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ANp > F of the scale of experiments/measurements

Weinberg 1967:

This remark is based on a ‘“‘theorem”, which as far as I know has never
been proven, but which I cannot imagine could be wrong. The ‘“‘theorem” says
that although individual quantum field theories have of course a good deal of
content, quantum field theory itself has no content beyond analyticity, uni-
tarity, cluster decomposition, and symmetry. This can be put more precisely
in the context of perturbation theory: if one writes down the most general
possible Lagrangian, including all terms i with d symmetry
principles, and then matrix el with this Lagrangian to any
given order of perturbation theory, the result will simply be the most general
possible S-matrix consistent with analyticity, perturbative unitarity, cluster
d position and the d symmetry principles. As I said, this has not
been proved, but any counterexamples would be of great interest, and I do
not know of any.

E—scale of experiments
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® example: SM — Fermi theory

® Start w/ ultraviolet (UV)-model in mind (Seesaw, SUSY, etc)
® ‘“integrate out” heavy degrees of freedom at UV scale

® model dependent relations between ops, Qf>4

® (; are only in terms of IR degrees of freedom

- F—scale of experiments
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Tyler Corbett

example: Fermi theory

Start w/ infrared (IR)—model in mind (QED, SM)

using symmetries of model put together ops, Q%>*
truncate EFT at some O(1/A)

constrain @ in experiment & infer properties of NP at A
Qs are unrelated — model independent

Qs are only in terms of IR degrees of freedom

- F—scale of experiments

) Effective Field Theories for BSM Phy 24 Febru



The Fermi-theory example
In the SM
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The Fermi-theory example
In the SM In the Fermi theory
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The Fermi-theory example
In the SM In the Fermi theory
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SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1 1
LsMEFT = LsM + —L5 + —

PR e La=) e

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
& ¢; embedding UV physics
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SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1

A2£6+'“ Lqg=) ciQ;

7

1
LsmerT = Lsm + Xﬁs +

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
The SMEFT is: J & c; embedding UV physics

a Taylor series in ¢, & < 1
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SMEFT

In studying NP at Axp > v, we employ the Standard Model EFT

1

A2£6+'“ Lqg=) ciQ;

7

1
LsmerT = Lsm + Xﬁs +

The SMEFT is formed of Lgy and
Q of d > 4 respecting SM symmetries
The SMEFT is: J & c; embedding UV physics

a Taylor series in ¢, & < 1

The leading operator:
Ls=cop(LEH)HATLG) ~ v2oqvg
= m, ~v2/A
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The SMEFT at dimension-six

D6 operators from SM field content = SMEFT @ D6

Type I: X3 Type II, I11: HS, H*D? Type V: W2 H3 4 h.c.
Qa FABCaAvaBragH Qu (HYH)3 Qe (HYH)(LeH)
Qs fABCagralradt || Quo (oY H)OHT H) Quu (HT H)(QuiT)
Qw LIEwlvwlewXKe || Qup | (HID*H)*(H'D*H) || Quu (HTH)(QdH)
Qw LKW wlew Kn
Type IV: X2&2 Type VI: ¥2HX Type VII: ¥2H2D
Que (HT )G, aAmY Qew (Lot ey HW], QG | =B H) (I L)
Qua EV )G, AR Qew (Lot eyt  HBy, Q%) | @ BLH)(ErTy# L)
Quw H W], winv Qua | (QoMTAWAGCE, Qe (HTiD 1) (ey'e)
Quw @ W], Wik Quw |  (Qo*wyrlAW, 4k HYD L H)(@v"q)
Qup (HYH)B,., B" Qus (Qo"¥u)HB,,, QG | T BLH)(ar y"q)
Qup (HVH) B, B*Y Quc (QorrTADHGE, Qu (BB H) (av" )
Quwr | HATDWLBY || Quw | (QorarHW], Qua (HTiD 1) (dy*d)
Quws | HITTHWL, B Qus (Qo"¥ d)H B, Quua | (H''D H)(ay"d)

Type VIIL: 5 x (LL)(LL) + 7 x (RR)(RR) + 8 x (LL)(RR)
+(LR)(RL) + 4[(LR)(LR) + h.c.] = 25(00)(JD)

for BSM Phy
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SMEFT: Effective Vertices

T3: Quo = (HTH)O(HTH) on T5: Que = (HTH)(VHp) o
T3: Qup = (H'D*H)*(H'D*H) @@ 17 Q) = (iDLl i) e

T4: Quy = (HTH)VFV, O T7: Q) = (HT D H)(#7Y) @@
T4 Quws = (HH WL B> 4 T7: Quy = (H Dl (r) @@
T8: Qi = (I D)(Iv) @l

¢ ‘ . SM-like

. . Non-SM-like kinematic structure
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3 Almeida, Alves, Eboli7 Gonzalez-Garcia
3 arXiv:2108.04828
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D6, D62, and D8

@ Big impact from D62 ~ (%)2
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D6, D62, and DS

@ Big impact from D62 ~ (%)2

o LHC EFT WG, Area 1 — Truncation, validity, uncertainties
“although they only constitute a partial set of 1/A* corrections,
the squares of amplitudes featuring a single dimension-six
operator insertion provide a convenient proxy to estimate 1/ A4
corrections, as they are well defined and unambiguous. They are
indeed gauge invariant and can be translated exactly from one
dimension-six operator basis to the other.”
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D6, D62, and DS

@ Big impact from D62 ~ (%)2

o LHC EFT WG, Area 1 — Truncation, validity, uncertainties
“although they only constitute a partial set of 1/A* corrections,
the squares of amplitudes featuring a single dimension-six
operator insertion provide a convenient proxy to estimate 1/ A4
corrections, as they are well defined and unambiguous. They are
indeed gauge invariant and can be translated exactly from one
dimension-six operator basis to the other.”

@ Cen Zhang, SMEFTs living on the edge, arXiv:2112.11665
“QOur results indicate that the dimension-8 operators encode much
more information about the UV than one would naively expect,

which can be used to reverse engineer the UV physics from the
SMEFT.”
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Beyond leading order in the SMEFT

At D6 in the SMEFT we have 59 operator forms, at D8 we have 895!

Two complete bases have been formulated:
@ Chris Murphy, arXiv:2005.00059
@ Hao-Lin Li et al., arXiv:2005.00008

A bit of a nightmare to achieve, but some groups make predictions at D8 (e.g.):
@ Hays et al., Assoc. Production of the Higgs, arXiv:1808.00442
@ Boughezal et al., Dilepton production, arXiv:2106.05337
@ Boughezal et al., Drell Yan, arXiv:2207.01703
@ Asteriadis et al., Gluon fusion of Higgs, arXiv:2212.03258

But this is greatly simplified by employing the geoSMEFT methodology,
Helset et al. arXiv:2001.01453

r Corbett at Wien > Field s for BS N 24 February, 2023 10 /22



Higgs decay to two fermions

Imagine a Higgs is produced and we want to study its decay to two fermions:

What does a SM-theorist see?
M
|M|?
What does a SMEFT-theorist see?
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Higgs decay to two fermions

Imagine a Higgs is produced and we want to study its decay to two fermions:

What does an experimentalist see/what does a theorist think an experimentalist sees?

ot =|(4) (+5) (1) a0

This is exact. Nature doesn’t care about perturbation theory.

2

fields—0

In the loop expansion this isn’t tractable.
But if we study the geometry of the SMEFT expansion, in special cases it is.

for BSM Phy 24 Febr



The geoSMEFT 1

Consider the hi1) correlation function:

()~ (QT{h4y} Q)

53 5
~ eI fD(ﬁeldS) exp [1SsMEFT] feldss0

s 2 p
5h S SMEFT
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The geoSMEFT 1

Consider the hi1) correlation function:

(hpy)  ~ (QT{rpy}|Q)
3 )
M;sw fD(ﬁeldS) exp [ZSSMEFT} feldes0
5 32
<EWESMEFT>

Simplifying;:

5h 5901 SMEFT

I [
h 501

(something) 1/_11/1]
| —
Not W,B,vy, bc fields—0

|

% [(something)]

I
e
=
G
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The geoSMEFT 1

Consider the hi1) correlation function:
(hby)  ~ (QIT{hyy}|)

53 .
T J D(fields) exp [iSsmerT] feldes0

5 8 L
Sh 50 SMEFT

Simplifying:

2 2 . A
%&EWESMEFT PR % 5351/1 [ (something) 1/11,11]
—_———

Not W,B,vy, bc fields—0

= £ [(something)]

Y(H)

o

We can define Y, a field-space connection, (an analogue to a metric in GR)
From this we can define two important (tree level) geometric quantities:

r Corbett at Wien > Field s for BS y 24 February, 2023



The geoSMEFT 11

Can define more field-space connections/geometric quantities by varying LsverT:

6 O
-+ LSMEFT

M - ) e
P Fa, 6F) 6Fy Foo

with F; € {qu, Buv, (DuH),¥,¥} (H is by definition a part of M as it has a vev)

From this we can define to all-orders in 1/A the two-point functions:

o pv_op 2
gaBWAW, & gap= 45" 6W5a§wfp
pv 2
hiy (DR (Dug)! & hry = 45 gt
I _ _L
Y&y © Y(#) = 555
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The geoSMEFT 11

Can define more field-space connections/geometric quantities by varying LsmerT: with
F; € {W;ﬁ,,Bm,, (DpH),,9¢} (H is by definition a part of M as it has a vev)

From this we can define to all-orders in 1/A the two-point functions:
_2ghVgop 521
d? sWi sWE,
Ty J _ g 5%C
hIJ(D ¢) (DM¢) s hry = d §(D.$) 6(Dy )7

Y&y & Y(#) = 5555

gaBWiLWE, < gAB =

And the three-point functions:

LUDH) (1) R oy e oy
& p)Wh, e 4 = S
faBcWARWWEWD? & fape = SUge 6W£Vaffi§aawfﬂ
k& (Dud)! (Dud) ' Wg, & ki = gu;dg;a 6(Du¢)16((;3D€¢)15W;,40
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Four point functions

In formulating the SMEFT we use the Eqs of Motion to reduce the basis of operators:

D?H = Y9Ypyr+ 4

iPy, = —YYrH+ %

iPyr = ~YHiy,+1...
D, VW = gVJu_i_%...

There is sufficient freedom in the EOM to guarantee that the field-space connections in the
last slide are all that contribute to 2 and 3 point functions.

We cannot do this for all 44 point functions.
Can think of this in analogy with momentum conservation (Ds in EOM are momentum):

@ 2pt: p1 = —p2, p7 = m?

@ 3pt: p1 +p2 =p3, pi-pj = % (mi —m? *m?)
@ 4pt: 5+t+u:2imi
We cannot fully reduce products of momenta to masses
& we cannot fully reduce derivatives in operators effecting four-point functions

for BSM Phy 24 Febr



three—point functions from geoSMEFT

operator form shifts:

hr7(D¢)L (D)’ SM 3—point functions + Masses

gABW;:‘VWB"“’ SM triple gauge couplings + h(V)? + mixing angles
Y¥U YR + h.c SM Yukawas-+1 masses

Lfl]’ (DH¢)7 (YT u1b) SM gauge-fermion couplings

dﬁWA"“’(zﬂam,w) Dipoles

faBcWAMWWEWSTP  new TGCs (V)3

NfJ(DM(ﬁ)I(DV@JWfV new TGCs (0h)2(0V), removed from D6 in Warsaw

at Wien) Effective Field The s for BSM Phy 24 February, 2023



Saturation of number of operators

(This information is contained in the Hilbert Series)
(see e.g. Lehman & Martin 2015, Henning et al. 2015)

Mass Dimension

[ Operator form: 6 [ 3 [ 10 l " i 75,577,476

] h1s (D) (D)7 2 | 2 | 2 |l
gABWfVWBaw 3 4 4 g
B k(DR (DY) WA, o | 3 | 4 [10°F
. fABCWA wB, "ch " 1 2 2 10 s
. Ypr‘lfLibR + h.c. QN% ZN; 2N? 103 23
. dw PP Lo rWhY + hec. 4N? 6N? 6N? 102k

. LgrRJA DH¢) (¢p R’YMUAlpr R) NJ% NJ% NJ% 10 ; —_— :

B Lr, s (D#9) (U 17uoaV¥er) | 2N2 | AN | AN? s

D6 D8 D10 D12

Tyler Corbett

(Uni

tat Wien) Effective

for BSM Phy
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geoSMEFT on the Z-pole

operator form shifts:

hry(D®) (Dg)” SM 3-point functions + Masses
gABW,ﬁ,WB’”” SM triple gauge couplings + h(0V)? + mixing angles
Lf/; (DH¢)! (YT ,30)  SM gauge-fermion couplings

,(/) = {Q) L7 UR, dR7 eR}

9z _ _
9" = =5 | (28lg Qv — 03) + o1 (L) + 50T (LY3)

Tyler Corbett (Universitdt Wien) Effective Field Theories for BSM Phy 24 February, 2023 18 /22



geoSMEFT on the Z-pole

operator form shifts:

hry(D®) (Dg)” SM 3-point functions + Masses

ga BW,’;},WB’”” SM triple gauge couplings + h(0V)? + mixing angles

Lf/; (DH¢)! (YT ,30)  SM gauge-fermion couplings

Tyler Corbett

,(/) = {Q)L7uR>dR7 eR}

9z _ _
9" = =5 | (28lg Qv — 03) + o1 (L) + 50T (LY3)

<h33> ,l_}’% ng = f( (gAB> 791792)
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geoSMEFT on the Z-pole

operator form shifts:

hry(D®) (Dg)” SM 3-point functions + Masses
gABW,ﬁ,WB’”” SM triple gauge couplings + h(0V)? + mixing angles
Lf/; (DH¢)! (YT ,30)  SM gauge-fermion couplings

,(/) = {Q) L7 UR, dR7 eR}

9z _ _
gei’ = 5 | (2f8eg|Qu — 03) + 01 (L5a) +osvr (Lis)

)
B 9z _
m2Z = 1 <h33> 'U% ng - f( (gAB> 791792)
3/2
4m?
= Z,
Pzogy = ﬁ mz ‘geﬁw|2 I- _;b
mz
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Z-pole pheno, arXiv:2102.02819

9z
Z, — _
o2 = T8 | ily — o0) + o2 @ha) + ovor (2y) |
3 2
Z
my = 1 (hss) o7 sp, = f({gaB) 91, 92)
Number of parameters at each order (for LH fermion):
geoSMEFT D6 D(6+n)
9z 1 3 4

6+n 6+n 6+n 6+n
{eaw,cap,crwn) | (o™, Eqw2> TG

S0, 1 3 4

(B [(Em) (64n)  (64n)

{cHwW,cuB,caWB} aw CHw,2 CHB CHWB

(h33) 1 1 2

{cup} SB”), g;"ﬁ}
(LY ) 1 1 2

(8 {8 [(6n8)y
(LY 3) 1 1 1

(e} {efg ™)
sum 3+2 442 4+5
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eoSMEFT summary

@ all 3-point functions defined for both X—i and %22 expansions

for 3pt only: {p; - p; = 1(m} —m? — m?)}

@ Z-pole predictions can be derived to all orders

@ largest Higgs production xs (hgg) can be defined in geoSMEFT
v + Dé6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

@ largest Higgs decay (hbb) + most accurately measured (hy7)
for h'y’y:\/ + D6-loop (TC, A Martin, M Trott, arXiv:2107.07470)

@ Forthcoming: Higgs associated prod (w. A. Martin)
Triple gauge scattering (w. Gonzalez-Garcia et al)

@ currently expanding to include 4-point functions
2
only all orders in 37 expansion

for 4pt have infinitely many %22 operators: {s",t™ m?}

bett (Universitdt Wien) Effective Field Theories for BSM Phy 24 February, 2023 20 /22



geoSMEFT goals/questions

0 Is it safe/conservative to do a fit to the geometric quantities in place of Wilson coeffs?
— From an experimental perspective, a lot less open parameters in simulations

© How do we identify blind directions in a fit that’s nonlinear in the fit parameters?
— This is also ideal for experimental studies of the SMEFT...
— Combos can be made after using measurements + correlations

© Write the 4-point geoSMEFT using op. forms occurring at D8
— consistent studies to order 1/A% resumming v expansion.

@ Can geometric quantities be consistently defined to one-loop?

6”
LSMEFT

Q| T{stuff} |Q) & M, = —_—
(I Tstuff} |9) & My .. = s

) Effective Fiel



geoSMEFT goals/questions

Also, can searches be optimized for the SMEFT?
— Most SMEFT studies use SM measurements as a constraints on NP.

i - J(pp — hi/;d]Zmeasured
PP T o (pp — hbi)sm

But when we look at the phase space population for SMEFT processes, they
are quite different:

o ha 2 2
P hO)SMEET ] 19,6 x (clf), ;) +0.38 X (cfy2)? — 2.6 X (craz) + -

2 = hZ,,zm

CHAZ — hAW,Z’W

But global fits ignore the difference in phase space population between p,
a SM-like measurement, and the above SMEFT example...

Tyler Corbett (Univ t Wien) Effective Field Theories for BSM Phy 24 February, 2023 22 /22
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