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Outline

> Variety of increasingly precise data from current and upcoming experiments

> Possible new Z pole measurements at FCC-ee will contain lots of indirect info about new
physics beyond the Standard Model

> How to quantify the power of this and make sense of this in a model-independent way?

> Via some more general thoughts on how to deal with the large parameter space of heavy
new physics

Based mostly on:

2210.09316 Camila Machado, SR, Dave Sutherland
Work in progress with Lukas Allwicher & Matthew McCullough




The Standard Model Etfective Field Theory

Energy

|
X New resonance
s — M?
mass of BSM
particles
| s < M?

\\ // ]
; X — New interaction
/ \\ M between SM particles

LHC
energies




SMEFT for BSM physics

Effective theory parameterising effects of heavy new physics
respecting the full SM gauge group, and containing a Higgs doublet

ADVANTAGES CHALLENGES
Can reproduce effects of heavy new
physics at low energies Too many parameters to deal with

(2499 at dimension 6)
Model independent

Language to interpret experimental results Sometimes opaque connection
between operators and observables

Can connect scales via anomalous dimension matrix
(Alonso), Jenkins, Manohar, Trott

1308.2627, 1310.4838, 1312.2014



Flavour in the SMEFT

Flavour is responsible for most of the parameters...

If there were one generation... 76 real parameters (baryon number conserving)
e.g. qu (Q}’”Q)(éyﬂe) Only one real parameter in qu

With three generations... 2499 real parameters (baryon number conserving)

e.g. Cgekl (OY*OY)(e" Y€ e')  Now 81 real parameters in Coe
(of which some CP odd)



Scale distortions

Energy

Some effect may be zero at the high scale of the new
theory, but regenerates by the scale of the measurements

mass of new A
particles

dC. 1 —y» N X N matrix involving
L g SM parameters

dlogyu 1672 /

Renormalization Group equation (RGE) for EFT of V
operators (at a given dimension)

This mixing of operators happens due to loop
diagrams involving SM interactions

measurements E



Precision tests

Flavour measurements
e.g. meson mixing

Operator A in TeV (enp = 1)
Re Im
(sp.yHdr)? 9.8 x 10 1.6 x 104
(§R dL)(ngR) 1.8 x 104 3.2 x 10°
(ery*ur,)? 1.2 x 103 2.9 x 10°
(crur)(crugr) | 6.2x 103 1.5 x 104
(br,y*dr,)? 6.6 x 104 9.3 x 10?
(ER dL)(BLdR) 2.5 X 103 3.0 X 103
(br,v*sr,)? 1.4 x 102 2.5 x 102
(ER SL)(BLSR) 4.8 X 102 3.3 X 102

[Isidori, 1507.00867]
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Z pole measurements

rZ’ Ohad, Rh Rq

asymmetries
e & v scattering

Mw w/o CDF

= APV
all (90% CL) U=0 w/o CDF

all (90% CL) U=0
SM prediction

What are the scope of these bounds on the space of new physics?




Z pole at FCC-ee
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[ +CLIC (1500 GeV, 2+0.5/ab)
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I FCC-ee (240 GeV, 5/ab)

B +FCC-ee (365 GeV, 1.5/ab)
B CEPC (240 GeV, 20/ab)
B +CEPC (360 GeV, 1/ab)

ogw

69%%

692,

De Blas et al, 2206.08326
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LEP: 17 million Zs

FCC-ee: 5 x 10!% zs

Bounds at better than per-mille level
on most Z coupling deviations



SMEFT on the Z pole

Out of 2499 coefficients in dimension 6 SMEFT, 23 enter Z pole at tree level

Han, Skiba hep-ph/0412166 n
Berthier, Trott 1502.02570, ... WWHD
(1) (3) (1) (3) / induces muon decay
{CHWB) C(Hl7C\(Hl7 Hq’CHq7CHU7CHd7CH67Cll} — shifts G
25 €
x S x T N

shift Z-fermion couplings

HA 7 v
N < ZAN<
—
/ unitarity gauge
Ht / v

N,



SMEFT on the Z pole

Out of 2499 coefficients in dimension 6 SMEFT, 23 enter Z pole at tree level

wywHD
(1) (3) (1) (3) / induces muon decay
{CHWB)’CHDS CHlacHla Hq7CHq7CHuacHd70H670ll} —> shifts G
X 5 x I shift Z-fermion couplings

But any particular set of coefficients is not scale invariant in general

e.g. 1/721//2\/>< can ;)Torc))l;t:into > < | e.0. ywHD > can :Tozl;t: into >—_

\\ Which gives a divergent \\ // )

Which gives a divergent " wwHD contribution to: vy
contribution to: / //\\

4-fermion operators can generate Z-pole ...and vice versa




Flat directions

From the 23 Z-pole coefficients there are 3 flat directions

1 1 3 3

Cy [CI(T—]()]]ZSS [023]33, |

e I 2'_

v (2 gy 3 : |

Cp g, B T Z ( Ci)lie [Cér;]u]) o

. (3) 1 Jr, AR . c\I:
' Cy x2Chp CHWB+LLY¢CH¢7 : g
: gy b . o

Il = = = m m m EEEEEEEEEE NN NN NN BN NN B BB NN NN NN NN NN NN NBNNBN B ;N ' | _1_—

Tree level: Run | Higgs signal strengths
Origin of flat directions can be understood in terms of : -3t

EOM relations on TGC operators [Grojean, Skiba,
Terning hep-ph/0602154] Loop level: meson decays/mixing

or a reparameterisation invariance in Yy — Yys
processes [Brivio, Troft 1701.06424]

Aoude, Hurth, SR, Shepherd., 2003.05432

Flavour

11



Flat directions

From the 23 Z-pole coefficients there are 3 flat directions

Aoude, Hurth, SR, Shepherd., 2003.05432

L S e
1 1 3 ' iggs
e\ o [62;]33 - [ng]s& ) /\ . E\"”’ng
:-----------------------3 ------------------------ : "“‘ FlaVOllr
i 2 gY 3 3 I i
 C) Cws + Y, ([Cidis + [Cilal) |
: IL =1 \ o]
: (3) 1 gr, 1\ : > oF
, Cq 'oC2CHD CHwB + YyCry L=
_1:_
_23_
) SO SO

processes [Brivio, Trott 1701.06424]



How to simplity the problem?

A couple of directions:

Non-renormalisation theorems

yzj —

ldentify consistent categories of
operators preserved over scales

Categories can then be studied separately

Studying simple UV completions

€ b
e

ldentify generic correlations &
connections between operator
coefficients

13



Non renormalisation theorems

Is it possible to isolate particular operators/phenomenology within EFTs in a scale-
invariant way?

y;;is an N X N matrix dependent

only on SM parameters
[(Alonso), Jenkins, Manohar, Trott, 2013 ]

If a particular entry of y is zero, one operator will not generate another (much)

Some of these zeroes can be understood on a general level (giiyiro, Espinosa, Pomarol 20141
e.g. using kinematic properties of EFT and SM amplitudes [Cheung & Shen, 2015]

Most of the N parameters are elements of flavour matrices: any way of
understanding flavoured aspects?

14



Flavour selection rules

Yukawa terms:

=Z flavour symm T Z Yukawa breaking In a
/ controlled way

More zeroes can be understood o
from SM flavour structure SM

[Machado, SR, Sutherland, JHEP 03 (2023) 226]

/ Gauge terms: global flavour symmetry
SU(3), X SU3), x SU(3),x SUB3), x SU(3),

15



Flavour selection rules

More zeroes can be understood
from SM flavour structure

°CZSM

=Z flavour symm

+ &

Yukawa

[Machado, SR, Sutherland, JHEP 03 (2023) 226]

At low energies, approx SU(3)

symmetr
1 y y
Qi — d Y
S 0 4 -+
otFaat
// — 0 \\ +
708 70 i
Meson octet . o - I3
\\ 77 //1
\\ B //_/O
L e

Symmetry forbids transitions
between different types of mesons

16



Flavour selection rules

More zeroes can be understood
from SM flavour structure

Zz SM — Z flavour symm +Z Yukawa

[Machado, SR, Sutherland, JHEP 03 (2023) 226]

At low energies, approx SU(3)

symmetr
1 y y
Qi — d Y
S 0 4 -+
otFaat
// — 0 \\ +
708 70 i
Meson octet . o - I3
\\ f"] //1
\\ B //_/0
L e

Symmetry forbids transitions
between different types of mesons

In SM, approx SU(3) symmetry for each

u fermion species
ul — C y
[ C8,2 1 C8,1
0-"~F1-0
Operator / \
| ) 8,5 cg4 . C83
(H'iD H (@ yH u) \ o 1o 13
Iz J ‘. C86 1
' €88 €87
-2 4---0

| ) O
Og g ~ (HWLZDﬂH)(u vH 1)

Symmetry forbids transitions
between different types of operators

17



Block diagonalisation

[Machado, SR, Sutherland, JHEP 03 (2023) 226]

Usual basis (gauge + y, Flavour symmetry basis (gauge + y,

Lots of zeroes, but no
block diagonalisation Block-diagonalised

Can now see at a glance which operators can generate which via RG running

18



Flavour categorisation of Z pole operators

(1) ~(3) ~(1) ~(3) /
{CHWBacHD7CH17CHl7 Hq)CHq7CH’u,7CdecHeycll} Components of
3,03,3,03,=1,01, 08,8, 27,

Fully bosonic: trivially singlets . —
5 Components of 3; Q 3, = 1, 3,
under SU(3)
€273 yC27 2 (271 :
D T N Flavour conserving
. but non-universal
Flavour diagonal C&%’ Co. D/CZU Cols _Cors _Cor
— at the origin y //Q‘ T1e S o Q/QEL a ‘0227 .
C1.1 (38,5 Cg.s \ Cg3 Co714 L7 1 712 .C27.117, . C27,10
o— /; n )F’ 1 ' ' 15
) K 27,17 €27, 27,18/ C27.15 /2
Singlet: N Cad Las v Cr Cor €720 Co719
. A _O 9 \O ‘1 | ()D |j
flavour conserving & o 240 Crr vy )
flavour universal R e
v G727 |Co726 (27,25
- - - # _______ ‘

Total Z key: e=0, o=

19



Gauge and y, running

For O charged operators... 27-plet
Y

Singlet .
yﬁe"s sin 013
y2 sin 617
> > >I3
| Total 7 key:
beIn923 00— 00—l ua—10=3 4=7
) ! 2" Y
Vekm = (

Relatively small number of operators connected to Z pole operators by gauge +y, running!
Only about 6% (164) of the total 2499 parameters at dim 6

20



Flavourtul operators: Z-pole safe?

Flavour changing in first two

generations only Any operators away from the origin

Flavour changing involving 3rd
generation

7 cannot run into Z pole operators
y /0_812\_:]\8,
1 s | Cas seg3 These are flavour off-diagonal operators
b Cs 6.. @3 b
\\ Y / e
Cog L&) N A
e.g. / \
U \)




Flavourtul operators: Z-pole safe?

Flavour changing in first two

generations only

|/

Cg,2

Y ,
i /

C

O- 10

\

(8,8

=1--0

r 5 | C8u €83
o— 13 ' 3
# (8,6

/

Flavour changing involving 3rd

generation

Any operators away from the origin
cannot run into Z pole operators

These are flavour off-diagonal operators
NP
N

e.g.

But in (tree level) UV completions, not generally possible to create flavourful operators on their own

b

e b € c ¢ b ’
0. \\ / could be UV irﬁ”ehviﬁgb“lvy";’ffo
.g. / \\ ) completed by: generate:
u # s ’

H S

More general arguments can be made from sum rules, e.g. Remmen & Rodd 2010.04723

22



Explicit mediators

Can study the full space of tree-level mediators using the “Granada dictionary”

Scalars
H\ /H
:)— - = - —(: —> CHD
i g “sgt (T parameter)

W W
____<—>Cl/ﬂ/_j
W W

Many do not generate Z pole
operators at tree level

Fermions

' 7
\ > /
H/ l \H T

C Huy

(shifts Z couplings to SM fermions)

Always generate Z pole
operators at tree level (unless
couple only to tops)

Criado ef al., 1711.10391

Vectors
H-. . v H
e Cup
i’ < gt (T parameter)
H W
"\ — Cpy,

(shifts Z couplings
to SM fermions)

1/

7 W
>MAA-<_, CW

W 1

Many do not generate Z pole
operators at tree level

H',’

23



Z pole RGEs

Cup = —8Ny2C3

u?
Y . .
CHY” = 2N (—SuCly? + SpgCap?)

C®ii _ —2Ncyt20l(5>jj337 X Yy,

CVT = _oy? (2 N,C @133 4 o133 _ Cég)mj) |
Y 4, [ . .
s . GiYn ) | YeSpeCY" +2Y1S5,C%,

kL 2
jikk jikk iikE\ | X gl
+ NC (YUSfIUCflu + YdeldCfld + anfquflq ) 3

“(3)ji _ 2 2 kkj 3)7jkk

C}ﬂ)w - 595 Zk: (Cljl J oy NCCl(q )47 ) |

. (3 2 3\ "y "y "y

C}(quy _ gggz (Cl(q) Y QNCC(S) Ji 4 ché)J j_ C(gg)y J) ,
k

. 2 [

Cl1l221 = 3 gg 0521222 n 0521332 n Czlzlll n 0%331 n NCZ (Cl(j)szk n Cl((f)llkk)
- k. -

Given expected precision at FCC-ee,
how many models run into Z pole
operators?

All states(*) produce 4 fermion

X g22 operators

(*) a few scalar exceptions which couple to Higgs

In order to avoid producing effects at 1 loop, need to additionally

produce zeroes In each of these equations...

24



Cancellations within the RGEs?

W,y € 10,u,d, L, e}

J
ij l Vi1 l/jf?

\\:/

l//}] " Ye

-k
5 If a scalar or vector UV completion
carries hypercharge:
jikk 2 )
Cl//fll/foOC ‘y]kl or Oc‘g]kl
k
%

Then the gauge-dependent RGEs become of the form:

. ,
C}—}fl OCZ Yk
k

l.e. no zero solution unless all couplings are zero

25



Cancellations within the RGEs

What about zero hypercharge states?

Zero hypercharge scalars don’t produce 4-fermion operators: their effects depend on their coupling to Higgs

Vectors:

B~ (1,0,0)

W ~ (1,3,0)

X gjfjl g,{i no definite sign

98)33 = 0, \Works for some familiar anomaly-free U(1) Z'
98)kk + (98)kk + 2(98)kk — (98)kk — (98)kk) = O. modelse.g. B, — L, L, — L,

Strong complementary
constraints from kaon mixing

No cancellations, but zero at 1 loop if couples only to RH tops No solutions




FCC-ee projections: scalars

10

TeV

B Universal couplings M Third-gen. only Allwicher, McCullough, SR, w.i.p

_ tree-level 'one-loop (LL RGE) ' one-loop

‘matching
i

Weakest constraints on states
which couple only to quarks

( *): turning off a coupling to Higgs

SU(2); triplet: ?

S. Ellis & al, 1706.07765
Jiang & al 1811.08878

SU(2); singlet: no finite 1-loop
contributions

I l ‘ ‘ l | | I I | Haisch & al 2003.05936

(*) = (%) Ql SU(2); quartets: finite one-loop
R T I L R S contributions to T parameter

‘ Durieux, McCullough, Salvioni, 2209.00666

[1]

1

27



FCC-ee projections: vectors

TeV

30

60

40

20

Universal couplings [l Third-gen. only

tree-level vone-loop (LL RGE)

Weakest constraints on states
which couple only to quarks

( *): turning off a coupling to Higgs

llk_..llnll.l

W BHEIWEIW, G G H Ly Qi Qs Uy Us X Vi Vs
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Summary & outlook

EFTs: best way to deal with scale-separated new physics entering a variety of
precision observables

But large no. of parameters and opaque connection to observables makes life
complicated

In this talk, explored simplifying things with non-renormalisation theorems and
simple UV completions

Pheno message: ~all heavy NP enters In Z pole observables at one loop or better

FCC-ee can tell us a lot about heavy NP!

29
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FCC-ee projections: fermions

TeV

50 ¢
40:
30 ¢
20:

10

B Universal couplings WM Third-gen. only
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Cancellations within the RGEs

What about zero hypercharge states?

| Allwicher, McCullough, SR, w.i.p
e.g. if no contribution to C) coefficients at tree level:

Hf
2 O3 — 9N\ 42 (—S C>%7 4+ 8 C'ngj) St =140 ¢ is a symmetry factor
X yl‘ Hfi cYt fHiu™~yfy 19~ qfr fif f1f2 y y
, Cal =" : 93Y;, _Kzsflec;;fjk +2Y, S, CE If a model generates a particular linear
X g; A combination of Wilson coefficients, RGEs

for Z pole operators can be zero

+ N, (Yusflu(]j;fﬁ’“ + YuS1aCP5" + ZYQSMC}fj’“)

e.g. singlet vector Z’ \ Ct) = Qif
9 9 Hf, X3 — Xy3 =
fi ]E] Matching to SMEFT gives
Xfi Xf] . X in
Cii]j _ AR
— f] ffh m%, Works for some familiar anomaly-free U(1) Z' models!
] 2

— L — L
Criado et al., 1711.10391 9. 5-L, H Loy owee 33



Higgs

(Warsaw basis)
LHC Run | and Run Il signal

strengths

LEP Z pole

Partial widths, hadronic xsec, ratios, forward-backwarg
asymmetries
4-fermion ‘
4+ —

e'e —qq

Atomic parity violation

DIS,...

Flavour
K — uv
b — s
b— sltl™
K — oy
B — KWy
B s B S '‘The impact of flavour data on global fits of the MFV SMEFT'
K — KV R. Aoude, T. Hurth, SR, W. Shepherd, JHEP 12 (2020) 113



