ /’ﬁ/ m’m‘ﬁ- s”j

A /\ 3 ~4 N o
N/ \V/\A
/ /N
y 4 N\ / \\

/74 N\ g N\

_ R > 4 -
f ‘@K p ﬁf’? N\

INFN
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01 = 9% (ey*e)da(Evue) , In ee — ee, C; does not give
03 = 8%(e7"€)da(l7,l) , an independent contribution:
O3 = D*(&l) Dy(le),

Oy = 0%(I7"1) Ba(lyul) ,

O — DAL D (Ta 2110
J \" 7 =) a\" /gt

C_;(S) — (017 027 03; C4)

UV states and interactions

7

bounds
Scalar ‘ Vector CL <0
DEzl/z MLE]_l MRE]_Q ‘ VE]_O V152_3/2 C4+C5SO7
_ — 05 S 0)
Lint = gpiLleD; + g, i L€LMp; 4+ garpi€“eMp; >0
3 =Y,
tgvi (L’Y“L . /{iéfy“e) Vip + gvli(éC’wL)Vi/T 24/C1(Cy + C5) > Cy,
the, C1(Cy+ C5) > —(Cy + Cs).
-1 8 |
=2 o M
Projectors:  z® — (0,0,1,0), @ ;4“
11 S
c*ﬂ(f) (0,0,0,—1), | . @ D,
& = (~1,0,0,0), o @V
©) _ eV
¢y’ = (0,0,—1,2), i
=8 '
V((i) = (—=K2/2,—k,0,—1/2). IS 2
-2 y
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e+e- scattering at future lepton collider

) Beam polarization Runs (luminosity @ energy), [ab™'] @ [GeV]
Scenario
P(e™,et) 1 2 3 4
CEPC None 2.6@161 5.6@240
_ _ FCC-ee None 10@161 5@240 0.2@350 1.5@365
Different future collider
. —80%, 30% 0.9@250 0.135@350 1.6@500
operation runs ILC-500 (80,50%)
(80%, —30%) 0.9@250 0.045@350 1.6@500
Leion  (~80%:30%) 0.9@250 0.135@350 1.6@500 1.25@1000
(80%, —30%) 0.9@250 0.045@350 1.6@500 1.25@1000
CLIC (—80%, 0%) 0.5@380 2@1500 4@3000
(80%, 0%) 0.5@380 0.5@1500 1@3000
Dim-8 Dim-6
20 — 120 —
Q I | [ —
% ] 100 - = '~ EW CEPCM
.o . < 1z| i , B FCCM
Limits on the new physics 5 15 — —
o s T 80 - . B ILC-500 M
characterization scale, 5 : | m ILC—1000 M
ts ~ N ~ 1~ o . N
(the darkest color the T 10l 60, | E CLICM
e = f
largest (6‘11161 of mass ) | E—
energy of each collider > 40 - . @ FCCF
project) § 5 I [] ILC-500 F
é 20" | [ ILC-1000 F
3 I [0 CLICF
0 1 ol !
G G G Cy Cee Cel Gy
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Inverse problem: dim-6 case @:T\l
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Scalar ‘ Vector

» Assume D-type scalar extension, g, = 0.8, M = 2 TeV

D=2y, Mr=1l Mr=1l, | V=1 V' =2_3p

- gDiEeDi + gMLiECELMLi + gMRiéCeMRi

+gvi| V"L + f%é’we) Viu + gV'i(éC’Y”L)ViIT

Eint

+ h.c.,
» What can we observe at ILC(1 TeV run)?
global fit result - Cee = 0£0.0024, Ca
Cn = 0+£0.0023,
Cy =0+£0.0077,
Cy =0+£0.0071.
A ,4}
» What to conclude at dim-67 ™~
* Individual case: SM is extended by one-particle y 3
b
—Ca= 535 Mp/gp € [2.45,2.56] TeV Great!
D

But we can not exclude other possibilities

 Marginalized case: SM is extended by more particles

= 9p 9
€ 2M% M2,

= 0.08 & 0.0035 TeV 2 useless
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Excluding UV states in dim-38

» What can we conclude at dim-87

&Y = (0,0,1,0),
- (8)
b= = (8 . - O’O,O, 1,
c®) =wac)§), withwx =), wx; >0 Gt = )
i > (8) _
I% MR_( 170a070)7
&% = (0,0,-1,2),
» Strategy to exclude UV: ()
5‘/(&) = (_52/2) R70)_1/2)'

A Emax[é”(s)—AE(é)EC' 2(C.Cy) < 2]
max A . > X ( ’ 0) = Xe C.. = 0+ 0.0024, C.; = —0.08 + 0.0035,

The maximal prob. that X’ doesn’t break positivity and explains data Cu = 0+ 0.0023,

C) = Qb Cy = 0+ 0.0077,
922 C3 \0.04 £ 0.020, C, =040.0071.
The upper bounds on Apax > e ~———
7
With exp. error: ¥ - 8) \ M/
Cc max X /99X
0.05 s >
Mg, (0,0,0,-1) 0.0067 > 3.5 TeV
0.038 - Mrg (-1,0,0,0) 0.0069 > 3.5 TeV
R R E———— V (withk=1) (=1/2,—1,0,-1/2) | 0.0055 > 3.7 TeV
0.013 o O V (with k =-1) (-1/2,1,0,—1/2) | 0.0116 > 3.0 TeV
174 0,—1,2,0 0.0109 > 3.1 TeV
' amiE=E oo oon ss1m
MLMR D V' V V Mp/\/gp € [2.1,3.1]Tev  Great!
- min A . max A not only obtain limit, but also exclude other particles
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Excluding UV states in dim-8 <R
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Remarks

1. Dim-6 measurement, solving inverse problem can correctly obtain Mp/gp € [2.45,2.56] TeV
by assuming one-particle extension

2. But we cannot solve the inverse problem when considering extensions with
more particles, as their contributions cancel each other out

3. Dim-8 measurement would universally exclude all alternative models,
mdependent of any model assumptions.

4. It can be understood that in dim-8 space, each UV state contributes positively
and will not be canceled out
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Constraints on ADM (INFN

Observation: There are zeros in mixing of specific operators of different classes

O(;)QSZD?) = i(evy*D"e)(D (MD,,)qu(b) + h.c.

0(1)

B2¢2D2 - (D’u(bTDygb)B,UJPBﬁ

ey ps = (@Y DVe)(¢' D, Dyyd) + hec.

» It is not so clear how to anticipate them, not even with amplitude methods
» It can be understood from the positivity perspective.
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Constraints on ADM (INFN

» Positivity perspective, we have: _cgg s2p2 > 0. —Cg)& D3 — c§3)¢2 ps = 0.
Running of ¢y g2p2 15 positive! Cp242p2 = [M. Chala, 2301.09995]

» The positivity should be satisfied in any UV

» The beta function can only be linear in the coefficients combinations:

C'gg 6202 = 04(021222 p2 T 02252 Dg) with o < 0 We not only

determine the
(1) (2) L zero value, and
Octyd 062¢2Di 7 O82g2p but also fix the

I l 8% 2 | sign of o !
n general: e

» From positivity, some tree-level O; obey ¢; >0
» If O; involves fields not present in O; or C; not
constrained by positivity, then ~; =0
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Full electroweak SMEFT (with no flavour)

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
05254)D4 c<(;54)D4 c§b4)D4 022)¢2D3 c:(a2)¢2D3 01(2352D3 01(23,2D3 cl(2;)2D3 cl(zq)sza Ceap2 cl(4)D2 cl(4)D2 cl(2g2D2 cl(222D2

(1)

Cpagapn  + + + [0] - [0] - 0] - 0 0 0 0 0
Chgzpz + + 0 0 [0] — (0] — 0 0 0 0 0
eope + o+ + x X [0] - [0] - - 0o o [0] —
&aps +  + +  [0] - x x x x o - - [0 _
Eoaps  + + + [0] = X X X X 0 = = [0] =
Ce2pzp O 0 0 [0] — 0 0 0 0 - 0 0 (0] -
cepp 0 0 0 0 0 [0] - (0] — 0 - - @3 —
ceew:p 0 0 0 [0] — 0 0 0 0 0 0 0 [0] —
covep O 0 0 0 0 (0] - [0] = 0 _ 0 0
cPps 0 0 0 [0] = [0] _ 0] _ _ y y

with SU(3), see [XL&Chala, 2309.16611]
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Full electroweak SMEFT (with no flavour)

1 2 3 ~(1 ~(2 ~(1 ~(2 ~(3 ~(4 1 2 1 2
0554)D4 c<(;54)D4 c§b4)D4 022)4,2D3 c:(a2)¢2D3 01(2352D3 cl(2q).’>2D3 cl(2;)2D3 cl(2q)b2D3 Ceap2 cl(4)D2 cl(4)D2 Cl(2g2D2 cl(222D2

o [Z] [2 9 - @ - @ - o o 0 0 o
Chgzpz T + ¥ 0 0 [0] — (0] — 0 0 0 0 0
eope + o+ + X x [0] - [0] —~ - 0o o [0] =
&aps +  + +  [0] - x x x x o - - [0 _
Eadaps +  + +  [0] = x x x x o - - [0 _
Ce2pzp O 0 0 [0] — 0 0 0 0 - 0 0 (0] -
cepp 0 0 0 0 0 [0] - (0] — 0 - - @3 —
ceew:p 0 0 0 [0] — 0 0 0 0 0 0 0 [0] —
covep O 0 0 0 0 (0] - [0] = 0 _ 0 0
cPps 0 0 0 [0] - [0] _ 0] _ _ y y

with SU(3), see [XL&Chala, 2309.16611]
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Full electroweak SMEFT (with no flavour)

(1) (2) (3) ~(1) =(2) ~(1) =(2) =(3) ~(4) (1) (2) (2) (2)

Chipr Cgaps Cyips Ceagaps Coagaps Cpagaps Cpageps Crageps  Cigaps CedD? Cupz Cap: Cpbapz  Cagape
o [Z] [2 9 - @ - @ - o o 0 0 o
Chgzpz T + ¥ 0 0 [0] — (0] — 0 0 0 0 0
eope + o+ + x x (0] —%'2 (0] - - 0 o [o0] —~
5}22(3,2 D3 g + + @ — X X X X 0 — — @ _
g + 4+ + H = x x % y o - - [0 -
ceprp 0 0 0 (0] — 0 0 0 0 - 0 0 [0] _
ceprp 0 0 0 0 0 [0] - (0] - 0 - - 3 _
ceew:p 0 0 0 [0] — 0 0 0 0 0 0 0 [0] —
covep O 0 0 0 0 (0] - [0] = 0 _ 0 0
cz(fgﬁm 0 0 0 [0] - [0] - [0] — = — — X %

with SU(3), see [XL&Chala, 2309.16611]
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Full electroweak SMEFT (with no flavour)

(1) (2) (3) ~(1) =(2) ~(1) =(2) =(3) ~(4) (1) (2) (2) (2)

Coips Cgipr Cyips Coageps Ceagaps Cpgeps Cpageps Cpgaps Cpageps CetD2 Cup: Cape Cphap:  Cizgzpe
o [Z] [2 9 - @ - @ - o o 0 0 o
Chgzpz T + ¥ 0 0 [0] — (0] — 0 0 0 0 0
Epps  +  + |2 =Y+ [0] —4'?2 o - - o o [0] -
5}22(3,2D3 g + + @ — X X X X 0 — — @ _
g + 4+ + H = x x X y o - - [0 -
ceprp 0 0 0 (0] — 0 0 0 0 - 0 0 [0] _
ceprp 0 0 0 0 0 [0] - (0] - 0 - - 3 _
ceew:p 0 0 0 [0] — 0 0 0 0 0 0 0 [0] —
covep O 0 0 0 0 (0] - [0] = 0 _ 0 0
cz(fgﬁm 0 0 0 [0] - [0] - [0] — = — — X %

with SU(3), see [XL&Chala, 2309.16611]
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Summary

* SMEFT is a useful tool for precise physics study in searching for NP, significant advancements
have been made in both phenomenology and theory.

*  Positivity structures arise at the dim-8 level in EFT coeflicient space, as a consequence of
axiomatic QFT principles.

* Positivity application in SMEFT 15 a lively field, but the phenomenological relevance of dim-8
physics still to be fully understood

* The positivity bounds can be used to study inverse problem, infer UV information based on the
geometry perspective

*  Positivity bounds on dimension-8 interactions restrict different aspects of (certain) their
anomalous dimensions (zeros, signs, inequalities)
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S
Thanks for your attention
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Constraints on ADM (INFN

E Consider the simplified EFT with only U(1) symmetry

/’_- - -

//// \\\\

2 A% 1 A(s)s 1 A(s)s3
/ T oei2 \ E(M)E_-/ 2( Y / 2 )43’
! (o Yip \ 2mi ), (8% + pt) 27 Jp (82 + pt)
A S : 1

NNV NANVVVAAAAAAAA

e 1’ " :4—ILL4[50—352M4+554M8+'“]20
STy / higher g, higher
\ -y ///

\
N for 4 < 1 and g1 < g

[42<u>~ 5 >0J
5 1 s 5 N —pP2 2
A0~ G 8 : ol o

I.  We have y; jC.(S) < 0 provided the ¥’ vanishes

2. The ¢;’s own anomalous dimension will not be constrained

3. If Cj(8) is not constrained, y;; = 0
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Testing the SM . .IN..FN

+ [f all dim-8 coefficients are consistent with O, all states can be excluded to above
certain scales

maximum A\

+ Not possible at dim-6 subject to € — ACj € C

and x? (67 C_;EXP) < xi

X Amax | Mx/\/9x

D 0.0076 | > 3.4 TeV

My, 0.0053 | > 3.7 TeV

Mg 0.0054 | > 3.7 TeV

4 0.0056 | > 3.7 TeV

V (with k =1) | 0.0041 | > 4.0 TeV
V (with k = —1) | 0.0041 | > 4.0 TeV
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