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SMEFT and dipole operators

Boughezal et al, 21 PRD 104, 095022
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Dipole operators and dipole moments: lepton case
(J Example: photon dipole operator for electron

e - .
L= LqQED — ﬁ%ﬁU“V(FR-I-ZFI%)”QDFW

(J Matched to low-energy non-relativistic case (at tree level)

€ - .
Example: photon dipole Hamiltonian AHp = ﬁzp o’ (Cr +ilrys)Y F,

Applied to a particle state at constant EM field:

! A3z A
AED — lim <p ,S‘f T HD(x)|p73> _ _%

Jim, W, 51, 9) L (TRB-S+T1E-8) +0(@)

|:> Magnetic and electric dipole moments:

Al =2TrS Ad =
/‘L A RS7



Dipole operators and dipole moments: quark case

(J Example: photon dipole operator for quarks
1 - :
L =LqED — 4 qu UW(Mq +1d, 75)¢q Fuy
q

(J Does NOT directly apply to quarks due to confinement!

1 K .
Instead, they match to nucleon dipoles AHp = 1 Z Yq M (g + 1dgys) Vg Fluu
q

Applied to a proton state at constant EM field:  (p, 8’| ¥ 0" ¢q |p, s) = g% u(p, s')o"  u(p, s)

AFp = tim S CEFAHD@)Ip, 9) —> " g8(ugB-S+d, E-3)

p’'—p <p,7 S|p7 3>

q

|:> Magnetic and electric dipole moments:

* LHS = low-energy measurements
A, = g Ad, = 2 d
Hp zq: 91 Ha: P zq: 91 %q  RHS: g;’, from LQCD/transversity fits



Special at high energy

J Suppressed interference with SM

Wilson coefficients
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 Chiral-odd property

167

dln

—Y] [0(92) (Caw +iChsw) +O(g1) (Cuwn + 1

~ 2CF 393 Cuw

o o< [Mgm + A Myp|?

Interference effects

>(>@< >@< % W5 Weak constraints!
0(1'\_2) O (A%

Mix with dipole SMEFTs, or with others via Yukawa couplings.

C

But, dipole operators flip chirality

= [2CF395 + O(93,97) | Cuw + O(9192)Cu + 2Cr,39293Cuc

HWB) ]

mm)  Self-contained subset for light fermions.
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Light quark dipole operators
] Dipoles in (y, Z) basis: 4 dipole couplings = 8 real d.o.f.

v+ h
202

LD Lsm — [eAWﬂ, " (Re [0+ iImI7 V5)u + 9z Zyuo™ (Rel'y +¢ImT% v5)u + (u — d)]

Y

* 14
ok,

= —ie{eq'y“ + [Re(T'?) + i Im(I'? ) ys| }

1wk,

= —igz{v“(gqv — g47s) + [Re(T') 4+ i Im(T'%) s | }

q
g
YV
7}
>\?m
q
Z
< M
q k

97 2 cos Oy



Chiral-odd probe yields linear sensitivity

 Transverse spin asymmetry R. Boughezal, et al, PRD 107 (2023) 075028

Observable:
vz lepton’s azimuthal asymmetry
. in the Lab frame
\
% — g(l + vs5¢87) st introduces another y-matrix —— Chiral-odd!
J Quark transverse spin comes from proton via transversity PDF
) ( ) B quT qui Ciuark spin
g\ )91 = dx dx j sto(z) = hq(il?)s
,q r
dN]  dN} fq(z) 1
o) = dz + dz

Proton spin



Observable forms

 Transverse spin asymmetry with azimuthal modulation
* Spin S enters along with dipole couplings T}/

+ Constrained by rotation and parity: ST — S, but (p,£€}) — (—p, —£€7)

Only two forms: St - €7 < cos(¢p — ¢g), p- (ST X £7) o sin(¢p — ¢pg)

\ ] | }
| |

P-odd P-even

(d Constraint from chiral symmetry
Waa’(¢) — Ma(¢)MZ’(¢) — ei(a_a/)¢Waa’(O)

Wi_(¢) = ei(beﬁ_ (0) x I'{, flips quark helicity from R to L in the amplitude. Ap=¢—¢s

do
dr dQ? do

x Re [p1—(s7) Wi_(¢)] = srRe [I‘“lfe’i(cb—cbs)] — Sp [Re(I‘“}/) cos(A¢) — Im(T'Y)) sin(Aqb)]

\ J
|

The coefficient function must be parity-odd. P-odd




Results for yy channel

(1 Leading order

da%o) a?
drpdQ?dp ~ Q*

{1+(1— Ze fq(xB’ ) + fa(zB, )] - / -
L k

q
e 22y Ty 3 eqhe[rg 0]y, + ha(om ) |
(S q=u,d
Double spin asymmetry: (LT)

(J Next-to-leading order of QCD

Kreimer’s scheme: reading point

(1+vs¢7) Preserve chiral symmetry: Re [Fg ei("b_‘i’S)}



Cross section: unpolarized part

do 1

drpdQ2dA¢y  2r

L T rorTrTr ' T TrTT
- (a) Sy [pb/GeV?]
NLO, /s = 105 GeV
10°F 0.0l <y<0.8
— W? > 20 GeV?
% r > 1.5 GeV
[«
102:—
10"

1072
TR

1071

10°

EUU [pb/GeVz]
5 [ —
L2 2

[y
9
w

2 1.25F
= E
o 10O
< E
S 0.75F

b
M ( )

Q2=100 GeV?

Q2=930 GeV?
— NLO
-—--=- LO
[ scale @ PDF unc.

TT T[]

T

T

11 1 11 I
1071
TR

1072

Unpolarized cross section = f; ,, @ unpolarized hard coefficients of (A4, AZ,ZZ)

\ JAM22-PDF NLO, 96 replica PDFs

K-factor

1.6

=
N

T T T
|

—_
o
T T

0.8 -

[ZUU(CEB, Q%) + A Zru(zn, Q) + S Xur(TB, Q% Ad) + NS Zr7 (T8, Q% Aﬁb)]

T TrTT i T TrTT ' L

[ (c) K-factor |

K« - Zov () + o)
S0 (1)

Q?=30 GeV?

Q?=100 GeV?
©°—=930 GeV?]

101 10°
B

1072

PDF uncertainty < 1%
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https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAM22-PDF_proton_nlo_pos
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAM22-PDF_proton_nlo_pos
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAM22-PDF_proton_nlo_pos

Cross section: single transverse spin

do 1
deg dQ2dA¢ 2w

[EUU(CEBa Q%) + A Zru(zn, Q) + S Xur(75, Q% Ad) + NSt Brr(TB, Q% A¢)]

Sor(ea @ A0) = Y [Re(T5e'®?) B2 (2, Q%) + Re (T9e'2%) S7% (2, @2)
q=u,d 1 T

(YZ,ZZ) channels

yZ channel

— O — , - 1.6 ———rrr . ,
' E Q2=30 GeV> I |
- (a) &% [pb/GeV?] ¢ (b) | (c) K-factor
I 10°° 103 072100 GeV? I ey (1)Zu
104 — Q?=930 GeV? 14k _ Xur (W) + Ep7 (1) |
NLO, /s =105 GeV % 104k I 207 ()
10 0.01 <y <0.8 e
— W2 > 20 GeV? 106 &1 L2k -
> K )
o ET > 1.5 GeV ND B Z
-6 u H
2 0 ELI0°E — N1o ol @hoo Gev Xyt dominates
e -6 --- LO 1.0
~10 B . 7o
102} 107" e scale @ PDF unc. - 07 =906
C —10-5 E | I Ll +
— - -  @2=30 Gev?
—4 . =
10 g125F 3 0.8 g
-107° & 1.00 = ]
8ok E i ]
101 & 0.75 Ll | e 0.6L—— il Ll
102 107! 10° : 1072 107! 10
B zB TB

Single polarized cross section

= hq/p ® polarized hard coefficients of (yZ,ZZ)

\ JAMDIff23-transversity LO, 969 replica PDFs

PDF uncertainty dominates!
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https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
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Cross section: longitudinal-transverse spin asymmetry

do 1
deg dQ?2dA¢ 2w

[ZUU(wB, Q%) + A Zru(zn, Q%) + St Zur(TB, Q% Ad) + NS Zrr (28, Q% A¢)]

Sir(es, Q% A9) = Y |Re(I4e?) 74 (w5, Q2) + Re ([9e"2%) 3} (25, Q7)]

q=u,d T !
(yZ ZZ) channels (vv,YZ) channels
T T T T T rrTTTTS AL T T 1.6 LR | T T T rTTTy
(a) 77 [pb/GeVZ] , 1005— (b) 2 | (c) K-factor
10 i
_ L Lm0 S Y S (7 K (D)
NLO, /s = 105 GeV 10 > F ] I SO ()
10 0.0l <y <0.8 L Q2=930 GeV? {[F10-2 %1072;_ 0'=100 GV ]
— [ W?>20GeV? 08 = F 1 1af
> - s&51073F E S -
) | 47> 1.5 GeV b £ 3 B u .
3 o Bt — o . 27 dominates
S o 107 -== 1O ER T
102 scale ® PDF unc. L
E | T (e
vt S 0.8k
(W 2 roof . _
X SomsE L g sl
10 102 101 10 '
zp

Double polarized cross section = h olarized hard coefficients of V2,27
P a/p &P (rvy ) PDF uncertainty dominates!

\ JAMDIff23-transversity LO, 969 replica PDFs 13



https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
https://github.com/prokudin/JAMDiFF_library/tree/main/lhapdf/JAMDiFF23-transversity_lo
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Asymmetry distribution

AlY (NLO)
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Statistical methods for bounding dipole couplings

[ For a fixed PDF replica Take to be real
do /

. . . — 2 PFa a 2
Either polarized cross section takes the form 7 — 107 dd U(zs, Q%) + V*(zp,Q")cos ¢

N\

Polarization degree

> Divide the measured region of (xg, Q?, ¢) into many small bins, i

> Expected event yield p; in each bin: i = p;(Fe) = LAz AQ? Ag - [U + PTI', V. cos qbz]
» Actual event number n; in bin i follows a Poisson distribution: P (nilpi) = e ——

For theory estimates, take n; = u;(I'y =0) = L Axp AQ2 Ao - U;

> Likelihood L = L(T Hp (rog) s (T

L(Pa)]

i . . Fa, — _21
> Log-likelihood ratio CI( ) n[ L(O)



Statistical methods for bounding dipole couplings
1 To include scale uncertainty

r,) — min |
2Ta) MG{Q,ZQ,Q/Z}Q( 2

(1 One-parameter bounds from LLR

Keep only one parameter I, setting all others to O. lq(Ta)| <1 68% CL. bound

J Two-parameter bounds from LLR

Keep only two parameters (T, I[},), setting all others to 0. 1q(Ta,Th)] < 2.3 68% CL. bound

M To include PDF uncertainty...

Loop through all replicas, and find [16%, 84%] quantiles as the “68% C.L. of the bounds”
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Bounds on dipole couplings at NLO
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NLO + scale: the g,2 contour against the replica band it averages
Vs =104.9 GeV, £ = 100 fb~!, P, = Pr = 0.7; other two couplings at zero. Scale is the u = Q/2, Q, 2Q envelope, taken per replica for the band.

Rel" (ImT%) X107

1 L L L i 1 1 1 1
-04 -03 -02 -0.1 0.0 0.1 0.2 0.3 0.4

Rel¢ (ImT)

= NLO + scale, g,2 (¢ = 2.30)

Rel% (ImT'%)

replica 16-84th band (¢ = 2.30)

0.15F

0.10 [

0.05 [

—0.05

—0.10

—0.15 &

ReTY (ImT%)

L 1 1
-04 -03 -0.2

1 i 1
—0.1 0.0 0.1

Rel? (ImT¥)

— = g2, single-parameter (¢ = 1)

Rel'% (ImT%)

|
|
|
|
|
|
|
1

ReTY (ImT%Y)

—8F 1

1 1 L 1 i
-04 -03 -02 -0.1 0.0 0.

Rel% (ImI'%)

replica 16-84th band (¢ = 1)

1 1 L
0.2 0.3 0.4

Scale uncertainty
negligible

Photon and Z dipoles
almost not correlated

u and d dipoles highly
correlated

d dipoles are very

affected by PDF
uncertainty

Constraints:

T3l < %] < T5) < ITZ|

I'? almost unconstrained.
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Bounds on dipole couplings: NLO vs. LO

LO vs NLO from q,2: with PDF, and with PDF + scale
V6 =104.9 GeV, £ =100 fb~!, P, = Pr = 0.7; other two couplings at zero. Contours 68% CL (q = 2.30, 2 d.o.f.), ¢ from Eq. (J.60).
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0.2 0.0 0.2 0.2 0.0 0.2 02 -01 00 01 0.2
Iz I Iz

—— LO,PDF only —— NLO, PDF only —— LO, PDF + scale = —— NLO, PDF + scale = single-parameter 68% (q =



Comparison with low-energy neutron EDM constraint

d
v

ImTI

0.4F

0.2F

0.0¢

—0.4r

NLO + scale: EIC reach against the neutron EDM, photon dipoles

CP-odd sector: Im F?/d at po = myz. d, alone is rank 1, so its allowed region is a strip.

—-0.2F

—2

x 1072

Neutron EDM
dy, = g% dy + g% dg

e-cm hC U U
= (g% ImI') + g7 ImF,‘i)

At u = 2GeV, tensor charges from Lattice

g% = +0.784 & 0.030
—0.204 + 0.015

g%

At EIC, TSA contains extra QED charge

A~ by Re[[% €29 £ ¢, hy Re[T ']

\_'_J \_'_J
+ +

Complementary, and also to real part
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Comparison with Drell-Yan measurement at LHC

I T T T I T T T I T 1 T I
0.431 68% C.L., A =1 TeV

[Re[Cus|
myee € (116 GeV, 1.5 TeV)
[Re[Cuw]] l
Bl Boughezal et al. (2021), Drell-Yan
BN TSA, EIC (100 fb1)
|Re[CdB] | 0.656 T
Vs =105 GeV
[Re[Caw]]
1.146
R S T R ST RS T S R RS
0.0 0.2 0.4 0.6 0.8 1.0 1.2

single-operator bound at A =1 TeV
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