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Large charge expansion

Hellerman, Orlando, Reffert, Watanabe 2015

EFT approach for strongly coupled CFTs.
Conformal dimension of the lowest-lying primary with large charge Q:

AQ:Q% [a1+a2Qd;j+&3Q%+"'} +Q° {50+51Qd__—21+..-] +O(Q_%)

What about UV complete models?



What about UV complete models?

Badel, Cuomo, Monin, Rattazzi 2019

Wilson-Fisher FP in U(1) model in 4 — €
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L= 0,60"¢ + 7 (6¢)°

Double scaling limit....
A— 0 () — o© A = fixed

<< / \>>1

Superfluid interacts with
light radial mode

Radial mode decouples

Reproduce diagramatics Reproduce EFT results



Sem|C|aSS|CaI methOd Badel, Cuomo, Monin, Rattazzi 2019

Double scaling limit A—=0, Q—=00, AQ = fired

® Tune QFT to the (perturbative) fixed point (WF or BZ type)
® Map the theory to the cylinder RY - R x $9-1

® Exploit operator/state correspondence for the 2-point
function to relate anomalous dimension to the energy
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® [0 compute this energy, evaluate expectation value of the
evolution operator in an arbitrary state with fixed charge Q



|dentity the operator
Perturbatively it is ¢<(z)
* Adding derivatives increases dimension in the free theory
[imit

* Level crossing involves non-analyticities



Towards realistic theory

To use large charge expansion technology to compute anomalous
dimensions in the SU(3)xSU(2)xU(1) Standard Model with quarks,
leptons and the Higgs we need, at least, to:

* (Generalise the construction to the local symmetry
* Find the way to identity the operator

e Add fermions



SU(3)xSU(2)xU( 1)
Can we apply this semiclassical method to 4d local U(1) model?

1 \4m)? -
S = /dDZE <ZFMVFW/ + (DM¢)T D,u¢ | (6 ) (¢¢)2>

D,¢=(0,+1ieA,)o

Both  (¢%(z)) and  (69(x5)0%(x:))
are not gauge-invariant and vanish due to

our generalisation should correspond to
gauge-invariant correlator in flat space




But which one” The choice is not unigue

Schwinger proposal:

Wilson line on the shortest path connecting x and x

/
xXr

(B(x') exp [ e / dxﬂAu(x)} &(x))

X

Dirac proposal:

Gp = (¢(xy) exp (—z’ e / deJ“(x)Au(x)> d(xi))

J.(z) is the background current



Dirac proposal:

Gp = (d(zy)exp (—fz e / deJM(x)Au(x)> d(xi))

oHJ, =0(x—xf) —0(x — x;) 0°J, =0
Ju(z2) = J (2 —2") = J (2 — )

: o d% ko L'(d/2—-1). 1
JM(Z) — _7’/ (27)d kze - Ard/2 Oy ~d—2

wl  Gp = (Di(wf)bni(:))

6—iedezJ;(z—x)A“(x)¢(x)

where Pt ()
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f Electron cloud
-

Physically, oni(x) can be interpreted as
the creation operator of a charged scalar particle (nucleus)
surrounded by a background electron cloud

This is an overall neutral object (atom)!



QED plasma (textbook result)
1 ;T .
Loep= -ZFWFW + Y (iD-m)yY+ A,J"

D, = 8, — iud, - igA,

It we want finite charge density in the infinite volume limit, with a
finite free energy density, neutralising background is crucial

Otherwise we have long-range electric fields giving
infrared-divergent energy cost
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Observation:

InLandau gauge 9*A, =0 = ou(x) = ¢(x)

We may expect that the operator-state correspondence can be
applied to access anomalous dimension of this operator

It true, we need to compute the energy of the state

created by this operator



\Am)? -
S = /de (iFWFW + (DM¢)‘L D, oA (6 ) (¢¢)2>

D =4—c¢

® Perturbative WF fixed point at 1-loop reads

3
AT = 20 (196 + 7196) , a, = —€ Qg =

complex!

® Map to the cylinder

2
S = / dPx /=g ( Fl F*™ + (D,¢)" D' +m? ¢ + A(Z?) (¢¢)2)

m? = (D —2)*/4  with radius of the cylinder R=1



® State-operator correspondence

Gp = <gE(a’;f) exp (—z’ e/dDﬂ?J”(ﬂ’f)Au(??)) O(i))

p=1r
QeMTIQ) =27t [ DpDyDAe S
p=1

- P(ﬂi‘)e x ()
p(x) = 7

T/2 1 1y 15
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+2mp +e,0 M@x 26,0 5 P O 1)

+J"(2) Ay () . i
® Fixing the charge of the
initial and final state to Q



+J#(x)Ap ()

OuE" = j"(x) vl 0, F" = j"(x) + J"(x) =0

J"(x) is neutralising background

Homogeneous ground state ansatz

plx)=f, x(x)=—iur, A, =0



5= S(00) + (6~ 60)S"(d0) + ...

'

Ay
Homogeneous ground state
plz)=f, x(z)=—ipur, A,=0
From EOM )
3 _ 2 __ o2
pop=gAQ s f ()%) (1* —m?)

Plugging into Seft.

32/3 (gj—|—\/—3_|_$2)1/3 , 31/3 (31/3Jr (x+\/_3+$2)2/3)
)2/3 | )1/3

4N 1 =

3”3+—@%+VA{%+x2 (w%—vLB—ka

The same as in U(1) global case r = 6AQ)




50 = 3 20m? = g + 5(0,m)° = 5o (ef P
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Spectrum of fluctuations

scalars : r,m, Ag, h A; = B; + C} C*=V'h
vectors : B; V.B" =0
ghOStS . C, C _V? = —83 + (—V%D_l) on R X SD_lspa,ce

—1/2

B; : /Z—::va(é)det (_83+J£2(v)‘|‘(D—2)—|—(€f)2>

c,C: / g—: Zns(é) det {—83 + Jf(@ + (ef)z}

[ ~1/2
scalars : / o zg: ns(£) det | B]



Scalars

(‘uﬂ + Ji g +2(p? = m?) —2tpew —2iepf ’ )
ipuw Byt fr —ef (1-Y)w e (1- 1) i
b= —2iepf ef (1 - %) w o gt gy T et (1 B %> @l )|
\ 0 ief (1 — %) o] (1 - %) Wiy —w 4 g + (ef)?)

Determinant factorizes with gauge-independent dispersion relations:

Edet B = (w” + Wi)(WQ +w? ) (w? 4+ wi)?

¢ cancels out in the final result due to contribution from ZA{-1)
p=1
<Q|€_HT\Q> — Z_I/ DpDxDA o et

p=f




scalars : r,m, Ag, h

vectors : B;

ghosts : ¢, C

1 Z

¢=0
Field dy w; (£) fo
B 1 (£) \/Jf(v) + (D —2) +e2f? 1
h(Cy)  ns(f) \/Jg(s) +e2f2 1
(c,6) —2n,(f) \/Jg(s) +e2f2 0
Ay na(0) Vi €S 0
0 ng () \/Jez(s) +3u2 —m? + e f2 £ \/(S,uz —m? — %e2f2)2 — 4J€2(S),u2 0




The MSbar renormalized result reads

1 e
A ( 150 — 6p° + ue — 2+ ) =
0= 15 D 6 8\/6 D Qg 62
3ag , o 3g . o 5
_E — 1) =5 _
+2 o({) 5 (1 )( ) (Tp” +5) —9u” + 5

o(l) = Jay (n* —1) (3ig 1> (u* —1) —26(£+ 1) subtraction

+ (2 = 1) = 20+ 1)(20(0 + 2) + p?), terms
+ (0+ 1) (Wi (0) + w=(0)] + 20(¢ 4 2)w* (¢)

3
()2 = ig (12— 1) +3u> +L(£+2)—1
3ag ? 5
+ S (u? —1)=3p*+1) +40(40+2)u scalars
(w*)Q 6a9 ( 1
= u ) +0(0+2)+1 vectors



Put together

S = 5(¢o) + %@b — $0)*5" (¢o) + . ..
! !
A_l AO
A_1+Ag+---

Should correspond to  @ni(x) = e~ i) @72 zmo) A% @) g ()
InLandau gauge 9"A4, =0 = ¢n(z) = ¢(x)

To cross-check we may compute conformal dimension of ¢(x)
diagrammatically

The result will be gauge-dependent and we fix Landau gauge



Explicit 3-loop gauge-dependent result for ¢¥

We compute 3-loop AD for ¢% for fixed Q=2,3,4in D =4 —¢
) ) () ) ) ()

2-2 3-2 4-2 3-3 4-3 4-4

and " fit'" all coefficients Cki In

[

[—loo [—loo —

QA ag,§) = Z’Y( (X ag,€) Wég P) = =) CuQt "
k=0



* A\Q <1 Comparing to ordinary perturbation theory

A_q

Ag

1-loop

Q%o

QAo

2-loop

Q*XG

Q*XG

QN

3-loop
QX
Q>N
Q*X5

QN



Explicit 3-loop gauge-dependent result for ¢

A
78>(A7a97§) — §Q2 - Q (3&9 —|_ g) ‘|‘agQ2§
~ —
leading sub—leading

9 3 9 3 3 9
_ — —
leading sub—leading
8\ da )\ 8aZ\ 9)\3
WS))()\ ag) 2—7Q4 Q’ [% (3 —2¢3) — &39 (14 3¢3) +4a3(9¢ — 1) + 2—7(16C3 - 17)]
\ﬁf‘—/
leading b—?rading
, |29a2x A3 dag\? 13a7\  2a,\? 2\7 5 (3251
Q| =55 4 a3(95 — 108G) + T4 (57— 64G3) — (81=30Gs) | +Q | 5" + 5 (49 —48C3) — T (31— 32(y) — aj ( . 72<3> ]

In Landau gauge we find perfect agreement for the leading
and subleading terms with large-Q results!



Towards realistic theory

To use large charge expansion technology to compute
anomalous dimensions in the SU(3)xSU(2)xU(1) Standard
Model with quarks, leptons and the Higgs we need, at least:

* (Generalise the construction to the local symmetry ~E(
* Find the way to identity the operator g{

 Add fermions (in SM these are Yukawa interactions)



Yukawa interactions: NJLY model JHEP 10 (2022) 183

A -

_ _ , . _ . 5
Caoty = 0,00"¢ + 0,007 + gbr;d0% + gibr, ;b0 A — (99)
Qb — fe’bx Remove phases from Yukawa term via:

X = T W, — P elT/? vr — PYre M7/

Y r=0 =l A_; is O(2) model result

Quadratic in fluctuations:

(2) 1 1 2 1 2 o 2 2\, .2
S\ = dr [ dQq_1 {—(87“) + —(0m)* — 2iprd, ™+ (u° — m)r
. > 2

Fip B W + PV M + g FOLvh + g fRi

[ Drpepipues ke F
det B




Fermionic dispersions

A

T

Eigenvalues of the Laplacian on the sphere

Presence of Yukawa destroys Fermi surface!

Leading quantum correction

@)

Ao = 5 3 [nelws (0) +w_(0) = Nyngo(wre (6) +wy—(0))

2 4 2 4 §) 212
(f) _ g 3g o 9N g 5 (9°C(3)  g*A 4 1—3((3)
Bo _Q< >+Q ( 4>+Q (647r6 1872 "9 A g



Standard model

SU(3)xSU(2)xU(1) local symmetry

interactions)

To NLO in semiclassical expansion SU(3) does not enter

Find the way to identity the operator (without weak

Og(z) = ¢RI A% =n)B () gy | fla

Dressed state of

IgQgs bosons

 Add fermions (in SM these are Yukawa interactions)

Cxtawa = 4 (V7 (QFH) ult + Y, (QFH) dff + Y, (LFH) IF)



Add chemical potential for hypercharge: D, — D, —iuY

E.O.M: 0,B*" =0 .

(47)°
3

auw/ﬁg) + 47Tg€abcA“(b> W/SIC/) + 47-‘-2‘9 HT%@VH _ ayHT%H

—(D,, — iud0) (D" — iud" ) H — m*H MNHTHYH =0,

2 4 2 a
9 (;) W O HTH + SW(SVOHT%H =0 .
Ground state

Wit =wy )y =c#0, W¥=P#0, H=

(v)

Breaks rotational invariance! SO@3) x SU(2)r xU(1)y — SO(2)

v A0, WE =W — Wl =W =0, B, =



Standard model: result

Og(z) = e~/ QJ A=, (==a)B" ) rh | prlo

1 - - 2., 4 |
Ag=Q+ {3/\@2 + |NYu+ NYs+ Y, Q} — 4N Q7 — [2NVuu + 2NVaq + 2V
2 - 2 \ 3 34
—§>\(Nyu-l—Nyd-I-yl) Q7+ C0Q » + ﬁ)\ Q"+
_ \ n
57 (BN (N*Vu = 3AVu

+9C(3)(/\yuu — 2yuuu)) + 3N ()\2yd — 3)\ydd + 9C(3) ()\ydd — 2J}ddd)) +3 ()\le — 3)\;)}ll

+9¢(3) (AN Vu — 2Vw))) | Q% + Ca3@” + C33Q} + 0 (k7Q°) . (7.1)

V= 4r)’ YY), Vpp= @n)*Te(YpY])?, Vipp = @m)STe(YyY])?, f=wu,d,l.



Thank you!



