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Standard Model Effective Field Theory and
Dimension-8 Operators

SMEFT is a model independent way to look for

BSM physics
» Higher-dimensional operators as relics of higher energy physics
» Constrain operator coefficients with global analysis of experimental
data;
» Non-zero ¢; would indicate BSM:
Masses(~ A), spins, quantum numbers of new particles?
» Most analyses focus on dimension-6:
S|gn(cj
eff ZI A2O ZI
» Dimension-8 contributions scaled by quartic power of new physics
scale:
si n Cj
eff = ZI A4O ZI g J OI
» Study processes without dlmension—6 contributions
> Neutral triple-gauge couplings (nTGCs): ZyZ*, Zyvy*
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Dimension-8 Operators Contributing to nTGCs

g0, = B, W (D,D,W*"*+D'D Wy,

g0g_. = B, W (D,D,W*"*~D'D Wy,
O, = iH'B,W"{D, D'}H+h.c.,

Oce = ByWH[D,@To'%) + D' @)
O = B,w D@ %)~ D' @ Tr,m)].
Oc, and O(_ are connected to (OG+, O¢_, OEW) by the equation of motion:
Ocy = Oc-—Opy.
Oc. = O¢, —{iH'BW" [D,, D'|H+i2(DpH) By WHD'H + h.c.}.

3 independent nTGC operators
Only ¢ in Or_ — O, can not contribute to YRR — Z7y
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nTGCs

Dimension-8:

2—M2)
T o (@1 @2 a3) = *‘/((’372@% G2 + 205 q3, 9 6’5"“’),
ZyZ*(G+) MZ[A?H] v v 420"
2
TP (102 0) = ——— 252 gy, e + 2083, 27 ),
Zyr(G+) Mz [AL] Y Loy
M, (q3—M32)
P (GG as) = ——L BTTL by
Zyz¥(Bw) L 2 4 2
1Z(BW) [AEW]
M
P (G g ay) = —-WYZ g g2
Zyr(6-) oy l[A% ] Y
Conventional form factor parameterization(arXiv:hep-ph/9910395):
e(q3 —M3) hY
razﬁwuv*(qquzy%) = % hy P+ ngg A3y G20 €P7 ),
z z
Full SU(2)xU(1) gauge constraints:
2 A2 2 %
8 e(qs—My) g h
F"é‘i"\ﬁ*)(m, 9, G3) % h¥+ h5VM732 QZveaﬁW‘f‘ﬁ 9% a3y ‘hoeﬁyw '
z z z

O(E®) terms must cancel each other in amplitude with longitudinal Z:
7 _ Vv 3 1% 5 1% 5\ _ A—4 3
TIFF — Zuy] = b O(E®) + b O(E®) + h¥ O(E®) = A;*O(E®).
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Matching Form Factors to Dimension-8 Operators

T[ff — Z,v] as contributed by the gauge-invariant dimension-8 nTGC operators must
obey the equivalence theorem (ET):

TgylZu 7] = Tig)[-in® v7] + B,
The residual term B:T(S)[VVZV, 7] is suppressed by the relation
vH Eelzf qg/l\/lZ =0(My/E,).
Only O, could give a nonzero contribution to 728)[717'(0, 7] = O(E®)
(QG+ does not contribute to 7—(8)[—i7r0, 7], but can contribute B = O(E?).

hf/hz must be fixed to cancel their contributions to
TIff = Z* — Zy]|+ T[ff — v* — Z7] via right-handed fermions.

Relations between form factor coefficients hY = 2hY, hf = E—KVV h] and :

A46+ Sww [At#]
sign(&,,)  v2M2 Z

z_ Bw z _ 3 v oLV _
S TRT, 2syey AL =0 O

BW w=w BW

sign(g_) v2M2 ry 7 v

hY = — =—3 _ h{ h)=0for Og_,
9 AL 2c, T [AL]
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nTGC Contributions to qg — Z7v

g =0p+01+0

et (g7 +q3) @[ (s—M32)2—2(s?+ M%) Insin? |

= =0 -1 ,
% 87s2, ct/(s—M3)s? S
_ €qQTM3(s—MZ) 1 & Q(ax—ArXp) M3 (s—M3) (s+M3) 1
0= 4 - 2 47
4Ttsy cws (AL, 87T, Cyy S [Af]
_ e2q, Q T;M%(s—M3) hy 2 Q(q,x,— qrxg) M2 (s—M3) (s+M32) &
4rtsyews rt 87s,, ¢y 2 7
= hyO(s%) + hy O(s°),
2 2 23 2 2\ p12 2 23
= M M —-M
O 1) (6 N ) 15 i) =1 B s
487s 2. 487 52 AP
3 3 2
_ T3 (s+M3)(s=MZ)" ( by 2 N (Z+xE)M3 (s+M3) (s—M3)" [ hY + cross terms
487s r 4871 52 ry
= (h)20(s%) + (hY)2O(s?) 4 cross terms,
(x, Xg) = —Qsiy (L, 1), (for O;=0g_),
(x1. xg) = (T3— @syy, —Qsiy), (for 0;=0g,)
(x. xg) = —(T3, 0), (for O;=Ocy).
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Azimuthal Angle Distribution

+0(9),

—10F p
-20F p
-30F 4

‘I) 0.5 1.0 1.5 2.0
uin

p _ 1 37(aqi-ap)(f2—fR)MzV/5 (s+M7) cosg, — 8(a} +ap) (2 +13)MZ s cos2g,

T on 1670(a7 +43) (2 + 72) [(s— M3)?+2(s2+ M3) Insin§ |

A _ 1 3n(f—f3)(MZ +5s)cos¢. | scos2¢.

T 2m 256(f2+f2)Mz+/s 8nM2 '

2 1 7977(&2*{;%)’\/’2\/;505%

% T 2; 128(f2+f3)(s+M3) '
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Photon Transverse Momentum Distribution at O(1/A%)
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Photon Transverse Momentum

Distribution at O(1/A8%)
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Sensitivity Estimates

- B — %
Z = \/2<Bln BrS +5) = \/2<Uoln P

Ao

L is the integrated luminosity, and € is the detection efficiency

+AU> X VL Xe,

A o (Lxe)/1, (for B>>S),
A (Lxe)'?, (for S>B).
Sensitivities for Z — I
Vs LHC (13 TeV) pp (100 TeV)
£ (ab™1) 014 03 3 3 10 30

A%, (TeV)

8.2 3.4 4.1

22 25 27

A%, (TeV)

2.7 2.9 3.6

19 21 23

Including Z — vv

NG

LHC (13 TeV)

pp (100 TeV)

£ (ab™1)

0.14 0.3 3

3 10 30

AY (TeV)

3.5 3.8 4.4

25 27 30

AY, (TeV)

3.0 3.2 3.9

21 23 26
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SMEFT Form Factor Sensitivities

B 13 TeV (¢2) 13 TeV (¢7,vD)
L(ab™1) 0.14 0.3 3 0.14 0.3 3
|h,| x 108 11(21) 85(16) 43(7.3) | 7.6(14) 6.0(11) 3.1(5.3)
|h|x10* || 2.2(3.9) 1.7(3.0) 0.89(1.5) | 1.5(2.7) 1.2(2.2) 0.67(1.1)
|h]|x10* || 2.5(4.5) 2.0(3.5) 1.0(1.7) | 1.8(3.1) 1.4(25) 0.77(1.3)
NG 100 TeV (£7) 100 TeV (¢, vD)
L(ab™1) 3 10 30 3 10 30
h,|x10° || 4.7(9.6) 3.0(5.9 2.1(3.9 3.1(6.2) 2.1(3.9 1.5(2.7)
4
|h|x107 || 7.0(1.3) 4.7(8.6) 3.4(6.0) | 49(8.9) 3.4(6.0) 2.5(4.2)
hY|x107 || 8.0(15 5.5(10 3.9(6.9 5.6 (10 3.9(6.9 2.9(4.9)
3
20, 50

With same integrated luminosity, bounds at 100TeV pp colliders is around (’)(10’3) of
bounds at LHC.
Bounds of hs is O(1072) of bounds of hY.
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Comparison of SMEFT and Naive Form Factor
Sensitivities

Vs 13 TeV (¢, v7) NG 100 TeV (¢, v)
L(ab71) || 014 03 3 L(ab™1) 3 10 30
[h|x10° || 7.6 6.0 3.1 || |he|x10° |31 21 15
|[hZ|x107 || 41 3.2 1.7 | |hf|x10 | 22 15 1.0
|hy|x107 || 48 3.8 20 || |hj|x10" | 25 17 1.2

hg is much weaker than conventional form factors h)
O(20) at LHC and O(100) at 100TeV pp colliders
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Correlations between Sensitivities
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Comparison with Experimental Analysis(Z — v7)

CMS Run-I(arXiv:1602.07152): /s=8TeV £=19.6fb~!
ATLAS Run-Il(arXiv:1810.04995): /s=13TeV £=36.1fb~*

CMS: K € (—1.5, 1.6)x1073, h] € (1.1, 0.9)x1073,
hZ € (—3.9, 45)x10°°, h] € (—3.8, 4.3)x10°¢;

ATLAS:  hf € (—3.2,3.3)x1074, h] € (=3.7,3.7)x10*,
hf € (—4.5, 4.4)x1077, h] € (—4.4,4.3)x10"".

For ATLAS inputs(13TeV, 36.17/p71, assuming € = 0.75), we use conventional form
factors to derive the bounds:

[nf| <2.7x107%,  |h| <3.1x107%  |hf| <41x1077, |n]| <45x1077,
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Comparison of Correlainons
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Operator Sensitivities
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Comparison of e*e~, pp Colliders

Vs (TeV) L (ab71) Agy Ag Az Acy
ete™ (0.25) 5 (1.3,1.6) (0.9,1.1) (1.2,1.3) (1.2,1.6)
ete  (0.5) 5 (2.3,2.7) (1.3,1.7) (1.8,1.9) (1.8,2.2)
ete (1) 5 (3.9,4.7) (1.9,2.4) (2.6,2.6) (2.6,2.9)
ete (3) 5 (9.2,11.0) (3.3,4.2) (4.3,45) | (4.4,5.2)
ete™ (5) 5 (13.4,15.9) (4.4,5.5) (5.7,5.9) (5.7,6.8)

0.14 35 1.2 1.4 1.5

LHC(13) 0.3 3.8 1.2 15 1.6

4.4 1.4 1.7 1.8

25 4.9 5.9 6.2

pp(100) 10 27 5.4 6.5 6.8

30 30 5.8 7.0 7.4

August 24, 2022
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Form Factor Sensitivities
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Comparison of e*e~, pp Colliders

Vs (TeV) L (ab™t) [ hal %] |h3]

ete (0.25) 5 (4.2,1.8)x107* (2.9,2.1)x107* (5.0,2.2)x107*
ete (0.5) 5 (4.3,2.2)x107° (5.7,4.5)x107° (11,3.9)x107°
ete (1) 5 (5.2,2.4)x107° (1.3,1.2)x107° (2.5,1.0)x107°
ete (3) 5 (1.7,0.82)x10~7 (1.7,1.4)x10°° (2.8,1.0)x107°
ete (5) 5 (3.7,1.9)x10°8 (5.7,4.9)x10~7 (8.7,3.6)x10°7

0.14 7.6x10°° 4.1x107* 4.8x107*

LHC(13) 0.3 6.0x10°° 3.2x10°* 3.8x10°*

3 3.1x10°° 1.7x10~* 2.0x10*

3 3.1x107° 4.9x10°7 5.6x10~7

pp(100) 10 2.1x107° 3.4x1077 3.9x10°7

30 1.5x107° 2.5x10~7 2.9x10°7

August 24, 2022

arXiv:2206.11676

Rui-Qing Xiao

19



Unitarity Bounds

Vs (TeV) H 0.25 ‘ 0.5 ‘ 1 ‘ 3 ‘ 5 23
Agy (TeV) || 0078 | 0.16 | 0.31 | 0.93 1.6 7.2
Ag,, (TeV) || 0.058 | 0.098 | 0.16 | 0.37 0.55 1.7
Ac_ (TeV) || 0.050 | 0.084 | 0.14 | 0.32 0.47 1.5
Ac, (TeV) || 0.060 | 0.10 | 0.17 | 0.39 0.57 1.8

| ha 33 21 | 013 | 0.0016 | 2.1x10°* | 4.6x10°7
|h%| 53 6.6 | 0.83 | 0031 | 6.7x1073 | 6.8x10°°
|h]| 54 6.7 | 0.84 | 0.031 | 6.7x1073 | 6.9x10°°

Unitary bounds(ff — Z+) are much weaker than our sensitivity bounds!
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Summary

» nTGCs provide unique probe of dimension-8 SMEFT operators

» We propose new nTGC form factor formalism which match
Dimension-8 SMEFT
Conventional nTGC form factor formalism disregards
SU(2)xU(1) of SM
We encourage experimental colleagues to redo the analysis
» Sensitivity in 3-4TeV range at LHC
comparable to sensitivity of ILC(1TeV ete™ collider)

> Sensitivity can reach O(20 — 30)TeV at pp (100TeV) colliders
higher than sensitivity of CLIC (3-5TeV ete™ collider)
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