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Thas talk

Highlight the connection between precision measurements, (the necessary)

precision calculations, and advances on our understanding of field theory

based ow --- /‘L “hot-exact-but-nevertheless-efSective”

Magic Zeroes and Hidden Symmetries

N. Craig, IGG, A. Vainshtein, Z. Zhang [2112.05770]

R e S e

Naturalness and the muon magnetic moment

which was tspived by---
N. Arkani-Hamed, K. Harigaya [2106.01373]

e e ——— st

which was Muon g-2 @ FNAL [2104.03281] Muon g-2 in the SM
Prompted by--- Muon g-2 @ BNL [hep-ex/0602035] [2006.04822]
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The Muon Magnetic Dipole

Kannike, et al [1111.2551]; Freitas, et al [1402.7065]
Arkani-Hamed, Harigaya [2106.01373]

Extension of the SM with two vector-like SU(2), lepton doublets L and L€
and two singlets S and S°

AL=—{mrL°L +mgS°S} + h.c.

Sov concreteness
v L wmg, W

/ C -‘- C
Yukawas awmowng ¥ - {YVHLS + Yy H'L S} + h.c.

neRvy Rermens YL HISC 4+ YrHTLe} + hec.
k} wixing between hedvy and SM leptons
e '|wo additional mass eigenstates (mostly doublet and mostly singlet)
e AlU(1)4 and U(1)y symmetries broken, except for U(1)y giag
e Breaking SM U(1)4 requires Y7, Yr # 0 and either Yy or Yy, # 0

wLoG | $ocus on effects proportional o Y\'/ only
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A Magic Zero

Y., YR, Yy, 20 = muon U(1)4 isbroken

Mass
-
k—p///' \\\'\k—p
/ SC LO \\ .
€ — “——> <« €
_p> 7 ' k p
%
Y:YrY/F
Expect: Am ~ L16R2V
o
. Y:YrY/*
Find: Am ~ L16R2V
o

Dipole

* 2

1672 m? m?
1 6YLYRY‘,/* ?}3
1672  m*

AT, ~ 0

Arkani-Hamed, Harigaya (2106.01373)



Too Fast...

Liree = VirH 0,V = el i g+ o,e + el it o,e” = XI ot (%Xi

NS Upze e
- ,

eCl

Full symmetry of free Dirac lagrangian: [U (2) =U(1)4 x SU (Q)Vj

1 . m
Mass: —meo‘ﬁeﬁeg h.c. = —imijeo‘ﬁx%xé + h.c. U(2) i U(l)y

k’ 12 = Ma21 = M
' . TF*ese¢ 1+ h —_1 NmaB.L iy g 740
D|p0|e° T €B€q + h.c. = 9 (TEZJ)F X@Xa + h.c. U(2) — SU(Q)V

= Possible to have Am = 0 but A7 # 0 if additional d.o.f. respect SU(2)y

A Voloshin [1988]



TOO F(LS-I:/. o o Voloshin [1988]

= Possible to have Am = 0 but A7 # 0 if additional d.o.f. respect SU(2)y

Used by Voloshin to build models

with large A7, but tiny m,
On compatibility of small mass with large

magnetic moment of neutrino

M. B. Voloshin [1988]
f L e

Inspired by experimental anomaly suggesting that solar neutrino flux

undergoes time-variations anti-correlated with solar magnetic activity

However... Am # 0 and A7 = 0 cannot be explained by unbroken subgroup



A total dertvative®

Arkani-Hamed, Harigaya [2106.01373]: No symmetry reason, but

rather magic zero arises because loop integral 1s a “total derivative”

€-k U

d*k 2 _
M / (27)4 (k2)2f (k +p)°] fluf = (u+m37)(u+mg) :&qu
+ k _
\/// \<\k

q

Expanding to linear order in external momenta:
14 ‘ S¢ L\ e‘
= > <
— YL — Yy Yr
pooptatkh g

Mo [ S8 i o [T 2l = foe) - 0)
with f(00) = £(0) = 0

{ f(oco) = 0 because g-2 is calculable
f(0) =0 because operator (IH T) H He€ isidentically zero

A cute but wot evxough



Cancellation across scales

Arkani-Hamed, Harigaya [2106.01373]

Integral vanishes due to equal and opposite

uf'(u) contributions at different scales, ms and mry,

mry = 10° msg > Mg

0.01 1 100 10 10° 08 myg

Weird! Not the usual scale-by-scale cancellation that

would be enforced by an unbroken symmetry...
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g
H- ({rf
In the gauge/flavor basis: k=p s 27 T h—p—yq
/ C 0\
: : € —| <S ! £ | €°
Arkani-Hamed, Harigaya [2106.01373] > )L T

flavor — mass Lo . 1 —0*\ [L° q L0 IR 1 —@c\ (LY
basis S o 1 S an Se o 1 Se

In the mass basis:

8 8
m,__ o n,__ o
S¥Y T Y h
/ N\ + / \
0 0\ / c \
eﬁ—bl Iif—x——é—‘<—66 € 51 €+§_6_4_66




A Toy Model

A

m—(ﬂ) ¢ with \I,_<¢T> @_<¢>

€ c - C — AcT

¢ Qem(¢) =1 ¥ v

(\atev: wuown) (\atevr: HH) (\atev: doublet- and Singlet-like fermions)

AL ={ = m+y (%) + yp 8" (€°Y) | +hic.
+{ = mP+ g $(%) + 57 6" (D)} + b

Symmetry o Svee K\ AL "

« - beY”
[7(6 /(1 . ovx\\j fevmion num
fevwmion sector ( ) ( )V’dlag le§+ unbroken

Spurion analysis using the subgroup: U(1)® x Py C U(6)

P\pzwﬁwc,zﬂﬁz@c and m < M, YL <> YL, YR <> YR



(Toy) Spurion Analysis

Mass and dipole: must carry two units of U(1) 4 SM charge,

and be neutral under all other symmetries, including Py

2

2
Mass: Am =y yrm’ (a log \:L—P + ﬁ) + L9 M (a log ,7%2 ™ 5)

J S

(Explicit calculation: o = 1/167%, 8 =0)

W generad| logs and wo-log pieces

Dipole: AT = e (yLyR + yL;yR) no logs!
m m

(there cannot be divergences because we cannot write counterterms)

A

AT =0 provided (yLyR + yLyR) =0
m m
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Spurton Analysts

This toy model accounts for the model in Arkani-Hamed, Harigaya [2106.01373],

after making the identifications:

r 3
¢— HT {9} = {L%, L} W, ¥} — 15,5
m=my yp =Y, 07 Yr = —Yg
m = Mg U, =Yg yp = Yp0"

. J

At leading order 6_ Y m&Yy, nd g _ Y m} Yy,

in the Higgs vev: V2 lm = lmg? " VRl gl

in the Higgs vev: L S L S

YLYR v YLYRYY ILU5 v YL YRYY
= = — and — =+
mo V2]m| = |ms]? meo o V2img] = |ms|?
Thus YLYR + YLk =0
m m

v
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(More) Spurion Analysis

Y Y
H (Jfr m,__
/ h PR Sl
+ / \
c0 O \ C \
€ %—‘/ ‘[1/——)(——[;—4— e’ € ‘/ Si_+_’_‘+s e’
o 07 | x 6*
Vanishing dipole due to 0" _mi 'S theve 3 symmetry
mg behind this velationship?

Before rotating to the mass basis, the mass lagrangian for the neutral fermions:

Y/ v
L8 —m, IV —m95¢ — YV LOSC} +h.e.
{ mL mS \/§ C
C': "5 LY S and mpems = ¢ = —«9‘

mEGVE o miYe/Ve

U(1)% spurion analysis: 6 =N
W7 ’ P mgP " C = gl
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Surprise... or expectation

We can go back to the flavor basis, betore setting the Higgs to its vev:
LO{-mL°L?® —mgSS® — Y, H LS + Y, H"eS® — Yy H L%°} + h.c.
Extend C' to act on the SM fields as “usual” charge conjugation:

C’:eHec, H+HH_,AMH—AM and Y; <& —Yp

Y
Do ‘I,J Ty = Vi YRty <, —T(L)
// LcO LO \\ . (L) 327T2 \/i ’mL‘2 — ‘mS‘Q

*but*

SM dipoles must be C’ even = 2nd loop such that 7(g) = —7(p)
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Gauge basts

can we avoid g0Tng t0 the wass basig??

Discussion 1in mass basis cumbersome (partly) because discrete

symmetry doesn’t respect the SU(2);, gauge structure of the SM...

x

Yes, but...
LO

o)
) )

(=)

lz’

R

,L/

_LCO
Lc+> } SU(2)L

. (S
R _<E> }SU(z)R

Requires introducing full SU(2) x SU(2)g and Prr: SU(2)L <> SU(2)r

sz/ — —

@ @ r7i @ HY*
(2%, ©%) = (H*, H") (_H_

14
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Gauge basts

Repeat spurion analysis...

—1

. _ 1A — —
Dipole < |m;Am ‘m,; ' —my Am 2mlfg}u”f,a,‘g
roT 217 U _ it 1A N AU B AV 4
| Am®| 7 =0; (mpmpg|,, — |mpmp|.~ 0
with <
Aw2] F U i A U
L |AmT ) =05 Impmp|,, — [mpmp | g
. i o I 2 _
Choosing |mp|.” =8 mp, mp|, =mg, |mg|,” =mg (= o)
= Dipole =0 Vv

Requires some intermediate steps, including field redefinitions to eliminate

Yukawas 1n favor of derivative operators:

eg S — 85— LHL = mgS°S+YHLS® — mgS°S + derivative

ms
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Conclusions

Contributions not forbidden by symmetries are compulsory still true,

but requires a broader understanding of “symmetry”

Symmetry bredking Structure can play key vole n forbidding
cevtdin contributions wove in the Spirit of “selection vules”

Not just a “curiosity”’, but can have important pheno implications,
e.g. lower scale of vector-like masses makes model testable in future
Arkani-Hamed, Harigaya [2106.01373]

... although hard to see how analogous structure

could be built around the Higgs mass-squared

Also see Delle Rose, von Harling, Pomarol [2201.10572]: on-shell methods

to see the vanishing of dipole contribution from tree-level amplitudes
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Thank you!



