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E.g. Renormalizable Portals: We propose a new non-renormalizable portal
 \Vector ~ BWXW that is topological — which elegantly delivers
« Higgs ~ |H|*(#AS + #52%) some key features of GeV thermal DM, and
e Neutrino~ LHN has distinctive phenomenology at colliders
X1 X1
< X2 < X2
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Outline

1. What are Topological Interactions? Why are they special?

Sto
2. Topological Portal: QCD & Dark Sector (DM = light scalars)

3. Phenomenology

4. Generalized symmetries: from IR to UV

Joe Davighi, CERN



1. Topological Interactions

Based on Davighi, Gripaios, 1803.07585; Davighi, Gripaios, Randal-Williams, 2011.05768

Joe Davighi, CERN


https://arxiv.org/abs/1803.07585
https://arxiv.org/abs/2011.05768

Topology

Topology measures robust features that don’t change under smooth deformations

Ex1:

Joe Davighi, CERN



Topology

Topology measures robust features that don’t change under smooth deformations

Ex 2:
6(t):S} - S} : 8(2m) = 6(0)

.
»

Topological: if dd =W e Z Swinda (Aharonov-Bohm)

. 1 [(dO\?2
Not topological: fdt > (E) Skinetic

Joe Davighi, CERN



Topology and QFT

QFTs run

* RG flowi—‘ii # 0 is a smooth deformation of QFT

Topological quantities n € Z cannot run!

 Sector {n;} of robust “non-renormalized” information

Joe Davighi, CERN 8



Topology and QFT

7 eincf aFFZ /
n. € Z becauserelated --<

QFTs run to a topological index

. RG flow 24 # 0 is a smooth deformation of QFT
du QCD

Topological quantities n € Z cannot run!
 Sector {n;} of robust “non-renormalized” information

* Classic example: anomaly matching

* Provide bridges from UV to IR
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Topological Interactions

. %f do, ncf moF A F both obtained by directly integrating a differential form

Recall: A differential k-form on manifold X is a totally antisymmetric tensor of type (0, k)
Can expand in coordinate basis 1-forms dx*, as A = %A[ﬂl___ﬂd]dxﬂl A AdxHd

Hence e.g. field strength F = F,,dx* A dx” defines a 2-form

* These terms are “topological” because they can be written without a metric

[ Contrast with e.g. kineticterm S = [ %n“"gij(n(x))aﬂniavnj, orany [ \/detn f(m(x))]

See geometry talks by T Cohen, T Corbett, M Alminawi

Joe Davighi, CERN 10


https://agenda.infn.it/event/44272/contributions/254759/attachments/132954/198594/Cohen - EFT Geometry - La Thuile 2025.pdf
https://agenda.infn.it/event/44272/contributions/254760/attachments/132945/198582/CorbettLaThuile25.pdf
https://agenda.infn.it/event/44272/contributions/255878/attachments/132958/198599/La Thuile - Mohammad Alminawi.pdf

Example: Wess-Zumino-Witten term in QCD

Wess, Zumino Phys. Lett. 1971; Witten Nucl. Phys. B 1983

Low-energy QCD is characterized by chiral symmetry breaking:
* () ~ Myendyj 1 SUB), X SUB)g = SU®B) 4k

—0
 Goldstone theorem = 8 QCD pions {no, nt K9 K K%, n}, weakly-interacting

The effective action contains all SU(3); X SU(3)g-invariant interactions ) ;
This includes a single topological interaction: //* @
N
_ L -1, \5 _ , :
Swzw = nfD5cSU(3) 28073 Tr (g~ 'dg)>, g€ SU(3), dDs = Im(Spacetime) EF;- 20n8|stency:>

Here 48_0;3 Tr (g~ tdg)® is the (unique) closed, SU(3), x SU(3)z-invariant, 5-form

Anomaly matching
=>n=n,

Joe Davighi, CERN 11


https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9

Example: Wess-Zumino-Witten term in QCD

Wess, Zumino Phys. Lett. 1971; Witten Nucl. Phys. B 1983

Low-energy QCD is characterized by chiral symmetry breaking:
* () ~ Myendyj 1 SUB), X SUB)g = SU®B) 4k

—0
 Goldstone theorem = 8 QCD pions {no, nt K9 K K%, n}, weakly-interacting

Swzw ~ le Tr (9~tdg)>
BcSU(3)

Expanding locallyg =1 + ]Zc—itana(x) + ---, and gauging QED, can write a local Lagrangian

1 1
L~—=e"Pmyd,mn0,n~0,K¥0,K~ + -+ 5 e*Pomy0,n*0,m"F,, + ]—ce‘”’p“nOFWFpg

f5 f3

n.b. total antisymmetry

Joe Davighi, CERN
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https://doi.org/10.1016/0370-2693(71)90582-X
https://doi.org/10.1016/0550-3213(83)90063-9

2. Topological Portal to Dark Sector

Davighi, Greljo, Selimovi¢ 2401.09528



https://arxiv.org/abs/2401.09528

Dark Sectors with Global Symmetry Breaking

Low-energy QCD is characterized by chiral symmetry breaking:
* () ~ Myendyj 1 SUB), X SUB)g = SU®B) 4k

—0
 Goldstone theorem = 8 QCD pions {no, nt K9 K K%, n}, weakly-interacting

The dark sector could also be characterized by a global symmetry breaking
* Many QFTs end up this way at low-energy
* e.g. aconfining dark QCD-like sector; e.g. a dark Higgs sector

Gp — Hp

— Dark Pions on Gp/Hj

Joe Davighi, CERN

14



Lypr + 20smOpm + Lpypr

??

Joe Davighi, CERN
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Topological Portal to the Dark Sector

Dark sector on G /Hp can talk to QCD pions via a topological interaction:

Davighi, Greljo, Selimovi¢ 2401.09528

Sportal ~ nj Tr (g_ldg)g A c.f. Swzw ~ st Tr (g~ 'dg)®
BS/’ AN
The only other invariant form ... so, to make a second topological term we
made out of QCD pions! need a closed, Gp-invariant 2-formon G /Hp

Joe Davighi, CERN 16


https://arxiv.org/abs/2401.09528

Topological Portal to the Dark Sector

Dark sector on G /Hp can talk to QCD pions via a topological interaction:

Davighi, Greljo, Selimovi¢ 2401.09528

Sportal ~ nj Tr (g_ldg)g A c.f. Swzw ~ st Tr (g~ 'dg)®
BS/’ AN
The only other invariant form ... so, to make a second topological term we
made out of QCD pions! need a closed, Gp-invariant 2-formon G /Hp

Gp _ SU@) _ ¢2

» Example (almost unique): — —
ple ( que) Hy, _ 50(2)

Nz

Joe Davighi, CERN 17


https://arxiv.org/abs/2401.09528

Gy SUQ)

Topological Portal to the Dark Sector  ;>=555 =5

2

Dark sector on G /Hp can talk to QCD pions via a topological interaction:

Davighi, Greljo, Selimovi¢ 2401.09528

dy, Ndy,

1
Soortal = Znnj Tr (g~ tdg)3 A

e#vPI [ 1 3e n 0pX105X2
— a b C F P
/njm 48m* lf3fabcn o f <nox+ '3> “v] o \

Integer! (EFT consistency) , Topological portal
Term from gauging QED requires at least

x2 dark pions
X1 To, 7] X1

X2 ol X2

Joe Davighi, CERN 18


https://arxiv.org/abs/2401.09528

3. Phenomenology

Davighi, Greljo, Selimovi¢ 2401.09528 + work in progress

Joe Davighi, CERN
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https://arxiv.org/abs/2401.09528

Thermal History & Relic Abundance

-3

Freeze out via t'y < yx,x, after QCD phase transition

my

* Numerically, need <23= m, S 3.7 GeV 10-5
Tqcp
4

* Leading order parametric dependence: {lpy; ~ f—ﬂ 1077

my >

>
107°

X1

10°1t
X2 10—13

Mass splitting (explicit Gp-breaking):m, —m, > m o
* ¥, = x1ym° decays shortly after freeze-out

* Leaves y, asrelic DM

Joe Davighi, CERN

Yy = yn°: my = 12Tocp, fp = S.S\/;mx

'}/ﬂ'o = XX 1my = 21TQCD¢ fD ~ 7\/;”1)(
DM annihilation no
longer efficient: freezes
\, out
\.\
Yer]
10 24 30 50 100
=m, /T
QCD phase (Time)
transition

Davighi, Greljo, Selimovi¢ 2401.09528
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https://arxiv.org/abs/2401.09528

Direct and Indirect Detection? No!

Davighi, Greljo, Selimovi¢ 2401.09528

Because the interaction is topological i.e. a differential form, it is perfectly antisymmetric:
* Total absence of “diagonal” interactions y;xy; — SM at leading order

* Natural realisation of inelastic thermal DM at GeV scale c.f. Tucker-Smith, Weiner, hep-ph/0101138

x1 ™ = few GeV, the relic DM

Joe Davighi, CERN 21


https://arxiv.org/abs/hep-ph/0101138
https://arxiv.org/abs/2401.09528

Direct and Indirect Detection? No!

Davighi, Greljo, Selimovi¢ 2401.09528

Because the interaction is topological i.e. a differential form, it is perfectly antisymmetric:
* Total absence of “diagonal” interactions y;xy; — SM at leading order

* Natural realisation of inelastic thermal DM at GeV scale c.f. Tucker-Smith, Weiner, hep-ph/0101138

Topology can naturally explain why we haven’t seen

GeV DM in direct/indirect detection experiments

Joe Davighi, CERN 22


https://arxiv.org/abs/hep-ph/0101138
https://arxiv.org/abs/2401.09528

So how can we test this mechanism?

Joe Davighi, CERN
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So how can we test this mechanism?

At colliders!

X1

X2

Joe Davighi, CERN

X2

24



So how can we test this mechanism? At colliders!

X1 et

TN

X2 € 1
X2 My~ 3 GeV

Wishlist:
* Clean environment, hermetic (for missing energy)

 Centre of mass energy+/s ~ 10 GeV to produce y; + x, w boosted r°
* High Luminosity for statistics

Joe Davighi, CERN 25



So how can we test this mechanism? At colliders!

X1 et

= > n\
X2 e X1

X2 My~ 3 GeV

Wishlist: R

* Clean environment, hermetic (for missing energy) (D
 Centre of mass energy+/s ~ 10 GeV to produce y; + y, wboostedn® [~ = @
* High Luminosity for statistics Belle 1

Dark sectors @ Belle Il, see talks
by F. Trantou, M. Campajola
Joe Davighi, CERN 26



https://agenda.infn.it/event/44272/contributions/255609/attachments/132564/198056/LaThuile_TFoteini_2025.pdf
https://agenda.infn.it/event/44272/contributions/254717/attachments/132653/198204/CAMPAJOLA_LATHUILE.pdf

New Search Strategies

Davighi, Greljo, Selimovi¢ 2401.09528

Two regimes (if y, decay prompt, difficult to explain DM):
Amy  |S1.7m o > 1.7m..0

€+
B > .\ Signature| 7° + Fp |70 + Ep +DV(7'vE 1)
e X1

X2

1. Two new signatures to search for! (work begun with Christopher Hearty and Guorui Lui)

D

2. Definite prediction for corresponding channels with n meson instead of °! QD

n
[ L~ (T[O +\/_§> Fuvap)(laa)(z ]

Joe Davighi, CERN 27
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New Search Strategies

Davighi, Greljo, Selimovi¢ 2401.09528

Two regimes (if y, decay prompt, difficult to explain DM):
Amy  |S1.7m o > 1.7m..0

€+
B > .\ Signature| 7° + Fp |70 + Ep +DV(7'vE 1)
€ X1
X2

For now: boosted ¥ reconstructed as photon; can recasty + Inv searches for signature 1

25l Mono—y
20¢ . Monophoton recast demonstrates
2 =0 tremendous prospects at Belle Il
O 15 [ . ,,
> 10! BaBar 56!
S (No data relevant to signature 2 —- DV veto-ed in
| these mono-photon searches)
i

1.0 1.5 2.0 2.5 3.0 3.5 4.0

my, [GeV] Joe Davighi, CERN 28


https://arxiv.org/abs/2401.09528

Higher Energies?
* Expect further correlated signatures e.g. at beam dump (NA64), and LHC (ATLAS, CMS)

* But to make predictions, we need to go above our pion EFT and find a UV completion...

X1

<

X2

7

Joe Davighi, CERN
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4. Generalized Symmetries: from IR to UV
Davighi, Lohitsiri, 2407.20340

Joe Davighi, CERN
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https://arxiv.org/abs/2407.20340

WZW terms without anomalies

The topological portal presents a QFT conundrum:

It is an integer-quantized WZW term
* BUT, unlike usual WZW, there is no anomaly it matches...

* No known UV completion!

QCDx?

Pions + Dark Pions

Topological Portal /7\ s

n [ Tr(g 'dg)® dxidx,

Joe Davighi, CERN
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Resolution: Davighi, Lohitsiri, 2407.20340

The topological portal matches a generalized symmetry, not an anomaly!

Joe Davighi, CERN
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https://arxiv.org/abs/2407.20340

WZW terms for generalized symmetries!

Davighi, Lohitsiri, 2407.20340
‘Ordinary’ symmetry:  d,j, (X)jy V) = ifapc8(x — )jid )
j[l,fa — C_ILyMtaqL’ jg,a — uv

jte=-Z0o,m, .. R

Joe Davighi, CERN
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https://arxiv.org/abs/2407.20340

WZW terms for generalized symmetries!

Davighi, Lohitsiri, 2407.20340

‘Ordinary’ symmetry: aﬂjg(x)j},’(y) = ifpc0(x —v)jY(y)

j[lfa - quﬂtaqL’ j}l;,a -

UL _f_n a
]L,a - 2 aun 9 oo

uv
IR

1-form symmetry: 0,J vl =0
J¥ = E,uvpaap)(laa)(z

(i.e. * of volume form on S?)

Joe Davighi, CERN

uv?
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https://arxiv.org/abs/2407.20340

WZW terms for generalized symmetries!

Davighi, Lohitsiri, 2407.20340

Flavour symm: jﬁa = —f?”aun“, 1-form symm: J# = efVP90, ¥, 05 x>
Couple to background gauge fields, and take variation:

—Nn
Sportall AL, Ag] 2 f 5 1CSa(A) — CS(AR)] A Volgz +Trjuu A&, + (L > R)

1
iaujffa(x)jf,b(ﬁ T fabca(x - Y)J'Z,c(Y) = nw 5abap5(x - y)]pV(y)

The topological portal twists the usual QCD current algebra via the dark sector higher-form
current, to form a 2-group generalized symmetry!

Cordova, Dumitrescu, Intriligator 1802.04790; Benini, Cordova, Hsin, 1803.09336
Hsin, Lam, 2007.05915; Lee, Ohmori, Tachikawa, 2108.05369

Joe Davighi, CERN 35


https://arxiv.org/abs/2407.20340
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WZW terms for generalized symmetries!

Davighi, Lohitsiri, 2407.20340

1
[iaujf, Ly W) + fapeS(x = jLe ) =ng— 8ap0,8(x — )] (y) J

2-group class n € Zis topological .. cannot change under RG: matches IR to UV!

Matching this rich symmetry structure guides us to a UV completion:
» Rules out QCD-like dark sector completion! b/c no 1-form current J?V in non-abelian gauge theory

iif No go!

Joe Davighi, CERN 36
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WZW terms for generalized symmetries!

Davighi, Lohitsiri, 2407.20340

1
[iaﬂj[lfa(x)jz,b(y) + fabc5(x o J’)J'Z,C(Y) — nﬁ 6abap5(x o Y)]pv(y) J

2-group class n € Zis topological .. cannot change under RG: matches IR to UV!

Matching this rich symmetry structure guides us to a UV completion:
» The 1-form symmetry can be matched by an abelian gauge field

J*
J*

e*P90, X105 X2 IR
Vi Uv?

To get the 2-group structure in the UV, f must have a certain mixed anomaly with QCD flavour
symmetrij‘fa = q.y*t,q;...

Joe Davighi, CERN 37


https://arxiv.org/abs/2407.20340

UV completing the topological portal

Davighi, Lohitsiri, 2407.20340

2 group: i0,j; ()il + fapcb(x —MjL ) = ns—; 8ap 3,6 (x — y)JPV (y)

— 1 2 2 2
L= Loy + %4 +5 (9 = X.)0:) +VUgil?), ¢y € C

QCD xp SQED (¢)¢Ol = X1,, 0n §? @
) ‘ ) _
"o ) >MXWV~.""/

qr“q  x10.x2

=\~ A3
\qa) ~ Agep l *EFT matching
1 3 onto this operator
. f Tr(g~"dg)” Vol is tree-level exact!

Joe Davighi, CERN 38
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From here we can build a UV completion of the topological portal to dark matter, needed to
extend our predictions to high energy:

 LHC signatures, constraints future work w Greljo, Selimovic

* Opens up option of freeze-out at higher energy future work

Joe Davighi, CERN
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Summary

QCD x5 SQED == |HC

Topological Interactions = phenomenology

X1

D
o

Belle IT

Am, |S1.Tm o 2 1.7m 0

Signature w0 + ET ¥ + ET + DV(WOWET)

= My~ 3 GeV

Joe Davighi, CERN 40



Backup

Joe Davighi, CERN
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Topological Interactions: Two Types

Davighi, Gripaios, 1803.07585; Davighi, Gripaios, Randal-Williams, 2011.05768

1. Theta-like

Integrate a closed d-form (da
No effects perturbatively

E.g. Aharonov-Bohm

E.g. 4d gauge theory: Sp = 0 [

2. WZW-like
= 0) * Integrate a d-form « that is NOT closed.
* New interactions in perturbation theory
 Witten: fzd a; = fyd+1a) =da;, 0¥ ., = 24
Tr (FAF) ON
gnz  mst e« E.g. QMonsphere:S=n [ _

E.g. WZW term in QCD: Syzw =1 [,

Joe Davighi, CERN

Vol, dD = Im (y)

csu3) Y5
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https://arxiv.org/abs/1803.07585
https://arxiv.org/abs/2011.05768

Topological Portal to the Dark Sector

Dark sector on G /Hp can talk to QCD pions via a topological interaction:

Davighi, Greljo, Selimovi¢ 2401.09528

Sportal ~ nj Tr (g7'dg)® AQ; c.f. Swzw ~ st Tr (g~ 'dg)°®
Bs

Dark sector cosets from global symmetry breaking are typically symmetric spaces:

> Invariant forms «> cohomology classes = H?(G/H) # 0

Gp SU(2) 2 Portal STMP
» Example (almost unique): H_ — S0(2) — HP(SPU(Z)) (1) (2) ]{; 1
b H?(SU(n)), n >3 0 0 R 0 R
HP(SU(2)/50(2)) 0o TR - — -
HP(SU(3)/50(3)) o 0 0 0 R
HP(SU(4)/50(4)) 0o 0 0 R R
H?(SU(n)/SO(n)),n>51| 0 0 0 0 R
HP(SU(2n)/Sp(2n)),n>2| 0 0 0 0 R

Joe Davighi, CERN 43
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More Topological Portals!

1. Fromstring theory: Syop = fXS(H —nTr(g='dg)*) A (F — mdy1d ) JD, Torres
@ From 2-group to sub-zero 3-group symmetry!

JD, Selimovic,
Moldovsky,
Murayama, Scherbe

2. Forsemi-annihilation: § ~ [ Tr (g_ldg)% ANFp+ [ FA*Fp X

o I
3. Weak scale version? In non-minimal CH models e.g. SO(6)/50(4) D, Selimovié.
Zupan

In all cases, topological portals to DM naturally achieve some desirable things:

a) Inelasticity: no y;yx; vertices b/c differential forms are antisymmetric

b) Number odd processes: used in e.g. semi annihilation, explosive freeze in etc

Joe Davighi, CERN 44



Sym m etry Defe Ct O pe ratO rS Gaiotto, Kapustin, Seiberg, Willett, 1412.5148

» The charge operator Q(M;), obtained from infinitesimal Noether procedure, lives in Lie (G)

/Action on operators \

- ———

* Exponentiate it to get group elements:

U,_ia(M3) == exp iaQ(Ms3) = exp ia fMg*j

-

Key properties @ Local operator 0

1. U,(Ms3) are all topological (“wiggle-independent”) b/c d * j = 0
2. The algebra of these topological operators is a group

3. The U,;(Mj3) act on local ops: linking between 3-mfd and point. .
Uy(M3) O(x) = e**90 0(x)

Klfx inside M3 /

Joe Davighi, CERN 45



http://arxiv.org/abs/1412.5148

From O-Form to 1-Form Symmetries

Ordinary (henceforth “O-form”) symmetry: charged objects = local operators (0O-dimensional)

Generalize to 1-form symmetry: charged objects = line operators (1-dimensional)

Line
operator W

___________ B>

: | operator O
Ordinary “0-form” symmetry 1-form symmetry
» Topops Uy (M%) link points (0d) * Top ops Uy (M?72) links with lines (1d)
« Current] = *j(M isaclosed d — 1 form (if cts.) « Current] = % j@ js aclosed d — 2 form (if cts.)
 Backgroundg. fieldisa1-formA » A + da « Background g. field is a 2-form B = B + dA(D
» MinimalcouplingS = [, AM Ax j() « MinimalcouplingS = [, B® Ax j?

4 M4

Joe Davighi, CERN 46



From O-Form to Higher-Form Symmetries

* Higher p-form symmetry: charged objects = extended p-dimensional operators
* Currentthatwe integrateis /] = x j,wherej = jy,, , . isad — (p + 1) form (if cts.)
[Being a “form” meansj,yll__um1 is totally antisymmetric in exchanging indices]

* E.g.fora U(1)-valued p-form symmetry, defect operator is

Ug=eia(Md_(p+1)) = exp (iaj *j)
Md—(p+1)

which acts on p-dimensional extended operators (the objects which can carry charge)

* The defect operatoris “topological” i.e. isa symmetryiffd] =d xj = 0.In components

@J““l'"“? =0 [just d,j# = 0 infamiliar 0-form case]

Joe Davighi, CERN 47



Higher Group Symmetries

* Higher form symmetries of different degrees can mix to form what is known as a “higher-
group” structure in mathematics (described by higher-bundles with connection)

* Simplest case is 2-group symmetry:

. FUSE! }i = 2-group generalized symmetry

0-form symmetry 1-form symmetry

* 2-group connection consists of a pair of gauge fields with intertwined g. transformation:

1-form g. field: A A+da n € Z, called the “Postnikov class”,
i . ) (1) n that classifies the particular 2-group
2-form g. field: B~ B+ dAYY + - adA symmetry we have

Joe Davighi, CERN 48



Higher Group Symmetry is Quantized!

* There is a 2-group current algebra analogous to the familiar anomalous current algebra:
(0476 COJ () = 8Ce = NFACE @) ~ {n 645976 (x = 1) )

From anomaly matching to symmetry matching!

* 2-group classn € Z .. cannot change continuously under any deformation, including RG
* ... S0, like an anomaly, it must match from UV to IR!

* This gives 2-group more power than 1-form and O-form separately: cannot break one the 1-form
symmetry without explicitly breaking the 0-form “flavour” symmetry at the same scale

[ like non-abelian current algebra ]

This is the “2-group emergence theorem” of Cordova, Dumitrescu, Intriligator 1802.04790

Joe Davighi, CERN 49
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