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Octet Baryon Sigma Terms

Baryon Sigma Terms from Lattice QCD
Quark Mass Contributions to a Baryon

Want to determine

INDIRECT

Feynman-Hellman theorem

B _ ~ < B refers to the ground
o, = my(B|q1q|B) srou
state of the baryon B at rest

DIRECT

“matrix element

B __ BmB
o, = My,

straight from the lattice”
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RECAP: Spectral Decompositions

Copi(t) = D (Ounk(T, 1) Oure(0,0)) = Y |Z [P Pt
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RECAP: Spectral Decompositions

Copi(t) = D (Ounk(T, 1) Oure(0,0)) = Y |Z [P Pt

—

xT n

= (Q]Ognk|n) (vacuum state Q) is the overlap of the interpolator Oy, onto the state n.

Cipn (t1,1) = Z (O (@ 1) T (7, )0xc(0,0) ) = D (T (7, 1)) { Qo 11) O (0,0) )

z,y

_ Z Z Z* ‘J‘n EntefEn/ (te—t)
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Octet Baryon Sigma Terms

RECAP: Spectral Decompositions

Copt(ts) = Z <Osnk(ac tr) O > Z \Z, ’2 —Enty

—

xT

where Z,, = (Q|Ogpk|n) (vacuum state ) is the overlap of the interpolator Oy, onto the state
n.

Cope(t1,6) = 3 (Ounk(@, 1)1 (7,1)0ue(0,0) ) = D~ (J(7.)) ( Qa7 1) Ore(0,0))

i Y
_ Z anZ:L <n/|q]l q|n>€*Ent€*En/ (te—t)
n,n’

t¢ is the source-sink separation & t is the insertion time of the current
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Octet Baryon Sigma Terms

How to access the ground-state matrix element
spectral decomposition

ratio method

Cspi(ts, t
Rty t) = épt((i )) — (Blg1q|B) + O(e”2"1") + O(e7 25 7D) 4 O(e™2511)
2pt \ Uf
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Octet Baryon Sigma Terms

How to access the ground-state matrix element
spectral decomposition
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Octet Baryon Sigma Terms

One-state fits -- ratio method with one excited state

] e R(t1,t) = gps + oot (74P o7 (7))

4o B A

[Farata]
03
E=SX)
&
d

0.2 [a=~ 3

aAEz

01 & E@n(-p)p=1,v2...,
@ Z0)r(p)r(-p), p=0,1,...,
B E(p)r(-p)w(0), p=1,v2,...,V5
L L L
N202 N203 N200 D200
'Octet baryon isovector charges
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Octet Baryon Sigma Terms

One-state fits -- ratio method with one excited state
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Octet Baryon Sigma Terms

Simultaneous fits to connected & disconnected ratios

N200xi L N0 xS
f/d . =047, exp.x? =083 50 g = 5.46(7), 2y N200
= 3.62(10), ¢ty = -1.63(12) O tfa=11  Q # -
D tifa=11  Q tifa=16 52 O tifa=14 @ [,/a lJ

O tifa=14 O tifa=19

= baryon

a = 0.064 fm

my = 286 MeV
one-state fit:
I - S - - XQ/ngp ~ 0.83
smaion tim 1t et e /0~ 1/ - aAE; = 0.234(12)
- top (R"):

ssn 98 = 3.15(29), i, = -1.39(38) Y,:—I!SS(SGJ
R ol — wu current (lhs)
* @ tla=12 tfa=12
¢ g tlasts ta=1s — §s current (rhs)
& - Yot - bottom (R%5):

— 1l current (lhs)
— §s current (rhs)

m {,
T T T T © ; 7
sonrcesink separ: ration tr/a sonreesink separa ration te/a

T I iy
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Octet Baryon Sigma Terms

One-state fits -- ratio method with one excited state
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Octet Baryon Sigma Terms

Two-state fits -- ratio method with two excited states
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Octet Baryon Sigma Terms

Two-state fits -- ratio method with two excited states
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» set prior for AE;: B(1)w(—1) or B(0)w(0)7(0)
(lowest bar, green/blue)
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Octet Baryon Sigma Terms

Two-state fits -- ratio method with two excited states

0.5 zzz2
& ===1 =a< . q —AFE; -t —AE; - (t —t))
—— R(ts, t) = go + ¢ (e " te 1o
ol == =z (f7 ) ds 01

aAEl
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0.3 -g i g [vav S5

ozr = » set prior for AE;: B(1)w(—1) or B(0)w(0)7(0)
(lowest bar, green/blue)
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E(0)m(p)w(=p), p=0,1,...,

& E(p)r(-p)7(0), p=1,v2,...,V5
1 1 1 1
N202 N203 N200 | D200

'Octet baryon isovector charges

from Ny =2+ 1 LQCD’ [RQCD 2305.04717]

» set prior for AE5 to a mean of the results for
A FE5 from simultaneous fits to the four channels
J e {A,S,T, (V)} setting a prior for AE] to the
lowest multi-particle state (orange points)

0.0

= find compatibility across different methods
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Extrapolate sigma terms

Octet Baryon Sigma Terms

Construct sigma terms from scalar charges extracted at each a, L, m,

Uf = mq(B|q1q|B)

Baryon (B) pion sigma terms

a’f = af + a’f

g
o? = m,(B|a1lu|B)
ol = mq(B|d1d|B)

Baryon (B) strange sigma terms

oP = ms(B|51 s|B)

Pia Leonie Jones
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Numerical Setup
Constraining the physical point
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Numerical Setup
Constraining the physical point

Octet Baryon Sigma Terms

» tree-level Symanzik-improved gauge action with Ny = 2 4+ 1 O(a) improved Wilson fermions

» src-snk separation t; =~ 0.7 fm — 1.2 fm

700° [
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(CLS ensembles)

1. three quark mass trajectories

2. high statistics: 34 ensembles

> ~ 1500 configurations (from 400
up to 5000)

3. large spread of a, L, m
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Octet Baryon Sigma Terms

Quark Mass Dependence, Cut-off & Finite-Volume Effects

Simultaneous Correlated Fit to all Pion and Strange Octet Baryon Sigma Terms

~ (1 + aQ(cB -‘réBﬁQ + 603(5]1\/[2))
2 mj 9B o (M 9Bk . [ Mk 4 95, M,
M2 ZDh - b+ ——2— [ — Lo (2R 7 FV
{ B {3 B ¥ 3dnTF,)? {Mﬂ / (mo) T onie ! g T 3M, f mo -

» cut-off effects modelled as O(a?): ¢'s depend on B but constraints from symmetric point
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Octet Baryon Sigma Terms

Quark Mass Dependence, Cut-off & Finite-Volume Effects

Simultaneous Correlated Fit to all Pion and Strange Octet Baryon Sigma Terms

~ (1 + aQ(cB -‘r@BMQ + 503(5]1\/[2))
2 1m2 gB . M JdB. K , IM:K gB ﬂ\/[
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{M“ {3b obp + 2(4nTFg)2 {Mﬂ ! (mo) + 2JMKf mo 3M r mo HEV

» cut-off effects modelled as O(a?): ¢'s depend on B but constraints from symmetric point
» NNLO SU(3) BaryonChPT for quark mass dependence & finite-volume effects
— pion and strange baryon sigma terms describable by the same Low Energy Constants
> couplings gg = combinations of LO LECs F & D (F + D = ga)
» 0bp = combinations of NLO LECs bp, br and b = —6bg — 4bp
> no additional parameters for the finite-volume effects (FV)

Pia Leonie Jones 18



Octet Baryon Sigma Terms

Physical Point Extrapolation - Quark Mass Dependence (BChPT)

e.g. data points based on One-State Fits & coarsest a excl. x2%/d.o.f. = 1.0
0.81
0.6
--=- TrM = const =
--=-- mg = const P N 0.7
0.51 Mg = My //’
0.6
17 .
0.4+ 0541 2
= n
g £ 0.4
@ 0.3 @ A
0.31 E
021 021 b
60 MeV . A
| 0.1 N e=ssmwealdo_ 4
0.1 40 Me%;* N
0.0
0.0 £ : T v T v v v v v v T T T v T
0.0 phys. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 phys. 0.2 0.3 0.4 0.5 0.6 0.7 0.8
8t0m3, StUmgr
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Preliminary Results - Baryon Octet Sigma Terms
Accounting for (1.) Varied Treatment of the Excited States & (2.) Varied Data Sets

NUCLEON

oy oy
v v
(- e
A A
o o
I L 1 ||t = |
1 1 1 1
35 40 40 60
MeV

= BARYON

two-state fit
LMz4
<0086 fm
ME100MeV
no cuts
one-state fit
LMz4
<0.086 fm
MS400 MeV/
no cuts

weighted mean

Octet Baryon Sigma Terms
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Octet Baryon Sigma Terms

Preliminary Results - Baryon Octet Sigma Terms
Accounting for (1.) Varied Treatment of the Excited States & (2.) Varied Data Sets

NUCLEON = BARYON

on o oz oF
two-state fit two-state fit
LMz4 LMzt
<0086 fm <0.086 fm
M <400 MeV M <400 MeV
B B
no cuts no cuts
------------------------------------ one-state fit f------mm—eeeeeeefb - - — - ————————-] One-state fit
v ! LMz* —— —— LMzt
e [ <0.086 fm —eo—| —e— <0086 fm
—a— - M<400 MeV —Aa—] I A 1 <400 MeV
B B
o o no cuts | o | —eo— no cuts
weighted mean weighted mean
I = 1 = | I = 1| | = |
1 1 1 1 1 1 1 1 1
35 40 40 60 14 16 300 320 340
MeV MeV
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Preliminary Results Compared to Other Studies

e Direct vs. Indirect determinations and vs. Combinations
(Open symbols - no continuum extrapolation)

Octet Baryon Sigma Terms

= BARYON

O'E O'E
us 2 Lattice Ny =2 + 1
—e—— ——&—{|RQCD 22b - .« . —_ .
N => improved precision for the = sigma
terms, similarly for the A and X
—o— o Ren et al. 15
(not for the nucleon N)
o [o] Shanahan et al. 12

—e——||F——9®—— | BMWc 11

= = This work

10 20 300 400

MeV
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Octet Baryon Sigma Terms

Preliminary Results Compared to Other Studies = BARYON

e Direct vs. Indirect determinations and vs. Combinations
(Open symbols - no continuum extrapolation)

O'E O'E
I 3 Lattice Ny =2+ 1
—e—Ad ——&—{|RQCD 22b . .« . —_ .
N => improved precision for the = sigma
terms, similarly for the A and X
o o Ren et al. 15
(not for the nucleon N)
o a Shanahan et al. 12
» first direct determination of all four
FHo—f—e——1 ;
PMWe Tt baryon octet sigma terms
(not only N)
- = = This work
1‘0 2‘0 3(‘)0 400
MeV
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Working out the error budget in detail

» model averaging procedure to account
for systematics from
» Varied Treatment of Excited States (V')
» Varied Data Sets (v')
» Extrapolation Models - Variations
» take errors of k¢t and renormalisation
7m [arXiv:2101.10969] consistently into
account
» fit to the bare charges rather than the
renormalised sigma terms (v')
P statistical error estimation via the
I-method (V')
» store information on correlation for a
careful error propagation using the
pyerrors package [arXiv:2209.14371]

Octet Baryon Sigma Terms

one-state fir

two-state fir

charges at a,L,V

V

charges at a,L,V

4

extrapolation models
X
ensemble cuts

extrapolation models
X
ensemble cuts

AlC
AVERAGING

charge

at physical point

AlC
AVERAGING,

charge

at physical point

- .~

FINAL RESULT - weighted average (as in FLAG)

Pia Leonie Jones
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Octet Baryon Sigma Terms

Conclusion
on our determination of the quark mass contributions - the so-called sigma terms

Challenges How we deal with them

) ] . > ~ . B .o
> excited state contamination one-state vs. two-state ratio fits

> large set of CLS ensembles
> high statistics
1. quark mass dependence » large range of a, L, m,

2. cut-off effects » varied data sets (various cuts)
3. finite-volume effects

» physical point extrapolation

P vary extrapolation models

» first direct determination of all four baryon octet sigma terms (not only )
= improved precision (for B # N) despite very conservative error for now
= to do - model averaging procedure to account for systematics
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Octet Baryon Sigma Terms

BACKUP
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Octet Baryon Sigma Terms
Quark Mass Dependence, Cut-off & Finite-Volume Effects
Simultaneous Correlated Fit to all Pion and Strange Octet Baryon Sigma Terms
e.g.
~(1+a(cp +esM + 603511\/[2))

9.7 . [ Mz 9B,k . ( Mk 9B, M,
[ 3 me  Re (G) + smier () + ey () [+

» all dimensionful quantities rescaled e.g. & = —2=, M, = /8tg M
NET

» cut-off effects modelled as O(a?): ¢'s depend on B but constraints from symmetric point
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Octet Baryon Sigma Terms

Quark Mass Dependence, Cut-off & Finite-Volume Effects
Simultaneous Correlated Fit to all Pion and Strange Octet Baryon Sigma Terms

e.g.
~(1+a(cp +esM + 603511\/[2))

9.7 . [ Mz 9B,k . ( Mk 9B, M,
[ 3 me  Re (G) + smier () + ey () [+

» all dimensionful quantities rescaled e.g. & = —2=, M, = /8tg M
NET

» cut-off effects modelled as O(a?): ¢'s depend on B but constraints from symmetric point
» NNLO SU(3) BaryonChPT for quark mass dependence & finite-volume effects
— pion and strange baryon sigma terms describable by the same Low Energy Constants
> couplings gg = combinations of LO LECs F' & D (F + D = ga)
» obp = combinations of NLO LECs bp, br and b = —6by — 4bp
» no additional parameters for the finite-volume effects (FV)
» loop function f (covariant BChPT in the extended on-mass-shell scheme)
[Bernard et al.: Nucl. Phys. B 388 (1992) 315; Gasser et al.: Nucl. Phys. B 307 (1988) 779]
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Octet Baryon Sigma Terms

Preliminary Results Compared to Other Studies NUCLEON
e Direct vs. Indirect determinations and vs. Combinations *FLAG2021
(Open symbols - no continuum extrapolation)
oy o

Lattice Ny =2+ 1+1

= Gupta et al. 21

F—-e—-1 s FLAG Ny =2+1+1

Lattice Ny =2+1

[Ren| ———~o@———|RQCD 22b
HH HH Mainz 23
[Eas] [ES] FLAG Ng=2+1
HH HH This work
— 1 1 —
40 60 80 0 50
MeV
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Preliminary Results Compared to

FIAG 2024 OxN

+
H——

=2+1+1

N¢
A

FLAG average for N,=2+1+1

PNDME 21
BMW 20A
ETM 19
ETM 14A

Ne=2+1

FLAG average for Ns=2+1

Mainz 23
RQCD 22
JLQCD 18
QCD 15A
BMW 15
BMW 11A

N scatt.

Hoferichter 23
Ruiz de Elvira 17
Hoferichter 15
Chen 12

Chen 12

Alarcon 11

10 20 30 40 50 60 70 80

MeV

Other Studies

Octet Baryon Sigma Terms

NUCLEON

< N =2+ 1+ 1 results (60 MeV) larger
than Ny = 2 + 1 expected to be due to
excited state contamination
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Preliminary Results Compared to

FLAG2024
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Hoferichter 23
Ruiz de Elvira 17
Hoferichter 15
Chen 12

Chen 12

Alarcon 11

10 20 30 40 50 60 70 80

MeV

Octet Baryon Sigma Terms

Other Studies NUCLEON

< N =2+ 1+ 1 results (60 MeV) larger
than Ny = 2 + 1 expected to be due to
excited state contamination

< N; =2+ 1 results mostly 40 MeV
(This work too)

< phenomenology mostly 60 MeV
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Octet Baryon Sigma Terms

Preliminary Results Compared to Other Studies NUCLEON
FIAG2024 OxN
- . FaGaverage forni—2+1+1 | <= Nf = 2 4+ 1 4 1 results (60 MeV) larger
¥ T P 2 than Ny = 2 + 1 expected to be due to
z . i excited state contamination
FLAG average for Ns=2+1
Mainz 23
T RQCD 22
4 S, noeo 18 < N; =2+ 1 results mostly 40 MeV
= g BMW 15 (ThiS work tOO)
BMW 11A
5 2! Hoferichter 23
—o— Ruiz de Elvira 17
H 5 2! Hoferichter 15
g —e— Chen 12 < phenomenology mostly 60 MeV
> —o— Chen 12
3 —— Alarcon 11
10 20 30 40 50 60 70 80 .

=> tension with phenomenology for the nucleon-pion sigma term persists
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Octet Baryon Sigma Terms

Systematics
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Systematics
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Systematics
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Octet Baryon Sigma Terms

Systematics

1. Varied treatment of the excited states
1.1 One-state fits

1.2 Two-state fits

2. Varied data sets
2.1 No cuts: including all 34 ensembles

2.2 MT400MeV: excluding all ensembles with a pion mass M, > 400 MeV
2.3 a < 0.086 fm: excluding all ensembles at the coarsest lattice spacing

2.4 LM_>*: excluding all ensembles with LM, < 4

Pia Leonie Jones 28



Octet Baryon Sigma Terms

Physical Point Extrapolation -- Cut-Off Effects
Data points based on One-state fits

X2 /Xd.or. = 1.0

0.175 1

0.81

0.6

L

Hame-

0.00

-
]
] F ¥
& 0.100 $ &
S n <
&3 | B 04]
0.0751 m F J
I ' : 4
[ 14 T
+
0.2 l
i i
4
0.0
0.01 0.02 0.03 0.04 0.05 0.06 0.00 0.01 0.02 0.03 0.04 0.05 0.06
1/(8t5) 1/(8t)
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Physical Point Extrapolation -- Finite-Volume Effects
Data points based on One-state fits

Octet Baryon Sigma Terms

X2 /Xd.or. = 1.0

0.175 1
0.150 A
0.125 4

0.100 A
&

87‘()O'

0.075 1

0.050 A

0.025 A

0.000 A

-

0.81

0.6

0.4

vV StoUs

0.2

0.0

H==y

12

3 Y 12 14
L/\/3% L/\/8t;
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Octet Baryon Sigma Terms

How do we get at the ground states of the octet baryons?

Operators used to generate the quantum number of the octet baryons at rest:

O = eeug (uf(Cys)™dy)  and Ot = ees2 (ud(Cys)dy )

snk

O = ey ( b (Cs )B“’s”) and ONF = e°s ( (CHs )ﬁ7u7)

» a,b,c are colour indices

» o, (3,7 are spin indices

> 02 = 02 and Oy = OF 44
» (' stands for the charge conjugation operator e = aw) .Ea(uss) hyperons
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Octet Baryon Sigma Terms

Different fitting methods

xi =
L) one‘state ratio m&hd‘
J303 '% 4 two-state ratiomthd b
e i |
N203
N201 ==
N200 . ==}
5400 a
B452
N401
N450 Lo ==
D450 e
H107 =— =i
H102r002 =
H102r001 =
H105
H106 —
C102 !
101 e
AG54 = BN
2 1 6 8 10 12
[l
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Octet Baryon Sigma Terms

How to access the ground-state matrix element
spectral decomposition

summatlon method
Rt,t B O(tg/a - e AF1 -k

(AE, = E; — Ey, energy gap between ground & first excited state)

ulu
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Octet Baryon Sigma Terms

How to access the ground-state matrix element
spectral decomposition

summatlon method ESC
Rt,t B O(tg/a - e BBk

(AE, = E; — Ey, energy gap between ground & first excited state)

ulu
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Octet Baryon Sigma Terms

Error estimation: ['-method

Markov chain Monte Carlo time series . 000000000

Let's look at any function of the primary observables A, (exact value) e.g. f(A4n,) = %
The autocorrelation function of the observable f,

1 N—t
o PR
Tr(t) = =g 2o %1%
i=1

based on a Taylor series

i _NTF i - _ of T i
6f_za:fo¢5a+"'v fa_aAa acY7 5a_aa Qg

[N. Madras and A.D. Sokal, J. Statist. Phys. 50 (1988) 109.; Wolff: arXiv:hep-lat/0306017]
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Octet Baryon Sigma Terms

Error estimation: ['-method

Markov chain Monte Carlo time series . 000000000
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Error estimation: ['-method

Markov chain Monte Carlo time series

1 N-t
st = 2 00"
=1

Octet Baryon Sigma Terms

i
© 000000000

NO autocorrelation

I'(0) = var(é}) = vy

standard variance

Pia Leonie Jones
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Octet Baryon Sigma Terms

Error estimation: ['-method

Markov chain Monte Carlo time series . 000000000
N—t _ _
Ff Z 5z+t NO autocorrelation Ff(()) _ var(é}) =y

standard variance

(t)

Autocorrelation expected to decay exponentially for large distances ¢, % ~ exp (— L )

Integrated autocorrelation time for infinitely long chain

oo
Tint,f = Z () / dt ™"/t = Ty s
0
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Octet Baryon Sigma Terms

Error estimation: ['-method

» the estimator I'y(¢) only reliable for 0 <t < N
» so sum not only naturally finite but has to be cut deliberately at some earlier point W in
time

The standard error of the observable f

2 _ vf
OF = 2Tty = (Tf(O) + 2 er(t)>

and a direct estimate of the autocorrelation time
» automatic windowing procedure to determine W:
» find minimum of g(W) ~ ‘st“‘afy

— often large N and complicated non-linear functions
= I-method cheaper than e.g. bootstrap/jackknife
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Octet Baryon Sigma Terms

Error estimation: I'-method - fit parameters

2(p; )_Niafa <f(:va;pz) —ya)Q
X PisYa 2 a(ya)
where o, Yo (a = 1..Ngata) are the data points to be fitted and p;(i = 1..Naata) the fit parameters. Condition:
x2 function remains at its global minimum (at p;, 7.)
for small fluctuations in the fit parameters and the data.

» expand x2 around its minimum w.r.t to shifts in the data, dd,

and in the fit parameters dp; at leading order:

X (Pir da + 0da) = X*| 5, a,) + 0 X° |, 2,) 0
X (Pi + 0pis da + 0da) = X5, a,) + 08X |5,.20)0a + X1, 20) + OriX |3y 2, 0P
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Octet Baryon Sigma Terms

Error estimation: I'-method - fit parameters

So the x? function stays at its minimum shifts in the data points must be compensated
for by the fit parameters:

O, X (Di + Opi, da + 6da) =0
& 0, (04, X s, 0a + X2y ) T Opi Xl s,y Pi) = O

o0p; Op; ddyx? Naata . N
— e — fd (H)a ‘8daX | _ -
0da  Op,0pX* |(p,,da) ;::1 v (Pindte)

= extract dp; by multiplying by éd, (formerly called or!)

Pia Leonie Jones 39



Octet Baryon Sigma Terms

Error estimation: ['-method

I'-method bootstrap/jackknife
application of non-linear functions once evaluation of function on each sample
+ derivatives of the result w.r.t (e.g. 500 times)

every input observable once

ADVANTAGES
» often large IN and complicated non-linear functions = I'-method cheaper

» direct estimate of the autocorrelation time

Pia Leonie Jones 40



Octet Baryon Sigma Terms

Numerical Setup
Constraining the physical point via three trajectories in the quark mass plane

S ' 5y ' ' > High statistics: 34 ensembles
< mg = const. . .
e - > ~ 1500 configurations (from 400 up to
- 5000)
E 6002 [ - .
= | A a~0.098fm » src-snk separation ¢ ~ 0.7 fm — 1.2 fm
) O a~0.086 f . . . .
Tk o o | » Statistical error estimation in the analysis
Qg - .
= & a 0064 fm = via the I'-method
T L0 ax00196 . . .
ST o 0030 fm v, . > direct estimate of autocorrelation
ok % physical point S | + benefits in computing time
D
ot “r [Wolff: arXiv:hep-lat/0306017]
ol - L - [Ramos: arXiv:1809.01289]
0 135 200 250 300 350 400 450
e~ M2 [MeV?) » pyerrors python package

» combined fits

[Joswig et al.: arXiv:2209.14371]
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Comparing model predictions to the exclusion bounds

obtained fro

m direct dark matter experiments

Cross—section [cmz] (normalised to nucleon)
S

Neutrino

LR
CRESSTI \
of \
- .
CDMSlite2

CoGeNT-

CDMS-Si
Edelweiss LE
background

projection for
direct detec

DAMA/LIBRA
==t CDMSlite

tion

10" 10 10
WIMP Mass [GeV/c?]

[The 2015 PDG review]

Octet Baryon Sigma Terms
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Octet Baryon Sigma Terms

Comparing model predictions to the exclusion bounds
obtained from direct dark matter experiments

10 "+ N
CDMSlite2

CoGeNT-

CDMS-Si

Cross—section [cmz] (normalised to nucleon)
S

Edelweiss LE

DAMA/LIBRA
==t CDMSlite

WIMP Mass [GeV/c?]

[The 2015 PDG review]

10-39 ‘.‘ [ T T
40 \ \ -— PandaX-II

10 S -- LUX
41 p — XENONIT

-.. SuperCDMS

100 1000
my [GeV]

[Hoferichter, Klos, Menéndez, Schwenk: arXiv:1708.02245]
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Octet Baryon Sigma Terms

Physical Point Extrapolation -- Cut-Off Effects

Data points based on One-state fits

x?/x%p = 1.3

0.201
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I T
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2 1 |
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<109 & £ | | ]
O o s s S U B -
0.05 ] g H —— 0.4 —
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I ] 1 ¥ ¥ =
0.001 I t I
I 0.2
~0.051 b i i i 2
i —+ 1 7 !
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Pia Leonie Jones

43



Octet Baryon Sigma Terms

Physical Point Extrapolation -- Finite-Volume Effects
Data points based on One-state fits x?/x%p = 1.3

0.201
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010
. . =
) S
i 0.051 T 204
o0 0
= 3
031
0.001
02
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o1 s v
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Why determine the sigma terms?
Decomposition of the hadron mass

Mp = (Ty)B
1, 5 9 _
= Zq:an +5(B* = EY)p + Zq:@D Y9)B
——
<Hm>B <Hkin>B:3<Ha>B

7{'Ym ) ZUqB + Bi )<E2 +BZ> }

<Ha>B:i(MB_<Hm>B)

Octet Baryon Sigma Terms

. quark mass contributions

= sigma terms

. quarks’ and gluons’ kinetic energies

. the trace anomaly

— Knowledge of the sigma terms o4p and the baryon masses Mp - sufficient to determine all

three components of the mass decomposition!
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Octet Baryon Sigma Terms

Why determine the sigma terms?
Decomposition of the hadron mass

» have non-perturbative determination of the sigma terms for the light and strange quarks

» not for the charm, bottom and top quarks
= heavy quark limit

at leading order in 1/mj, and as:

2
Uh:2f7 mpg — Z OqH

q:u)d?s

— all the sigma terms available to determine full decomposition
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Octet Baryon Sigma Terms

» investigated most so far: .
| & . e.g. scalar singlet dark matter model
nucleon sigma terms ogN L= 1,252 4 L, S?H[2 4+ 12,54 + 15,5008

> appear in the expressions for spin-independent cross-section
WIMP-nucleon scattering cross-sections

= relevant for comparing model G Ane My . f2
predictions to the exclusion bounds armi(My +m,)2 N
obtained from direct dark matter
experiments » effective HIggS—N coupling fN
(e.g. XENONL1T) » quark fractions fr,

» discrepancies between results for the
nucleon pion sigma term from LQCD fx = Zqu, fr, = %
and phenomenology still to be resolved q N

40MeV vs. 60MeV

Pia Leonie Jones a7
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Octet Baryon Sigma Terms

two-state fit
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no cuts
one-state fit
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SU(3) LECs F & D

> measurements of semileptonic
hyperon decays (selected results)
> Lattice

» calculations of the hyperon
axial charges (green points) -
albeit for physical quark masses,
rather than in the chiral limit
baryon masses (purple points)
This work: Preliminary results
from extrapolation of the sigma
terms based on two-state fits
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Octet Baryon Sigma

SHD
Ledwig et al. 14
Ratcliffe 04

Terms
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Flores et al. 98
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Jenkins et al. 91
Lattice

RQCD 22a
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Lin et al. 07
Walker-Loud 11
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This work
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Octet Baryon Sigma Terms

Preliminary Results Compared to Other Studies

e Direct vs. Indirect determinations and vs. Combinations
(Open symbols - no continuum extrapolation)

T oy ox oy
Lattice Ny =2+1 Lattice Ny =2+ 1
[—o—1 ——o——— |RQCD 22b o 8 —— | RQCD 22b
o+ o Ren et al. 15 ol o+ Ren et al. 15
o o] Shanahan et al. 12 o d Shanahan et al. 12
——e— | —&—|BMWc 11 ——e—i —————e—|BMwWc 11
—o— o This work HH 0 This work
1 1 1 1 1 1 1 1
20 30 40 100 200 20 40 200 300
MeV MeV
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Octet Baryon Sigma Terms

The spectrum - the nucleon

Capt(tr t) = Cipp (b, t) + Cyii (tr,t) = Y Zw Z; (0’| I [n)e” Frte™ B (=0

n,n’

with the overlap factors Z* = (n|Ogx|2) (vacuum state )
= All energy levels E,, belong to states |n) that couple to Og..
What does the spectrum look like for C§07 (¢, t) and C§5 (£, 1)?
» IDEA: Construct Csp(t,t) that only has con. contributions/dis. contributions:
— introduce three different currents J%*4 = @l'u 4+ dI'd and J¥ = T
where v is a partially quenched, auxiliary quark flavour, mass degenerate w.r.t the u quark
» connected ul'u contribution from (N3 [JuT4 4 Ju=d —2J°] |N)
» connected dI'd contribution from (N4 [JuT¢ — Ju=4 — 2] |N)
» disconnected al'u or d['d contribution from (N|J"|N)
= Connected and disconnected contributions can be made up of linear combinations of
matrix elements of these currents.
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Octet Baryon Sigma Terms

Challenges

» signal-to-noise ratio - large enough src-snk separations for ground state dominance X
» correlation functions: smearing to increase overlap with ground state
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Octet Baryon Sigma Terms

Challenges

» signal-to-noise ratio - large enough src-snk separations for ground state dominance X

» correlation functions: smearing to increase overlap with ground state
> excited state contamination

> identification: sign/size of transition matrix elements (0|J|n) e.g. Bg <> Bi : Cowx1

» all states with the same quantum numbers as the baryon interpolators can contribute

» lowest lying non-interacting energy eigenstates B(0)7(0)7(0) and B(1)m(—1) [arXiv:1812.10574]
» noisy disconnected contributions

Approach: + ...

Varied treatment of excited states to estimate systematics

» Physical Point Extrapolation
Approach:

High statistics Lots of spacings, volumes, masses Lots of models
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