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Beyond dim-6 Lo =2 fom

s the EFT interpretation valid® (also, what EFT? See Dave's talk)

* Does my truncated amplitude faithfully reproduce full new physics etfect?

« Or, are higher order terms in A~ relevant?
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|[deally we would sensitive enough to neglect A~

* |[n practice, not always the case...
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When might it matter?

« Data are not very sensitive - Cl-/A2 poorly constrained: e.g. 4 top production

* Dim-6 interference term is suppressed at high energy: helicity selection
[Azatov et al.; PRD 95 (2017) no. 6, 065014]

Sensitivity f ng eff g (142 ELE
ensitivity Trom energy growing errects = A oM +F+F+F+ '

. Qif)*gzi]@ will dominate over ngngQQYEQ at high energy

* Some effects only arise at dim-8: e.g. neutral triple gauge interaction (ZZZ,...)

. L , | (See Fabian's talk)
Dim-8 Is interesting from a phenomenological perspective

* Global fits, UV model interpretations, validity, uniqgue dim-8 eftects, ...

Also interesting from a theoretical perspective

« Positivity bounds on dim-(n > 8) scattering amplitudes
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[Celada et al.; 2404.12809]

D|m‘6 A—2 VS A—4 SMEFiT3.0

(See Eleni's talk)
The only thing we can do ; ; —
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[Ethier et al.; JHEP 11 (2021) 089]

Dim-6: A~*vs A~

Top + Higgs + VV, Quadratic NLO EFT

Good shape
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Top + Higgs + VV, Linear NLO EFT
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New effects at dimension-8

HIgher canonical dimension = new Lorentz structures

* More derivatives = higher energy growth

‘Decorrelation’ effects
. Anomalous QGC independent from TGC: beyond Oy, = GUKW;”WUJ’/)WPK’”

. h*independent from h>: (H'H)> & (H'H)*

New gauge self-interactions

o A o _ + I7T D
F, F"F F  GAG™V, v,V =ZyW* iH'B,W*{D, D"\H

Light-by-light gg —> VV Neutral TGC

Much left to study

. Non-redundant basis is known [Murphy; JHEP 10 (2020) 174]

[Lietal; PRD 104 (2020) 015026]
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DIm-8 & eF [ validity

a) Model independent: study effects of dim-8 operators

[Boughezal, Mereghetti & Petriello;
PRD 104 (2021) 9, 095022]

* (Global analyses up to dimension-8 (not yet...) [Boughezal, Petriello & Wiegand;

. |  PRD104 (2021) 1, 016005]
* |dentity processes/observables that are uniquely sensitive

e Understand where these could be relevant

* Positivity connection: additional theory priors, inverse problem,...

0) Model dependent: predict effects of dim-8 operators
[Hays et al: JHEP 02

« Apply results of a) by making some assumptions about Cl.(g) (2019) 123]
L | | [Hays et al.; JHEP 11

* Study classes of explicit UV models up to dimension-8 (2020) 087]
Triplet scalar & dark photon [Corbett et al; JHEP 06 (2021) 076]
Vector-like quarks [Dawson, Homiller & Sullivan; PRD 104 (2021) 11, 115013]
2HDM [Dawson, et al; PRD 106 (2022) 5, 055012]
/’ [Dawson, Forslund & Schnubel: 2404.01375]
Various. .. [Corbett; 2405.04570]
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[Ellis, KM, Zampeari; JHEP 10 (2023) 05]

Singlet scalar to dim-8

1
L= Lsm + 50,50"9 — msS® — kgH'HS — A\gH"HS? — r435° — kgaS*

SM + real, singlet scalar, §

. S obtains a vev, vg, in general & mixes with h after EWSB

* Potential parameters subject to theoretical constraints

V(S, H) bounded A ke >0, Ag> — 2\//1h K4

from below
Perturbative unitarity 37T 2
. . < < — < —
in h, S scatterings 4] < dm, | 4,] < 3 [ Kga | < 3

Global EW minimum Viv,v,) < V(S, H)

[Dawson, Giardino, Homiller; PRD 103 (2021) 7, 075016] [Jiang et al.; JHEP 02 (2019) 031]
[Dawson et al.; PRD 106 (2022) 5, 055012] [Haisch et al.; JHEP 04 (2020) 164]
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[Ellis, KM, Zampeari; JHEP 10 (2023) 05]

Vatching

1
L= Lo + 50,50"S — msS”

Tree-level: solve EoM for § and plug back into & (mg, kg, kg3 => V)

* Only 2 operators at dimension-6 e.g. [de Blas et al.; JHEP 03 (2018) 109]
: : 1 Ksz 3 z<§ KoK
(H'H)[OQ(H'H) : Cyy = — ——— (H'H)Y :Cy=——| A¢—
2 mi ms ma
; Al ’;’/ﬁg o ’S' 19 ; Higgs self-coupling
J 99 Higgs pair production

production & decay

SM _h
®—< ﬁ—(/
h N

SM h
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See also [Banerjee et al.; PRD 107 (2023) 5, 055007
[Corbett, Eboli & Gonzalez-Garcia; PRD93 (2016) 1, 015005]

o dim-8...

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]

[Neg\ecting yda ye]
Dim - 4 Crry <2f<;;>2: (1 #fs) (H'H)?
(ks)® 41° KsK 3 61> HTH 3
Dim -6 || " () - (- ) D
Ch el (1- 2 ) (H'H)[(H'H)
2 KSK a3 Ko )? "‘323 4
Crrs | (2020 — As)? + 65252 (20, — As) + & (355 —wg) ) | (A1)
S S S S
2 k2., T17\2 2
O ) (2>\h As + 555 ) (H'H)"| D, H|
(3) 2(ks)? 4
C i e ?j |D,H|
] Ks)” /<323 i 20,4
Dim - 8 Courr Z(mQS) (2)\h — s + 2 nfg)y“ (H'H)"QuH
Ks)? T I M YUVl
C) sy ne |y, (HH)(Qr"Q)(ity"u)
(5) fs) 1 H )2
Cq2u2H2 (Qm)% (yu)2 (QuH)
Ko )? 2 AT
Coubis D2 2l s%} . | D H |~ QuH
K. Mimasu - 11/06/2024 11 EFT in multiboson production


http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

[Ellis, KM, Zampedri; JHEP 10 (2023) 05]

Sensitivity from dim-8

Crrs | 1255 (2020 — As)? + 6252 (20, — Ag) + LoL (§252 — wgu ) )
S S S S
ng 4(,,23)2 (2)% — As + %fo)
S S
Coums 2(723)2 (2>\h — AS %':523 )yu + others...
S S

: Higgs trilinear & quartic-couplings

. (H TN
Ops - (H'H) Higgs pair & triple Higgs production

, All Higgs couplings & Higgs ZZ/WW
oV : (H'H?|DH|” => 99
H° ( A # ‘ Single Higgs production & decay

. et Top quark Yukawa coupling
- (HTH)?*OuH — ¢
Oqutis + ( )" Qu Gluon fusion & ttH

. New sensitivity to Ag, K3 in single Higgs production & decay

» New sensitivity to K¢ IN HIggs pair production
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Constraints from h & hh

Global SMEFT fit of Higgs data to dimension-8

 Using fitmaker code

* Latest Higgs signal strengths + di-HIggs cross section

[ATLAS, Nature 607 (2022) 52-59]
[CMS; Nature 607 (2022) 60-68]

[ATLAS-CONF-2022-050]
Ms=2TeV, Ksa3=Kga=0

* Mapped to singlet parameter space

| —- Best fit |
6f — 95% C.L. upper bound =~

- — Dim-6 ?
Dim-8

4 mE EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN

[Ellis, Madigan, KM, Sanz & You; JHEP 04 (2021) 279]

KSHTHS
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Dim-6 U Ms=1TeV, K3 =Ks4=0

68% C.L.

95% C.L.

V unbounded
(v, vs) unstable

Single
HIggs data

—
10
5

Single+double

Higgs data  p. o

—
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Profiled K¢ bound

95% CL profiled ks (data & theory)

>0l — Dim-6  Data + theory still allow large K¢

| — Dim-8

| — Ve unconstrained * Much of allowed parameter space in
150 -- |vs| <Ms regions where v¢ > MS

» Cannot be described by EFT, which
assumes small ve... validity”

 Repeat analysis requiring v¢ < M

* Smaller region allowed & D8 result
converges to D6

SIS | Still some significant differences for
oL— . .. it uvitulst s bbb MS < 3 TeV
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[Pham & Troung, PRD 31 (1985 3027)]
[Anathanarayan et al.; PRD 51 (1995) 1093-1100]

P 0OS | -t | \/ | -ty [Adams et al.: JHEP 10 (2006) 014]

Can we bound EFT coefficients for theory alone?

* Yes, e.g., partial wave unitarity in the EF]1

2
s SIS=1=i(T"=T)=T'T Im(g) < |a;]
A M(s,0) = 167 ) (2€ + 1) a,(s) Py(cos 0) iy < 167
4

We can do more with some reasonable assumptions

* Causal, unitarity & local (yet unknown) UV

« Analytic properties of scattering amplitudes in complex s-plane

1 d*M(0)

EFT (IR) 2 ds2 JAZ 27iu’

Im (M) >0 UV = ) bC®>0

‘theory prior” on EFT space OR testing QFT axioms of UV
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Posltivity cone

1 d*M. 10
jj—>if ™ 2 ag =0

Beyond elastic scattering: S-matrix forms a cone

Simplest case: elastic scattering & ;.

Finding optimal bounds is a solved (numerical) problem

Vector boson scattering

—~ — I3§-9!fb'1(1§TfeV_) ~ - 3597 (13 TeV)
[Bi, Zhang, Zhou; JHEP 06 (2019) 137] Ezo;— ------------------------------------------------------------------- B G Ewo; s
Dot 3 X
Oso=[(D,®)'D,®| x [(D'®)'D"® = o |
Os1 = [(D,®)'D#®| x [(D,®)"D"® |
Og2 = (D <I>) D, X (DY®)TDF P :
Oro = Tr W,WW w | x [(Dg®) DP® : 50
On1 =Tt |W W*B| x [(Ds®)t DF® L AT 1000
B N -10 0 10 50
fuo/A? (TeV?) fs o/ A? (TeV?)
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PosItivity © experiment

Assume positivity: UV completion is a normal QFT

« Use bounds as a theory prior = enhanced global sensitivity

Test positivity: 1s the UV completion a normal QFT?

¢ “Test the fundamental axioms of QFT”

* Find dedicated processes/observables

Example: Drell-Yan angular distributions

~

do - 3 do - A A
pp—LT L pp—LTY (1 - Cg) | 20 (1 — 303) + A1829(3¢

dedngngg: 107 ded?]gg

A _ . . ~ .
| 22 sgc% + Assgcy + Agco + A53382¢ + AgS2054 + A75054

» SM: Spin-1 photon & Z-boson — [ < 2 angular dependence
. LOis ¢ symmetric: 1411,4 # 0, NLO: 141—7 #* 0
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[Alioli et al.; PLB 809 (2020) 135703]
See also:

[Banerjee et al.; JHEP 09 (2020) 170

Highel’ moments 8 JHEP 06 (2021) 013]

do - 3 do _ .
pp— 7 pp— L4 2 0 2
- 1 : 1—3 A
dm%dnﬁédﬂﬁ 167 dmggdnw ( T CQ) ) ( C@) + 1520Co
| AQ 2 A A A 2 A’ -
[<2 5 S9C2¢ T A350Ch + AaCy T A55pS2¢ T 652089 T A75054
B o 2
l o 3 | 5 Sp (563 — 1) Cep - 21 Sg (503 — 1) S > (562 _ 309)

—I—Bes 0C30 + BOS 053¢ + Bes 0CoC2p BOSQCQSQ¢

~y/

B; coefficients: I3, spherical harmonics

. Only populated by certain class of dim-8 4F operators & ¢y, ppr ~ cos’ &

e At LO, no SM or dim-6 contribution

« Dominant moment EO: Y3, spherical harmonic (no ¢ dependence)

* Clean probe of dim-8 effects in Drell Yan
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[Alioli et al.; PLB 809 (2020) 135703]

Whnich operators

Relevant dim-8 operators: A (gg — £T67) ~ t*

» [wo-derivative 4F operators, 1/14D2

« No additional Higgs fields (powers of £, not v)

Osiqs= 03, D)@ D%q)  Osiqoa= (0r'%, D 0)(ar'+* D7)
O8.cdo2= (évuﬁ,,e)(cﬁ“ﬁ”d) 08, cud2= (évuﬁye)(fz_w“ﬁ”u)
Osiaoa= (P4, D Oy DVd)  Os o= (P, D )y D ¥ )
03,qe2= (émﬁye)(fh“ﬁ”q)

. Other class of w*D?: (évuf)éﬁ(cjv“q) = d(qg — T67) ~ s°
No new angular dependence

Crossing symmetry: ﬂ(qf —> qf) ~ 52!

Higher moments in gg — £7¢~ < Positivity bounds

[Li, KM, Yamashita, Yang, Zhang, Zhou, JHEP 10 (2022) 107]
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[Alioli et al.; PLB 809 (2020) 135703]
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Individual bounds on C;

(38,1903
CS,lq 04|
C8.edo2|
C8,eu 02|
Cs.1d02]
C8. 02|

CS,qe 02|

Allowed Region

— 1D lin.
— 1D lin.+quad.
— 2D lin.
— 2D lin.+quad.

A =2TeV

-4 —2

0

2 4

Individual bounds

A priori restricted parameter space to consider

Can also be used to search for violations of positivity

Connection to the “inverse problem”
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[Caron-Huot & Van Duong; JHEP 05 (2021) 280]
[Du, Zhang & Zhou; JHEP 12 (2021) 115]

More information”

Positivity cone uses "halt” of UV amplitude information
O < pllll < 2

p;]kl _ Im[al]kl]

. Partial wave coefficients, a (1), are also bounded from above

ik
e |n additionto s <> u crossing symmetry, we have s <> ¢

l]kl _ ( 1)f ]lkl _ (_1)fpijlk

§ <> [ crossing leads to a series of null constraints

o0

0= ), 16027 + 1>[ €t + D,y w0 + E, 90

A2 Iur+4 _
F(Op, () + G,y (O, () + H, (E)p, Y ()
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[Chen, KM, Wu, Zhang & Zhou; JHEP 03 (2024) 180]

Capping the cone

Implement as a linear programming problem

. Discretising 4 and summing over large, finite number of £

. Numerically maximise c¢;.»" coefficients of EFT expansion of &/;,(s, 1)

kl

l]kl - HIgQgs operators at dimension 8:

@“) (D,H'D,H)(D*"H'D*H) @@) (D,H'D,H)(D"H'D*H) @<3> (D,H'D"H)(D,H D"H)

Number of null constraints Number of null constraints Number of null constraints
11 27 48 75 107 144 11 27 48 75 107 144 11 27 48 75 107 144

1()- -------------------- ------------ @ 0.8 .................... ............ CZ _- 0.65' ________ .................... .................... ............ C3 -
e ey [ T g4 | g4t —t—e—e] 0130  C 0.774
| 1 0.6 _ .................... .................... — ] ' 1 S 12 S 1
0,6 — - ' — | 0.2 — S - A (47'() A
¢ ot R RN S0 A N S N U
0.4 _ .................... .................... .................... .................... ........ = 04- ........ -o- N =10 .................... ........ _ OO ] O < C2 < 0°638
- =] | - N =90 | —0.2 .................... .................... ....... — (471‘)2 — A4
ol o4k 0508 C 0.408
R T e < O

AT = (4m)2 = Al

I 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Order of null constraints (r) Order of null constraints (r) Order of null constraints (r)
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[Chen, KM, Wu, Zhang & Zhou; JHEP 03 (2024) 180]

Capping the cone

1.0 _ ..... e - . ..... e - . -

Dim-8 SMEFT Higgs
Positivity cone
"% 1D bounds (3*¢ order)

15t order null constraints

positivity part of UV unitarity
(Im aij kl = 0)

22d grder null constraints

[ ]
B 3" order null constraints | I

fuller use of UV unitarity
+ null constraints

K. Mimasu - 11/06/2024 25 EFT in multiboson production



[Chen, KM, Wu, Zzhang & Zhou; JHEP 03 (2024) 180]

Comparisons

10

DN | =
SN [N
S [IV

N
N
DO | =

A [TeV]
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...................................

.............................................

.......................

o W / 0 unitarity -
A— LHC 3000 fb™ |

R AR R R

=
DN
W~

......................................................................................

.| This work

— Current LHC

" w/ unitarity

. .
......................................................................................

Perturbative
unitarity in the EF1

[Almeida, Eboli &
Gonzelez-Garcia; PRD

101 (2020) 11, 113003]

HL-LHC projections
from VBS

[Capati et al.;
JHEP 09 (2022) 038]

(See R.
Covarelli’s talk)
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Conclusions

Dimension-8 eftects are phenomenologically interesting

* EFT validity question & uniqgue BSM signatures
* Connection to positivity & inverse problem  [Zhang, JHEP 12 (2022) 096]

Instructive to study explicit UV completions

* DIim-8 brings richer sensitivity to underlying model parameters

* |dentity regions where the EFT expansion may be breaking down

Use the information oftfered by positivity

« Lower & upper bounds = theory prior for statistical analyses

* Test the fundamental axioms of QFT

Unique effects: higher angular moments in &/ (2 — 2)

* | expect that there are multi boson analogues
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Valiaity

2
- \ — Dim-6
- \ — Dim-8
15l ‘\\ ' | — Full model
- -- Wrong sign
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A4

(Ms =1 TeV)

Current sensitivity from data

Higgs-Singlet mixing angle, sin“a = 0.114; Ks3 = Ks+ =0
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Valiaity

2 2
(cos” a)pg — (COS” )y

(C082 a)D6 o (COSZ a)full

127 g
10}
81
: h“‘ﬁ?
AS 6;\ R ‘2“‘
| %
4l S
2t
O34
|Ks|
Ms

0

COS%Q, Kg3 = Kg4 =

= T |‘. |||||||||||||||
*

cos?a, Ac =Ksa =0

Ms =500 GeV — Ms=3TeV |

4t
| — Ms=1TeV L |D8—fuII —1|
_ M. =15 Tey D6 — full _
2- s=41.2 1€ ---- Forbidden
_—M5=2TeV % NO Ve
T P R X et
O |-y et 25 a0
| 3
—2r CUN et
I ¢’7
—A4t
0 o 8

Some regions where dimension-8 improves predictions

Others where SMEFT expansion breaks down

. Large couplings, 4¢ & K3, non-perturbative region

 Depends on Mg
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Recent Shnowmass review: [de Rham et al.; arXiv:2203.06805]

Positivity for pedestrians

Set of theoretical constraints on scattering amplitudes

» Apply to a subset of D > 8 Wilson coefficients

Result from basic assumptions about UV QFT/S-matrix

* Lorentz invariance, unitarity, causality & locality

[Pham & Troung; PRD 31 (1985 3027)]
[Anathanarayan et al.;, PRD 51 (1995) 1093-1100] + many more in recent years...
[Adams et al.; JHEP 10 (2006) 014]

Unitarity < conservation of probability in full theory

. Generalised optical theorem: scattering amplitude . ;;_,, satisfies

: % | %
9 (% jj—ki — M kl—>zj) D) Z dlly My x M kl—X
X
| 1 ) B
“lastic case: Im;,;; = 5 Z dlly | M ;_.x|”> 0 = Elastic positivity bounds
X
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Analyticity

Tree-level dimension 8 = highest growth: s, st, t°
« We will be taking 2 derivatives of w.r.t. s = sett = 0 w.l.0.g.

Causality = A (s,t = 0) analytic in the complex § plane

* Only poles & branch cuts on the real axis

* Define a pole subtracted amplitude: M, = A ;_,;; — (low energy poles)

Cauchy’s intergral formula

ldlejkl(S) _% du Mijkz(//i)
2 ds2 o 27 (u—s)?

Avoiding UV branch cuts
» Deform contour to infinity C = C’

« (' =2 semi-circles + discontinuities along real s
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Dispersion relation

- = ’_Z<- T~ \i
Infinite semi-circle contributions vanish -~ N
/ \
* Froissart bound for unitary & local amplitude S W o Y
M < slog®s, s = o . e
| | —A2 A2 —ie!
[Froissart; Phys. Rev. 123 (1961) 1053-1057] \\ /
C /
. \ /
- leszkz(S) _ J' © du Disc[M;,(p)] \\\ !
2 ds? o 2w (= s) S~ -7
— 0

Disc[ f(s)] = f(s + ie) — f(s — i€)

“Twice subtracted” dispersion relation

LHS: approximated by EFT amplitude (IR)
For small s: i g "

RHS: integral to infinity: full amplitude (UV)
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Analyticity + Unitarity

A\ > v: take SM particles massless s < U

* Crossing symmetry in massless, forward limit: szkl(ﬂ) — zlk]( /4)

. No discontinuities in M below s = A? (we subtracted them)

dzM (0) 7
2 dS];l bzﬂzp (DISC[ ijkl(#)] + Disc[M lk](ﬂ)])

1 1
Recall: 2_1 (ﬂl]’—ﬂd N %;ckl—n'j) - o Z JdHX %ZJ—)X%H—K
Hermitian analyticity A

| |
(s,1) = l]—>kl(S*’ ) = 2—ZD1sc[% lJ—>kl] - 5 Z JdHX M. IJ*X’% ki—X
X

kl—>l]

* (Generalised optical theorem + twice subtracted dispersion relation:
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[Zhang & Zhou; PRL 125 (2020) 201601]
[Lietal.: PRL 127 (2021) 121601]

Positivity CONe

2 — n amplitudes m;;

. Encode masses of new states at & above A?

are unknown complex functions of u

1 d*M...(0)

Elastic (l] — kl) — A ZJdH J af (im i + | my7 ] ) 0

ds? A2 27

Inelastic (ij # kl): more information

5 ml]mlj; are not positive-definite. However, RHS is a positive sum (integral)
1 d°M M;;,(0)

2 ds?
* Constraints the Wilson coetticients to a non-trivial, conical subspace

forms a convex cone
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Drell Yan at the LHC

CMS

2.3 fb" (ee) 2.8 fb™ (up) (13 TeV)

do/dm [pb/GeV]

— — — — — — -
O O O O O O o - =
-~ (o)) wn 'S w n 4 - O C?)

VIZ —e'e, utw

Full phase space

Clean, high-energy probe of 2 — 2 scattering

* Strong bounds on new resonances

+ Data $
- FEWZ (NNLO QCD + NLO EW)

| | 1l l | 1 | l
% 15:— | Stat. unc. Tot.unc. ‘¥ Theo. unc.(FEWZ')v. v
9 v
- :
S o5
;£ 20 30 100 200 1000 2000

m [GeV]

pp > 767

Nk

SM

at high mass

EFT

* Sensitive to energy-growing contact interactions: 4F operators

* Complete reconstruction of final state: fully differential cross section
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[Alioli et al.; PLB 809 (2020) 135703]

New angular dependence

P2

g = -+ 2 2t
S (s (P1 + D) cosf ] — 2L

t = (py _P3)2 5

P1 P3

. {
A o1p o Spin-1 = cxcos6’~;

. Differential cross section | &/ \2 ~ I, £ YZSZ,m

» QCD corrections factorise, [ < 2 unchanged

o’ !

~ log —
1672 mg

. Leading higher [ contribution: NLL EW Sudakov

A pory - NEw Lorentz structures

* Higher spin states or contact interactions (4F operators)

Dim 6 (E?) Dim 8 (E*)
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Angular dependence

cxtracting the Ai: moments of spherical harmonics *

1

do do
0, = | ———— dC 0, JO,0) x \ Yoo, Y10 Y141, Vo0, Yo i1, Yot
(f(O, P)) (dmdndﬂ) J' fdmdndﬂf( ¢) {00 1,00 L1415 12,00 2 +1 22}

* A.K.A. weighted sum of the basis functions over event sample

N Ai’s are linear functions of the (Y} ,,)

* In practice, finite experimental acceptance

* Spoils the orthonormality of spherical harmonics

S 15 X 12_'A¥les'éirh&|%'ubh """"" —a Templated P, -
: | 5 e T oot -
E § g Py Extracted by fit to
S - o 08T -
E B %_ N - = - - - 7 "
i 1 g oo - signal templates
- e = 04:— . o E
of- . 0.2|- —— == =
. o . =3 [CMS: PLB 750 (2015) 154-175]
-5 " ST -0.2— . E .
T F S R R I I B R P R TR [ATLAS; JHEP 08 (2016) 159]
COS 0g COS 0g
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[Li, KM, Yamashita, Yang, Zhang, Zhou, JHEP 10 (2022) 107]

CvVen nigner moments

Exploit the full information of D8 amplitude: [ = 4 moments

~

dapp—)€+£_ 3 dO-pp_>€_|_€_ 5 AO , N
- 1 | 1-3 A
dmﬁﬁdnffdﬂé 167 dmggdﬁgg ( T CQ) ) ( CQ) + 1520Co
A, - ~
[ <2 "y 020 Agsocy + Aaco + Assysag + AeS205¢ + A7595¢
B¢ o ~

B
l _ 3 | 21 S (503 — 1) Co 21 S (503 — 1)~S¢ | 20 (562 — 369)
+BEspcesy + BYsissy + BSsacocay + BSsacesas

—I—D4SQC4¢ + D03934¢ + D6590903¢ + D0390933¢
[ =4 +D553(7ca — 1)cag + D3sa(Tca — 1)sa4 + DSsg(Tcs — 3cg)cy

~o

D
+D%s9(Tc3 — 3cg)se 20 (35¢4 — 30c2 + 3)

Use (B, D) to constrain the space of dim-8 WCs

. Quantify the ability of the LHC to test positivity in g£ scattering
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| HC sensitivity

1 TeV cut to mitigate
impact of quadratics

Consider 10 X 10 square {m,,,1,,} binning: ./~
mee: {100, 190, 280, 370, 460, 550, 640, 730, 820, 910, 1000} GeV.
T)oy - {—5, —4, —3, —2, — 1, O, 1, 2, 3, 4, 5},

Binned Ay~, combining (By, Dy), for L = 3000 fb™"

(€)= 8(C) = Y (BYOLDYC)) - V- (BY(O), Di(C)) <3.84

l

« By & Dy are correlated: statistical covariance matrix V

] ["max max : ddpp—%‘ﬂ (co)variance of
Vii=— dmy, dnge | dey - Fii(cp), .
L) ; 4 dngp dmyy deg weighted average(s)
4487 > 367° : [16
Fyy = 0 (Yg(ce)) , Iy = 19 (Yf(ce)) , Fp=1y = 747T2Y§)(C9)Y£(Ce)

» Variances dominated by SM, computed @ NLO QCD with mg5
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[Li, KM, Yamashita, Yang, Zhang, Zhou; JHEP 10 (2022) 107] ppE. nNpDF nlo as 0118 luxqed

| HC predictions

/s = 14TeV

1.97 — — ' ’ _ 0.3—————————
: A=2 [TeV], C=1 Os1q03 = Osuasm : : A=2 [TeV], C;=1
1 O Linear —— ::Za:z— OZ:Z(Z ‘ 02 Quadratic
] 08,eu62 :
~ _\_|_‘_\_\_‘—|_\_\_\_|_\_\_\ -~ 001:
= 0.5 1@ ) OE ﬁ
‘N . =
O'O'-_'; —0.15 - 08,lq63a 08,1q64 _\_\_\_l-
: - Ogeda O 8,192 “
~0.5 —0.25 O3geus2™ O8gea2
ﬁ - O ‘
—— U ——— ..
200 400 600 800 1000 200 400 600 800 1000
my [GeV] my [GeV]
2.0— 1 ' 0.04; S
I B OS,lan [ OS,ldaZ 4 _08,lq63,0 8,lq64a0 8,qe 92
1.5 — Osq04 O 8,12 j — — 0 8,ed52,0 8,142
[ I OS,ed@? L 08"1662 0.03 _(98,eu62,(9 8,lu 62
1o O gensz2 — (SM NLL-EW)/10 U —— (SM. NLL-EW)/50
—_ "M D 4 — _ A=2 [TeV], C;=1, Quadratic
= | N = :
= 0.5 =0.02
g 8
0.0— ;h_‘“?n—— i —
5 ~ — ] 0.01; _l_l_
-0.5 _' Linear+Quadratic : —',:l—'_l
; A=2 [TeV], C;=1 - : )
10 e T 0.00— e ——
200 400 600 300 1000 200 400 600 300 1000
(L7 [GeV] 77 [GGV]
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Connecting to positivity

Relevant dim-8 operators: A/ (qg — £T67) ~ t*
2

* By crossing symmetry, elastic amplitude: Qf(qf —> qf) ~ 5!

 Novel angular dependence in Drell Yan < positivity bounds from gl — gl

Positivity bound channel: [1) 4+ [2) — [1) 4+ |2)
_408,lq83 + 408,lq64 Z 0 ].> — 61_—J> : 2> — UL>
—4Cg 1993 — 4Cg1q94 = 0 ) =ler), |2)=|dr)

—4C78 edo2 > 0 1) =leg), [2) =|dg)
_408,eu82 > 0 ]-> — 6;2>7 2> — uR>
—4C78 1492 > 0 1) =ler), |2) =|dr)
—4C8 o2 2 0 1) =ler), |2) = |ug)
_408,q682 > 0 1> — 6§> : 2> = ’LLL>

Fundamental properties

« Use higher angular moments in DY to test positivity = of QFT in the UV
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[<n, OAN™) A B; D,

Higher orders

e Mp_c X Mp_g populates [ = 3 at O(A™%)

o« Mg, X My_o populates [ = 4 at O(A™°)

_ —10
» Mp_¢ X Mp_y( populates [ = 4 at O(A™ ™) [Boughezal et al.; PRD

Our assumption: neglect possible D = 6

. Constrained elsewhere: A, moments, APV, f-decays,...

e LHC (Drell-Yan)

[ = 4 have other possible contributions =

[ = P2 (all data)

-o1al —— LHC+P2 +SolLID

« We currently neglect them, try to mitigate impact e —

Ultimately, more complete (higher [) &
global (D = 6,38,...) analysis needed
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[Fuks et al.; Chin. phys. C 45 (2021) 023108]
lesting positivity

NoO concrete reason to expect violation of positivity
* Nature (data) should have the last word

* Probe the violation of positivity to test the axiomatic principles of QFT

Define “distance” from region allowed by elastic positivity

A—4 = min min 1 d*M (0) ol = o( C()) o(Cy) = min[ — 4Cg 1503 + 4Cyg 1504o — 4Cs 1503 — 4C3 1g045
}Ocesses 2 ds? A* / —4C3 ca0 — 4C3 euan> — 4Cs 1aan:
. . ~ _4Cy, o, — AC e,o]
elastic gl scatterings “most non-positive” direction oz R

Associates a scale, A, to positivity violation

A
4 5Cmin.
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Satisfied: A = 00 Violated: A =




lesting positivity

Suppose we observe some non-zero WCs, C,,

* Uncertainty crucial to determine o) frT T .
whether we claim evidence for e CL. positivity |
positivity violation: Ay? % Benchmark A =1TeV

1 -

* |[f 95% confidence region
overlaps with positivity allowead
region, cannot rule out positivity

« A values shown in TeV

* Cannot exclude positivity at 95% L
C.Linthiscase: C, = (0.4,0.4) |
¢ 1.19 1.41 1.57 1.68
O . . . . . -
-1 _A-1 A-1 -
conservative estimate C3.qe 02
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- Positivity region

* Blind directions reappear In profiled
.. likelihood when C( # (0, 0)

N
|

2 L ; >
2 — B -V'
5 . | |
B ]
o

4
Q9 7'\ / ,4‘\ ——
LN _I BN = I.-i
O

2

» . o .

L B oo o]
—4-32-1012 —-4-20 2 4 -5 O 5! 10 -4-3-2-10 1 2 0 5 10 -4 -2 0 2

C8.1903 (8140, C8.cd o2 (8, eu02 C8.1d62 C8.1u62
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lesting positivity

/D case: does the allowed region intersect positivity region®?

. A7l =[A7!

low?

« Uniformly sample a ball of radius 2, with A = 1 TeV

2.00 4 '

1.75 A

1.50 -

1.25 A

TeV ]

low

A
—
N
U1

0.50 -

0.25 - -~

0.00 1~
0.00 0.25
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0.50

0.75

1.00 1.25 1.50

At [TeV ]

LT

1.75 2.00

ﬂilgh], A, gives conservative estimate (highest scale)

‘y Pos. excluded

P0Ss. not excluded

EF 1 1n multiboson production



