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Overview

EFT in a nutshell
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A QFT describing low-energy limit of a AT Loy — Lavmrr
‘more fundamental’ theory (can also be an RGE
EFT...) i i
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Allows calculation of experimental
quantities with expansion to finite order in
small parameter
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We will look at

1) Exploiting field-space geometry and energy

2) Scattering amplitudes

3) Mapping geometric quantities to SMEFT

4) Applications: RGEs and precision observables

5) Adding fermions to the geometric story
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Motivation

Geometric story begins in practical pheno calculations for SMEFT...
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[Henning et al. 1512.03433]

Number of operators grows quickly with increasing mass dimension



Motivation
And what do these operators do?

l'\ L] untversal Feww operators
Change field strength e —— — - -

normalization/inputs

Modify existing vertices - -~ -

W
(_\_ W
A
New multi-particle P
interactions "~ ok

—“—\
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spec{f{c many operaz‘ors

For 2- and 3-point interactions # of contributing SMEFT operators is small and constant
with operator dimension = pheno can be done with small set of operators



Motivation

SMEFT observable up to O(1/A%) corrections

. . oy (2
(O;)PMEFT — / dps (|ASM|2 + 2Re(ASM)ASMEFT(CZ-(6)) + |ASMEFT(CZ-(6))‘ )

+ / dps (2 RG(ASM)ASMEFT(éi(S))) :

Precision SMEFT analysis going beyond tree-level and D = 6 for many resonant
processese.g. h — yy,h —» yZ,h - GG, Z — yy, ... Why?
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Figure 1. The deviations in A — ~y from the O(v2/A?) (red line) and partial-square (black
line) results, and the full O(v%/A*) results (green +10s, yellow +205, and grey +3 05 regions).
In the left panel the coefficients determining the O(v?/A2) and partial-square results are C; B =
—0.01, €%}, = 0.004,C¥), , = 0.007,C%) = —0.74, and 6G'Y) = —1.6. In the right panel they are
¥ = 0.007, ¢ =0.007,C%), , = —0.015,C¢) = 0.50, and 6G\® = 1.26.
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Figure 2. The deviations in h — Zv from the O(v?/A?) (red line) and partial-square (black
line) results, and the full O(v*/A?) results (green +10;, yellow +205, and grey +3 05 regions).
In the left panel the coefficients determining the O(v?/A?) and partial-square results are Cgs})g =
—0.01, ¢%), = 0.02,¢), , = —0.011,C%) = 0.53, and 6G'®) = 0.13. In the right panel they are

c® =0.002, ¢, =0.001,C), , = —0.001,C%) =0.28, and 6G1¥ = —1.15.

[Hays et al 2007.00565]

Many operators beyond D = 6 + loop-corrections for perturbative uncertainty of SMEFT

New calculation and organisational tools required = uncover geometric EFT structure



Scalar field theory

NLSM: A scalar field theory can be written as

1
Z = =y ()0, (0" $) — V()
Riemannian metric in field-space is /;,(¢) wrt field multiplet ¢’
Expanding around flat-space = higher-dim operators

hyy = op + hIJ,K¢K + h]J,KL¢K¢L + ...

Scalar EFT < field theory on curved scalar manifold

Can include higher-derivative metric-independent operators E.qg.

Ak (9)0, 40" ¢’ 0, 0" ™

[Cheung et al 2202.06972, Cohen et al 2202.06965, Craig et al 2307.15742]



Geometry

Key insight: S-matrix is field re-definition invariant < Lagrangian can
change but not physical observables

Field re-definition < coord change on scalar field-space manifold

' — o' (@)
Then the field-space metric transforms as a tensor
/ 0¢K a¢L
— = | — —
gi/(d) = g, (@) W P gk (P)

and the derivative of the scalar transforms as a vector
I

0
I I J
0P = 0,9 Tw O

= Lagrangian is also an invariant scalar density



Scalar amplitudes

Riemann curvature
_ M M TN
Rk = hyy (aKFLJ + FKNFLJ> — (K < L)
with covariant derivative V; and Christoffel symbol

I —lh’L(h +h e —hoe ;)
JK — 9 JL,K LK.J JK,L

4-point Born amplitude ¢;¢p; = @r¢p; (massless fields)

4 _ 2
Ak = Ryxesix + Rigyrsy - Sy = (0 +p))

Amplitudes depend on geometric invariants!

Bose symmetry <> R;;x; symmetries Bianchi IDs

Ry + Rigry+ Ry = 0 Rimnv.e + Rypven + Rynpy = 0



Gauge fields

Incorporating gauge fields in similar fashion [Helset, Manohar, Simons 2210.08000, 2212.03253]

— l ILepp 0\ . l A uv,B
Z 2h11(¢)(DM¢) (DHp)” — V() 48AB(¢)F '

on scalar field manifolds with metrics /;;(¢p)and g, 5(¢)

I _ 3 41 4 AB, B _ 7 AB B_ gB ACyD
D,py =0, +Atx(d) F,,=0,A)—0,A —f" LA A,

Killing vectors (isometric) of scalar manifold with null Lie derivative
tthJ,K + tf, Mg+ tf, sk = 0 and Lie bracket [1,, t5] = [t/
Can also use combined metric

- hyy 0

gij - 0 _gAB;/]ﬂAﬂB

and combined geometric quantities



Application: RGEs

The 2nd variation has the fOrm [t’Hooft *74, Alonso, Manohar et al *20]

1
577773 :§/d4$ {hIJ(@,un)I(@,un)J+XIJ77[77J}

and 1-loop pole is given by

1 1 1
AS = 4 Y, YH Tr [AX2
o 32w26/dx{12 YY) + 5T | }}

applied to scalar-gauge theory

= =1 S 1 =0 k e i |(Duo)!

e = V] = Riu(Du2)(Du2) +ViloFS, 7= | Pl
é n' -y n' n ltI(J,JACWLF 7(Dup)* FéBFC n’
A C)\ Fé‘JFC —f%BACn/\a +F B(Du®) Mo L

with parts read from each 2nd variation

[Xm?]IJ [XUC]I(B,UB)

X'y =h" Xk, X =
[ X)) 5 (X)) g,




Fermions
General Lagrangian  [BA, Helset, Manohar, Pagés, Shen 2307.03817]
& = % (DD, P) (D ) — V() — %gAB@)FﬁUFB””
+%ikpr(¢)<l/7p D ﬂl/f’”) + i, (D) D, PY Ty — G M (P + 570, T, Py’
All tensors are functions of scalar fields except g: (@, F)

Under fermion field re-definition y” — R’ (¢)y*
~1,p-1
ks = [(R) kR ]pr ,
1 1
@5, — [(R*)—lw,R—l]pr +o [(R’f)—lk(a,R—l)]pr - [(@,(R*)—l)kR—l]pr

= kﬁr transforms as a Hermitian metric and w;,; transtforms as an
anti-Hermitian connection



Scalar-fermion metric

Promoting Riemannian scalar manifold to a graded supermanifold
[DeWitt *12, Rogers *07]

P!
We can group the fields into a multiplet ®“ = | " | and metric
1/715
hyy - (%kir,l - wsﬂ) g <%kfs,l + a)fsl> W
g w) = | (hsps = @4 ) 07 0 Ky
~ Sk + Opr ) ¥ —k,, 0

Derived by requiring metric transforms as tensor under field redef

[BA, Helset, Manohar, Pages, Shen 2307.03817, 2411. XXXX]



Scattering amplitudes

The 4-point ¢! — ' ¢’ massless scattering amplitude

-ApI'FJ — (aFZéIUp)RFpJI

The 5-point y?¢! — v’ p™

Aprrire = (Urp up)V K Ripry + (U up)V 1 Ripr i

_ o _ _ _
VikRipry = Ripryx — Uik Reprg — Upg Restg — Ui Reprg — Uj RiprL

Turning on the scalar potential and fermion mass matrix

Mzs. i My ;5 Mas,gMeg, g ) )
S7I SpI

Aprrg =(Urp yup) (RFpJI + kSt (

ip: LV
— (trup) (pr;u _ hLKM p;L ,IJK) |
1J




Renormalisation

One-loop RGE from 2nd variation of action y* — y“ + y“
4 L. 24 uH r p VP
5>_(XS — d*x §Zkﬁr XY D“X Mp'rX T X UMV

with covariant derivative &, = d 1 + @, and fermion fluctuations y = <j((L)

=

The metric. mass and dipole terms

kr 0 0O M 0O TH wrprr 0
k e ' — KV — Wan — ’
(0 /-’{,R> M (MT 0) 4 (TW’r 0 ) P ( 0 WRprI

gives covariant result for yy-variation

1

AS =
5 3272¢

[ dta {1'1‘r Y V] + Tt [(DuM)(DF M) — (MM)?]

16 o vo Vo -7
- STDTH) DT = (THT)) | Q

— 44T (Y,  MTH + THF M)] — 8Tr(MT“V)2}




Renormalisation

with identified covariant parts
Vul?, =[Du, DI, = RP ; ;(Due) (Dud)” + (Vi) Fl,
(D M)p _kpt(D Mfr) = kP* [D,MMt_'r - f?f( u¢)IM§r — IT(DM¢)IMES] ’
( ) T kptMtqkqu§'r7
(D TP, =k (D, T2") = ¥ | DuTe — Tie(Dud) Tt = T5,(Dug) T
(THYTaPYP kptT “”quTaﬁ

Next: Pure boson and mixed variations ny, n¢, nn, £ requires more
understanding of supergeometry [BA, Helset, Pages, Shen, 2411.XXXX]



SMEFT: bosons
We can apply formalism to the SMEFT bv identification

_ 1 [ +ig! AP _ ff
—E qb4—igb3 I BH

. i H
with scalar metric

hry =014 [1 + 7 (CSQDQ — Ogém) (¢K¢K)2] + (—2 60H4|:|) ¢’ ¢’

1
2 [Cppaps +CR e (#56%)| H1s(9),

¢5  —P1d2 —dads Pag3
—p1d2 ¢T P1ds —P1¢b3
—pods P1a ¢y —P3ds
a3 —d1d3 —d3da B3

Hii(¢) =dros +

and gauge metric
9ccloz O 0

JAB = 0 lgww]ab [9WB]a
0 lgBwlo 9B |




SMEFT RGEs

E.g. of bosonic RGE at dimension six

6 2 3 /6 2 6 6 6 2
Crpapy = migr | —24 ( CH4D) T3 ( CH4D2) +8 Cphag Cpap2 — 64 ( CG2H2)

6 2 6 2 2
94 (Cpas)” =8 (o) 44 (Copps) — 3 O 42 cﬁng}
And dimension eight

6., 6 6., 6 20 6 2
CW) = —96 Cue Cpay — 12 Clye Cpapy + (352,\ +20g7 + = g§> ( CH4D)

1 161 6 2 6 6

+ (—23)\ + 89% + o 2) (CH4D2) + (—64X — 297 +1295) Cpap Cpyapy
6 6 6 6 32 6 6

— 2295 CH4|:| CW2H2 + 69% CH4D CB2H2 T 39192 CH4D CWBH2

6 6 43 6

+ 893 Cryape2 CW2H2 + 693 Crap2 Cpeppe + g 9192 Chap2 CWBH2

2 2 2
+5120 (‘Caapn )+ (1923 + 493) (Cppapa)” + (6423 +1267) (“Cpape)

6 2 R0 6 6 8 6 6
+ (—397 — 393) ( CWBH2) + 5 9192 Cywege Cwppe + 39192 Cpege Cwppe

1 31 5) 8 17
+ (68)\ + 591 - gﬁ) C(le);m + ( 8X+ 797 + ggg) ngDg :



SMEFT: fermonic
Again applying formalism to the SMEF

a

GZ qr,

1 (¢* +ig! B " p_ | _p
H= — AP = | we Y= | e

with SM Lagrangian

1 1 ,\° _ >
L= —ZF;}/FAW + (D, H)'(DFH) — X (HTH — §’U2> + 0pripPYH D" — PP Mom prth”

and identifying e.g. for RH electrons in SMEFT
Mﬁ"“ - [Ye];%TH o GCleH?’H(HTH) o 8Cle_H5H(HTH)2

L : 1 i
Ty 3 CiepnH 5 (B’“’ - z‘B“”) + CloppaH(H' H); (BW —~ z'B’“’)
pr pm

. 6, (1
WRpr O + 1(Py4)1 Qiz)}p D
pr



Bosonic fermion loop corrections

4 56 8 6
CHS =\ (—39% CH4D2_59192 CWBHZ) K1

6 64 5 6 6 16 6
+ (—89% Cre+ A (—g% Chap — 49% Chap2—— 9192 CWBH2)) K2

3 3
+ (6 GCHﬁ — 16\ GCH4D -+ 2\ 60H4D2> <—f$7 + 4/4310 + 2/%11)
4 4 4 4 8 4 1
—5)\9%’1& = g)\gﬁ( = §>\9%/€3 - gAggm - 5)\9%%5 T g)\g%/‘és + g)\(Q% - 95)56
+ 4/\Ii(8)—8)\1€8+4)\/€(8) + 4)\143(8) + 4 \Kk19—4AK13 — 4A\K14 — dAK15 — 4)\K1g
20 8
—4 ) K17 — 4&51)—!—2&22—?)\91@7'2 — §A927‘3 + 4\goTi8 + 8Ag1T20 + 2Ag2Tog -
1 6 16 6
Cérf)im = (29% Chape + 5 9192 CWBH2) K1
32 56 2 96 6
+ (—gg% CH4E] + ggg CH4D2 + 89192 CWBH2) K2
6 6
-+ (8 CH4EI + CH4D2) (—lﬁ}7 + 4K19 + 2/4311)
10 10 , 1
+2g2k5") + ggzﬁé )+ 2g2ks + 3 93k4 + 491K5 — - G3k5 — S g1Re + gaks
+2kg—6kS) — 10538 —2 K —6Kk12 + 6k13 + 614 + 10K15+6K16 + 10k17
+4

+2 +4 +32 + 20 8 12 6
K1k — K K - T —g5Th T1R — Too — T
2 18 19 20 3 919272 3 92 3 — 002718 g1720 92726



More beyond geometry?

Recall: Higher-dim operators suppressed by 1//A so amp-squared
SMEFT series

2Re(AdAg) |1 ( [Asl? 2Re(A§<MA8)> | }

o | = |ASM|2{1 | . , -
A2|Agm|? AN JAgy )P | Agm |

Key Insight: Higher-dim operator effects can grow with £ =
overcome suppression by powers of 1/A when E ~ A

Geometry < metric re-summation of higher-dimensional operators
in (¢> ~ (HH") ~ v?)/A? but not E/A = need more for E > v

ID higher-dim multi-particle operators that grow with energy and
have the most significant impact on high-energy processes



VBF Higgs production

Need process with high E kinematics < amplify effects of high-dim operators

Previous work found leading operators up to ©(1/A?) in VBF and VH
[Araz et al *20, Corbett and Martin *23]

Our aim: Argue which operators are E-enhanced and push to unconstrained
O(1/A") [BA and Martin 2410.25163]

SMEFT cotrs. to SM coupli2n932 New vertex structures on top of
8rv.sMEFT = 8fpvsm + O /A7) SM

)

(c
E-enhanced topology starting at E-enhanced five particle vertices only
dimension 6 present at dimension 8




Energy-enhanced geoSMEFT operators

In regime £ > v the terms in &/ and &/ that incorporate the
highest powers of E carry the largest impact

2 — 3 amplitudes have mass dimension — 1 with naive scaling
[BA, Martin, In preparation]

2 2
e VE ceVE
3 2 BT ~ 8
Asm ~ 8sm 2’ D g A g ~ 8sm A2 A pxps 9 preps ~ 8§m AG A g Ad

The ratio of D = 8 interference piece tothe D = 6

A& g <68><E2>
Aty  \cg/ \ A2

For fixed A ~ TeV the Wilson coefficients for E-enhanced

D = 6 operators such as cl(jq) < 1 to be consistent with LEP
[Ellis et al. *20]



Energy-enhanced contributions to VBF

Geometry-driven basis
simplifies energy counting

Lacks extra D’s and allows
expansion only in v/A

Energy counting at a vertex is
dictated by the lowest-dim
geoSMEFT operator

Only impacts three-particle

vertices or less = look
beyond the geoSMEFT

operator set for E-enhanced

Operator set process-
dependent requiring
interference with SM - same
chirality, color, Lorentz

Remaining HV'V and ff'V vertices suppressed

Dimension 6

Operator relevant 1
(1) T v 5 _
Qiry | (Yo7 %)H(_lz WH | Y ={q,u,d}
QW) | iy o) H'D yorH | ¥ = {q}

Dimension 8

[Araz et al 20]

‘ Operator | relevant i |
Qiaps | i@y ur) |(DLH) (DY, H) — (D2, , ) (D,H)| | %= {q,u,d}
Qyaps | i@pr* Do) (DI (DLH) + (DE(DH)] | %= {g,u,d)
QP aps | i@prHoyy) [(DuH )i (DE, NH) — (D?M,V)H)*oI(DuH)] ¥ = {q}
- =
Q,(;12)H2D3 i(wp’)’”al DV,L/JT) [(D#H)TTI(DVH) + (DVH)TTI(DMH)] Y= {Q}
‘ Operator ‘ ‘ ‘ Operator ‘ relevant ‘
Qe | (@7, @vug,) (H'H) Qs (57" 4br) DH(H'H) By, ¥ ={g,u,d}
Q?i)m (@*ar) (@0’ o) (H o' H) QQ%)BH2D i($y" ) (HT DHH) By, ¥ ={g,u,d}
Q((]i)Hz (@py"olqr) (‘fp%ﬁj%) (HTH) Q ?BH2D (@EfVVUIwr)D“(EI_T)UIH)BW Y ={q}
Q@Hz (Upv*ur) (UpYuur) (H'H) Qw2)BH2D i(dipfyyaIwT) (H'D'*H)B,.y, v ={q}
Qﬁi’m (&7 dy) (dyyudy) (HH) Q?ZWHQD (") DH(HT o H)W, ¢ = {q,u,d}
Q%;‘PH? ('ap’)’uur) (dp’)’udr)(HfH) Q zz)WHzp i(%v"%) (HT(BI“H)W;{V Y= {Qa u, d}
Q 242 [2 (q_p'YMQT) (ﬂp’y,uur) (HTH) Q 2WH2D (QZP’YVO’I'QZJT)DIL (HTH)W;{V '9[] = {Q}
Q&szHz (QP’YHO'IQT) (’I_Lp’y“ur) (HTO'IH) QIZ%)WHQD i("Ezz’YVUIwr) (HT <5>HI{)I/V;{u Y ={q}
lei)dz 2 (@7"9r) (dpyudy) (HTH) Q;Q)WH2 p | €K ($py’oly,) DH (-’(ﬂ o HYWK | ¥ ={q}
ngzizm (Cfp’V“UIqT) (Jp’htdr) (H'o'H) Qwﬁz)WHZD iersk (Ypy o' yr) (HT D JNH)WA{I{/ ¥ ={q}

From 993 to 41 E-enhanced operators for VBF upto D = 8
[BA and Martin 2410.25163]



Numerical analysis and resonant operators

Implemented LHC VBF selection
cutsonm, ; and Ay; ; and
restricted p; 4 € [200,400] GeV

[Araz et al *20]

Numerical analysis needed to
confirm EFT validity up to (D = 8)?
terms; minimum A ~ 1.2 TeV

ID’d D = 8 operators with largest
contributions consistent with
analysis: ch})tpm and 665214
Operator Cq(;?{z e
causes EFT breakdown at

A = 1.2 TeV due to §° scaling =

exclude since requires A > 3 TeV

IS significant but

Type (480GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
SM 0.1375(2) 0.1239(2)
D=6 0.1357(7)+5-9088 [-7.9,+5.2] 0.1219(6)+5-9077 [—6.8, +4.5]
D=6+ (6x6) | 0.1355(7)F3:5%7 [-7.1,+4.9] 0.1221(6)F5-82 [—6.8, +4.9]
Type (480 GeV,2.5) | SM Deviation (%) | (600GeV,3.0) | SM Deviation (%)
SM 0.1375(2) 0.1239(2)
Coefficients at D = 8
Sy 0.1396(2) +1.5 0.1261(2) +1.8
i 0.1367(3) 0.6 0.1234(2) 0.4
e 0.1512(3) 10.0 0.1359(2) +9.7
oo 0.1376(2) +0.1 0.1240(2) +0.1
% 0.1380(3) +0.4 0.1250(2) +0.9
¢y e 0.1374(3) -0.1 0.1238(2) -0.1
D p2 0.1377(3) +0.1 0.1222(3) -1.4
or P 0.1370(3) 0.4 0.1237(3) -0.2
D2 0.1372(2) -0.2 0.1239(3) 0.0
e 0.1385(2) +0.7 0.1252(3) +1.0
pnan 0.1374(3) -0.1 0.1243(3) +0.3
pmap 0.1374(3) 0.0 0.1243(2) +0.2
S rep 0.1375(2) +0.2 0.1241(2) +0.2
a2 0.1408(3) +2.4 0.1270(2) +2.5
S azp 0.1372(3) -0.2 0.1240(3) +0.1
e 0.1381(2) +0.4 0.1241(3) +0.2
Y omen 0.1375(3) 0.0 0.1242(2) +0.2
. 0.1373(3) -0.1 0.1239(2) 0.0
e A 0.1375(3) 0.0 0.1241(2) +0.2
yaps 0.1376(3) +0.1 0.1240(2) +0.1
s 0.1372(3) -0.2 0.1240(2) +0.1
G e 0.1439(3) +4.7 0.1299(2) +4.8
yaps () | 0.1419(3) +3.2 0.1280(3) +3.3
S ps 0.1380(3) +0.4 0.1244(3) +0.4
yaps [\ 01371(2) -0.3 0.1239(2) 0.0

AN

(D =8)>> (D =8)xSM




Observable distributions

D = 8 operators influence high pH E —u o6
. r 'ﬁ- — dim-6, c:j‘; b
regions more than D = 6 operators ' —dim8, ¢, oraf-
—dim-8, ¢, ok
Small ¢, LEP constrained values - e
largely suppress D = 6 impacts ot
Angular distributions subtle SEE - 5 o
differences among SMEFT ey . = 1 | gz
Operato IS ‘:500 220 240 260 280 300 320 340 360 380 400 L S B 5
Pry [GeV] A Tl“|
(3) (3) .
Operators CHg and qu o minimally e
affect angular distributions while e == o
(3) : . o.12:— — dim- 2‘;,’"
C causes noticeable shifts . M-S, o
q2H2D3 § 0'1:_ -
°-°4__....|....1....1....[..‘.ﬁ
Takeaway: Observables at high p? , optimized "’ ffffffffffffffffffffffffffff —T
kinematic cuts and observable correlations o S
needed to distinguish D = 8 operators o




Crossed-process: Associated production pp — V(gq)H

Crossing initial fermion

transforms VBF topology to \
pp = V(q@)H N >W < AN
S NN

Simulated pp — Z(gq)H with
75GeV < ppy < 400GeV

and 70 < m; < 110GeV «
STSX binning strategy [Corbett et al *23]

—SM

— dim-6, ¢,
(3) o o | —dim-8, ¢,
Operator ¢, 023 significantly —aim-g, <7,

impacts pr ; affecting both
VBF and VH production

Area norm

1072

Operator 052) 0 negligible effect

m I llllllll I lllllll| I ||II

on VH production since analysis
cuts break crossing symmetry

= deviations only in VBF

(]
o

M
S

ratioto S

bhi o

OO oo o




Recap

Provided geometric framework for both bosons and fermions

Applied geometric formulation to calculate one-loop bosonic RGEs up to D = 8

Dimension-eight operators significantly impact VBF Higgs production when dimension-
SiX operators are constrained

Developed E-enhanced arguments — small subset of operators have large impact at
high-E offsetting their higher-dimensional suppression

What next

1) Completing fermion story in super-geometry and obtain remaining 1-loop
RGEs - fermonic, boson and mixed [BA, A. Helset, J.Pages, C.Shen, 2411 . XXXX]

2) Understanding higher-derivative geometry
3) Fully incorporating gauge bosons gauge-invariantly [Cohen etal. 22, Craig et al. °23,...]
4) Provide a more general prescription to identify energy-enhanced operators

[BA, Martin, In preparation]

5) Combined VBF di-Higgs and single Higgs analyses to enhance sensitivity to
dimension-eight operators



Back-up



Geometric quantities

As before we have Christoffel symbols

1:§K — F§K
_ _ (1
L, =10 =k (51‘75,1 T a)m)

- - 1 _
I=15= (Ekir,l - w§r1> kP
Satisfying metric compatibility

V]k]; alk];a — k— FE— — k[;dF?a — O

a — ca- Jp

and Riemann curvature

_ 1 _ (1
Rﬁr]] — a)ﬁrJ,I o (5 psd wﬁsl) k¥ (5]{?1’,] + mfrJ) - (I < J)



Summary

Dimension-eight operators significantly impact VBF Higgs production
when dimension-six operators are constrained

Developed E-enhanced arguments — small subset of operators have
large impact at high-£ offsetting their higher-dimensional suppression

Identified operators of type g°H*D? and g*H?* which cause significant
deviations in high-E distributions

Outlook

1) Provide a more general prescription to identify energy-enhanced
Opel’ato IS [BA, Martin, In preparation]

2) Study more high-E processes e.g. di-Higgs where dimension-six
operators are constrained to uncover dimension-eight effects

3) Combined VBF di-Higgs and single Higgs analyses to enhance
sensitivity to dimension-eight operators



Scattering amplitudes

Similarly for 5-point amplitude
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Again amplitudes group into geometric invariants!



Scalar-gauge scattering

Some Born amplitudes for massless fields gb,gb 7= ¢K¢L

Arixr = Rryjxrsik + Rixjrnsry
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Again amplitudes depend on geometric invariants!



SMEFT

Goal: bottom-up EFT to systematically classify “all” BSM physics
(knowledge of UV not required)

Assumptions: new nearly physics decoupled = A ~ few TeV > v
and at the accessible scale only SM fields + symmetries

Violate B/L number
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SMEFT

Extensive studies done for £ and much available:

1) Complete RGEs and various 1-loop results

2) Tools for matching and numerical analysis

3) Many tree-level calculations of EW, Higgs, & flavour observables

Similarly but to much lesser extent for £¢ (RGEs and tree-level)

Bosonic Fermionic
X3 o and @tD? 2P (LL)(LL) (RR)(RR) (LL)(RR)
Qc fABC Gﬁu Gprg'p, Q, ( ot )3 Qep ( ot ) (l_p erp) Q(lll) (ToYulr) (Ts7™) Qee (Epyuer)(Ester) Qe (f_p’)’,,,lr) (€s7Her)
Qz fABCéﬁVG,?pGg'p Qv (eto)O(etp) Quo (¢'0) (@urP) t(z;) _(qp’Y;;qr)(tiﬂ:qi) Quu (%vpur)(’lfn:ut) Quu (l_pfyulr)(’lis’)’:ut)
o | | gy | (D0 (00 | Gu | (ade) || B | G werr) | Qu | G | Q) G
Qw EIJK'W;{VWI.,I;;W;{” Qz(g) ) (lp7;;lr) (tis’y th) Qeu (ipwer)(u_s'y ) Q(ql) (c_zpwqr)(_es'y et)
X2? V2 X W22 D Qi (lpYuT 1) (@77 1) Q(e:; (fp'yuer) (d_S'Yudt) ¢(1;; ) (TpYugr) (7_/’8'7"“%)
- S wd | (@pyute)(ds7Vdy) w | (@ VT ) (@7 T u)
O | SREES | O | CEars || C | GURaE 8 | @I )@ T4) | Q9 | e G
Q<p§ plp éﬁuGA'w Qen (l_pa “e)p By le) (90” D ;{ ®) (l_pTI’Y“lr) Qz(:z) (@7, T4¢r) (dsy*TAd:)
Qew ‘PTSD ;[/I:‘{VWI”V Que | (Go WTAUr)‘Z Gﬁu Qoe (‘Pti fz:u v)(&rter) (I_/ R)( R L) and (I_/ R) (E R) B-violating
Quw | PeWLW™ | Quw | (@o™u)rdWL, | Q% (<P”f_) Dy, ¢)(%7"4r) Queda (He,)(dudd) Qune e27e, [(d2)TCuf] ()T CIE]
QyB ¢'oBuB* | QuB | (30" ur)?Bu ) (so“iDﬁ’ Q@™ w) | | @O, | @w)en(@d) | Qo e*Pe . [(g29)TCgl¥] [(u?)TCel]
Qu5 ¢'¢ By B¥ Qe | (30" T4dr)p Gy, | Quu | (o 12:4 ©) (upy ur) Qo | (@T4u)ein(@TAdr) | Qog e jpemn [(657)TCaf*] [(a7™)CL7]
Quws | PTIoWLB*™ | Qaw | (0" d:)T"oWL, | Qua | (¢'iDy)(dyy*d,) Qr | Been@w) | Quuu e [(dg)TCuf] [(u2)"Cey]
Quvs | PToWLB* | Qs | (30"d)¢Bu | Quua| (@ Dup)@ndy) | | Q5 | Bower)esn(@dio™ )




SMEFT

The gauge metric entries
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SMEFT

Some bosonic operators at dimension six

6£0 = Crs(HTH)® + Crape(HTH)O(HH) + Cpapz(D,H H)(HT D H)
+ Ciege(HTH)B,, BH + . ..

Some operators at dimension eight
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Dimension 6 and 8 matching coefficients in Lagrangian
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The RGEs dependent on coefficients above were determined



Renormalisation

One-loop RGE from 2nd variation of action [t'Hooft *74, Alonso, Manohar et al *20]
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Scalar amplitudes

5-point amplitude ¢1¢J — ¢K¢L¢M

AISJKLM = VuRykiGryr + i) + Ve RypSim + Vi RixomSkm + Vi RuxnSi + VuRikirSkr
Including 4-derivative interactions
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New soft theorem for theory of scalars with no potential [Alonso et al 20
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g—0 n+1

Plus double- and triple-soft theorems - generalises the double-soft
theorem for piOﬂS [Arkani-Hamed et al *08 ]



Scalar field EFT

Scalar field theory up to two-derivatives [Alonso, Manohar et al 1605.0360]
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Analysis of energy-enhanced contributions to VBF

Consider gV — g'H as proxy for VBF to ID most enhanced SMEFT operators

High-E limit > my, with V; effects grow the strongest with E once gV — ¢'H
embedded in VBF
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4-particle contact terms scale with higher powers of ¢

1 f £ 128+ 1)
/ — _ 5 I (1) (1) _ (2) N C)) 03
AGW,, —» qH) = —iqlr,pr,l4ql : (quLqigHWW+g + Cwiig,ar ~ 8wiaq)) Tnd  Shgg oA )

>mi, g WHaLL A2

New terms involving quark momenta §t and dominate when § is large but t
remains small; other SMEFT contributions are suppressed by ¢



Total cross-sections

Effective W approximation: treating incoming W as proton constituent in the 2 — 3

process = convolving the W-boson PDF with the gV — ¢’H in the limit £ — 0
[Dawson ‘84]

Dominant D = 6 terms are suppressed at large § with W = Focus on W,
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Dominant D = 8 interference terms from operators leads to different scaling for ~
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Effective W approximation

Additionally: The operator interferes with the SM for W
Hmax 2 emax 2 4
" VoS vesm

3 Oy o —— k| AB) W
| do* 2 Re(ASMA2 A )WT A4 J do \A ‘WT X

This weaker interference is offset by larger transverse W PDFs
|[Dawson ‘84]

Determining whether 1 or L effects dominate requires numerical
analysis beyond 2 — 2 approximations

New pure contact D = 8 vertices from q4H 2 operators contribute
in VBF with largest effect from (LL)(LL) helicity structures
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SMEFT

Large # of operators = many operators
can contribute to same observable

Ideal: global SMEFT fit to very precise
measurement, all C; free parameters

Reality: only partial fits are feasible since
too many operators to constrain

Aim: come up with set of observables
sensitive to a close manageable set of
operators

Dominant effect: the tree-level
interference e.g. | g’ | ~ C,/\?

= if suppressed can neglect C;

N.B. many studies along this vein,
interesting to think up new observables

{2

E.g. Four-fermion operator in Drell-Yan via Z-resonance



Renormalisation

One-loop RGE from 2nd variation of action in geodesic coordinates
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HEFT LEFT and ALP-SMEFT

HEFT: SMEFT C HEFT with HEFT a fusion of ChPT in scalar sector and
SMEFT in gauge & fermion sector, HEFT has 3 goldstones embedded in

matrix plus one gauge singlet Higgs = HEFT = SMEFT + no assumptions

about Higgs scalar being in doublet

ALP-SMEFT: EFTs to describe interactions of axion our axion-like particles

which are not present in SMEFT or HEFT

Energy [

Below EW scale: can write low energy Al
effective theory (LEFT) with quark and

lepton fields, and only QCD and QED it
gauge fields

Combining EFTs: If scales widely
separated can match and run repeatedly
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Match
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Match
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Data rich era spanning multiple scales
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