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The Standard model ...

e The SM, an SU(3) xSU(2)xU(1) linearly realized gauge theory
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The Standard model EFT

e An SU(3) xSU(2)xU(1) linearly realised EFT:
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When you do measurements below a particle threshold

I the collision probe does not reach ~~ mieavy
THEN observable’s dependence on that scale simplified
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® Taylor expand in LOCAL functions (operators)

.f1(87t77L) %_!fg(s,t,zt)
M? M}

heavy heavy

() ~ O + + -

This is the core idea of EFT interpretations of the data.

IR operator form
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The SMEFT as a consistent theory.

nd C(d)

Lsmppr = Lsp +LO +LO + L0, L@ =37 S0 ford >4,

v/M < 1

@ Atheory with a tower of composite operator forms, useful (by assumption and definition)
when interfacing with “decoupling” situation experimentally
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Lsmerr # Lsm + Lnp

(d)
Lsverr = Lsy + L8 +£06) 4 20 4 vy £ = Z %di) for d > 4,

v/M < 1

@ Atheory with a tower of composite operator forms, useful (by assumption and definition)
when interfacing with “decoupling” situation experimentally

v/M < 1

Decoupling theorem:T. Appelquist, J. Carazzone, Phys. Rev. D11, 2856 (1975

For any 1PI Feynman graph with external vector mesons only but containing internal fermions,
when all external momenta (i.e. p?) are small relative to m?, then apart from coupling constant
and field strength renormalization the graph will be suppressed by some power of m relative to
a graph with the same number of external vector mesons but no internal fermions.??
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Lsmerr # Lsym + Lnp

nd - ~(d)
Lsmprr = Lom + L% + £ 4 £0 4 L@ = Z %Qz@ for d > 4,

1=1

v/M < 1

® Matching forces the SMEFT to reproduce the IR behaviour of a NP model.
Only for a limited momentum regime, for some lower scale measurements.

® The SMEFT is a different theory than any particular NP model. Matching does
not equate the theories. Consider the counterterms (Z) for renormalisation

ZSMEFT 7 ZsMm + ZNp

SMEFT is a consistent field theory, it is not the NP model.
We want to understand SMEFT and use it to interface with the data

* Michael Trott, NBI/CERN 6



Geometric SMEFT

Premise: SMEFT is a stand alone theory.

® Q’s: What is the core physics of the SMEFT? Is there any?
Is this field theory too complicated to study bottom up?

@ A: The physics of the SMEFT near resonances is interacting fields on
a curved higgs field space. Using this idea, the theory is dramatically simplified.
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Curved SMEFT spaces: scalar fields

® Curved SMEFT field space manifest in background field formulation
In general terms: G. A. Vilkovisky, Nucl. Phys. B234 (1984) 125.

Metric on Higgs field space, SM a FLAT field space

/

1 I 7 1 o2 + i
Lscalar,kin :_hIJ(¢) (D (b) (DN¢) ) Whel’e H — T = .
g . V2 |#4 — 193
10 0 0 i <HTH>
1J 01 0 0 h S
— = ere C; = C;
VR =lo01-26m 0 A2
00 0 14+ Cyn — Cup| Small perturbations so positive semi-definite
B Matrix and unique square root

1002.2730 Burgess, Lee, Trott (sqrt) Metric in SMEFT, a earwed field space

1511.00724 Alonso, Jenkins, Manohar RI 7& 0
1 605.03602 Alonso, Jenkins, Manohar JKL
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Curved SMEFT space: gauge fields

® Similarly in the gauge coupling space a curved field space

Metric on gauge field space, SM a FLAT field space

/

1

Lgauge,kin = —ZQAB(QZ))W;?VWB,“V) Where WA — (W17 W27 W37 B)
1+Cuw 0 0 0
AB _ 0 1+ Caw 0 0 _ HiH
V9 0 0 1+ Cuw —QH:QB'B' here C; = < 5 >Cz
0 0 —Ql%m 14+ Cyg A

1803.08001 Helset, Paraskevas,Trott\ . .
1909.08470 Corbett. Helset Trott (sqrt) Metric in SMEFT, a earved field space

e
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Generalisation for composite ops

Lsyerr = Ly + L) +£06) 4+ £0 4

C(d)
L@ = Z Ad 4

v/M < 1

Zi QW ford > 4,

LsMEFT = Z filo---)Gi(I, A--

Composite operator form
With minimal scalar field
coordinate dependence

Derivative expansion /

Scalar

Vev expansion

field coordinate dependence

And insertions of symmetry generators

Mixes expansions, but grouped with derivative forms.

Michael Trott, NBI/CERN
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

Hv 6° LSMEFT
d §(D,¢) 6(D,9)’

hrj(¢) = g

L(a,B:-)—0

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections {Wj,, (D*®)%, gotp, g}

® Limited number of such connections for up to three point functions

V(#)  his(¢)(Dud) (Dud)’, gaB(@)WALWEH,  kiy()(Dud) (Dug)’ WY,
faBc (@YWL WEVPWEH,

With fermions Y(¢)rba, Lra(@)pr1v*1avva(Dud)’,  da(d)bro"haWi,

Gluon fields kas(9)GL,GPH . kapc(9)GL,GBPYGEMP,  c(¢)hro Tarps G,

L — N —
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

Hy 6° LSMEFT

g
hrj(¢) = d 6(D,9) d(D,¢)’

L(a,B:-)—0

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections {Wj,, (D*®)%, gotp, g}

® Limited number of such connections for up to three point functions

This is a non trivial fact proven for. F = {H,y,WH*} via the following:

D?F = [EOM] and higher-points, 2001.01453 Helset, Martin, Trott

f(H)(D#Fl)(D,,Fz)D{#V}Fg, = | EOM | and higher-points.

f(®) F1 (DuFy) (D F3) = (Duf(4)) (DuF1) F» F3 + %(sz(ﬁb)) Fy F> F5 + |[EOM |,

Michael Trott, NBI/CERN 12




The connections can be defined to all orders

2001.01453 Helset, Martin, Trott
® Growth in operator forms in connections

Mass Dimension

2795173 575

Field space connection 6 10 12 14
@ roonaseer 2002 3 s 4614554 —® 5474170 ‘ hIJ(¢) (Duqs)I(D“d))J 2 2 2 2 2
% 1000000 - 4 = /:/,. s 1 gAB((Jb)Wlﬁ,WB’“V 3 4 4 4 4
§ o e . k174(9)(D*¢)! (D" 9)' Wy, 0 3 4 4 4
E 10000 fABC(¢)W;?VWB’VpWE,M ]‘ 2 2 2 2
¢ Y% (¢)Qu+ h.c. 2N2 | 2N2 | 2N2 | 2N2 | 2 N2
4 pr v f f f f I
Y<(4)Qd+ h.c. 2N2 | 2N2 | 2N2 | 2N?2 | 2 N?
pr\P) f f f f !
Ye (¢)Le+ h.c. 2N?2 | 2N? | 2N? | 2N? | 2 N?
ol 2 pr\ f f f f !
/- d5P" (¢) Lo, eW,” + h.c. 4N7 [6N? | 6N7 | 6N? | 6 N7
| | | https://arxiv.org/pdf/1512.03433.pdf d7" (¢)Qo uWh’+ hec. AN? | 6N7 | 6N7 | 6N7 | 6 N7
= f§ ® ® W B ¥ & W ¥ ¥ d%7" (6)Qo AWV’ + h.c. AN? | 6N? | 6N? [ 6N? | 6N?
LY, (¢)(DH ¢)’ prYuoavrr) | Nf | Nf | N7 | Nf | N}
LY 4 (8) (D 9)? (p,17u0a%r1) | 2 N7 4N} | ANF | 4N7 | 4N?

® Growth in operator forms from Hilbert series 74
https://arxiv.org/abs/1503.07537

https://arxiv.org/abs/1510.00372 ® Number of operator forms saturate.

This is due to reducing possible

https://arxiv.org/pdf/1512.03433 .pdf generator insertions on the Higgs manifold
https://arxiv.org/abs/1706.08520 wrma 1 1
. Tz'kae — 5 5z'e5jk - N5ij5ke
rather overwhelming...

e —

Michael Trott, NBI/CERN 13


https://arxiv.org/pdf/1512.03433.pdf
https://arxiv.org/abs/1706.08520
https://arxiv.org/abs/1503.07537
https://arxiv.org/abs/1510.00372
https://arxiv.org/pdf/1512.03433.pdf

Generators on scalar SMEFT space

To think in a unified gauge space 00 0 —1I° "0 01 0°
manifold need generators SR OOl IR S [
(reformulate SM generators) 100 0. 0 10 0.
0 —1 0 07 0 —1 0 07
(Drg)! = (8"65 — sWAHFY 1)¢” ;|1 o000 ;110 0 o0
BI= 10 0 01" T lo 0o 0 1"
EABC = g9 EABC’) with €123 — ‘|—92, _0 0O 1 0 h _0 0 -1 0
92%4 ,, for A=1,2,3 (this last one also ")
Va0 = 9174 5, for A=4. 1803.08001| Helset, Paraskevas, Trott
Some interesting math here, we also define Ty x =74 s 7ik
001 0] 000 1] —1 0 00]
00 0-1 0010 0 —100
! = Tl = R i o TL = T4
11000 "> Jotool” o o 1o’ AT P
0-10 0 1000 0 001
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Generators on scalar SMEFT space

® The mapping of operator forms works via: 2001.01453 Helset, Martin, Trott

Hio,H = ——¢IF J¢J
HYiDMH = —¢; 4L (DP4) = (DP) 4L 187,

—
H'WD'H = —¢1 7L ;(D*9)” = (D )12 147,
2H'D*H = ¢1(-T4 ; +1i7 ) (D*¢)”.

It is useful to “real” the SM symmetry representation on the scalar
manifold for lots of reasons. Makes more manifest possible contractions

T 507 # 0, d17L ;07 = d1vi 97 =0.
® All orders results follow, for example:
1+¢2C) +Z (¢2> (c}f;;?”) ol gt ]m

I L 6 n+1
N I j0kTh L& (Cl(f;})+ ¢2 > (8+2n))

hry =

2 2 H,D2
n=0

L — N
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Field space connections to all orders

2001.01453 Helset, Martin, Trott
® Field space connection for W,Z coupling to fermion pairs  (D#¢)’ ¢ Ty

Q}}an) = (HTH" H @“H ’zp'yu‘prv

Q3 ,(64+2n) (HTH)n H'l' ‘Bqupp,yuo_aw’r,
p'r

Q%+ — (gt HY(H'o,H) H' iDH Hepyyu0athy,
p'r

Q8™ — e (H'H)" (H'o H) H D! Hepyry,0athy.
pr

Not that many op forms. Closed form field space connection.

o0 2\ N 2\ 1
LY = —(6v)sba1 Y Criyg " (%) — (¢74)5(1 — baa) ZCH e (i) (3.25)

’n,:O pr

2\ N
($74)5(1 = b44) (8T 4 28") Z Crig, ((,; )

pr

_|_

A P AL
+ L2 (py8);s ($xTE L4") ZCE o (%) .

Notice the clean form due to generator structure and real fields.

e
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Field space connections to all orders

2001.01453 Helset, Martin, Trott
e Off shell operators contributing to three points  (D.¢)'oa(D.¢)' W,

o = i (HTH)""(D,H) (D, H)B",
Qb = ba(H H)™ (D, H) (D, H)W}*,
s = i€ase(H H)™(H' o H)(D, H)o"(D, HYW,
QU | = i6usdeal HTHY(H'o*H)(H'o°H)(D,H) o*(D, H)W".

This connection saturates last in op dimension. This is due to EOM
reduction. No entries at dim 6 in Warsaw basis.

., o) (&2 ntl ; arom) (42 n+1
kIJ(¢ = __74 J6A4ZCHDHB ( ) - _'YA,J(l i 5A4) ZCHDHW ( 2 )
1 L (10+2n) ¢2 "
= g(l — 0a4) [¢x T4 10" [oMT B 10" | V. Z Cupaw,s (3.34)

1 K L7.I 342n ¢2 "
+ J€aBC (¢xT5 Lo ]’YC,JTLZOCI(’IDH‘BV? 2y
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All orders weak mass eigenstate relations

® \Weak eigenstates Mass eigenstate
% AB ACw
= /9" "UpcA®", Generator transform
AA o AB AC
1909.084/0 Corbett, Helset, Trott \/_ Upch™, "Yé* = ’YA J\/_ UBC
— VB Vi &,

Field space metrlc/ \ Rotations

(Now known to all orders) 0"
Uc = 0

0
0 Ve —
. JE =

o otok
= O&IL.EIH

| 1
o oSl
(= O§||H§I|S
ol oo

_o o O

9 &

0
—Sp
{¢1a¢2)¢37¢4} QK {(I) (p+aXa h}
a 2{9292792,91}) WA:{WI’W2)W3’B}3
C g(1—1) go(1+1%) [5 5, 2 o 2919 } C P
= ) ) + 5~ °8) ) A:WaW)Z7A'
B /2 /2 91 92(00 30) \/m ( )
What else could you write”? Nothing that generalises to all orders.

e

7\
r N
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Dim 6 SMEFT EW Lagrangian terms

® EW sector parameters redefined in the SMEFT

wil 1 —2v2Cywp cosf sinf | | Z,
B, —%’U%CHWB 1 —sinf cos @ A, ’
Mass redefinitions Mixing angle redefinitions
— 92 9 — i 2 = =2 =2 7]
2. _ 92Vt 00 — 91 1490 92 92 91
My T S BT r L * 2 g gPwge 08
o _Vr._2, -2 ,14 MY TR T = 92 VT G -0 ]
MZ - 4 (gl +g2 )+ SUTCHD(gl +92 )+ 2nglg2CHWB' cosf = \/glz_*_—gzz —1 2 gz 522+5120HWB-

Interactions to remaining SM fields via:

92

V2

Dy=08u+i—=[WITH+ W, T7]| +ig; [T3 - 5°Q] 2. +i€Q A,,
—_ 919> 9192
Yl +§12”TCHWB] _
— — 92, =9 9192 2
9z =1\/92" +91" + v7CHWB
Z 2 1 A /—§22 +§12 TA A

2 2G| 053" -9

. T 52172 @12+ 9,2)° Vr“HWB-
1312.2014 Alonso, Jenkins, Manohar, Trott 92"+ g1 91” + 92
e —— —————————————
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All orders SM Lagrangian parameters

® | ow n-point interactions of fields are parameterised in terms of
couplings, 2001.01453 Helset, Martin, Trott

2 —g \/_
s 6927(69‘/_33 30\/_34) 0 (80\@44_69\/—34)

g = (39\/533 + Cg\/§34) =g ( 9\/— + 39\/_34)

g2 =

e Masses ady = L heh, =L g0
e Mixing angles: , _ 91(v/9" 55 — \/53%5)
7 ga(y/80 g — /37 s5) + 91(\/ 55 — v/ cg)
2 (9117 — 92v/5")?
2 _

g7 + (VT + Bl(v57)? + (V™) - 20192/57 (V5 + /")

(Interesting way to think of the Weinberg angle)

Michael Trott, NBI/CERN




GeoSMEFT a friend with benefits

2001.01453 Helset, Martin, Trott

e \What does this allow one to do?

Consider a W=, Z coupling to a fermion bilinear.

The all orders coupling in the SMEFT is a sum of
two field space connections.

Wwilpyy with a consistent change weak to
mass eigenstates in SMEFT

Added to this is the scalar, fermion connection LY?,(¢)(D*¢)? (¥p,rYVu0a%rR)
(with a background field expectation) LYE () (DY) ($p, LYp0 A%r L)

Michael Trott, NBI/CERN 21




GeoSMEFT a friend with benefits

2001.01453 Helset, Martin, Trott

e \What does this allow one to do?

Consider a W=, Z coupling to a fermion bilinear.
— AN (P, Fathe)Opr + ACH W0 athe (LY Y (=G 4) 0,

Compact all v7/A orders answer!

Here we have introduced the generators:

_ _gzalﬂ:ioz _ 9 _
T = \/2— 5 3 7'3—QZ(T3—39ZQ1/)), 7'4—6Q¢-

Michael Trott, NBI/CERN 22




GeoSMEFT a friend with benefits

2001.01453 Helset, Martin, Trott

e \What does this allow one to do?

Consider a W=, Z coupling to a fermion bilinear.

— AN (P, Fathe)Opr + ACH W0 athe (LY Y (=G 4) 0,

The coupling of the canonically normalised mass eigenstate fields is then

(2150 = Lot [(255,Qu — 08)6pr + 05or(LE) + o (LET)] o,
<-A "Zp'wr) — _é_"zp f_A sz 5pr Yr,
Welitn) = ~Tobilyys) T* [Sr — or{LET")  i0r(LEE)| o

Rather compact result.

Michael Trott, NBI/CERN 23




GeoSMEFT a friend with benefits

e (Can build up observable quantities, such as a decay width.

e Two body decay widths:

- o\ 3/2
_ NY 5 4Mj
FZ—MZ'#’ - Z 24C7r \/ m22|ge wl ( e
Y

Zy __
g eff

Mz

[(2392 Qu — 03)8pr + Ir(LEYT) + oo (LYET)]

3/2
= = 2
I‘W—H/_ﬂ.b = Z 2471 m%V'-qeffd)' (1 - %V )

Consider a W=, Z coupling to a fermion bilinear.

— AL (Do, Tt )8pr + ACH (Ppyuo athe (LY ) (—E 4)or,

M2
¢

Wi 92 [VCKM o (LQL,PT> :I:’i'l—)T(LQL’m)] :

Gt - \/5

1%/ 92
g’ = — T [UBhs - or(Linr) 2oL,

eff \/5

e Many further contributions and radiative corrections constructible from
two and three point functions

Michael Trott, NBI/CERN
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e (Can build up observable quantities, such as a decay width.

Consider a W=, Z coupling to a fermion bilinear.

— AN (P, Fathe)Opr + ACH W0 athe (LY Y (=G 4) 0,

e Many further contributions and radiative corrections constructible from
two and three point functions
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GeoSMEFT a friend with benefits

e (Can build up observable quantities, such as a decay width.

Consider a W=, Z coupling to a fermion bilinear.

— AN (P, Fathe)Opr + ACH W0 athe (LY Y (=G 4) 0,

® Not all physics is derivable from two and three point functions

g g t _
Y
g Z
(%
g h t

® How to incorporate such higher n-point effects is the key challenge.

R

Michael Trott, NBI/CERN




GeoSMEFT where is the body?

® Note these integration by parts steps were used

f(H)(D#Fl)(DVF2)D{;w}F3 (210)
=— f(H) [(D*F)(DyFs) + (DyF1)(DuD, Fs) + (DD, F1)(DyF) + (D, Fy)(D*F)| (D, F3)
— (D, f(H)) [(D,F1)(DyF) + (D, Fy)(D,F»)| (D, F3)

f(¢) F1 (D,F») (DuF3) = (Duf(9)) (DuF1) Fo F3 + %(sz(qb)) F F», F3+ [EOM|(2.11)

These steps were critical to reducing the number of connections for two
and three point functions. This just fails for four points and higher.

One knows that there are an infinite set of higher derivative terms lurking
In higher n points, dependent on (D.¢', Dy,..3¢", D¢’y 3

This is a problem for measurements away from SM resonances.
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GeoSMEFT based loop corrections?

® The simplicity of the results for two and three point functions points to
radiative corrections being more elegant than expected.

The renormalisation follows the dependence on the Wilson coefficients.

® Do we have hints of this yet? Yes.
LaF

® PBackground field gauge fixing with preserved background
Gauge invariance 1803.08001 Helset, Paraskevas, Trott

_ _94Ba B
Lop = 269’9, (11)

gX = 6,LWX”" —_ g)gDWEWD’” + §§X0¢I ;LIK ﬁgqu'].

® (Gauge fixing confusion directly solved generalising to GeoSMEFT
Further exploration of gauge fixing based on this idea: 1812.1 1513 Misiak et al

Michael Trott, NBI/CERN




GeoSMEFT based loop corrections?

e \Will this simplify the NLO SMEFT radiative correction program?(Yes)

Immediate BFM Ward |Identities have already been derived:

1909.084/0 Corbett, Helset, Trott

(SF[F,O] —0 O-(@“(SA—gA WC’“) or _’7{3,J$J5F
668 — B Ehe W) S~ 2 g

oT
.T . ) +Z(f3 Bz(sf 5fA7B,yf.7)
(Background field gauge transformation ) i OJi
Photon identities: Z identities: - Geometric mass
52T ™\ T
0= ——— —|Mz |
0=0"— 52FA 0 =06 A52r —. S A3r5 AYV @MMAW’
SAmSAY V' S A4 DI 52T 8T
0=t — My———
l SASDT T 5p36d!
A A " 922 5 (\/ﬁ[“ aVE = Vi, 3]\/543])
Y1 smerr(k?) =0, Yr.smerr(0) = 0. iz 5F 5.0 -
B i)
One loop behaviour is being checked - it looks promising
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GeoSMEFT for the Higgs

7Y ® SMEFT diphoton decay

) i (h|A(p1)A(p2)) = —(hA* AL)

VR [,6953(0)\ & . 0gsa(d), @  ,0g1(d), &
1 [< 04 >£+2< o >9192+ Yo >E]’

One loop result known and counter term structure
through tree level ops in 94AB metric did pave the way.

https://arxiv.org/abs/1505.02646, https://arxiv.org/abs/1507.03568

e Open question for years. What is the detailed difference between
squaring the dimension 6 correction, and the full dimension 8 result?

Michael Trott, NBI/CERN
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GeoSMEFT for the Higgs

7Y ® SMEFT diphoton decay

) i (h|A(p1)A(p2)) = —(hA* AL)

4

VA" [<5933<¢)>§

) =2 ) =2
2 g34(9), € + 914(9) 6_2],
0y ' g5 04 " 9192 0ps ' g5

One loop result known and counter term structure
through tree level ops in 94AB metric did pave the way.

https://arxiv.org/abs/1505.02646, https://arxiv.org/abs/1507.03568

® Open question for years. What is the detailed difference between
squaring the dimension 6 correction, and the full dimension 8 result?

® Now Solved! Using the expression above, just expand.

2

“Naive square” proportional to AT+ 2Re(A5N) (hlvy) 2o + (Rl 6

~(6 = (6 ~(6
3 Ciib+ g2 Cily — 91 92Cilv

(92 + g3) vr

Where:  (h|vy) ze6) =

Michael Trott, NBI/CERN
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GeoSMEFT for the Higgs

7Y ® SMEFT diphoton decay

Vi [<5933(¢)>§+2<5g34(¢)> z +<6g44(¢)>62],

________ (P A €
h <h|A(p1 ).A(pz)) (hA Alﬂ/) 4 5¢4 g% 5¢4 9192 5¢4 g%

One loop result known and counter term structure
through tree level ops in 94AB metric did pave the way.

https://arxiv.org/abs/1505.02646, https://arxiv.org/abs/1507.03568

® Open question for years. What is the detailed difference between
squaring the dimension 6 correction, and the full dimension 8 result?

® Now Solved! Using the expression above, just expand.

Correct result: First self isolation paper: Hays, Helset, Martin Trott - to appear

2

L , 44 ~ - .
A+ 2Re(AB N1+ (VR Ye@) (Bvy) ce + (1 + 457 Re(AZR) (A7) co)?,

24B) L 2A0) _ AB) %(8)
g.f CH B +9 .12 (CH w CH H«".2) — g192 CH WB

+ 2Re(AXY) —
i T+ Byor

(3.11)
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W=*, Z

c CZ 32 4
hZ )20 = - Y g2 [<5g33(¢)> b _ o(393(9), %z % | (9914(9), %0,

B2 2
4 2 dps ' g3 dP4 9192 dps ' g3 ]< 3 )

G2 v D
+ VAL (280 () (@) L | (12,24

2 0o
+ VR oy [(k34)% — (1«;.54)391 ] (8" hZ, 2, (4.23)
44
(R (p1)W(p2)) = —“Z g [<5g;;(¢)>92] (W W)
+ Vi [<5"§;(¢)> (5) -+ thua(p F| o)
" N“‘“jﬁ L [i (ko) — (B3a)] (0 R) W, W2 + Wi, W) (4.2
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W=*, Z

c CZ 32 4
B2 2 = -V [<5933(¢)> by _ o(3054(8), %, %; | 00u(d)) %,

B2 2
4 dps ' g3 dP4 9192 dps ' g3 ] (hZy )

.2:8) = =
+ VAL [ (BB (1) (g ) «— SM like kinematics

2, 0o
2 82
+ VR or [<k34>§ - (a2 ] (0 hz,2"), (4.23)
BWEIWE) = — Lz [<5g“("”> ]<hw iy
p1 P2)) = 9 92 50 92 pv

+ VB [<5";;<¢’> (5) -+ () 5| (w) )

+2x/‘4“§j L [i (ko) — (B3a)] (0 R) W, W2 + Wi, W) (4.2
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GeoSMEFT for the Higgs

® All orders SMEFT higgs couplingto W=*, Z

c CZ 52 4
(HIZ(p1) 2 (py)) = — 52 [<5933(¢)> b7 _ o(2954(9), %7 % | 9914(8) % R ]@zﬂyzu@
1

4 0y ' g3 04 9192 004
G2 D ] i i i
+ x/ﬁ““%z [<6h§;(¢)) ( 2;‘r)2+ (ha ()~ <— SM like kinematics

N e [%34)@ 3 <k34>32 ] (@ hz,zw), Anomalous kingmgfic population
92 91 correction factor - not many!

44
R | )

+ VB [<5h§;(¢)> (5) -+ () 5| (w) )

+2f4492 "’T[ (kL) — (kzz)]@(aﬂh)(w WY+ Wo, W) )(4 24)
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GeoSMEFT and flat directions

® Deep irony of the GeoSMEFT. As soon as people started to use the full
SMEFT - immediately data analysis indicated this hidden structure.

Key early one going in right direction: Han,Skiba 0412166

They found flat directions in LEP data. We now know due an invariance.

. Mass eigenstate
Weak eigenstates
g N

A

A 1C
:\/,5 BUBCAO’ )

~A AB 5C
1909.08470 Corbett Helset Trott & = V9 UscB™, ‘_
= RV, dL. %

/ \ Rotations

Field space metrics
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EWPD flat directions

ol

® Flat directions due the invariance, fundamentally its &- W =754 (W

arXiv:1701.06424 Reparameterization! llaria Brivio, MT
(V.g) & (V' (1+6).,d (1-0)).

v Yy — Ynp scattering has a
reparamatrization invariance

A A

® LEP data can’t see EOM equivalent to parameters cancellingin & - W =p5- A

2

R ,. =7 g 1
(Yh9iQuBYsr = Y Yegi Ypvstn (H iDgH) + 71 (QuD +4QHD) — 59192 QHWB) Sp

'lr"“"fi:uwd-.
q.e,l

(93Quw) s, = {95 @' v8q + L7 y5l) (H! ZﬁéH) +295Qun — 21 92Yh QUWB) Sp-

e —— e
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EWPD flat directions

ol

® Flat directions due the invariance, fundamentally its & - W=45-A4 4

arXiv:1701.06424 Reparameterization! llaria Brivio, MT
(V.g) & (V! (L +€).d (1—0)).

v Yy — Ynp scattering has a
reparamatrization invariance

e Flat directions in many data sets project onto EOM equivalents to
what cancels in the invariant &-W=3-A (Cus Cuw)

wi = —wp — 2.59 wy W™ = —wp — 2.48 wy

wy = —wpg + 4.31 wy, wy'W = —wp + 4.40 wy.

® |nput scheme independent.
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Flat directions reflect a consistent analysis

EWPD diboson

a scheme myy scheme

10.8

10.6

10.4

10.2

Corr.
matrices

1—0.2
1—0.4

1—0.6

1—0.8

SESTTTTISCUCSE SSSTTETIETvasd
© Q
® Global analysis of data from PEP, PETRA, TRISTAN, SpS, Tevatron, SLAC, LEPI and LEP Il

® Correlation matrices in a likelihood for the SMEFT (before higgs data)

1 1 A —_ T A —_—
L(C) = exp (—— O-0) V' 0-0 ),
Jarmee 72 (0-0) v (0-0)
1502.02570, 1508.05060, Berthier, MT ,1606.06693 Berthier; Bjorn, MT , arXiv:1 701.06424 Brivio, MT

e —
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SMEFT reparameterization invariance

e Must combine data sets in a well defined SMEFT, so no matter what
operator basis you choose you get consistent results

Breaks the invariance. This channel dominant at LEP2

® Precision Higgs physics data will compete and we need to combine it consistently

Breaks the invariance.
Probes the scalar and gauge
metric connections directly.
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SMEFT reparameterization invariance

e Must combine data sets in a well defined SMEFT, so no matter what
operator basis you choose you get consistent results

This channel dominant at LEP2

® Precision Higgs physics data will compete and we need to combine it consistently

v ;
Z
7 h >

o (&\/\47 ----- E’“‘T
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Conclusions.

Higgs physics is the physics

of curved field space.
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