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AF=2:meson mixing  (B|H&#=2|B) ~ } C(u)(B| O{u)| B)
AF=1: next slide...... i
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AF=1: classified wrt: 1) final states & 2) tree vs FCNC(rare)

- leptonic: no hadron Final State
not covered

- semi-leptonic: 1 hadron FS

covered

> non-leptonic: +hadron FS
not covered

main input
Bt = £/tu decay constants fg
B, — pu ?C}\G 5-10% accuracy

BT - mf v

B — Kuu

form factor (FF)

0\*0 FF & long-distance ME
<

FF &
factorisation

QCD-fac. BBNS
LCSR Khodjamirian,

symmetries, LCSR?

B — nrx

D — nrx

K — nmwr  lattice (Sachrajda’s talk)
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Outline

1) Form Factor (local matrix elements)

2) Long distance (non-local) matrix elements
3) Meson mixing matrix elements

4) QED-corrections

1-3) can, do and will all benefit from progress in pQCD technology

reduction to master integrals: (Fire,Reduze,Kira,...)
solving master integrals: (differential equation)



1. Form Factors

prototype of hadronic matrix element
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Semi-leptonic case study B— 1t Form Factor

T

dI'|B — =t 5
Y WV f@DI (71q1,b1B) = (P + P filgD) + ..

dq?
- How to describe hadrons? <

light-cone distribution amplitudes (LCDA)

dispersion relations

r 1

(7| qx)y,r5b(0)|0) = fo(p,), | due™ e (u
Jo

q?WN u(l —u)(\+ ...)

0.2 V 0.8 1.0 l/t

LCDA well understood ($br < local matrix elements) -> sum rules & lattice

- Both hadrons DAS: Brodsky, Henley Szczepaniak90 |
. hard mechanism

! dugs () | -
J, (1u— ub)lz I .. ~ IR-divergent @ % @

f+(0) ~
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- Physics of IR divergence: soft (Feynman) mechanism missing
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LC sum rules: one DA & dispersion relation

- Physics of IR divergence: soft (Feynman) mechanism missing
can be captured by dispersion relation (as in sum rules)

- | C-OPE: —
(0| T | Jg(x)H"**X(0) | ) (B|T|J(x)H"***(0)| 0}
pB_( @ <B >_, P

M M

Bagan, Ball, Braun'97 ~ NLO twist 2 Khodjamirian, Mannel, Offen’'05 LO twist 2,3
Khodjamirian, Ruckl, Weinzierl,.."97 de Eazio Hurth. Eeldman’o5

Ball 20104 ~ NLOtwist 3 Shen, Wang'15 NLO twist 2,3
Khodjamirian,Qffen, Melic... ‘08

Bharucha'12 partial NNLO twist 2 g2=0
Rusov’'17 LO higher twist 5.6

dépy@) _my
&

: f+(0) — J
f:(0) =0.258(31)

ok Vupo CKM-fit & hard to further improve /IB need to discuss .....
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indirect determination = reverse eqguation:
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Determination of Ag

- no direct first principle determination of Ag
(not related to local matrix element)

- indirect determination = reverse equation:

0 [ déy(&) _my

E g

LHS as input (theory,exp

Ap|MeV] | mode order match group

460(160) | B — wfv | LO NLO LCSR Ball,RZ’04 | Khodjamirian, Mannel, Offen’05
354(40) B — wfv | NLO NLO LCSR Khodj’08 | Wang,Shen 15

600 B — ~fv | LO LO LCSR Ball Kou’03 | Descotes-G-Sachrajda’02

- matching B — y£p to Bellell results is seen as "Konigsweg” for As

Korchemsky,Pirjol,Yan,’99, Descotes-G. Sachrajda’02, Rohrwild,Beneke’11,
Braun,Kohodjamirian’12, Wang’16, Braun, Beneke, Ji, Wei'18



Matching to LCSR might be important as well since ...

- Amusing fact: photon is not a point-particle
mixes with p,w - captured by photon DA (effect is large)

photon-DA correction is of similar size at LO despite 1/mp-suppression!
Investigation at NLO Janowksi, Pullin, RZ in prep (no numbers yet)



Matching to LCSR might be important as well since ...

- Amusing fact: photon is not a point-particle
mixes with p,w - captured by photon DA (effect is large)

photon-DA correction is of similar size at LO despite 1/mp-suppression!
Investigation at NLO Janowksi, Pullin, RZ in prep (no numbers yet)

- Where is this large contribution hidden in B-meson DA approach?

Wang, Shen’18 add the LCSR contribution (hybrid approach)
Beneke, Braun, JI, Wel'18 questioned whether there's double counting

> not a closed story - progress ahead theory & experiment (Bellell)
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Form Factors summary

- LCSR light-DA: relatively mature subject (Auncert. ~ 10-15%)
Uncertainty grow: D-decays (less light cone, smaller kinematic range)
Unstable particles (effect not large)

- LCSR B-DA: recent progress in RG-evolution higher twist

triggered many reevaluations @LO
(Auncert. ~ 250/0)

- Computable in kinematic region
complementary to lattice QCD
Generally “good” agreement in
interpolation

Wang, Shen’

18 Lu,Shen, Wang, Wei'18,

Gubernari, Kokulu, Dyk'18

Bhao

0.5

150

;lcha,Starub, RZ’15
LCS =~ lattice

0.0

||||||||||||||||||||||

Braun, Ji, Manashow’17

ngate’13



2. Long distance matrix element

- lypically due to 4-quark operators: aka “charming penguin” ¢ \ ¢

methods: LCSR & QCD factorisation

O
- Uncertainties large 50-100% G) %)

can be improved with progress in pQCD
(even so need crosschecks elsewhere)




2. Long distance matrix element

- Typically due to 4-quark operators: aka “charming pen%in” l

- methods: LCSR & QCD factorisation @

O
- Uncertainties large 50-100% G) Q)
can be improved with progress in pQCD
(even so need crosschecks elsewhere) b o b
Pl
- Present strategy to measure long distance contaminating
Right Handed Currents [C’7.8.9,10]

Gratrex RZ' 1804.09006 JHEP 1808 (2018) 178
1807.01643 Moriond proceedings
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Parity doubling as a tool for RHC-searches

He’;;w = C5,Th0O, + C'5xI'bO,
\

Right-handed current (RHC)

—| =—,tiny = §C' = BSM-RHC visible?

- Long distance matrix-element can perturb this structure ....



The trouble with RHC - hadronic m-elements

Form Factor (SD)*
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The trouble with RHC - hadronic m-elements

Form Factor (SD)* Long distance (LD)

(4-quark operators)

AP = /(1 +¢,(C,C)

AZTr = s 4 66+ ep(C.C))

ny,

Problem: distinguishing RHCs from LD-terms induced by large Cwiison

(assuming we can measure ARg)

= non-perturbative QCD (LD) can blur RHC and LHC in amplitudes

:
" 50w = S€un® = Ty(0) = Ty(0) [exact relation]
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Parity-doubling as proposed solution

restored flavour-symmetry
SU(Ng)y X SUNp), X "U(1),

'\

Global symmetries = mass-degeneracy e.g. isospin ¢ SU(Nt=3)y
supersymmetry, ...

Chiral symmetry restoration limit:
m,,{qq),.. — 0

SU(N; = 3), : mass degneracy in 17~ and 17 states

We propose degeneracies
in full amplitudes :

ABS—>¢;/(C, C/) — ABS—>f1(1420)7/(_ C, C/)

(history) - tested on the lattice hight T
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Proof of amplitude relation (symmetry limit) br

> Any Bs— ¢y matrix elements c 3-pt function:

(TT ()], (NH"4(0)) =

JDGM det(D + im)e™ @ x

“as in lattice QCD (here Mink. space)”

H"*4 either be

local operator , __— — ——_ ,  charmloop
(=SD=FF)

N
O7
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An exact equality in the symmetry limit

B, — ¢y B, — f,(1420)y
\HSV/E(V +ays)I'b —5(@+vys) D
rsSe T ~ Sys
| o JR _
Jp. Dy = Syu[ySZ Is /B, (fD)u = Sr¥sS

Since: C(C) & (wa) = (1,F 1)

$ ABS—>¢;/(C, C/) — ABS—>f1(1420)7/(_ C, C/)



(4) In practice beyond the symmetry limit

- Right-handed amplitude (crucial sign)
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(4) In practice beyond the symmetry limit

- Right-handed amplitude (crucial sign)

N

S 1 SOV ¢l

B—olfilrg
AR R

What to do with it”?

... there are observables linear in Ar!
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[1] Normalisation 47 drops in asymmetries e.g. time-dependent rate”

Hg 4, +Hg_;, = —2Relel + el] = —2Rele?I(1 + R,;)

Experiment

= sum of LD contribution RH-amplitude measurable

[2] Compute ratio (improved situation) then “know everything”

Refell i
2 Ry = = 13D =1+ 00m,, (39),..)
|'d5, €R pentottV
= crucial error (0.1) and not deviation from unity (0.3) wot
A ?TQS'(Q

* Hy 4 = — 0.98(50)(20) - Hy _,,, = 0.047(25)
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Long distance summary

- Data driven program: assess “1/2" LD contributions

Experiment. measure opposite parity channel
Theory: predict LD-ratio of opposite parity final states

. Relativistic regime: assess RHCs via parity doublers
C, Cy - - | B=>V(Ay A, — ANy
CL, Cy C) Cly| B—=V(A Ay — AN

» Assessing RH-Long-distance contribution is important:
a) 1/2 LD-input into Ps prediction [possibility to crosscheck]

b) argued to be large in other context [we can test]



progress due to new master integrals
and further efforts ...
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Meson mixing matrix elements

. Physics: Ko,Do,Bg,Bs mix antiparticles S W d

- General task is to compute... K ucti tu.c.t

d W S

(B1Q;|B) = fzmy f(NJBy,
T “‘bag’-parameter

...for a set of QCD (or BSM) operators Ba~1+...
Hatree-Fock app. (VFH)

Ql — [)1’7;1( - )(11 b}’}/“(l - 7))(1j
Q2 = bi(1 —7")qi bj(1 —7")q;, Q3 =
Qs = bi(1 —~)q b;(1+7°)g;, Qs

S

(1 —7")q; b;(1 —~)q,

(1 —~")q; bi(1+v)q;.

S|



Meson mixing matrix elements

- Physics: Ko,Do,Bg,Bs mix antiparticles 5 W d

- General task is to compute... K uct tuct
N
D S
‘bag’-parameter
...for a set of QCD (or BSM) operators Ba~1+...

Hatree-Fock app. (VFH)

Q1 = Eﬂ’/:( -7 >(11 bﬂ“(l - )(11
Q2 = bi(1 — ))(1 b;( )(1/ Q3 = bi(1 — ))(Ij b;(1 — 7”5)(1h
Qs = bi(1—=7")q; bj(1+7")g. Qs = bi(1 —7")g; b;(1 +7”)g;

- Usually thought to be a lattice affair by now but thanks to progress
in pQCD technology sum rules can contribute too!



Mixing matrix elements from QCD sum rules new developments

Grozin, Lee’08 Master integrals
Grozin,Klein, Mannel, Pivovarov’16
Kirk, Lenz, Rauh’17

- 1) matching computation to HQET
o 2) matrix elements evaluated

with HQET/QCD sum rules

- condensates small
- perturbation theory dominant
- dominant error from matching (improvable)



- 1) matching computation to HQET

Mixing matrix elements from QCD sum rules new developments

Grozin, Lee’08 Master integrals
Grozin,Klein, Mannel, Pivovarov’'16
Kirk, Lenz, Rauh’17

2) matrix elements evaluated

with HQET/QCD sum rules
- condensates small
- perturbation theory dominant
- dominant error from matching (improvable)
Kirk, Lenz, Rauh’17
e HPQCD'07 4
¢ : | e ETM'14
| o IE-NFXL}I?/IILC'm T AB=2 - . ﬁmﬁmcu ACZZ
1.2 : SLIj_\MGF.,IfGG(z) - o This work (f5;")
* FLAG16 (2+1) ‘ mmm This work (fjtic)
| B This work ¢
0.8—- .8- i I
0.6 .6 -

Bo, Bo, B, i i 3@ -3/2Q)  6(Qy) @) 5/2qs)



4 QE“ corrections - lattice precision calls for it

- violation lepton flavour universality as well..

f dF(B—>Hu ko) g

_&-LHCb -mBaBar -aBelle - f dF(B_)He+e ) d
. e, 2014
= LHCb
L5 I 3 |
: dominated by photon pole!?
1 + —r(NoN-universality
M 1 unlikely unless
: 760 f 1light-resonance)
()Ol - é o 11101 B o ® LHCD ]_:
[q2/GeV2] 0.4 v ](;il)H\l\ B
n B EOS
zo 17 "2 e 2.2-2.50 S fav-ied
O'O'l...ll.1.1...11....11...1.1.11'
0 1 2 3 4 5) O

¢’ [GeV=/c"]

MmMe

enhanced collinear & soft logs? ~ o’ (—)

my,



QED in semileptonic/rad. B-decays - Scalar QED: mesons =
point-particle
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B — K7 computed real radiation and inferred virtual radiation from
KLN cancellation theorem (ok up to non-log-terms)

Bordone, Isidori, Pattori, 16

1) Effects up to 15% for electrons (depending mg-cuts)
2) These effects are captured by PHOTOS -Monte-Carlo!
3) Estimate structure dependent part to O(1%) for Rk, Rk



QED in semileptonic/rad. B-decays - Scalar QED: mesons =
point-particle

B — K7 computed real radiation and inferred virtual radiation from

KLN cancellation theorem (ok up to non-log-terms)
Bordone, Isidori, Pattori, 16

1) Effects up to 15% for electrons (depending mg-cuts)
2) These effects are captured by PHOTOS -Monte-Carlo!
3) Estimate structure dependent part to O(1%) for Rk, Rk

B — Dfv computed real radiation and virtual radiation
deBoer, Kitahara ,Nlsandcisc’18

B(B" — D¢ w,)

B(B~ — D" wy)

3-4% eftects on Rp
no full comparison with Photos...

QED corrections (%)




Calls for further investigation of QED effects

- Experimental assessment possible: Hopfer, Gratrex, RZ'15
QED is measurable in higher moments partial waves in B->K0OI| etc

e .\ —_ S- and P-wave (’€=051)

QED: no restriction in partial waves



Calls for further investigation of QED effects

- Experimental assessment possible: Hopfer, Gratrex, RZ'15
QED is measurable in higher moments partial waves in B->K0OI| etc

(7)€ ™  s-and P-wave (£=0,1)

QED: no restriction in partial waves

- B, = upu, QED-correction taking into account the structure

7 O Beneke, Bobeth, Szafron,’17

Cio — Cio + j;l QeQAQED -

Aqep = (33 —119)+3(9—-23) (£ = p)

b

- error mainly due to B-meson DA!
- net effect only 1% (non-Photos)
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Very brief Summary

There is room for improvement in
predicting hadronic matrix elements

- Thanks to progress in pQCD = NnLO-technology [FFs,LD,mixing]

- Experimental input (data driven) [parity doubling]

- More input from lattice QCD [e.g. 3-parton matrix elements]

More thorough assessment of QED needed

Thanks for you attention






(b) Rp- Lepton Flavour Universality |

B(B — DY) rv)
B(B — D" (e, p)v)

Rp) =

LHCb@FPCP’17 03
Rp+ = 0.285(19)(25)(14) 025

0%

.)/;\ 0_5 T T T T I T T T T | T T T T |
BaBar, PRL109,101802(2012) 2 .
3 . 9 o 2 Belle, PRD92,072014(2015) Ay’ = 1.0 contours -
a2 045 LHCb, PRL115,111803(2015) === SM Predictions —
Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015) ]
0.4 |— [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) —]
New results: :
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However,

1) Using Bellell angular-data (cf. et al 17xx.)
Rp~= 0.262(10) [as average of diff. methods/imputs]
compare Rp-= 0.252(3),
Rp~= 0.304(13)(7)

2) t difficult particle: 2 exclusive modes saturate incl. rate?

2.42(06) - 102 Ligeti, Tackman(theory)

BF(B — XCTV) — { 2041(23) . 10—2 LEP(experiment)

Kamenik, Fajfer'l2 BaBar'12, LHCV'15 Belle'l5

BE(B = Drv) + BF(B = D'rv) = { 2.01(7) - 102 2.78(25) - 102 2.39(32) - 102

D(2400) states contribute ca 10% [PDG]



Perspectives (reducing errors)

Theory:
1) CLN-expansion can be partly improved O(as? ,as/mc¢,1/m¢2)
2) lattice computation on the way ...
3) B—D’tv angular distributions (LHCb?) =
iInfo on unconstrained scalar form factor (contributes 10% to Rp~)

Experiment:

1) Bellell@50/ab competitive with theory error

2) Bellell redo LEP’s B->Xctv
3) LHCb Run2 4% on Rp-



More details QED-corrections

Bordone, Isidori, Pattori’'16

B—s KiHe~ l=e | t=p
ms° =4.880 GeV | —7.6% | —1.8%
me =5.175GeV | —16.9% | —4.6%

B— K*(T 0~ l=e | £=p
mie =4.880GeV | —7.3% | —1.7%
mie® =5.175GeV | —16.7% | —4.5%

Table 1 Relative impact of radiative corrections for ¢ € [1,6] GeV?,
with different cuts on the reconstructed mass and different lepton
masses.

mgec=mpg-Detector-Resolution



effects:

non-factorisable QED corrections A withoult axial interaction

g-f-
€+(£1) f_(gg) I

phOton g =10, + 0,

B(pg) () Ov.a () K™ (p) B O O1,2 OK(*)

- Becomes a proper 1—3 process and by crossing a 2—2 with Mandelstam variables

B(pp) + £~ (1) = K(p) + £~ (£2) ,

sfu] = (p = L]04])2 = % (3 + m3 +2m? — %) = v/ Xeosy]

- = s[u] enter logs = no restriction sin(0;),cos(0:)-powers;
Legendre polynomial [or Qmkll] serves as a complete basis (non-vanishing higher moments)

d*T’'(B — K{T4)
dg? dcosby

= Z G P, (cos 6y)

[p>0



(a) Tension angular observables B> K*pu

- v T
R I~ —
. 2 o 1 3 2 o 1 7 LHCbdata o ATLAS data ]
S — —r—r—r—r— « Belle data ' OMS data i
Q - _| -
o LHCI? . SM Predictions 0.5 SM from DHMV —
0.6 Preliminary - — :
0.4 —+— Data - 71 SM from ASZB _
—— L -
0.2 — 0 |
-0.2— + — : :
-0.41- - 0.5
-0.6 —+— — [
-0.81- - -
| SR I S S—— E . . .. 0 _1—
0 S 10 15 20 0
q? [GeV?/c4]

- e.g. P5s odd lepton partial wave Ars-like

T ———

2,1 . e 'O
<Re [Gl, } > e;,avx?a"k“\ja
_ bin vert) Lo oo
LHCb 2v/3NY ¥

<Pé>bin

> need to understand what is behind polarisation (dynamics)



B— KC)ll under microscope

- SM Wilson-coeff: Cs=Cp=C1=0, Cv=Co + 0Cgcf{(g2), Ca=C1o

!
() ¢
73 @
I NS 3
¥ On g 0
\83 5 <B> 9(10) G) .ﬁf <B> ) G)
gy S %
0 L -3
a5 ~
bst{-operators (O7,9,10) 4-quark (O1.)
J/U  T(25)
K fast: MR — T — K slow:
- light-cone methods | dB(B—K0l) - high-g2 “OPE”
LCSR, QCDF/SCET | dq? ': -endpoint relations

diagnostic shape
'. ' / for charm

- W (4040) -

| (3770 (4160 :

\1124415) :

D D-theshold I

5 10 15 20 ¢*[GeV?]
O2 g-dominates ~ NarrOW resonances Og -dominates
02—07,9—interference (OQ)Q-GHGCt OQ—Og-interference




Theory outlook

fﬁ\hﬁﬁ\és
Form factors: believe to known reasonable well ey {:TO;?&QVEGV\“&S
o seMt
Charm: divides into partonic and hadronic methods i ©
and ideally we relate them via dispersion relation
partonic (below charm threshold)
known only in factorisation-limit: C
LD(g2)xFormFactor(q2) b 5
. . () -
Comment: problematic as '5 | Jo
polarisation-sensitive /

Cure: compute
or argue polarisation dependence to be small

hadronic (above threshold)

Fact: no duality in exclusive processes for branching fraction

Since not related to n-point function (duality at level of amplitude).
Note: Br(ete- = hadrons) is inclusive and a misleading example



- o if we want to enter resonance region have to deal with hadrons
> charmonium-SD interference phases owk(-) have to be fitted!

T(25)

« B—Kupu done for broad >
resonances lyon, RZ 14

Results:

1) large effects dwproadk =TI

2) severe violation of
naive factorisation
(using ete—data)

[BT — Kt pp]/1077GeV

aBr
d

- B—Kuu redone LHCbh’'16 & narrow resonances
4-fold degeneracy — Ouwk==TT = Ow(25)K =TT

- B—-K"uu ongoing LHCb better perspectives as more observables



How the symmetries work for Ni=2

by;
(‘10 5¢;:{Zy SAQN
} © lisy,
(I, Iz) VI, J7C) =
(0,0) 10, 11+) Wl (0,177)
Yk V5 Yk
(3 B ,1+)  SODA, i(,1-)
4-plet
O'f{)\’YST O\
U(1)4 < > U(1)a \
(353 =17 o e 2)u B (0 1 /
UnATA Or\Y5 4_p|et
(1,0)@ (0,1) A1) 2B, g 1+ -
v T4 Yiys T4 P

8-plet?



A few references

o Paper arguing charmloops could be large

Grinstein, Grossman, Ligeti, Pirjol'04 [based on inclusive decay]
Fedele, Franco, Ciuchini, Mishima, Paul, Silvestrini,.Vialli. JHEP’'16

- Papers extracting information on LD from experiment
Lyon, RZ’'14, LHCb'16

- Papers with concrete computation on charmloops

Ball, RZ PLB’'06, Ball, Jones & RZ'PRD’07 Khodjamirian, Mannel, Pivovarov, Wang JHEP'10

o Papers aiming to eliminate the hadronic contribution
Atwood, Gershon, Hazumi, Soni PRD’05

- Authors investigating RHC in bs-transitions (incomplete list)

Kou, Becirevic, Hiller, Matias, Lunghi, Schneider, Mannel .....

- Authors parameterising LD-contributions (input-depdendent)
Bobeth, Chrasz, vDyk, Virto



Table of ‘‘parity doublers”

16 |1 L Oy 1€ f1tt e Oy |IG |1t L Oy
17 | p(770)  19.1(1) (V. T)! |17 | a1(1260) 35(14) VI |17 | by(1235) 11.5(7) TZ
0~ | w(782) 1.08(1) V.T 0" | f1(1285) 1.77(1) V5 |0~ | hy(1170) 31.0(5) T5
0~ | ¢(1020) 0.417(2) (V,T)% || 0" | f1(1420) 3.8(2) VZ° |0~ | h1(1380) 6.3(16) T=°
I |1 1t 1t

5 [ K*(895) 5.6(1)  (V,T)* |5 |Ki(1270) 7.1(16) V& |3 | Ki(1400) 12.0(9) T3

Going back to example of B;_.{y
&2 beyond symmetry limit (QCD)



Quick summary: experiment & theory numbers

- Experiment: - Theory:
- Sk and Spy good @ B-factories SKrny = —%Z sin(283) + LD = —2.3(16)%
Se-ky = -0.16(22) S, =4 L 1D =0.2(16)%
Se-py = -0.83(65)(18) o
Hy, = 2 + LD = 4.7(25)%
mpy
'~ Hgy feasible @ LHCDb
Co SAQM& ?(
HBs—vd)y = —098(50)(20) mﬁ’(@@e;}r
€55

Bellel1@50ab™ " : ASks+y = 3% ,AS0, = 6%

30 what's the trouble (hesides statistics)?



2. Parity Doubling™ - Global Symmetries

- QCD is parity symmetric - (parity not spontaneously broken Vafa, Witten's4 )

o Parity discrete symmetry: Zowith irreps 1 and 1’
particles parity-eigenstates - either singlet or doublet of parity

> Reality-check: Anisovich 04

Doubling pattern
put Not exact.
Need a little help
from ......

* Parity Doubling: 50 years history Afonin’07 motivated by Regge theory, bootstrap models, ..



Intermezzo: test of Symmetry on the Lattice

= T@Sted on |attice: T>T)( Rohrhofer, Aoki, Cossu, Fukaya, Glozman, Hashimoto, Lang. Prelovsek’17
truncate low Dirac eigenmodes oenissenye, Glozman Lang 1415
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2nd Even higher (emergent) symmetry a 15-plet!



Intermezzo: test of Symmetry on the Lattice

Tested on lattice: T>T)( Rohrhofer, Aoki, Cossu, Fukaya, Glozman, Hashimoto, Lang. Prelovsek’17
truncate low Dirac eigenmodes oenissenye, Glozman Lang 1415

1 st U(1 )A restores T>T)( (8'p|et) Cossu, Aoki, Fukaya, Hashimoto, Kaneko, Matsufuru, J.-. Noaki, 1<

2nd Even higher (emergent) symmetry a 15-plet!
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1_1:_ U(1), "_: _ SU(2)C§: SU(4) B T Wila
— — [~ P T -1 : — B n
AN N T)Ij n | 1.5 -
E 5"'1.0 - S S D E,x 5” - .
Ox OI: - - \ : O> Ol— " _
‘CEz E: 09 v= 220MeV 1 1 £ E: - i
Ol T 260MeV 1 1o 1O -
R 320MeV q i g 7
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07 B | I | | | I | I | I | i 05 | | | l | I | I | I | | | l | I
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n n
Z Z

U(1)arestoration SU(2)cniral spin @mergence!



Weinberg Sum Rules - parity splitting controlled by condensates

- combining dispersion relations and group theory v.ierge7

\
J 0C><> ds pvs(j;;f?o( :

Hab N
L (GVuT* N qrgy" T X'qr) |
q° |
pa(s) = F:26(s —mz) + F28(s —m2 )+ ... pv(s) = Fp2(5(8 — mz) +...

a,b . 1q-x a, R a,b
(HLR)#-V(QQ) — ! /d4:z:e ! <TJ;1,L($)J£R($)> = (quav — q2.q#-V)HLR(q2) : av



Weinberg Sum Rules - parity splitting controlled by condensates

- combining dispersion relations and group theory v.ierge7

\
f()oo dgPv(s)—pals)

Hab s—q2—10
LR ™~ =~ TCL )\’L =~ ,LLTbA’i
(@Y qrqv qr)
6 I
q
pa(s) = F:26(s —mz) + F28(s —m2 )+ ... pv(s) = F35(8 — m?)) + ...
ma‘f’%\e\f;
a, - 1q-T a, S a, 6‘(
(HL%)M/(CIQ) =1 /d4x€ ! <T‘],u, L(x)JBR(I» = (quqv — ng#,,)HL‘%(qQ) : o

- Assuming perturbation theory to dominate above ai-meson:

2-Weinberg sum rules: F?—F2-F? =0,
moF> —m, F7 =0,

a1 aix

3rd sum rule: mﬁFp2 — milFfl = (cag+...) <67--C]LC]--C]RZ .




