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Effects of the 6 parameter interesting but challenging.
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The 0-angle 1n Yang-Mills

Euclidean Lagrangian

1
Ly = —5—TrF,, F" —

O et'Pe T F, F g
QgYM 2 P

3272

0 term breaks P,T and hence CP
0 multiplies topological charge density, whose 4d integral 1s integer.

Hence 0 i1s an angle. Physics periodic under 6 — 6 + 27

Effects: vacuum structure, CP violating effects in QGP [Kharzeev et al], mass and
interactions of n° meson in QCD [Witten-Veneziano], cOsmology (axions)

Neutron electric dipole moment: |0] < 10-'°. Strong CP problem.
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The 0-angle 1n Yang-Mills

Euclidean Lagrangian

1 ;
Lo=— TvF, Fv —
0= H 3072

O et'Pe T F,, F o
QQYM M P

0-dependence due to instantons . Non-perturbative effect.

Real 0-angle challenging for Lattice (sign problem: imaginary term)
Go to imaginary 0, then analytically continue to real around 6=0
Alternatively, compute n-point correlators of topological charge at 6=0
Lattice results obtained in this way: first few terms in 0 expansion
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The 0-angle 1n Lattice Yang-Mills

* (@Ground state cnergy density [ Vicari, Panagopoulos, 08; Bonati, D’Elia, Vicari, Panagopoulos, 13]
02 _ 04
+ by
Nz N

1

FO) = 10) = Jt* 145

+ 0(96)] Xg = J"(0)]o=0 # 0 topological susceptibility

by =~ —0.2 (from N_=3,...,6 data) bg| < 0.001 (N=3)

° String tension [Del Debbio, Manca, Panagopoulos, Skouropathis, Vicari, 06 ]

2

T.(8) = T,(0) [1 +5,0

— X 0(94)] . 59 ~ —0.9 (from N_=3,...,6 data)

e Lowest 0™ glueball mass [Del Debbio, Manca, Panagopoulos, Skouropathis, Vicari, 06 |
My++(0) = Mo++(0) [1 + g20° + O(0%)] , g2 =~ —0.06(2), (N.=3)
* Deconfinement temperature [D’Elia, Negro, 12, 13]

T.(0) = T.(0) [1 + Ry0* + O(0")] , Rp ~ —0.0175(7), (N, =3)
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The 0-angle 1n large N Yang-Mills

N, A0

L=y T¥F2—zﬁﬁ”ﬁFF ‘t Hooft limit: must take 0/N fixed.

Puzzle: energy density should also be periodic in 6 with 2w periodicity.
Solution [Witten, 1980]: {(0) multi-branched

F(6) 2
----- : \ =T = f(6) = bN*min, (9“‘”) +0 (0N
AIAZA
-7 T T T I

At 6=(2k+1)r: expect first order transitions. CP spontaneously broken
Expected phase diagram /7,
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Theta term in QCD

Ny
1 _
L= 2Fu(2)F, () + > s (D+myp)dhy
f=1
a) Massless quarks:
P — "5 )

—i o g? _
][] ﬁexp( el [ d‘-‘weuupaF;,,F;a) dy][dy]

0 — 60— 2aN f
* Theta rotated away by chiral rotation. No theta dependence

b) Massive quarks: mys — e *m f 6 =0, + argdet M

2

* Neutron Electric Dipole Moment: d,, ~ 06m2f ~O—F ~10""%ecm
mn mn

em

« Experiments: |d,| < 2.9 X 107%%ecm bound on theta



NEDM in the literature

Year Approach/model ¢ =d,/(-10"% - cm)
1979 bag model 2.7

1980 ChPT 3.6

1981 ChPT 1

1981 ChPT 5.5

1982 ChPT 20

1984 chiral bag model 3.0

1984 soft pion Skyrme model 1.2

1984 single nucleon contribution 11

1990 [20] Skyrme model Ny =3 2

1991 [19] Skyrme model Ny = 2 14

1991 ChPT 3.3(1.8)
1991 ChPT 4.8

1992 ChPT -7.2,-3.9
1999 sum rules 2.4(1.0)
2000 heavy baryon ChPT 7.5(3.2)
2004 instanton liquid 10(4)
2007 holographic QCD “hard-wall” 1.08
2015 1502.02295 [hep-lat] 23.8(2)

Table partially taken from Panagopoulos, Vicari 2008

* Need to compute

Dy, = /dezE’(n,s|J£m|n, s)



Plan

* The 0-angle in Yang-Mills and QCD
* Holographic Yang-Mills at finite 0-angle
* Holographic QCD at finite 0-angle

Exact 0-dependence in a top-down holographic Yang-Mills model
Explicit realization of expected YM features.
Qualitative matching with lattice YM at small 6.
Benchmark beyond small 6 ?
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Witten’s holographic Yang-Mills

N, D4-branes in IIA string theory
Low energy physics: 5d SU(N,) Super-Yang-Mills theory.

N, D4-branes on S' , of radius R,= 1/M, with antiperiodic fermions.
Low energy: 4d non-susy SU(N,) Yang-Mills + adjoint KK modes [Witten 1998]

Can add 0 term to the model, no sign problem.
To leading order in 6/N_ done in [Witten 1998].
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Witten’s holographic Yang-Mills

Gravity action (closed string description), sourced by the N D4-branes

1 . 1 1
S = o2 /dloaz\/_—g [e ?(R+4(09)°) = SIFul* - §|F2|2]

Gauge theory action (open string description), wrapped D4-branes (IR expansion)

1 i
S= d*x TrF,, F* — / C/d4 HYPITYF . F oo
87rgslsMKK/ * 327215 S.a ' * el
1
F,=d(, )‘4:g%’MNC:27TgSlsMKKNc 9+27rk:l_ i C1
S T4

Holography: gravity picture dual to gauge theory at A,>> 1, N >>1
Leading order in 0/N_ : treat F, as a probe [Witten 1998].

F.Bigazzi - Theta dependence in Holographic QCD

12



The 0-backreacted gravity solution

[Barbon, Pasquinucci 99; Dubovsky, Lawrence, Roberts 2011] (X4 ~ X4+27’E/ MKK)

u\ 3/2 f R\%? du?
ds?, = (—) /Hy dx,, dz" de?| + (Z)  VH, |2 4 u2d02
ud ud ©2 _ u\3/4 34 O f _
f=1-3  Ho=1-ii—a; =g () H" G=om iR
/ F, =8m%3g,N,, R = (mg,N,)3l, 0 + 2k = zl o
54 s J Sz,
_ A [0+ 2km AR? ., 1
624772( N. ) u = —5Mkx T g2

* (u,x,) subspace is a cigar

* g,(uy) # 0 (regular) : confinement
* KK modes NOT decoupled

* Small curvature if @<<j,!*
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The ground-state energy density

From holographic relation Z = e Y4/ )  e=SEon—snen

ON2)\, Mi, Ay [0+ 2kn 0) = ming f(©
= — ¢ = - k
1(©) 3772 (1 + ©2)3 O= ( N, ) 1) /()
f(0) — £(0)
|£(0)]

Expected structure
explicitly realized

1 02 g MM o A 5 5
f(0) = f(0) = xo0° [1 +by—s Nt b4ﬁ + 0(96)] X9 = "4(3m)6 2= g T gy

* Qualitative agreement with Lattice
* Prediction: b,> 0 (it would be nice to check it on the lattice)
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Other observables

D, 1
27 KK (14 62)2

String tension (from rectangular Wilson loop) | 7. =

24
v= M (1-
5= o KK(

RV 3\ o0 (69)
8rt N2 = 25678 N2

Light scalar glueball mass | M(6) = %:@?

3274 N2 T 20487 SWHQ

2 2 4 4
A2 6 3\ 0 ( 96)>

‘t Hooft loop and oblique confinement (from minimal area D2 on S,)

1 0+ 2km| |0+ 2k~ :
T, = ——M? =7, area law at finite theta
27r2 KET4(1 4 @2)2 o
0 :
Tay = —pTs + qIm = (—P + 54> T dyons are screened if 0 = 27(p/q)
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Finite temperature

Take Euclidean time periodic with period 1/T. Two possible gravity solutions

3/2 1 . —3/2 2
ds® = (%) [f(u)dxg + dzada® + dxﬁ] + (%) {;:) + quQil ,
u
A 3
e ]_ — /IE b
3 * black hole solution

goo(up) = 0 : deconfinement
* no theta dependence

IC1 ~ 0dzy, Fo =0 [(u,z4) : cylinder]

Just Euclidean extension of one discussed
before

* Theta-dependence

e confinement
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Deconfinement temperature

Compare the free energy densities of confined and deconfined phase

2, 4

f:_p:_2Nc2)‘4 Mgk _  £(0) Fioe = —Ddoe = _1256Nc’n’ /\4T6

3 (1402 (1462 * © 6 T29MEg
MKK 1 MKK )\2 92 3)\4 94
T,(©) = _ M 4 6
(©) 2 \/1+ ©?2 To(0) 2T L 3274 N2 + 204878 N4 +0)
L0/ T(0),, = To(0),,, [1 — Rot? + O(6%)] , Ry = 0.0175(7)
Cusps: tri-critical points
Colored: deconf. first order transition

! ! ! ! Dashed: CP-breaking first order transition
Phase diagram as expected
| o =7 6 T on -0
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Overview

Holographic YM results exact in 0, large N
Observables are those at 6=0 multiplied by powers of (1+©?)

A rule to compute theta-corrected CP even observables
- a factor of (1+®2)"'"? for each power of M,
- a factor of (1+®?%)"! for each power of ),

Mass scales reduced by 6 (checked also baryon vertex mass)
Structure of (T,0) phase diagram explicitly

Agreement with lattice trends at small 0

Benchmarks for subleading coefficients in 6 expansion

Other observables computed: e.g. entanglement entropy.
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Plan

* The 0-angle in Yang-Mills and QCD
* Holographic Yang-Mills at finite 6-angle
* Holographic QCD at finite 0-angle

Work 1n progress
0-dependence in Witten-Sakai-Sugimoto model
with massive flavors
Towards a holographic computation of Neutron Electric Dipole Moment
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Theta term in Witten-Sakai-Sugimoto

Quenched flavors: probe D8-anti-D8
vSB = joining of the two branches
Flavors are massless

Gauge field on D8 gives meson tower:
* A, : Goldstone bosons
* Ap: (axial) vector mesons

UKK = UO
F, mixes with U(1), gauge field on D8
1 ~ ~ 1 ~
(3) — _ * _ _
S 47T(27Tls)6 /F(g) AN F(Q) o /0(7) N (dF(g) Tr.FAwy>
Fio) = dCyy + Tr (A) A 8(y)dy 0aCy=Tr(A)S(y)dy,  SaA=i[A, Al —dA
-1
. A=A + AeT®
Vacuum solution: 4 pure gauge V2N;

/ngde’l—/Tr.A/\wy:O — S3=0

W — ey 0 —0—2aNy No 6 dependence.



Mass term 1in Witten-Sakai-Sugimoto

Worldsheet instanton
[ Aharony-Kutasov; Hashimoto —Hirayama-Lin_hee 2008]

Shnass = c/d4a: Tr P [M exp (—z/ .Azdz> —I—c.c.]

L 3 23 ar—t _ . 1! aa

UKK — Uo
* On previous solution: / Azdz ~ 0, for M = m,1

* Ground-state energy density (from on-shell action)

F(0) — F(0) = NymgX[1 —cos(0/Ny)] , X = @_@
Ny

e Same result as from chiral Lagrangian since

Lomass ~ ZTr[ew/NfMU + c.c.], U ~exp (—z’/Azdz>



Baryons in Witten-Sakai-Sugimoto

1 2 1 2 __
8? DSC(5)/\’I‘I'.F WfBTrF — nB

Baryon = D4-brane wrapped on S*; instanton of 5d SS action
[Hata,Sakai,Sugimoto, Yamato. 2007]
1
Shulk+D8 = —n/d4a:dz (ih(z) Tr F,, F* + k(z)Tr F,MF“Z> +

K

1 A~ A~ A~ A~
/d43:dz (ih(z) F,F* + k(z)FuzF“z) +

2
+ ziv;z lw§U<Nf>(A) + \/E’sz TR \/12ng ﬁ?]
BPST-like instanton (Nf=2)
A = —if(€)gomg™t, AY = 87:2a§_12 [1 . ﬁ] LAY = Ay =0
£(€) = §2i—2p2 o) = (z— 2)1 —g(i:‘—X) 7

Small size: p? ~ 1/A
Spectrum (baryon states) from quantization of collective coordinates

Ay — Ay =WHAW(t)!



Baryons in Witten-Sakai-Sugimoto

Adding mass and theta term

Shnass = c/d4:c Ir P [M exp (—z/ Azdz) 4 c.c}
N_ > ?
Xy 4 f N
Skin = 5 dx<0+\/—2 /_oodzAz)

 To first order in mass, just O(6?) correction to Mass (Hamiltonian)
* Baryon states do not receive O(0) corrections
* New instanton solution to leading order in mass and theta

~ 1
Ama.ss —
z 1+ 22

u(r)

_cmgb

u(r) = /00 dr’ug(r,") | 1+ cos S —
ko Jo , V14 p2/r'?

2

2 % rz 8p r,z VA r,z) =
h(e) (9B (r,2) + SOV (.2) + rgrts W (12)) + D)W, 2)
2t p?2 1 /(r) _

"X @rpprire 70




NEDM in Witten-Sakai-Sugimoto

Joem ~ F0z |bounda1'y Dn ST / d3x g <n, S|ng|n, 8>

Boo= 3 [ drr slh(2) 20 (1, 1% (s161s) = ~D
0
2 > 4 Z—00
d, = 3 drr® klk(z) 0,W (r, 2)]22>
0

The NEDM obtained performing the numerical analysis for N, = 3, A = 16.632
and Mk = 949 MeV yields

d,=325-10"1"0 e-cm

* Holographic result takes into account contribution from whole meson tower

« NEDM proportional to N, m_? as in Skyrme model



Coupling with pions

From old-fashioned pion-nucleon effective Lagrangian

L, =% Ne @5gaun * Ena)N

T Xi
(m%(x))=— Sgﬂ;;N r:; o;7%) + CP breaking term

< aa a> = A% Large r limit of our instanton solution

3
gxNN ~ N¢ GeNN ~ ON'’

No linear in theta term found in Az : 9xrNN = 0 at leading order in 1/N




Thank you
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The scalar glueball mass

e 0" glueball spectrum e (TrF2(x)TrF3(y)) = 3°, ¢, e Malx=l

* Solve e.0.m of dual gravity scalar field: a metric fluctuation in 11d. Reducing on S*:

o u . 3
hos = Hop(we™™ = Ha) = a0 dag (0,1,1,1,0--25.0)
4ud — ud M?R?
H" 0 H' — H =0
)+ o)~ 3 )

 Regularity at u=u, and UV normalizability only if M?>0 and discrete

~ M(6=0) A2 62 3 o .
M(©) = e | MO =M6=0) (1 ~ ominz + g e + O ))

Mot (0) = Mt (0) (1 + g260% 4+ O(6%)) , go = —0.06(2)
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‘t Hooft loop and oblique confinement

Monopole-antimonopole potential from minimal action of D2 wrapping S, ,

Spg:—T2/d3§e_‘z’\/—det(g—l—.7:)+T2/(Ajl/\]-_‘

Equivalent to M2-brane wrapping the y = ® x, cycle in

I»’A

ds}, = e~ g dslo +e3 (dy — Cyp dzy)?.

‘t Hooft loop has an area law at finite theta (magnetic screening only at theta=0)
1 0 + 2k e 0 + 2k

T = ——= Mz )
27r2 KETH(1 4+ 92)2 21

Dyons are screened under certain conditions (oblique confinement)

0
Tay = —pTs + T = (—p + %q) T, 0=2m(p/q)

See also [Gross, Ooguri, 98]
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Entanglement entropy

[Ryu, Takayanagi 2006]

Minimal Surface

L/
@7 @ Sg = —Tr(pplogpp) ~ min,, 11((’;78)

AdS g 2 . 1 8 26 /T
Boupiry S = e d°ce \/ det(Ging)

Slab geometry: B={x in [-1/2, 1/2]} [Klebanov, Kutasov, Murugan 07 at 6=0]

22 A4 N2 1
3 (1 + 077 i (E - 1)

0Sgi5/0l ~ O(N?)
50}
6 3/2F 3 2
/4 conn Jin — — 2 [5] )‘4Nc MI2{K
__ 3 I‘[ 517 (I Mkk)*
1/ I

5ol First order phase transition |l. =l.0V1+ ©?

AS Sdzs =
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