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Motivation

Dim-8 SMEFT allows anomalous quartic gauge couplings*

[Eboli, Gonzalez-Garcia,
Mizukoshi 2006]

q
W/Z

Dimension-8
operators

*Dim-6 contributions strongly
constrained by triple gauge
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couplings, e.g. [Butter+ 2006]
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Motivation

Improvements are a clear target for HL. LHC

Evidence for Electroweak Production of W*W =37 in pp -
Collisions at /s = 8 TeV with the ATLAS Detector S

[ATLAS 2014] - sensitive to lﬂ’ 100

Evidence for electroweak production of two jets in <
association with a Zy pair in pp collisions at s_ 50

v/s = 13 TeV with the ATLAS detector R

[ATLAS 2020] - sensitive to

0

Observation of electroweak production of two jets
and a Z-boson pair with the ATLAS detector at the

LHC 50
[ATLAS 2020] - sensitive to

Observation of photon-induced W*W~ production
in p p collisions at Vs = 13 TeV using the ATLAS -100

detector
[ATLAS 2021] - sensitive to

BERKELEY ) .
Very incomplete list!
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Motivation

Theoretically very interesting due to positivity bounds

Application to the SMEFT,
e.g. [Remmen, NLR 2019],
[Zhang, Zhou 2020]

Allowed parameter space
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Motivation

Theoretically very interesting due to positivity bounds

Application to the SMEFT,
e.g. [Remmen, NLR 2019],
[Zhang, Zhou 2020]

Experimental
Bounds

\L

Forbidden parameter space
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Motivation

Theoretically very interesting due to positivity bounds

Application to the SMEFT,
e.g. [Remmen, NLR 2019],
[Zhang, Zhou 2020]

Experimental
Bounds

Forbidden parameter space
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Motivation

aQGCs ideal target for positivity
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Motivation

Step O in accessing all of this physics:
complete EFT basis for aQGCs
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The Basis

Three types of operators:

Scalar (S-type): (0H)*
Mixed (M-type): (0H)*F?
Tensor (T-type): F 4

But how many of each?

EY
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Notation from
[Eboli+ 2006]
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The Basis

There has been several attempts
Almeida, Eboli, Gonzalez-Garcia, Mizukoshi 06, 16, 20

e Redundancies and omissions corrected in 16 and 20
 Focused on C-even and P-even operators

Remmen, NLR 19
 (CP-even and -odd all listed and distinguished

Murphy 20 (see also Li, Ren, Shu, Xiao, Yu, Zheng 20)

* same operators as RR, but different naming

Kondo, Murayama, Okabe 22

* CP-even & odd operators counted using Hilbert series

Challenge primarily in identifying
the properties of operators under C
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The Basis

Situation had become murky: many papers with wrong basis
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The Basis

LHC EFT WG Note:
Basis for Anomalous Quartic Gauge Couplings

Gauthier Durieux,l’* Grant N. Remmen,z’* Nicholas L. Rodd,3’* O.J P E'boli,4
M. C. Gonzalez-Garcia,5’6 Dan Kondo,7 Hitoshi Murayama,3’7 Risshin Okabe 7

“Editors

Minimal basis containing all operators, both CP-even and CP-
odd, with all CP properties identified and explained
Approved by the LHC WG - thanks for feedback, especially the
conveners I. Brivio, K. Potamianos, M. Presilla, D. Sutherland
UFO implementation made publicly available here:
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https://github.com/gdurieux/aqgc

The Basis

Almeida, Eboli,

aQGC Operator Basis C Gonzalez-Garcia [3] Remmen & Rodd [4] Murphy [6]
e \D,H'D,H|[D"H' D" H] + + Os. ol Q%
oy [D*H' D, H|[D"H' D, H] + + Os, ol 0l
05 (D, H'D,H|[D" H' D*H] + + o ol o
oM L D*H' D, HW!, W + + Dy LoFw 9%, .
oy _L[D*H'D*HIW L Wl* + 4 O _lof' ™ 109, . ,
03" [D"H'D,H)B,,B"’ ot O of'” o=
Oéw _[DNHTDVH]BM)BUP + + Owms —szBz _Q(Blgﬂznz
0y \D*H'r' D, H|B"* W}, o D o BW Qv . .
o¥  [p*H'Y'D'H|(B,W., + B W)  + + o G QW . .
oM (D*H ) D HYW, W * + 4 Onrr A - 307 i 10, , ,—1Q%, . ,
oy iD*H'T'D'H|(B,W,, - B,W.,) - - — i G e
O K(DHHY D H(WLTE P - WL WES) - = —— oI Q. .
05 Ly, W W W e + + Or, Lol 199,
of Lyl wlmw! wee + Or, Lo¥ 109,
Oz AW W W W7o + + Orz %00 +105 + 150 £QV% + %0, + L%,
03 KWL W W WP e+ Ong 10y + oy 1% + £
of Lw!, BYW. s B + + Or4 195 W | LoB' W 109, ,+1Q9), ,
of  imesewlwe e+ on Lo o,
Og 5B W' B, W' + + Ore %031,32“/2 %QS’,)sz
07 § Wi, W' Bos B ++  Opp 3PV 4108 + 107 100 L+ 308k L + 3@
of B,,B"'B,,B” + 4 Ors o Q¥
oF B,,B""B, ;B + + Org 107 + 105 1% + 1%

BERKELEY

LAB

A~

rrrrrr fl NickRodd | On the SMEFT Basis for aQGCs

Complete list of CP even operators

CP odd also provided (see backup)
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Th e Ba S |S Follow AEG as already

widely used - mapping
to other bases provided

aQGC Operator Basis CP . (ﬁllz‘:leéga(}iz‘l’;‘[ 5 Remmen & Rodd [4] Murphy [6]
o \D,H'D,H|[D"H' D" H] + + Os, ol Q%
o3 [D*H' D, H|[D"H' D, H] + + Os1 ol 0l
05 (D, H'D,H|[D" H' D*H] + + T o o
oM \D*H'D, HWL W!" + + Dy LoFw 1Q®, .
oy _L[D*H'D*HIW L Wl* + 4 O _lof' ™ 109, . ,
03’ [D"H'D,H)B,,B"” - Ona of'® Q4 . .
Oéw _[DMHTDVH]BupBup + + Owms —Of{sz _Q(BlgH2D2
0} \D*H'+ D, H|B"* W}, + o+ D o BW QW .,
oY  [DHYD'H|(BSWL+BSWL)  ++ Oug oy P c
oM (D*H ') DY )W W e + 4 Onrr A - 307 i 10, , ,—1Q%, . ,
oy iD*H'T'D'H|(B,W,, - B,W.,) - - — i G e
05" KD H T DV HI(W W - W W) - - —— oy " ol N
o5 WL W W W ++  Onp ot 10,
oT Lyl w Wl Wl e + o+ Or, 1w 108,
0y Lyl wivewd,wee + + Or,  ZHOV' +EoV + 2ol LW+ £Q® + 4o,
of WL W Wl w P o Ons 1oy + Loy 109, + 4@,
of U U ¥ Ors LoF'W L 108w 109, ,+1Q9), ,
of 1B, B WL W + + Ors lop'w 1, ,
oF LB, W "B, W e + 4 Ors 105" 199,
of LW, W' B B - - Oy L0EW +10EW L10FW 100 1100 1 19@ |
of B,,B" B,,B” + + D o Q%
oF B,,B""B, ;B + + Org 102" 1 10f 1% + 1%
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Complete list of CP even operators
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Th e Ba S | (gl Follow AEG as already

widely used - mapping
to other bases provided

aQGC Operator Basis C Ggﬁigﬁ&i&?}[ 3] Remmen & Rodd [4] Murphy [6]
o \D,H'D,H|[D"H' D" H] + + Os, ol Q%
o3 [D*H' D, H|[D"H' D, H] + + Os1 ol 0l
05 (D, H'D,H|[D" H' D*H] + + T o o
s \[D"H' D, HW,, W' - O Lof W 102 . .
oM _Lip*E D" W W’ o Ot —%0{:’?2 1M, .,
0y’ [D"H'D,H)B,,B"’ + + Oz 05" A o
03’ ~|D"H'D"H]B,,B,’ + + O3 @ Q' . .
oY (D*H'7 D, H|B"*W], + + oy o BW QW .
oM  [D*H'T'D'H|(BWL +B,W.)  + + D o BW Q¥ . .,
oM (D*H' ! DY HW W e + + Dy 1o — 307 i 100, , ,-1Q%, .,
o' i[D*H't'D'H|(B,W., - B,W]) - — S o BW G e
oY 'K[prH T DY HY(W! WE P - W wKey - - S— G o
1L W* 1H(1)
0¢' in original AEG basis, but redundant gzz) ig;;v‘l ig(ﬁ‘{;
) 4 4 4
@% are new, C&P odd Ors L oW 4 L oV 4 L o’ L Q(v;l 4L QS/)‘* L Q(v4v)4
o5 W, W W WP o Ons 0¥ + Loy 109, + 4@,
of LW, B"*WisB™" + + Or4 Lo T Lo T 109, ,+1%, ,
of 1B, B WL W' + + Ors 1oB'W" 1oQ)
oF 1B, W'*B, W' + + Org loB'W 1), ,
of LWl W B, ;B + 4 Or; LOF" 4 %03324”’2 +10F7™ 190, , 1198, , 119 |
Of B,,B"B,,B" + + Org of Q")
o B,,B"*B,;B"" + + Ui 102" 1 10f 10+ Q%)
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Complete list of CP even operators
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Next Steps

With the basis resolved, we can get back to physics
custodially symmetric Higgs sector
Rewrite three Higgs aQGCs as follows
0, = (03 + 05)
O_ = (05— 05)
O, = @f

e Based on ongoing work
"""" fl NickRodd | On the SMEFT Basis for aQGCs with Grant Remmen
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Next Steps

With the basis resolved, we can get back to physics
custodially symmetric Higgs sector

Rewrite three Higgs aQGCs as follows

0, = (03 + 05)

|
= Violates custodial
2
O, =03
X 1

Minimal basis for studying positivity

e Based on ongoing work
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Next Steps

Discovery in the forbidden region: perverse UV or wrong EFT?

1.0

Forbidden SMEFT
SMEFT Allowed
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—1.0
—1.0 —0.5 0.0 0.5 1.0

Based on ongoing work
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Next Steps

More broadly, ultimate goal is to incorporate positivity
bounds into future aQGC searches at the LHC
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Conclusion

With the aQGC basis resolved,
time to get back to physics!

Forbidden SMEFT

SMEFT & HEFT Allowed

N
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CP Odd Operators

aQGC Operator Basis C AEG [3] RR[4] M [6]
~ ~ 172 P2
Y [D"H'D,H]B,,B" + nA - o QY .
—_~ ~ 772
2 (D*H'7 D, H]|B,, W'"* + NA  Of PV QB .
M : I v I I H?BW 3
A i(D*H'' D" H\(B,,W. "~ B, ,W.?) — NA- 0y QY
M I v — — | ~H”BW 6
p [D*H'r' DY H|(B,,,W, '+ B, W, ) + N QY .
5 [D"H'D,HW,,W""" - NA O QY
—~ —~ ~ 72 2
¥ KD EN DY WL W+ WL WE )+ NA O Qe
25 B,,B"B,,B” + NA O Q)
a5 B, B"wWL wle + NA  OBW QO
2 uv po 1 w2RB2
a5 B, B*WL W' + NA  OFW
3 uv po 2 w2RB?
I pv 1L po ~NB*W? (7)
a4 B, ,W'" B, W + NA O QY .
—_~ ~ 4
a5 Wl wlmw? W ee + N/A oV Q¥
—_~ ~ 4
a5 wlw7wwl W e = NA  OY QY.
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