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Symmetries: the new perspective

* O-form global symmetries act on local fields: ¢p(P) — R(G)@(P)
+ E.g. G =U(1),SUNy) or Zy
» G continuous * Conserved Noether's current d x jV) =0 & 0,1, =0
* Modern way: associate the action of G to a 3-manifold (4D theory)

O(M;) = 35 *jO = q@ A, UMP) = ¢i7Q0
. V3

symmetry defect

Gaiotto, Kapustin, Seiberg, Willett, 2014

t;)polggiczil
+ Fusion rule: U, (M*)U, (M°) = U, ,(M°) g,,8, €G



Symmetries: the new perspective

+ M?° is a topological surface: O — o

. V(P) = )
« U,(M)V(P) = R(Q)V(P)U, (M)

U,(S”)



1-form global symmetry

|I-form global symmetry: charged objects are 1-dimensional Wilson lines
E.g W(S!) = eiSﬁglA(l), probe n = 1 for U(1) EM

We have U(1)V-form symmetry

Free Maxwell'seq. d x F¥) = J,F,, =0 * dxj? =dxF% =0

[(2)

- - @ .
We define Ug:em(Mz) = X = @b *F7. measures the electric flux

Ugl(Mz)ng(Mz) — Uglgz(Mz) , Ug(Mz)W(SI) — eiaLiﬂk(Sl,Mz)W(gl)Ug(MZ)



1-form global symmetry

* Assume n = 1 dynamical charges are present

e

* If only n > 1 charges are present, fundamental Wilson lines are topological

n=2
®
(1)
7 / o



1-form global symmetry in YM

SU(N) pure Yang-Mills has a Z](\}) ] —form global symmetry:

W(S") = Treifs1 A"

. 21k

Ug=ZN(M2) W(Sl) — elTLiﬂk(Sl,Mz) U(MZ) W(gl) Ug=ZN

No topological Wilson lines with dynamical matter in [_]:

X




1-form global symmetry in SM

* Matter contents:

field|SU(3) SU(2) U(1)|U(1)p U(1)L,
dJI. 1 % 0
I, | 1 -3 | 0 1
ér | 1 1 6| 0 -1
up | O 1 -4 -z 0
dp | O 1 2| -2 0
ho| 1 3 | 0 0




1-form global symmetry in SM

SM accommodates a Z(Gl) I-form global symmetry Tong, 2017
MA, Poppitz, 2021
Three distinct Wilson lines:

Wi =Tr eifs145” Zgl) W3 — ei%W3 1

% — Wl W2W3

LCM(2,3) = 6 ]
J Zg) W — el%‘%

W, = Troe'fs 42’ 70 . W, > e T W, J

7 is not screened by SM particle

j2m j2m j 2T
E.g g;: e e e’ =1

INSUB) OINsSUR) g=1 under U(1) W




Gauging a global symmetry

Gauging O-form symmetry, 2 steps:

dxiV=0@ AD %O  GO.A0 5 AD 4 gA\O
Wik
L 2) A F®
R IW FONF

Z = J'[DA(”]e ‘ ; O FO =gAO 1 [A0 AD) 0eZ

BPST instantons have Q € Z, e.g., G = SU(2) instantons in the weak sector

4

Well understood explicit solutions on M* = |

_8a?
't Hooft vertex: ¢ % q;q,q;1, — | AB| = 1, applications to baryogengesis

10



Gauging the Z(61) symmetry

Gauging Z,(,ll) |-form symmetry:

d *j(2) —0) o B3 *j(Z) - GW . B@ 5 B@ 4 gAD - gB®@) = ()

—Syum 8’;2 JM A B (2) ADB (2) S
F = J[DB(Z)]e ‘ 0 . 0e—
n

We may gauge Z,(,ll) C Z(61) ., n=1,23.,6

SU3) X SU2) X U(1
Four distinct SM(s): G, = % ., n=1,2736

n

[



Gauging the Z(61) symmetry

SUB) X SUR2) x U(1)
L

E.g. gauging the full ZU) e, G =

Recalling " = W; W, W;, three backgrounds are needed

2-cycles are needed
21 21 21

N2 6 N2 2 N2 3

ﬂg B1(2> = C,F Bz(z) -+ B3(2) (SM particles are blind to the combined fluxes)
M2 M2

constraint

12



Gauging the Z(61) symmetry

« Sum over backgrounds of Bl(z) : Bz(z) , B2(3) (omitting the details)

—~

2 2 2)1,,— _
Zg = J'[DBl( 'DB{’DB{" e~ = Z e~ osm

Q105,03 extra stuff
0,e~+7, 0,e=+7, O - =
_— . — ) — == =75 =573
L2 =3 U 2 307 203

fuo B= by B +B

* Are these objects physical?

13



Fractional instantons

Exact (Anti)self-dual instnaton solutions on T?

E.g. SUQ2)/Z, bundle: S, =

Explicit solution: symmetric T* with O Higgs vev

't Hooft, 1981
271')62 T 3 271'x4 1'3 Van Paal, 1984

% 7 , A3 — IE 7 , A2 — A4 — () MA, Poppitz, 2021

constant abelian field strength

A1=

14



Fractional instantons

2
Similar SU(3) and U(1) solutions exists: Q; = 3

0 1 1 1 1
=|\n—-——=—-=)|n——=————
: g 3 2 2 3

Self-duality » stability of SU(2) and SU(3) solutions

We can relax the symmetric T+

Exact self-dual solutions exist if L;L, = L:L, 't Hooft 1981, Van Ball, 1984

Approximate self-dual solutions for L;L, # L;L,

All known classical solutions are not localized!

15

L[, — L,L
(expansionin A = o 4)

v/ LiL,LsL,
Antonio Gonzalez-Arroyo, 2020, M.A., Poppitz 2023



https://inspirehep.net/authors/1018056

Baryon number violation

=2 Ge — Z e

fractional or integer ¢

U(l), — U(1); is a good symmetry, U(1); 4+ U(1); is not
AB from fractional instantons:

New 't Hooft vertex ~ e~®15:+53) (g Yi(1Y2(8R)5(ilg) “(dg)’s  MA. Poppitz, 202
82

BPST 't Hooft vertex ~e 2 q,q;q,1,

16



Baryon number violation

* What are we comparing?

e Processesat7 = ()

T#0

Deforming the solutions
—_—

17

TP xR

=0




Baryon number violation

T° is symmetric: L™V = IR cutoff > TeV (0 Higgs vev)

Find Lipigical
2 8z* 1 8x*  2x° 11, 11,
3g5(L)  2g5(L) gr(L) 2 3 2 3
RG running:
872 872 M) 4nf

= blog(LM,), b, =—(80n.+6ny), by=—
gHL)  giMp BEMp), 0 == S0+ om0,

18

877
g3(L)
BPST




Baryon number violation

* Results:
Gauged 1-form center | ny | ny | Smallest U(1) action | AB L;}tical (GeV)

4% 1] -1 = 0 :
1

7\ 1] 0 13" 3n 6 x 1034

4% 0 | —1 e 3/ 6 x 1034
1

Z; 01 0 % —2ng | 2.7 x 107
1

7V 0 | 0 ™ —dny | 1.5 x 10%
1

* Adding extra charged matter (under U(1)) can bring Lc;}n. .., below Mp

19



Cosmology

Fractional-instanton solution is constant over T- (not localized). Is this
interesting? Do we live on T°?

Maybe: CMB analysis LT3 > @(few)LO, LO ~ 12 Gpc Aslanyan, Manohar, Yadav, 2013

Tracing back: Ly ~ — L~ e L- ~ =
l H [

Early Universe L3 > Ly

[f fractional instantons have a cutoff scale < L, there might have played a role.

20



2-form symmetry in axion-YM theory

UV: < = YM+Dirac fermion + | d® \2 + A(| D |2 — v’ + yOy

In rep.R—»zWY

® = pe'®,a ~ a + 2x, and take v > A(strong scale)

UV symmetries:

(0) (0)
O -z

ABJ anom a]y Mixed 't Hooft anomaly

7'V 1-form symmetry

U(1)y)

21



2-form symmetry in axion-YM theory

p* , 1pa
AtA K E v L DODOYMA+ —|da|” + FAF
. 2 812
ABJ aﬂomafy

» Bianchiidentity: d’a =0 < d % j©® =0
Strings)

=P U(1)® symmetry (couples to

e da = *j(3), Ug — eiafmlda

22



Gauging the 2-form symmetry

This is useful at £ << A:

T T
Gauge U(1)?: introduce & D £ x j(3) ANC® = K5 n C®
2T 2T
’ T dC|?
£ = [[dC(3)][da]e_SlR , Sp = % | da |2 + Z—Rda ACO) + ‘ A4 ‘ +higher orders
T

[t is inevitable to IR match a mixed 1-form/O-form 't Hooft anomaly

dC®) is the long tail incarnation of F A F below the confinement scale A

23

MA, Chan, 2024

Luscher, 1978
Veneziano, 1979



Quantization condition [

Gauging the 2-form symmetry

dC® e2rm me 7

M4

Performing the sum overm € Z:

Nk
Fla] ~ 2 exXp l—i4—ﬂ[ B® /\B(2)] exp l—J
V4 M4

keZ

mixed anomaly:a—a+24/T,

V(a) ~ A*miny (TR a + 27Tk)2

vaCuad =

2wt

IR

)

cCusps =

(2 + 1)

Iy

24

V2

2

\da\2+

A4

72

(TRa + 27rk)2



Gauging the 2-form symmetry
. axion+hadronic walls: o5y, ~ % > A" 5y~ A7

The same behavior at large N,
Witten, 1980

V(a) ~ A*min, (TR a—+ 2ﬂk)2
T, =3

25




Gauging higher-form symmetries leads to new nonperturbative effects.

Summary

SM gauge group is still an open question:

~ SUB) x SUQ) x U(1)

n

VA

n

.

n=1,273,6

New fractional instantons on M*: AB = AL # 0

Axion+YM encompasses 2-form symmetry, and gauging it yields a fully consistent

picture

26



