Some Geometric Stuff.
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Consequences of the Higgs field becoming a number

The Higgs field takes on a vev, recall what happens:

1 1 _
WuW'" = 2B B" + (D,H)D'H) + ) $iby

Y=q,u,d,l,e D < 4

1
Lsm = _ZGﬁUGA“U -

1 5\2 _ .. .
- (H*H —~ §v2) - [H“de g; + H'@Y, ¢; + HUEY,l; + h.c.] ,

Particles slow down
Image credit: Hitoshi's Higgs2020 talk

Gives masses, mass eigenstate fields, useful combinations of fields and couplings
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Consequences of the Higgs field becoming a number

The Higgs field takes on a vey, recall what happens:
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(D, H'")(D"H)
W]_LV; — UBC'.AC’V

Wp = {W1, Wy, W3, B}
Ac = {W+, W=, Z, A}

4-point 2-point (mass)

HYdY,q; + H'TY, q; + HUEY,l; + h.c.]

3-point 2-point (mass)
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What is the Geometric SMEFT?

L}
N g 8

Particles slow down o o
@
H'H
Powers of —
and symmetry generators

D <4 D >4

Gives masses, mass eigenstate fields. Gives geometries that define the mass
eigenstate fields and interactions in the EFT

Michael Trott, NBI 3



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

1 I J P2 + 101
Escalar,kin :_hIJ(d)) (D d)) (DN¢) ) Where H — T = .
- g V2 |®4 — 193
(1 0 0 0 ] <HTH>
1J 01 0 0 ~
_ i C; = Ci
Vh = 00 1-3%Cup 0 here A2
00 0 14+ Cuyo — zCup| Small perturbations so positive semi-definite
' Matrix and unique square root
1002.2730 Burgess, Lee, Trott \ (sqrt) Metric in SMEFT, a carved field Space
1511.00724 Alonso, Jenkins, Manohar RI 0
KL 7

1605.03602 Alonso, Jenkins, Manohar
o L
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Curved SMEFT space: gauge fields

® Similarly in the gauge coupling space a curved field space

Lgauge,kin -
1 + éHW
0
AB
Vo= 0
0

Metric on gauge field space, SM a HAT field space
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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

Jo=g2\V9 =g,

Gy = 902 (Ce \/—33 sz \/—34) 0 ( P \/544_ cs \/—34)

e = g2 (55v/5" + cgv/s™) = o1 (cav/a™ +s9v/5™) |

® Masses 'r?z,%,v = '64—% hllz’t_)%, 77’1,22 = %\/ h332’l_)% 77234 = 0.
e Mixing angles: , _ gl(\/ﬁ‘*“sa - \/53%5)
'z 92(v/9%cg — /37 s5) + 91(/G 55— /3 )
2 (91v/7" = 924/97)*
2

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

(Interesting way to think of the Weinberg angle)
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All orders expressions are known now

® All orders scalar metric -leading to gauge boson masses in SMEFT
00 2\ N+2
1+ ¢*Clh+ (%) (cis™™ - CS“L%"))] 517
0

PI ¢KPK ¢L C(G) o0 2\ n+1 .
¢ AR (TS (F) ).
n=0

2 2

e All orders gauge metric - gives mass eigenstate couplings in SMEFT

(6+2n) (6+2n) ¢\
9aB(¢r1) = [1—42(0 (1 —044) + Cyp n5A4) (7) ]5,43

Z CSITVQ;) (_) (61T% 707) (6T B xd"™) (1 — 644)(1 — Oa)

Z (0} caki (—)] [(¢1Th ;¢7) (1 — 844)0B4 + (A & B)],

® Number of operator forms saturate in geosmetft.
This is due to reducing possible generator insertions on the Higgs manifold

arma 1 1
Tz'kae — 5 (5z'e5jk - N(Sijdke)

T — EEEE——
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SM weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate

™~
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WAY = §AB Upc ACY,
~ A AC
o = 5AB UBC'/B .

¢! = (SJK.VKL(i)La

/ \ Rotations

Flat field space'’s. 0"
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DuetoD <4
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@7 = {1, ¢2, ¢3, P4}, ®F = {®7, 0T, x, h}
aA = {92 g2agz,gl}’ WA = {W1)W2aW3,B}1
C _ '92(1—7;) g2 (1+1) [H 2 2 20192 C _ (vt A—
:8 - <\ \/5 ) \/5 ) gl +g2(cg 39)) \/E%—I-_g% ’ A - (W aW )ZaA) .
What else could you write”?

.ﬁ o,
i«
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SMEFT weak-mass eigenstate relations

® \Neak eigenstates Mass eigenstate
WA = g PUsc A, Generator transform
AA . AB AC 1
1909.08470 Corbett, Helset, Trott \/_ UpcB~, "Yé = 5’7,{1,J\/§ABUBC-

(True in any operator basis.)

= VB Ve BT

/ \ Rotations

SMEFT field space metrics

(Now known to all orders) g
Ubc =

0
0
o Vik =

I
o otlok
— Oﬁ.ll&IH

| 1
o oSl
(@) O§I|H§I|S
ol oo

_o o O

9 &

Z
—5%

= {¢17 ¢2’¢3,¢4}, K = {(I)_,(I)+,X, h}
aA = {92 92;92,91}, WA - {Wl,WQ,Wg,B},
C _ '92(1—7;) g2 (1 +1) 5, 2,2 .2y 2019 C _ (vt A—
8 _<\ N, /92 + g3(c 39),\/5%_i__g§ . A= (WEW, 2, 4).
What else could you write”? Nothing that generalises to all orders.

s =
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Dim 6 SMEFT EW Lagrangian terms

® EW sector parameters redefined in the SMEFT (already in SMEF Tsim)

w3 _ 1 —2v2Chwp cosg_ sin? Z,
B, —%’U% Cawn 1 —sinf cosf | | A, ’
Mass redefinitions Mixing angle redefinitions
— 2,9 — - 2 = =2 —2 .
2 _ 927Vp 7 91 1497 92 92 — 9
My = 4 ind V32 +732 L T2 91 522+§12CHWB_
2 — - —_ - — -
2 _Vp,.—2 , -2 14 — 2, =2 14—— vy il g2 _ﬁ9_1922—912
Mz = 1 (91" +927) + 8UTCHD(Q1 +9,7) + 2UT91Q2CHWB- cosf = N _1 2 7 _9—22+§12CHWB_

Interactions to remaining SM fields via:

92

V2

Dy=0,+i==[WiTT + W, T7] +i7, [T5 —5°Q| Z, +i€QA,,
—_ 919> 9192
Vel AT o __
— — 92, =9 9192 2
9z =\/92" + 9" + —=———=vrCuwn
? ' VGo* + 7,2 ) )

- — 2 == (=2 =2
| 52 =sin?f0 = — 2gj__ 5 gl(g_zggi_ 29)12 )’U%CHWB‘
13122014 Alonso, Jenkins, Manohar, Trott 92" T 91 91” + 92
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LO Automation of this approach

e Need to keep all operators and carefully compute S matrix elements avoiding
uncontrolled approximations (and human error)

® Automation of LO (geo)SMEFT already in the SMEFTsim package
https://arxiv.org/abs/ 1 /09.06492
https://arxiv.org/abs/2012.1 1343

< C' @ feynrules.irmp.ucl.ac.be/wiki/SMEFT

O .

N

kKi: SMEFT

Standard Model Effective Field Theory -- The SMEFTsim package

-----------

Authors
Ilaria Brivio, Yun Jiang and Michael Trott
ilaria.briviofnbi.ku.dk, yunjiangénbi.ku.dk, michael.trottécern.ch

NBIA and Discovery Center, Niels Bohr Institute, University of Copenhagen
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https://arxiv.org/abs/1709.06492
https://arxiv.org/abs/2012.11343

Generalisation for composite ops

(d)
Lsmerr = Lsy + £0) 4 26 4 £ 4 v £ — Z jf;l 4Q(d) for d > 4,

v/M < 1

LSMEFT = Z fila---)Gi(I, A~

Derivative expansion / Vev expansion - »

Composite operator form Scalar field coordinate dependence
With minimal scalar field And insertions of symmetry generators

coordinate dependence
\ .

Mixes expansions, but grouped with derivative forms.
T — EEE———
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

Hy 6° LSMEFT

g
hry(¢) = d §(D,¢)6(D,¢)’

L(a,B:-)—0

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

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

V()  his(¢)(Dud) (Dud)’, gap(@)WoLWPH | ki (8)(Dud)' (Dye)’ WY,
faBc (@)W, WEPWSH,

With fermions Y (@)12, Lra(@)ry Tabe(Dus)’, dA(¢)%510W¢2wa

Gluon fields kas(9)G, G™,  kasc(9)Gy, G2 GOMP, c(p)hrot Tae Gy,

T — EEEE———
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Generalisation for composite ops

® Such connections can be defined from the Lagrangian expansion constructively

_g"  6°LsmEFT
") = S 5,8 6D, 9

L(a,B-)—0

AN

non-trivial Lorentz-index-carrying Lagrangian
terms and spin connections (W, (D*®)X, ok, by}

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

This is a non trivial fact proven in 2001.01453 Helset, Martin, Trott

There is a theory choice here - its REMOVE DERIVATIVE OPS, USE EOM.

Same reasoning built into, and led to the “Warsaw basis”.
Also why we were able to renormalise the Warsaw basis completely in 2013.

EFT Industry standard in flavour physics, chiral pert theory etc.
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An instant pay off of this approach

® Growth in operator forms in connections

Always saturate to fixed number, this is just the
simplest organization exploiting this

Mass Dimension

® Once we have things to dim eight
it is sufficient in many observables

Field space connection 6 8 10 12 14
h1y(#)(D,¢) (D*¢)’ 2 2 2 2 2 Mases
gAB(P)WSLWEH 3 4 4 4 4
kLia(@)(D9) (D9 Wy, | 0 3| 4| 4 4 TGC, Higgs to ZZ,WW
faBc ()W, WEVPW,H 1 2 2 2 2 QGC,TGC + Higgs
Y% (4)Qu+ h.c. QN2 |2N2 | 2N2 [ 2N2 | 2N2
Y Ll ons ok | an? | an?
Y;(4)Qd+ h.c. 2N? [ 2N7 | 2N} | 2N? | 2N7 Yukawas
Ys.(¢)Le+ h.c. 2N7 [2N7 | 2N7 [ 2N7 | 2N;
d5P" (¢) Lo, eWh” + h.c. AN? | 6N? | 6N? | 6N? | 6 N?
dy" (¢)QopuWh’+ he. | 4N? | 6N? | 6N? | 6 N7 | 6 N? Dipoles
d%7" ($) Q0 dWH' + h.c. AN? | 6N? | 6N? | 6N? | 6.N?
L2, (D)D) (prvuoatnr) | N3 | N2 | N2 | N? | N?
LYE 4(6)(D ) (bpLyuoatrr) | 2N7 | 4NF | AN} [ 4N? | 4N?

2001.01453 Helset, Martin, Trott

® Basis choice changes entries in these geometric structures, but geometric organization exist

In any basis. The trend of saturation of effects at dimension eight is a general feature.

14
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Whats under control?
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® General growth in operator forms from Hilbert series

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

GeoSMEFT All orders result ex.

2001.01453 Helset, Martin, Trott
e \Nhat 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.

Wwilpy :with a consistent change weak to
mass eigenstates in SMEFT

Added to this Is the scalar, fermion connection =, () (Dr) (8, my,oatr,)

(with a background field expectation) LYE 4 (6)(D* ) (p, LYo A%r,L)
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GeoSMEFT All orders result ex.

2001.01453 Helset, Martin, Trott
e \What does this allow one to do?

o /‘/ Consider a W=, Z coupling to a fermion bilinear.

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) <L’(Ip,,£r> (_7613',4)1_)T)

CE S Compact all or/A orders answer!
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GeoSMEFT All orders result ex.

2001.01453 Helset, Martin, Trott

e \What does this allow one to do?

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

—AA’N(T/;p7u7:A¢r)5pr + -AC’N (Q;p'Y,uo'A"p’P) <L’(Ip,,£r> (_7613',4)1_)T)

The coupling of the canonically normalised mass eigenstate fields is then

(Z &p"ﬂr) = % &P fz [(2332Q¢ - 03)5pr + 0'3'5T<L§3p,’§)r> + ’UT(LEZ),Z{)T)] Ur,
<-A Q;p'wr) - _é_"zp f_A Qz,b 5pr ¢r,
Wi [tphr) = —%%(M&)Ti [5pr — op(LYPT) + ?3’¢7T<L11p,’2pr>] Pr.
T —— e
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GeoSMEFT All orders result ex.

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

] /‘/ Consider a W=, Z coupling to a fermion bilinear.

— AN (D, Tt )8pr + ACH (P10 athe ) (LYE Y (—E 4) o

® Two body decay widths:
4M2 3/2 Y 4M2 3/2
_ 9 P - _
I‘Z—>¢¢ 224 \/mz|9eff ( 2 ) FW—MM:Z_C m%V|ng,¢|2 (1_ —zd))
VA " 247 mW
Zy _ = Y, -~ Y,pr G
gt = [(25, Qu = 05)oyr +or(LYH") + oo (L3)| ™ = =T [ Veiow = on (L5 imr(L5™)]
' = = (VB —or(L357) £ ivr (L5

e (Can do LEP to dim 8 in about 3 weeks of work if you learn this stuff.
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Current geosmeft limitations



GeoSMEFT Pushing to higher n points

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

Consider a W=, Z coupling to a fermion bilinear.
—AA’“('l/;p'Yqu@br)dpr + AC’N (&p'YMO'A")bT) (L}p,,f{w) ('—7(13',4)1_)T)

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

t

g g _
(0
> Z
(o
g h

T —
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GeoSMEFT Pushing to higher n points

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

This is a non trivial fact proven for: F = {H,{, W} via the following:

D?*F =

f(H)(D,F1)(DyF3)Dyyy F3 =

£(6) Fy (DuFy) (DuFs) = (Duf(6)) (DuFr) Fa Fs + =(D*f(#)) Fy Fy Fs + [EOM],

EOM

EOM

and higher-points, 2001.01453 Helset, Martin, Trott

and higher-points.

2

<

® How to incorporate such higher n-point effects is the key challenge.
® Pert corrections advancing fast- higher n points also moving.

T —

s =
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GeoSMEFT Pushing to higher n points

® Note these integration by parts steps were used

f(H)(DuF1)(DyF2) Dy F
=— f(H) [(D*F)(DyFs) + (DyF1)(DuDy, Fs) + (DD, F1)(DyF) + (D, Fy)(D*F)| (D, F3)
— (Duf(H)) (DyF1)(DyF) + (D, F1)(D,F»)| (D, F3)

f(¢) Fi1 (DuF2) (DyuF3) = (Dyuf(9)) (DpF1) Fo F3 + %(sz(d))) Fy Fy F3 + |[EOM |,

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  {Du¢', Dy16", Dy’ 1,

This is a problem for measurements away from SM resonances.
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Generators for SMEFT vs SM




Generators on scalar SMEFT space

To think in a unified gauge space 00 0 —1 "0 01 07
manifold need generators SR OOl IR S [
(reformulate SM generators) 100 0. 010 0.
, , Apel 0 —10 0° 0 -1 0 0
(Dr@)! = (%05 — WYL 1) ; |t o0 o0 R
BI= 10 0 0 -1|> 47T o 0 0 1f°
EABC = g 6ABC7 with €123 — +g27 _0 0 1 O h _0 0 -1 0
92%4 ., for A=1,2,3 (this last one also “i")
Va1 = g1vh 5, for A=4. 1803.0800| Helset, Paraskevas, Trott
Some interesting math here, we also define T x =74 71k
001 0] 0001 —1 0 00]
0 0 0-1 0010 0 —-100
i = i, = R - o T = Iy
11000 "> Jotool” o o 1o’ AT P
0-10 0 1000 0 001
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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}}E/?-i_zn) = (HTH)TLHT BMH"Zp'Yuwra

Q35+ — (HtHY" HU iDEH 00t
p'r

Q%+ — (HTHY(H'o,H) H DM Hepyyu0athy,
pr

Q58 — & (HTH)" (H'o H) H D! Hepyry,0athy.
pT

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

2\ " $2\"
LYY = —(¢m) J5A4ZCI e (%) — (¢74)s(1 — 644) Zcszjzn) ( )

pr

2\ N
+ 5(6m)s (U= 6a0) (6T 167) INerin (¢—)

n=0 p’r‘ 2

6230 K L e 8+2n) (H*\"
——(97B)J (¢KFC,L¢ )ZCHd)L (7) .

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

oy = i (HTH)™\(D,H)! (D, H)B",
by = 6u(HH)™ (D, H) o%(D, H)W}",
= i€ae(HH)"(H0®H)(D, H)1o"(D, H)W£,
QU | = i6uSeal 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.

A (8+2n) [ ¢ R s+2m) (° "
k1j(9) = ——’74 1,76 44 Z Cupus ( ) - _'YA,J(I —044) Z Cpaw ( 2 )
1 . (10+2n) ¢2 "
— §(1 — d44) [d)KI‘A Lo ] [quFB L¢ '7B J Z CHDHW3

1 8+2n ¢2 "
+ J€aBC [0k T 5 18" V¢, Z Céwmzvz ( 5 )
n=0
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Input parameter/scheme dependence



Strong input scheme dependence in SMEFT

{bew, Mz, Gr, M} Scheme {Mw,Mz,Gr,M,} Scheme
M} - 23/4\/ e M, ~ N2 - . N2
5m22 = TCHD GA’T/Z ZCHW37 5m2Z = TZCHD‘FQMZ]\/[W 1— M‘;/
P 7

i ) ) ) 583 = —0.390111) — 0.4QC~'HWB,
§s3 = 0.17Cyp + 0.79CHw B + 0.76C'2) — 0.34CY), 5T,
o'z M

1 ) = 0.46Cxwp — 0.07Cxp — 0.18CY) — 1.37C%) — 0.18Cy,
SM = = —0.82Cxwp — 0.67CHp — 0. 19C§ﬂ) - 2. O6C ) —0.19Cye
Z

i > ) ) ) +0.47C) +1. 610(3) +0.24Cp,, — 0.18Cpq + C,
+ 0.47CY) + 1.61C}) + 0.26Cr, — 0.19Cq + 1.35C),

Yo _ = R _ 1 — :
2a = O 26~ V2 | N2 2002 - Mg) My, M2
S M? 5 ~ 5 - S M2
A2W = 20 (C—OCHD+S—92\/§5GF+4CHWB), AQW = 0,
MW 4C é Cé MW
OLw : +(3) ~(3) o 0w _ 4 (a0) _ A8)) L ¢
o = ~3.97Cywp — 1.80Cyp — 3.52C%%) + 1.33C%) + 2.10C}, . T 3 ( o Hl) + 0.

® At leading order (tree level) already strong input parameter dependence,
different than case in SM!
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Strong input scheme dependence in SMEFT

{Gew, Mz, Gr, M} Scheme {My,Mz,Gr, My} Scheme
M2 - 23/4\/ e M, ~ M2 . . M2,
5m22 = TZCHD—l— Y ZCHW37 5m2Z = TZCHD‘F?MZ]\’[W 1—A—VXCHWB,
Gy My

583 = —0.390111) — 0-420HWB,

8552 = 0.17Cyp + 0.79C w5 + 0.76C3) — 0.34C7, 5T i i i i _
Sp o e i " ) FS—fI = 0.46CHw 5 — 0.07CHp — 0.18C) — 1.376%) — 0.18C,
FS—AZ, = —0.82CHwp — 0.67CHp — 0.19C";) —2.06C) — 0.19Cy, z

Z

" o ) ) 5 +0.47CY) + 1.61C) + 0.24Cp, — 0.18Cqq + Cy,
() /] & () & () ()

Ch ~ S5 ~
LCup + C—‘fz\/iacp + 4CHWB) ,
0

" = —397Chwp — 1.80Cyp — 3.52C) + 1.33C%) + 2.10C},

® Completely expected from decoupling theorem. UV physics preserving SM
symmetries being absorbed into measured low scale parameters now.
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Need input parameters defined at all orders

{ MW MZ GF Mh} Scheme D {rw,z, Gp} input-parameter scheme at all orders in (72/A%)"
In this scheme we can again use Eqn. (E.2) to define a shift to gz. We also use
go=921/9"" = % (D.1)
and
IO
I CAV (02
Sorted |n to solve for s% via
Hays, Helset, Martin Trott: 2007.00565 - 1 (92VI_\? w\2 ([ an)? ) 2 a2 a1\ 2
i e U C50) (607 (@) (0 [+ (]
Input parameter dependence  -2(*-) J (Va2 [(\@4“)2 () - (") ] } - (D3)
I ﬂCreaSGd Order by Order The remaining Lagrangian parameters can then be defined via
dug to Lag rangian parameters _ fg (s0a®+ ™). o
being redefined geometrically !
and
2 i (35\/-644 — c@\/§34) (D5)

Sy, = — .
9z (/g + 55v/5™)

In both schemes, g and sgz have the same definition in terms or other “barred” Lagrangian

parameters.
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