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Outline

Drell-Yan (DY) as a probe for SMEFT at the LHC
« Beyond dim-6: higher ( > 3) angular moments

Positivity bounds

« Elastic positivity <> higher moments in DY

* Beyond elastic: the positivity cone

LHC sensitivity study to higher moment observables

* Testing positivity (fundamental principles of QFT) at colliders

Combining experimental bounds with positivity
* Interesting bounds on new physics scale

* Inferring the existence/nature of UV states
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Drell Yan at the LHC
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Clean, high-energy probe of 2 — 2 scattering

e Strong bounds on new resonances
e Sensitive to energy-growing contact interactions: 4F operators

* Complete reconstruction of final state: fully differential cross section
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[Collins & Soper; PRD 16 (1977) 2219]

Angular dependence

~

(1+c3) + % (1—3c3) + Ars20cy

dmeedneedﬁe: 167 dmyednee
Ay i 5 i9 i X
—|—73902¢ + Aszsgcy + Asco + Assysag + Assa05¢ + A7505¢
Factorised leptonic angular dependence

o Polar (f) & azimuthal (¢h) scattering angle in the Collins Soper frame

. T rest frame where Z bisects the angle between proton beams
Pi-Epr — pprEp-

mff\/ (mgp)? + (pl,)?

. LO: Z = longitudinal direction of the £T£ ™ system  cosfcs =

SM: dependence holds to all orders in QCD

. Spin-1 photon & Z-boson — [ < 2 angular dependence
. LOis ¢p symmetric: A1,4 #0,NLO:A,_, #0
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Angular dependence

Extracting the Ai: moments of spherical harmonics *

do  \ do
0, = dQ, JO,p) x Yo, Y10o Y121 Y00 You15 Vox
<f( Cb)) (dmdndQ) [ dmdnde( , P) °<{ 0,00 £1,00 L1,+1> 12,00 £2,+1> 12 2}

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

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

* In practice, finite experimental acceptance

* Spoils the orthonormality of spherical harmonics

S s[amas T T ] & 12_'A¥L‘A's'éir{1auzt.ah """"" —a" Templated P,

z 0 8 R N T Jemeiedt - '

g : 1 3 ogiggc:g;-gtegmed - - Extracted by fit to

¢ S signal templates
I B e e
E A °;:=X=—'— - = [CMS; PLB 750 (2015) 154-175]
gt | i"'o'?a'_é;“_d}_“o'z'“a"b‘z“bu'b'e'b's“i [ATLAS; JHEP 08 (2016) 159]
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[Alioli et al.; PLB 809 (2020) 135703]

New angular dependence

D2

21
— A(s,t) cosf@~1——
\)
P1 p3
o f
A 1y spin-1 — o cos @ ~ "
. Differential cross section | o/ |* ~ 1, t*: Yo m
« QCD corrections factorise, [ < 2 unchanged i
a t
Leading higher [ contribution: NLL EW Sudakov Ten2 08 ey
A pery : NEW Lorentz structures
» Higher spin states or contact interactions (4F operators)
Dim 6 Dim 8
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[Alioli et al.; PLB 809 (2020) 135703]
See also:
[Banerjee et al.; JHEP 09 (2020) 170

HIgher moments S e 06 (061) 01

~

do = 3 do - A A
pp—4+4 pp—0+ Y4 (1 4+ cg) + 70 (1 — 363) -+ A18296¢

dmggdnggdﬂg_ 167 dmggdngg

~

A ~ ~ ~ ~ ~
l < 2 +—25302¢ + ASSGCqﬁ + Agco + A58352¢ + A68298¢ + A7S@S¢

2
Be o 5
l _ 3 —|—7189 (505—1) c¢+7136 (503—1) 5¢+70 (502—309)

—|—B§Sg(33¢ + B§8383¢ + B§330602¢ T B§330932¢:|

~/

B; coefficients: Y5, spherical harmonics

Only populated by certain class of dim-8 4F operators &f o1, g ~ cos> 6

At LO, no SM or dim-6 contribution
« Dominant moment BO: Y5 o spherical harmonic (no ¢ dependence)

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

Which operators

Relevant dim-8 operators: </ (qg — £T67) ~ t°

. Two-derivative 4F operators, w*D?

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

. Other class of w*D?: (577“6)82(@7“@ = d(gg— ) ~ s?

No new angular dependence

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

K. Mimasu - HEFT - 16/06/2022 8 Moments for positivity



[Alioli et al.; PLB 809 (2020) 135703]
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Recent Snowmass review: [de Rham et al.; arXiv:2203.06805]

Positivity In a nutshel

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

e Lorentz invariance, unitarity, causality & locality

[Pham & Troung, PRD 31 (1985 3027)]
[Anathanarayan et al.; PRD 571 (1995) 1093-1100] + many more in recent years...
[Adams et al.; JHEP 10 (2006) 014]

A. Generalised optical theorem for scattering amplitude ./ ;_,, satisfies

B. Twice subtracted, forward dispersion relation by analytic continuation in

complex s: M, (s, 1 = 0) My =

ii—kx — (low energy poles)
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[Zhang & Zhou; PRL 125 (2020) 201601]
[Lietal.; PRL 127 (2021) 121601]

Positivity cone

1 d°M, ,d(O) ©  du
= Z dlly m;m’ + miym*,
2mip’

ikl i

2 — 1 amplitudes m;;

« Encode masses of new states at & above A?

Inelastic (ij # kl): more mformatlon

are unknown complex functions of u

1 d*M. ,d(())

Elastic (ij = kl):

. ml]m]j‘l are not positive-definite. However, RHS is a positive sum (integral)

1 d°M M, 0)
2 ds?
« Constraints the Wilson coefficients to a non-trivial, conical subspace

forms a convex cone
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Connecting to DY

Relevant dim-8 operators: </ (qgg — £767) ~ t°
2|

* By crossing symmetry, elastic amplitude: Q[(qf —> qf) ~ §°1

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

Positivity bound channel: |1) + [2) — |1) + |2)
—4C% 1493 + 4Cg 1904 > 0 1) =ler), |12) =|ur)
—4C% 1493 — 4Cg 1994 > 0 1) =le), |2) =|dw)

—4C%g edo2 2 0 1) = leg), [2) =|dr)
_408,611,62 >0 1> — e}_2>7 2> — uR>
—4C% 1452 > 0 1) =ler), |12) =|dgr)
—4Cs o2 2 0 1) =ler), [2) =|ur)
—408,(1632 > 0 1> — 6§>, 2> — uL>

Use hiah | 0 DY fo test it Fundamental properties
« Use higher angular moments in O test positivity = of QFT in the UV
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DY matrix elements

Squared amplitude for [ > 3 angular moments

c® cOC®

2 2 I ! J 2 8) — 3
M| = | Mgynip ew | +27AM;8>+2 ——IMP" AM® = 2Re[M, M)

2]

LO SM: up to cos? @

M __>_+2:16221_/\ 2 o |
Msm(qLdr 6RGL)‘ mea( Co) Qf C%/V(g - M%)
82 Qf§ ’

Msni(qrar — egep)|P = 16m°a° (14 ¢9)* - |Qp + 5—— 72|

Cyy (8 Z

I3 — s2,Qp)(~1/2 + s%,)3]
’MSM(QLQR . eZeE)‘Q _ 167T2()42(1—|—69)2 . Qf B ( 3 Sg/yQQf)(A / ;‘SW)S

Sy (8 — M3z)

Qs(—1/2+ s3,)5|°

cy (8 — M3)

I Msm(qrdr — e ef)]” = 16m°a*(1 —é¢)° - |Qf +
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DY matrix elements

LO dimension-8
O(A™) O(A™®)

| At ciy s (8 — M3)
2
C I3 — 52 1/2 g 8,1q94 . R
AM s 1q01 = —47 8T o(1 + 69)°5° (213) (Qf _ s = 5w ?\4; SW)S) o MsganlP= (14 2)8Y,
Cy s (8 — Mz) 5
Cs.e . o5 1 g2 & 2_ 78,edd2 ;2 A N2 A4
AMs cq92 = 8}\582 87a g (1 + é9)24% - 5 (1 + (éVK MQ)) ’ (M eaoz| "= —5— (1 + )57,
C8,eud2 2 N st §Z Ms eus2|*= 5 107 po(1+ ¢9)%8"
AM&euag = — KZ ST 69(1 —+ 69)2§2 . § 1+ 5 AW 2 ) ) A8 7
C 1 ( iV/V;S F )ZA) (M 1a02]” siatn 5(1—¢9)%5"
,1do A A " - + s S 5 ) 0 )
AMS,ldGQ = SAZZ 287T04 09(1 — 60)282 . 3 (1 + 2 (§ — ]\;‘g) , 2/\
124 [ Ms tuozl*= 57 61— é9)?4"
Cs 1y . 9 2 —1/2+ s%,)3 b A8 ;
MM por = ——G8mato(l = &)°8 - 3 (1 (c2 {S—MWZ)) ) C3 o0
RRTIDN M geonl= —S1202 3 (1 — g)?3*
AMS by — _CS,QG@Q Y. 69(1 o 60)2§2 ) (Qf B (13 — SWQf) ) . C C
! At f ciy (3 — M) | M g0, 1q0a| = 2G04 )25t
cos"=? @ dependence < [ <3 cos"=" ¢) dependence < [ < 4
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Even nigher moments

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

~

do _ 3 do _ A .
pp— e pp— T e (1 -+ cg) -+ 70 (1 — 303) + A s20Cs

dmggdnggdﬁg - 167 dmggdngg

~

A - - - ~ ~
l < 2 +728362¢ + ASSO% + Agco + A58382¢ + A68298¢ —+ A7893¢

8Ly (563 — 1) o+ Dl (563 — 1) 5 22 (565 — 3c0)
[=3 2 ’ -

s 5 He 2 0 2
+BSspcsg + BYsyssg + BSsgcacas + BSsgcosas

- - - -
+DSspcay + Disgsas + DSsacgesy + D3sgcossg

l — 4 +DSs2(Tca — 1)cag + Dysa(Tca — 1)sag + Disg(Tcy — 3cg)cy

. D
+D%s9(Tch — 3cp)se + 70(3555 — 30c3 + 3)

Use (EO, DO) to constrain the space of dim-8 WCs

. Quantify the ability of the LHC to test positivity in g£ scattering
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[<n,OAN™) A, B D,

Higher orders

Mgype<l=188Mp g=1=2,.

e Mp_¢ X Mp_g populates [ = 3 at O(A™)
e Mgy, X Mp_,,populates [ = 4 at O(A™°)

—10
« Mp_¢ X Mp_; populates [ = 4 at O(A™™) [Boughezal et al.; PRD
104 (2021) 016005]

Our assumption: neglect possible D = 6 >/

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

[ = 4 have other possible contributions == |

- P2 (all data)
ok — LHC + P2 + SoLID

* We currently neglect them, try to mitigate impact

Ultimately, more complete (higher [) &
global (D = 6,8,...) analysis needed
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Higher moments at LHC

Define dimensionful coefficients B — B [1b]

 Encode the WC dependence on the (m,,, ,,) differential cross section

dBO = 4m fmgg 1 0 2 2 do
DT 0 /_1 deg Y3 (co) |G ag(mae, mee, Q%) — Gaq(mae, mee, Q7)) P (co, ™)
dmgg dnw — 3 p /_1 dCQ Y4 (CQ) [qu (m££7 Nee, Q ) + qu(mgg, Nee, Q )] dé@ (697 mﬁﬁ)
N _ : : :
CQ — CZ_ — 0567 G’ij(xlax27Q ) :f@'/p(flfl,Q ) 'fj/p(iUg,Q )
4 |
CS frame CM frame w.r.t beam (anti)quark PDFs

Double differential moments bring maximal information

« My, energy growth « N,p: Partonic initial state uu vs. dd
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L H

By [fb]

2.0—
1.5
1.0
0.5
0.0"

-0.5

-1.0—

A=2 [TeV], C=1 —— 9sus — Oguan -
. 8,lq 04 8,lud2 |
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“_|_‘_‘_‘_‘_|_‘—|_‘0_8‘i‘?2_‘_‘_‘_‘_:
-
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My, [GeV]
— Osgig3 — Ogaa
— 0 8,lq 94 0 8,lud2
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— |
[ — ]
_l Linear+Quadratic
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Disentangling operators

Leading, O(A™%) interference effects are degenerate

- Modulo 1., sensitivity to the 3 different partonic initial state combinations

* Mild differences at low energies near Z-pole

Operators Quark A|M®)|2 IM®)|2 By(lin.) By(quad.) Do(quad.)
Os g0 + O 100 dd 1.9 -co(1+¢9)? c3(14+cp)* + + 4+
Osiq03 — Os g4 ull —24-co(1+cp)? cj(14cp)* — + +

Og edo2 dd 043 -co(14+cp)? c2(1+c¢o)®* + + 4+
Os cuo2 ut,  —0.87-co(1+cp)? c2(1+cp)?> — + +
Os 1402 dd 0.22-co(1 —c)? cz(1 —cp)* + _ +
O 1u2 ut,  —0.43-co(l —cp)? ca(1 —cp)? — — +
O ged? uti or dd —0.22 - co(1 — cp)? (1 —cp)?  — — +

Additional information from \M(S) \2

. Relative size & sign between linear & quadratic B

« Dy: quadratic only (I = 4)
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| HC sensitivity

Consider 10 X 10 square binning:

mge: {100, 190, 280, 370, 460, 550, 640, 730, 820, 910, 1000} GeV,
Mee- {—5, —4, —3, —2, —1, O, 1, 2, 3, 4, 5},

Binned Ay?, combining (B, D), for L. . = 3000 fb~!

7A(C) = A2C) = ) (BICLDYO) ) - V1 - (BY(T).DYC)) < 384,

l

1 TeV cut to mitigate
impact of quadratics

« By & D, are correlated: statistical covariance matrix V

( (co)variance of

| Mmax. Nmax. 1 dep—)f_Lﬂ‘*'
V.. = —J dmff[ dﬂLprJ dCH . Fi. C@ ’ :
. o dngpdmgydeyg weighted average(s)

448n
Iy =——

2 3677 2 16
o~ (Vo) Fan=—5-(Yi(cp)s  Fi=Fy =1/ —-42Y3(cp)Yi(co)

* Variances dominated by SM, computed @ NLO QCD with mg5
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Individual bounds on C;

Cotgas| = T jPjnoraued
I —— — 2D lin.+quad.
Cs.lqos o A =2TeV
C8,eda2|
CS,eu 02| —
C3.1d02]
Cs,1u02]
Allowed Region
CS,qe 02|
-4 -2 0 2 4

Individual bounds

Observe the SM: O(0.5 — 4) sensitivity for A = 2 TeV

« 1., (2D) information not important for individual bounds (expected)

* Quadratic effects significant for weakly constrained direction(s)
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Profiled bounds on C;

Closed fit requires full information (quadratic By + D)

« Linearised A)(z has 2(1) well(moderately) constrained eigenvectors
. 8C. = {0.15,2.5,40)
o Full information yields O(1) bounds for A = 2 TeV

Coeft. CS,lq33 Cs,lqa4 Cs,edaz CS,eu82 Cs,zdaz Cs,luaz CS,q682
By + Dy (—1.1,1.1) (—0.95,0.85) (—1.8, 1.8) (—1.2,1.3) (—1.7, 1.7) (—1.2,1.2) (—1.0, 1.0)

Flat directions expected from previous discussion

. Reliance on O(A~°) effects means results should be interpreted with care

* Up to dim-12(!) interference with SM
More complete

* QOur 1 TeV cut will partially mitigate them | |
analysis required

* They contribute to higher moments
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[Fuks et al.; Chin. phys. C 45 (2021) 023108]
lesting positivity

No 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

2 ~ — .
ad i | e LAMO) 6(Co) 5(Cy) = mln[ — 4Cy 1093 + 4C 100w — 4Cy 1o — 4Cy 1w
B processes 2 Cl’S2 ’

4
' / —4Cg ca02> — 4C3 eug2> — 4Cy 14925

- - < ~4Cs 1102 = 4Cy geans 0|
elastic gl scatterings  “most non-positive” direction oz TR

Associates a scale, A, to positivity violation

A
{4/5Cmin.

Moments for positivity

Satisfied: A = 00 Violated: A =
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lesting positivity

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

* Uncertainty crucial to determine oy frT T .
whether we claim evidence for - e CL positivity -
pOSlthlty violation: A){z i *  Benchmark A =1TeV

* |f 95% confidence region
overlaps with positivity allowed

N
region, cannot rule out positivity =
Qo)o“ ;
. A values shown in TeV i
« Cannot exclude positivity at 95% -1
C.L in this case: C, = (0.4,0.4) :
r 1.19 1.41 1.57 1.68;
O . . . . . .. . .
. = [Alow’ hlgh] A, gives -2 -1 0 1 2
conservative estimate Cs.qc 62
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o g el
Sl Positivity excluded at 95% C.L.
N | Positivity region e
< » Blind directions reappear in profiled | QT
&} —

likelihood when C # (0, 0)

]
]
]
-
.
‘e
"

““
.
"' A “ ““
P
— A =t

N J L '\
N _l' RN ==
B

"
-4-32-1012 -4-20 2 4 -5 0 5 10-4-3-2-101 2 0 5 10 -4 -2 0 2

-4

(8,903 C8.1904 (8, cd o2 C8,cuo2 (81462 C8 a2
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[Zhang & Zhou; PRL 125 (2020) 201601]
[Lietal.; PRL 127 (2021) 121601]

Beyond elastic positivity

Optimal forward positivity bounds: positivity cone

1 d’°M_,,(0 o0
kl() ZJ J du <mjm2;+m

2mip’

2
1 d°M, kl(o) : (Cone that does not contain a

S 10rms a salient cConvex CoONe * i it ine. only half lines)

Generated by all conical hulls (+ve linear
combinations) of its Extremal Rays (ERs)

ER: cannot be expressed as a +ve sum of
other elements

myn + m; m]:‘; are ERs of the positivity cone
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[Zhang; arXiv:2112.11665]

Constructing the cone

m; = M;;_x : ER = m,; cannot be decomposed into other m,

« X is anirrep. in the decomposition of the product of 1, j's symmetry reps

- Construct (potential) ERs from CG coefficients of r; & r;

OR enumerate all possible tree-level completions
* |Integrate them out to get the WC vectors for the pERs

Simplified example: new physics only couples to ep, Up

9 <=

C :(eyue) 0 (ev'e) Cy :(uy, D Vu)(ﬂv“ﬁ”u) .
Cy :(ev,e) 0% (uyHu) Cs :(ty,u) 0% (uy"u) C = (Cl’ CZ’ C3, C4, CS)
<= pwg —
Cs :(é’)/u D ye)(uy" D" u) = C8,eud2
o 2 —_—> —_—>
one Cyx — 8X Generic € B X —
state A4 —WxCx Wx= M3 >0 = UV theory A4 ; 4 " Wx€x
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[Zhang; arXiv:2112.11665]

UV states & new bounds

Notation of [de Blas et al.; JHEP 03 (2018) 109]

UV interaction (SU(3), SU(2))%’(ii‘) dim-8 EFT coefficients (¢x) | ER?

€eSy + h.c. Sy: (1,1)9 (1,0,0,0,0) 4

T D et + hec. u4“ (3,1)} 5 (0,0,0,—1,—3) 4
(uesu; Q7 + sym.) + h.c. [ (6,1)35 (0,0,0,—%, %) X
ecuw!’ + h.c. W' (3,1)1/3 (0,1,-1,0,0) 4

ey u UT* + h.c. Us: (3,1)} 5 (0,—%,-1,0,0) X
(sin @ ey,e + cos 6 u;y,u;) B* B (1,1)§ (sin26,2cosfsin®,0,0,cos?d) | ¢
iy, u; T G Gor: (8,1)} (0,0,0,—1,—%) X
M—erCD“uZUf;—I-h.c. Ui,: (3,1) (0,—3,-1,0,0) v

* Here, tree-level pERs span the full space of ERs, not generally the case
- One ER (B*) has a free parameter, it is continuous, must be eliminated
03 S 07 _304 + 05 Z 07 04 S 07 Ol Z 07
= —(24/C1(=3C4 + Cs5) — 3C3) < Cy < 24/C1(=3C4 + C5) — Cs
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Visualising the cone

{/ ‘ . v _10

w/ 6 4D faces

cssede TIIIIXD TITXXL cessessdense edesas . J cee 7. cesssal . Y

0.0 F

Need to project
down to < 3D

QX X A AX QL
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[Fuks et al.; Chin. phys. C 45 (2021) 023108]
[Zhang; arXiv:2112.11665]

Reverse-engineering the UV

—_—
Given a measurement of C,, what more can we say

« Combine the experimental likelihood with the positivity cone

if Cyis extremal, we can pinpoint the UV origin

What is the maximum allowed value of wy = gé/Mg, given the data?

. Lower bound on My /4 /g,

maximize : A\

subject to : 5 — Xy € C and XQ((?’ C_’O) < x? Removing the H contribution,

o o we should still remain in the
Positivity Likelihood bositivity cone

The value of A that pushes ﬁoutside of the cone €

Since ¢ y is an ER of the cone, it provides a robust bound:

Independent of the presence/absence of other states!
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[Zhang; arXiv:2112.11665]

Reverse-engineering the UV

Finite sensitivity to the WC space (uncertainties)

—

Take phenomenologically motivated sensitivities to C

. C;: (er,e) 0> (é}/ﬂe), ILC 250 projection [Fuks et al.; Chin. phys. C 45 (2021) 023108]
. G, (gyﬂe)aZ(gyﬂu), LHC 8 TeV Drell Yan  [Boughezal et al.; PRD 104 (2021) 095022]
> <>
. G5 (éyﬂDye)(ﬁy/"D”u), our work (DY moments)
C,=0%0.024, C,=0%045 C;=0=%037

» (4 5n0 bounds available, take £0, =10
3001

B : (sin® 6,2 cos 05in 6,0,0, cos* 0) U : (0,—7,—7.,0,0)
: , 1 1 , 1 1

SZ . (190909090) Q4 . (090909_29 Z) US . (09_33_53090)
, 1 3 . 1 1 , 1 5

U4 . (090709_59_5) w1 . (O,Z,—Z,0,0) ? . (0,0,0,—Z,—E
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Reverse-engineering the UV

CO 0, observe SM:
6Cy5=0
UV particle H | Amax [TeV™?] yTiH [TeV])
So 0.0015 > 9.1
Z/{4 0 o0
Q4 0 ©.¢)
w1 0.090 > 1.8
Us 0.045 > 2.2
B 0 00
g 0 00
U, 0.049 > 2.1

Inject U;, A =2TeV, g, =1

UV particle H | Apax [TeV ™7 yTiH [TeV]
S 0.0015 > 5.1
U4 0 0
Q4 0 ©.¢)
w1 0.10 > 1.7
Us 0.10 > 1.7
B 0 00
g 0 00
U 0.17 > 1.5
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6Cy5 =10
UV particle H | Apax [TeV ] yTiH [TeV]
S 0.0015 > 5.1
U, 1.2 > 0.95
Q4 1.1 > 0.97
w1 0.092 > 1.8
Us 0.046 > 2.2
B 0.00075 > 6.1
g 2.5 > 0.80
U 0.092 > 1.8

Inject w, A =2TeV, g, =1

UV particle H | Apax [TeV 7] % [TeV]
So 0.0015 > 0.1
Z/{4 0 ©,@)
Q4 0 00
w1 0.22 > 1.5
Us 0.053 > 2.1
B 0 00
g 0 00
U 0.053 > 2.1
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Conclusions

[ > 3 moments in Drell Yan probe interesting Dim-8 effects

e Connected to elastic/extremal positivity bounds

* We can use them to experimentally test axiomatic principles of QFT in the UV

O(1) sensitivity to relevant WCs for A = 2 TeV

o Full information of dim-8 amplitudes encoded in [ = 4 moments
* Required for closed fit when profiling over d.o.f.

» Possible higher order effects should be investigated carefully

Sensitivity to positivity violation around A ~ 2 TeV

« Cannot conclusively observe violation in full generality (7D)

Positivity cone + data = interesting bounds on UV models

K. Mimasu - HEFT - 16/06/2022 33 Moments for positivity



Backup



Recent Snowmass 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

e Lorentz invariance, unitarity, causality & locality

[Pham & Troung, PRD 31 (1985 3027)]
[Anathanarayan et al.; PRD 571 (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 %lj_)kl satisfies

1 % _1 *
2_l- ('ﬂij—ﬂd o %kl—n']) o 5 Z dHX ﬂlj—ﬂ('ﬂkl—ﬁ(
X
. 1 | .
Forward limit: Im;_,;; = 5 Z JdHX | /%l-]-_>X|2 > () = Elastic positivity bounds
X
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Positivity for pedestrians

Tree-level dimension 8 = highest growth: Sz, St, £
« We will be taking 2 derivatives of w.rt. s = setf = 0 w.l.o.g.
Causality = A (s,t = 0) analytic in the complex s plane

* Only poles & branch cuts on the real axis

» Define a pole subtracted amplitude: My, = 4 ;;_,;, — (low energy poles)

Cauchy’s intergral formula C’ LS
1 dzMijkl(S) _% du M (p) UV SMEFT
2 ds? ). 2mi (u—s)3

Avoiding UV branch cuts

» Deform contour to infinity = C’

« (' =2 semi-circles + discontinuities along real s
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Positivity for pedestrians

Infinite semi-circle contributions vanish

* Froissart bound for unitary & local amplitude

M < slog?s, s — oo

[Froissart; Phys. Rev. 123 (1961) 1053-1057]

L 1dMyls) ro dy Disc[My ()]
T2 ds? 27i (= s)3

— OO0

Disc[f(s)] = f(s + ie) — f(s — i€)

“Twice subtracted” dispersion relation

LHS: approximated by EFT amplitude (IR
For small s: PP / P (IR)

RHS: integral to infinity: full amplitude (UV)
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Positivity for pedestrians

A > v: take SM particles massless
« Crossing symmetry in massless, forward limit: Mijkl(ﬂ) = Mi;k]v(—,u)

. No discontinuities in M below s = A2

1 d°M M, 0) "Oo du

2 ds? , 2iy3 (DISC[M w(#)] + Disc[M lk](ﬂ)]>

1

1
Reca”. 2_1 <'%z]—>kl T ﬂ/jﬁl]) — 5 Z dHX %ljﬁxﬂkl_g(
x ¢

| 1
M l(s 1) = Mii_p(s*,1) = z_iDISC['%ij—ﬁcl]zzz dHX'%l]—)Xﬂkl X
P

* (Generalised optical theorem + twice subtracted dispersion relation:

_Z[dn [2;; <
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Individual bounds on C;

Breakdown:

Coeft. 1D lin. 1D lin.+quad. 2D lin. 2D lin.4+quad. +Dy

Csis  (—0.46,0.46)  (—0.38,0.72)  (—0.41,0.41) (—0.35,0.55) (—0.32,0.44)
Csior  (—0.23,0.23)  (—0.24,0.22) (—0.21,0.21)  (—0.22,0.20)  (—0.20,0.18)
Cseasr  (—2.2,2.2) (—2.2,1.2) (—2.0,2.0) (—2.1,1.1) (—1.8,1.1)
Cseusr (—0.44,0.44)  (—0.39,0.55)  (—0.40,0.40) (—0.36,0.48) (—0.33,0.41)
Coiagpe  (—4.4,4.4) (—1.4,1.9) (—4.1,4.1) (—1.3,1.9) (—1.1,1.5)
Csusz (—0.89,0.89)  (—1.5,0.61) (—0.81,0.81) (—1.5,0.57)  (—1.2,0.5)
Cospesr  (—1.3,1.3)  (-1.2,064)  (=1.2,1.2)  (=1.1,0.61)  (—0.93,0.54)

« Weakest constraints for operators that mediate dd luminosity suppressed
* For others, quadratic impact below 50%

« D, inclusion leads to 10-20% improvement
Taking C; = 1, scales probed: 1.7 — 3 TeV
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2D subspaces

Set all others to O

By & Dy (quadratic, individual) Allow all others to vary

1 ’ /;'/”,’
< o
3N A =2 TeV
S -1F A = ©
[ & . . . .
~2; By only (quadratic, individual)
| A1 AN === By (linear, individual)
a0 FA A\
=3 b |
Q"_\ Of T ® —
60 [ 7/ [ Sk
— 5’ II // ’} \‘ \‘\ /
: “ : N\ — By & Dy (quadratic, profiled)
[N ‘\\‘ ":,,I r
20 N\ Fd -~ e .
a 1N ¢ e Positivity allowed
S0 ﬂ —a
D _1L AN 1 . I '// 2
1 N\ \\\ ’/// /: """"
2 N A i
’[l I; “‘\ \‘\ “‘\
5; ”l ,ll i |‘ \ T \\
% { H ‘\ \‘ \\
"@ L L
S O I
Q [ ,’ ’,' [ v |‘
-5 ':' ! T S T
: i : \
BRY B R A
37 \‘\ ‘\\ " ,II 'I’ 1
27 \“ \\“ ,, / ll 1
ST i
S ) A
_ 1 = T T s
22 \\ ‘\ ; r 1 P /,
RN VAN, LA
2 Ny fo
| b ! z .
& 1 ¥ ¥
g‘\ O; ‘)3 7; ((’ |
S ) .y
; q \ : II | ,',
_2, \\ \‘\ [ I' l" / 7
N S S U S A N SR R AR L N N AR S J X/l .. 4
~3-2-10 12 -2-10 1 -5
C8,1903 Cs,1904
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lesting positivity

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

1 _
. AT [Alow, hlgh] A,,,, gives conservative estimate (highest scale)
 Uniformly sample a ball of radius 2, with A = 1 TeV
2 .00 ] 1 ] 1 ] 1 ] l — 1.0
A7
1.75 - L
1 ros Pos. excluded
1.50 A el /
— 1.25 i
— 1.25- | A
| P 2 I - U. N
¢ - [70-s
= 1.00 A el | <
% o | =
| 2 N »7 | - O 4 o g
£ 0.75 : =
| o7
050 . ///' :
- toz2
0.25 - |
0004 - \ HT Pos. not excluded
0.00 025 050 075 100 125 150 1.75 2.00

A~ [TeV 1]
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Constructing the cone

—_ _ - /
m; = M;;_,x : ER = m,; cannot be decomposed into other m1;;
« X is anirrep. in the product decomposition of 7, J's symmetry reps.
e Lorentz & internal symmetries

» Construct ERs from Glebsch-Gordan coefficients  771;; & Cir}a
, K roo__ r,o r,o0\ sk
projector: MMy & Py, = Z Ci,j (Ck,l )
a

. mijm]:‘; + mm®* = take j, [ symmetric projector
kj

Some ERs become non-ERs

Find potential ERs (pERs) and geometrically pick out ERs

m* S P = Pe(CE)*
(mygmyg + mipm ) & Py 2 G S
a
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[Zhang; arXiv:2112.11665]
Constructing the cone

Alternative: enumerate all possible tree-level completions
 |ntegrate them out to get the WC vectors for the pERs

« Often easier in practice

Simplified example: new physics only couples to ep, Up

Cy :(ey,e) 07 (evte) Cy :(ﬂfyuﬁyu)(fw“%)”u)
Cy :(ev,e) 0% (uy*u) Cs :(uy,u) 0° (uy"u) C =(C,, G, G, Cy, Cy)
Cy (&7, D ve)(ayt D¥u) = 3 cuan

. CX . — L g)zf
Integrate out a state, X = —5" =WxCx Wx=- o =

NG
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X
. - C Cy .
Generic UV completion:  — ZF = ) wyCy
X X



