Pion mass dependence of the nucleon mass and the pion-nucleon
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] Who?
] What?
[J Where?
[J When?
] Why?
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Outline

] Who?  (Callat Collaboration
O What?  (Nlmuau +madd|N) [(N|m5s|N), (N|mcc|N)]
] Why Why not?
[ Where? Summit at OakRidge L.eadership Computing Facility and Lassen at LLILNL
[ When? The last few years
] How?  Lattice QCD
O Lattice QCD briet intro
O Feynman-Hellmann Method versus Direct Method
O Our results
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What?

] We are computing the scalar quark condensation 1n the nucleon

mu_I_md

7oy = (Nlmyiin + maddlN) = (Ni(au + dDIN) = T

(] We are also interested 1n the strange and charm scalar condensation in the nucleon

(N|imgss|N), (N|m.cc|N)

] I will focus on the light-quark matrix elements 1n this talk



Why?

] 'This workshop — how does the proton mass emerge from QCD?
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RG Invariant
Unambiguous

RG Invariant
Unambiguous

How do I define this term
non-perturbatively?

] NOTE: I have not specified what quark flavors I am summing over...
certainly, we have no hope to compute the light and strange matrix elements w/o LQCD
the charm content 1s well estimated by pQCGCD — but — we might be hyper-sensitive to it



Why?

] Prospective scattering ot Dark Matter oft matter 1s sensitive to these matrix elements

s = (N|mqqq|N)
go 1o oo 5 1 f=
q=u,d,s A see eg. Cheung, Hall, Pinner, Ruderman

HO . JHEP 05 (2013) 100 [arXiv:1211.4873]

[J These scalar current matrix elements are ditficult to measure experimentally
fu,d: can be estimated from pion-nucleon scattering
f; : no good way to estimate (it turns out) - SU(3) Baryon XP'I' does not converge

] “Pertect” problem for LQCD



Why?

] Uncertainty was dominated by strange content
value was estimated using SU(3) baryon Ghiral Perturbation Theory (XP'T)

040 | I | |

figure adapted from Cheung, Hall, Pinner, Ruderman
JHEP 05 (2013) 100 [arXiv:1211.4873]
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Why?
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Why?

] Uncertainty was dominated by strange content
value was estimated using SU(3) baryon Ghiral Perturbation Theory (XP'T)
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] Light-quark matrix element
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Why?

] The charm content may be particularly mterestmg

O ST (CIHQ)

10-47}

1048}
10—49 _

10~

51l
e

(N|m.cc|N)(MeV)

Hill & Solon
PRL 112 (2014) [arXiv:1309.4092]

WIMP Dark Matter scattering through HIGGS
portal
O heavy WIMP (integrate out to SMEFT)

O cancellation between spin-0 and spin-2 gluon
contributions to spin-independent (SI) cross
section

O Normally - one would not need to precisely
know a heavy quark matrix element

O Depending upon precise value of charm content,
SI cross section can drop below “neutrino-floor”

12



How?

] Lattice QCD 1s “perfect” tool to compute these scalar quark matrix elements

] 'Iwo ways to perform the calculation
[ ] Direct method: matrix element

] Indirect method: Feynman-Hellmann 'T'heorem

1ES



Introduction to LQCD

Slide adapted from E. Berkowitz

C(t) =

(0(1)0'(0)) =

% / Dy DY DUO(£)O(0) M [V

1 - T
- / DUdet (i) — M) O(£)O(0)elSn 5.Vl
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Introduction to L QCD _omoton - L / D DI DU O(1)O (0)e~ St

e — / DU det - O7
lattice
finite volume

Slide adapted from E. Berkowitz




Introduction to LQCD

Slide adapted from E. Berkowitz
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Introduction to L QCD _omoton - L / D DI DU O(1)O (0)e~ St

*

— —/DUdet - O7

Prolbabllity

{U1,Us,U;3,...,Un}
Markov Chain Monte Carlo

*

Slide adapted from E. Berkowitz
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Introduction to L QCD _omot
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Slide adapted from E. Berkowitz

space

A\, V o
Prolbabllity

1
~ Z Ot)OT(0)[U;] +O

NOTE: LQCD allows us to compute Euclidean space,
finite volume, correlation functions

Non-trivial numerical analysis (and sometimes
formalism) to extract spectrum, matrix
elements, form factors, ...

1 ; f () o= S[E,,U]
- /w DE DU OO (0)e

— %/DUdet (D + M) e >V O@1)0f(0)

{Ulv U27 U37 SR UN}
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LQCD: 2 point functions

C(t,p) = Y e PX(Q|O(t,x)0'(0,0)|2)

X

C(t) =) (9|0(t,x)0'(0,0)|£2)

X

=Y (e 0(0, x)e~ 10 (0,0)|2)

=33 (91 0(0, x)e 1 n) (n]OT (0, 0) |€2)
= e BN (0]0(0,x)|n) (n]OT(0, 0)| )

=Y e ErP=04Q10(0)|n, p = 0)(n, p = 0|07 (0)|22)

n
= E e_E”tznz];
n

focus on 0-momentum

time-evolve operator

multiply by 1, 1= |n}(n|

define vacuum to have 0-energy

sum of exponentials

16



LQCD: 2 point functions

C(t,p=0) =) (QIN(t,x)NT(0,0)|)

X

= Age” ot (1 ZrneA”0t>

ARl Ll (C(fil)) 5 Z r. (G_AnOt = B_A”OH_l)

NOTE: it the creation operator 1s

conjugate to the annihilation operator
o]

i 7



LQCD: 2 point functions

C(t) . :
Cit,p=0)=> (QN(t,x)NT(0,0)|Q = S
(1,0 =0) = Y (@IN( x)IN' (0,09 men(t) =1n (GO ) 3 Bt 3 (et — et
= large t n>0
= Age~ &0t (1 Z rneA”Ot) : : :
n>0 NOTE: if the creation operator 1s
A - conjugate to the annihilation operator
e o ]
but... signal-to-noise - can not simply “wait till long tlme to get ground state (g S. )
0.7} i § S | 0.745 | $ ns—l 2 % 3¢ 4 { 5
0.76 S-ZZ: . 0]
' )
0.75 [ﬁ 0.730 : | d
Lon - ERSEERRRY
S 0.73 0.715
- £k I I ; I ; &i’ &E I I I ; I
i 5 G e
s = e * * % =
o s T I B R B A

tmin



LQCD: 5 point functions e o

0'l'he most common method (sub-optimal) to compute nucleon matrix elements

O For a few values of t, compute the 3-point function for all 7

Cr(t,7,p,q) = ) e PYeI*(QIN(t,y)ir(r,x)N1(0,0)|0)

y,X

O Fach choice of t1s a new, expensive computation
O Ideally, t ~ 2 topegs, but, S/N prevents that

O 'T'he g.s. matrix-element/form-factor must be determined through an extrapolation 1n

t and 7 after numerical analysis

18



LQCD: 3 point functions

O Consider zero-momentum (p=0) and zero momentum transfer (q=0) use “multiply by 17 trick

Cr(t,7) =Y (QUN(,y)jr(r,x)N'(0,0)|Q)

y,X

EEr e Deiss s e (i aamny
= |20|"gpoe™ 7" + E g - 2 E an;%gnme (Ent=3%8) cosh

n>0

nm

“scattering” (sc) “‘transition” (tr) excited states

excited states

O scattering excited states only depend on t

O transition excited states depend on t and 7

O NO'TE: for intermediate t, there 1s a cons-
piracy ot excited states that give the appea-
rance ol no excited state contamination

tseps T)

<
=

1=) [n){n

6 = = 0 2 6
[ (T — tsep/2)/ ang
I o g = g o O .
Ler i 3 e 3 P
) ® )
e = =)
E2r ® e o ®
e \® -
e. . S |
= 0.0 0.2 0.4
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LQCD: 3 point functions

AV Y5T+4 (T)

O Consider zero-momentum (p=0) and zero momentum transter (q=0)

O NO'TE: 2pt at t=6 (stmilar to 3pt with t=12, =6) has significant excited state

contamination

10 15 20

0.60F & tsep/aos

0.507

(et

0.50F

()

0.457F

mmmm§§§§%¥¥““--

25

2.0

RAg (tsepa T)

I

Ll

) = = 0 ) 4 6
e — i )y
I o g = g o O .
=) § § § =)
A . 83 5 =0
= = ©
® % 2 ®
S. ® S |
g 0.0 0.2 0.4
(=i 2/ 20



LQCD: Feynman-Hellmann Method oRD 9% (2017) LrXivi161206963] |

C(t) = (QO(t)0'(0)|2) = /D%_SG ioeh? 0000

0, C(t) = [ DOemSo=I 2BlDtmalva0(t) [ atady(244(2)0(0)  Ot) [ d*2(ba()u(2)IY

— /d 2{QO(t)1h, (2)1h,(2)OT(0)|2) + terms to subtract vacuum bubbles

Feynman-Hellmann '1'’heorem

: OE, = (n|Hy|n)
relate spectrum to matrix elements

in QF 1 - differentiate effective mass?

Cltl v 0, C0h+lr 0,08 .
C(t 1)> = e cit (N|gq|N) 4 excited states

amq Meff (t) = (‘9mq In (



LQCD: Feynman-Hellmann Method

Study nucleon mass versus quark mass to extract light-quark matrix
elements
W= 3 N

Heavy baryon XPIE2 - ar. — a7 A T 6 i
o P b

Convergence 1ssues
O NLO predicts a large, negative correction

O Mn increases monotonically with increasing quark/pion mass

O Must include at least NNLO - but also - warning of large
cancellations between orders (not healthy for EF 1" expansion)

O Ignore this 1ssue and proceed (hope convergence 1s OK for light-
enough pion mass)

O Need to convert pion mass dependence to quark-mass dependence
will come back to this point

MN = Gfév + ijlv m
16 ‘ ‘ N I
=938+9MeV
1.4% /, J' 3
% ? ,//“‘. . | i
C 12 A iy ~ 300 MeV
= I // 7 / a
SR 2008
NG arXiv:0806.4549 |
arXiv:0810.0663 |
O’%.o - ol.z | 014 - Oi6 Y
My / (2 V 27 fO)

m, >~ 7598 MeV
e —N7
.4 2012 @
| arXiv:1304.6341
B ; e

— 1.3:' @
2 | M = 174 MeV@@
O 1.2} ,
= of” * physical
= 11 \ 4] ot ! $  LHPC 2008
1.0:» Q } xQCD 2012
g P RBC: Preliminary DSDR
0.91 | RBC:a!=1.75(3) GeV
0 gl }  RBC:a!=2.31(4) GeV
00 01 02 03 04 05 06 07
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LQCD: Our Results - When and Where and what action

Mobius Domain Wall Fermions on rooted HISQ) sea

Parameter space 1n pion mass and lattice spacing

HISQ ensembles from MILCG and Call.at Collaborations

0.10} '-§-' a06 @4 agg a12 @-' ais
- . m400 @
Lg 0.08F 350 =
= 0.06| . 220 s
N K
MDWTF quarks efficiently solved with QUDA on S 260 o
NVIDIA GPU machines from 2016 — present L = m220 -
Lassen (@ LLNL Summit (@ OLCF — o m180
Grand Challenge DOE INCITE ' il o
0.00 0.05 0.10 0.15 0.20

ECZL = (a/zwo,orig)z
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LQCD: Our Results — How to extrapolate to physical point?

Consider 3 options Parameter space 1n pion mass and lattice spacing
O Mn(mg)
'-§-' a06 L aop9 a12 *}' ais
O Mn(M,) 0.10+
- m400 ®
O Mn(e,) / 4zl ,) Lg 0.08f m350 .
. : 5
T'here are challenges with each choice. < 0.06| o m310 e
O The first 2 require scale setting = = .
O my expansion N'L 0.04f - m220 .
O bare parameter expansion often converge slower 0.021 212(5)
O requires renormalization >

0O The second method requires M, to Omq conversion 0.00 0.05 : 0.10 %-15 0.20
€ — 020y

O The last method requires knowledge of OF,/0mq
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LQCD: Our Results — How to extrapolate to physical point?

Scale Setting: 2011.12166

O Precise scale setting 1s
possible (sub-percent)

O Scale setting induces
correlation among all
ensembles

O Scale-setting uncertainty can
often be dominant for hadron
spectrum

O Subsequent extrapolations 1n
MeV can become
complicated from the
correlation

O Alternatively: form
dimensionless ratios and
extrapolate M
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LQCD: Our Results — How to extrapolate to physical point?

Extrapolation Options In principle, all methods should yield the same result
9P 2 e : ; = :
M N(mq) = M, dc2Bm SWgA(QB m) : = DlscrepanC1es are an additional systemartic
Al 2(4nF)? uncertainty we must add to the result (it we are
honest)
451 Mg 37’(‘9124 Mg
della) = dob -2AsE )2 We are 1n the process of performing these three
4G, M2 3mg2 M3 analysis methods
— My — (47F. T _ (4rF. o
s Utlnlmrs - ihian oy
M (€r) Mo s
= 4 o
L e T
M
Crr
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LQCD: Our Results — How to extrapolate to physical point?

Use XP'T to related quark mass derivative to derivative in M, or g,

. Oex

MmOy, = m——O0 - e My My
m 8ﬁ1 € mamMN - Axmam (A—X) A A—XmamAX
[ 0 \/mz 5 (mammz Qmame) et (MN) oy Ol
=] = = Y 2 F oo N
Op, AE,. | ™ ms £ R Ay Ay

f mBams - . 0T 5
\9m 4 F. 4rnE. F. =
= (’ﬁl@me ma’thw) Cr

- -2
m2 J
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LQCD: Our Results — How to extrapolate to physical point?

Consistent with PDG at 1-sigma

0.90F
SUum
0.8} N*LO
\N\\] NLO
><0.86- k|o
one
=
20.84-
0.82F
0.80+
0.10 0.15 0.20 0.25 0.30 99() = 060 080)

GW:mﬁ/ZLﬂ'FW MN

o quote a value of o,N, we need to finalize our M, and I, analysis - results hopetully this fall



LQCD: Our Results — How to extrapolate to physical point?

Interesting new result:
Gupta, Park, Hoterichter, Mereghetti, Yoon, Bhattacharya
PRL 127 (2021) [2105.12095]

Hypothesize excited states are not fully quantified in
other results - when encouraged to be “natural”
sigma-term 1ncreases to be compatible with pheno
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LQCD: Global Average
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bottom and top contributions are well estimated with perturbative QCD o~ 66 MeV
Shifman, Vainstein, Zakharov and many updates from others
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Conclusions

] Lattice QCD can provide unambiguous values for the light, strange and charm scalar matrix elements of the nucleon
[ But - systematic uncertainties (excited state contamination) remains an issue to obtain more stable and precise values -
discrepancy between difterent results 1s larger than quoted uncertainties

please keep this in mind for ALL LOCD results

] I anticipate my collaboration (Call.at) will have a robust determination of o,x this fall (next, o, & o)
] ~30 ensembles to control all extrapolations
] 7 pion masses, 130 = M, = 400 MeV

] 4 lattice spacings (3 at the physical pion mass)
] muluple volumes at 3 different pion masses

] The scalar charm content of the nucleon 1s particularly important to determine precisely
] If oc ~ 60 x5 MeV and Dark Matter 1s heavy (WIMP),

natural explanation as to why we have not yet observed dark-matter — nucleus scattering

Hill & Solon PRL 112 (2014) [arXi1v:1309.4092]

] D’'m interested to understand if we can find a non-perturbative definition of the the trace-anomaly
the LOGD user can choose how many quarks to directly compute - how 1s this reflected 1n the remaining terms?
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