IMoyemy Macca NpoTOHA TaKasi, KAK U3MepseTCcs IKCIePUMEHTANBLHO — oueHka no KX/Ilunamuke.
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Iloutn Bcs Macca M3BECTHOW MaTepuU COAEPKUTCS B MPOTOHAX M HEHWTpPOHAX-yacTHIAX, COCTABILIIOIIMX sapa aTomoB. Ho kak
MIPOTOHBI 1 HEUTPOHEI MPHOOPETatoT CBOIO Maccy? Kaxkiast u3 3TUX 9acTull, Wik~ HyKJIOHOB', COCTOUT U3 IUIOTHOW, BCTICHUBAIOIIEHCS
Macchl JPYTUX YacTUI! KBAPKOB, KOTOPble MMEIOT Maccy, U IJIIOOHOB, y KOTOPBIX €€ HeT. OJHAaKO KBapKOBBIE MAacChl COCTaBIISIOT
Bcero Juib 1% OT Macchl MPOTOHA WM HEUTPOHA, MPUYEM OCHOBHAs Macca MPOTOHA IMPOMCXOIUT UCKIIOYUTENBHO U3 JABUXKECHUS U
yaep:KkaHus KBapkoB U ImooHOB. M-bo fIH u3 Mwuuuranckoro I'ocymapcrBeHHoro YHusepcurera, Mcr-JIaHCUHT, M €ro Kouieru
BIIEPBbIE KOJIMYECTBEHHO OLIEHIIN YEThIpe OTJCJIBHBIX BKJIaJa B Maccy IPOTOHA C PAcYETOM Ha OCHOBE KBAHTOBON XPOMOIMHAMHKH
(KX), dynnameHTanbHOW TEOPHH CHIBHOTO B3aMMOJEHCTBHS B SIpe W KPaeyrojbHbIM KaMHEM CTaHAAPTHOM Mojenu (U3UKH
gactur [1]. XOTa 3TO YeThIpexdyacTHOE pa3lIo’KeHHe H3BECTHO yke Ooinee 20 et [2], mOHMMaHHE ero (GHU3MKAMH OBIIO TOJBKO
Ka4eCTBEHHBIM.

KBapku, koTopsle cocTaBisioT I[IpOTOH M HEHTPOH, SABIAIOTCS (YHAAMEHTATBFHBIMH YaCTHUIAMH, KOTOPHIE MOJYYar0T CBOM MacChl
dyepe3 MexaHu3M XHrTca. TOT )Ke MEXaHH3M He OOBSCHSICT MacCy HMPOTOHA, KOTOPBIH COCTOMT M3 ABYX KBapkoB up ( 2.4 MeV/2
KaxpIil) U onuH kBapk BHU3-dOwn (5.0 MaBL2 ) [3]. OueBuaHO, YTO CyMMa 3THUX TPEX MACC 3HAYUTEIHHO MEHbIIE (DAKTHICCKOU
Macchl mpoToHa, 938,27 MaBC2.

Tenepr KBaHTOBasI MEXaHWKa TOBOPHUT HaM, UTO CYIIECTBYET TaKXKe Macca (WM, SKBUBAICHTHO, YHEPTHUs), CBSI3aHHAS C yICep KaHUEM
KBapKOB B NIPOTOHE, TUAMETP KOTOPOTO COCTaBIIAET 0kojio 10-15 M

Vcnonb3yst apryMeHT INpHHIMIIA HEONPEAEJICHHOCTH, OrPaHUYEHHOE IMOJ0KEHHE YaCTHIl MEPEeBOAMUTCS B OOJBLION HMMIYJBC H
OJDKHO J100aBUTh Ookosio 300MeV/C2 - B mpaBoM IIApOBOM MapKe Macca IPOTOHA BCE €IIe CIUIIKOM Maia. (AHAJIOTHYHBIC
paccyXJIeHHs IPUMEHUMBI K HEHTPOHHOM, COCTOSIIIEH U3 IBYX KBApKOB M KBapK.)

@DaKkTUYECKH, TOYHbIE CTaHIAPTHBIE MOJAEIbHBIE MPEACKA3aHUSA MACCHl MPOTOHA M HEWTPOHA CYLIECTBOBAIN B TCUCHHE ACCATHIECTHS
[4]. TIpm HU3KUX SHEPrUsiX, XapaKTEPHBIX IUIA A1pa, 3TH MacChl MOTYT OBITh NMpEICKa3aHbl TOJIBKO MO TPEM Mapamerpam: oOmmit
MacuTad Macc, KOTOphIi TuHamMudecku reaepupyercs B KX/, u mapaMeTpbl KBapKOB BBEpX M BHU3. [IpOTOHHASI 1 HEHTPOHHASI MacChl
M3BECTHBI TOPa3Zi0 TOYHEE U3 HKCIIEPUMEHTA, YeM KOrJa-mndo OymeT BO3MOXHO U3 mpeackazanui CraHgapTHOW Monenu. Tem He
MeHee, (Gu3nKu XoTenu Obl MOHATH, KaK Macchl Bo3HHKarOT m3 KXJI, BO MHOTOM Tak e, Kak OHM MOT'YT MHpEACKa3aTb CHEKTp
BOJOPOJa U3 KBAHTOBOU TEOPUHU.

HNMeHHO 3TO SIH M €ro KoJulerd W CHAENalIM, BIEPBHIE ONPENENHB pa3jMyHble BKJIAJbl B MacCy MPOTOHOB, KOTOPHIE BO3HHUKAIOT U3
KBapKOBOM M ITIOOHHOM AuHaMukH [ 1]. MccnenoBarenu nojaratotcst Ha MOILHBIN MeTO/, U3BeCTHBIN Kak pemierounas KX/, koTopsii
MOMeIaeT KBapky Ha y3iax (caiitax) perreTKH U TJIF0OHOB Ha CBS3SX MEXIY HUMHU. DTO cTporoe npejacTtaBienne KXJI moxer ObITh
pearTn30BaHO YHCIIEHHO, ¥ 3TO €IMHCTBEHHBIN MeTOH, OCHOBaHHBIN Ha KX, KOTOPHBIIt MOXeT JenaTh KoJudecTBeHHbIe [IporHo3sl Ha
MacimTabax JJIMHBI, conocTaBUMbIX ¢ IIporoHoM wmm Gonbine. (Ha 3Tux Becax, B3aMMOJEWCTBUSA MEXAYy KBapKaMH W TIOOHAMH
HACTOJIKO CHUJIBHBI, OHA HE MOTYT ObITh 00paboTanbl ¢ auarpammavu DeliHMaHa ¥ Apyrux “Bo3myiueHui” meromamu.) OmHAKO
pemeruatoe KX siBIsieTcss TOPOTOCTOSIIMM METOIOM. JIMCKpeTH3ausi co3/aeT OMUOKH, U UX yAaJCHHE BJICYET 3a cO0O0W B3sTHE
MHTEpBaJla PElIeTKH & N0 HyJA. OTOT LIar AOCTUIaeTcsd Ha NPAKTUKE IMyTEM BBINOJHEHUS! MHOXXECTBEHHBIX BBIUMCICHHUH Ha
Pa3IHYHBIX 3HAYCHHUSX 8, HA BRICOKOH YMCIICHHOH IIeHe KOTOpas BBEIUMCIIAET 1o MacmTaly Kak a-6. Tem He MeHee, pemerounsie KX /|
3HAYHUTEBHO IOB3POCIENH B TIOCICIHHE TOMBI, YTO IO3BOJIIET HAMOOIlee TOYHO OIPENeNATh KBAapKOBHIE Macchl [5] m MHOTHE
CBOMCTBA JIETKUX U TSOKEJBIX ME30HOB [3], KOTOpBIE COCTOST U3 KBapKa U aHTUKBapKa.

TpexkBapkoBas 4acTHIa, MOJOOHAas HYKIJIOHY, SKCIIOHEHIMAJIBHO CiokHee st pemeroyHo KX/, u ycnenrHble BBIYMCIEHHS CO
BCEMH HCTOYHHMKAMH HEOINPEJENICHHOCTH pelku. B cBoeil paboTe SIH n Ko1aboparoHUCTHI IPEOA0JICBAI0OT HEKOTOPBIE CIIOKHOCTH,
UCTIOJIb3Ysl HOBBIE BBIYHMCIINTEIbHBIE METO/IbI, KOTOPBIE OHM, HApSLy C APYrUMH, paspadoranu [6-8]. DTH JOCTHKEHUS TO3BOJIMIN UM
paccuuTaTh BKJIAJA B MAacCy MPOTOHA U3 YETHIPEX HCTOYHHUKOB [2], M3BECTHBIX KaK KBapKOBBIN KOHIEHCAT (~ 9%), sHEeprus KBapka (~
32%), B gluonic cumoBoM mone 3Heprum ( ~ 37%), U aHOMaNbHBIN TMOOHHBIH BKIax (~23%) (puc. 1). Hanmenplmit Bkian,
KBapKOBBIH KOHJIGHCAT, HPEJICTABIsieT CO00il cMech KBapKOB BBEpX M BHU3 M “MOpe” BUPTYaIbHBIX CTPAHHBIX KBapKOB, M 3TO
€/INHCTBEHHBIN, KOTOPBI Hcue3 Obl, ecii Obl KBAPKOBBIE MAcChl ObUIM paBHBI HYI0. OCTalbHBIE TPU TEPMHUHA CBSI3aHbI C M HAMUKON
KBapKOB M TJIFOOHOB M UX YAEp)KaHWEM BHYTpH IIPOTOHA. DHEPTHsl KBApKa U CHJIa TJIFOOHHOTO IOJIsl IPUPABHUBAIOTCS K KHHETUYECKOU
SHEPrHM OTPAaHWYEHHBIX KBapPKOB U OIPAaHUYEHHBIX TIIIOOHOB COOTBETCTBEHHO. AHOMAJIBHBIA TEPMHUH - YHCTO KBaHTOBBIN 3 dekt. OH
cBsi3aH ¢ Macmrtabom maccel KX/I 1 cocTouT M3 BKJIJIOB OT KOHJICHCATOB BCEX BKYCOB KBapKa, BKitouas cTpaHusle, lllapm, nHo, n
BepxHHUe KBapkH. Pacyers! S[Ha 1 ero KoJuler MOKa3bIBAIOT, YTO €M Obl Macca KBapKa Oblila paBHa HYJIIO, TO IIpOoTOH Bce paBHO MMe
651 6ostee 90% OT ero IKCIIEPUMEHTAIBHOM Macchl. JIpyruMu ciioBaMu, MOYTH BCS M3BECTHAs Macca BO BceleHHOH NMpoucXoanT u3
JIMHAMHKH KBapKOB U TIIOOHOB.
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DU3UKU AaBHO XOTEIM MOHITh BOSHUKHOBEHUE MacChl HyKJIOHa B TEPMUHAX CTAHJApTHOM MOJENH, U BBIBOABI SIHra u ero xosier
SIBIISIFOTCSL BRXKHBIM BKJIAJIOM B JIOCTMDKCHHE 3TOH menu. Mx pabora u npyrue nomoOHble padOTHI TakKe O3HA4YalOT HOBYIO 3pYy, B
KOTOpOW Halle NOHMMaHHME HYKIOHOB Bce Oojblie (OpMUpPYeTCSs KOJIMYECTBEHHBIMH IPEICKAa3aHUSIMH, OCHOBAaHHBIMH Ha
pemierounbix KXJI. Tosnbko B 3TOM roay MCCIENOBATENN MCHOAb30BaIN pemerounble KX/ nis onpenencHus: akcUanbHOIO 3apsia
HYKJIOHOB-BE3/IECyIIEH BEIMUYMHBI B siAEpHON (pusnke-c OecrpenenenTHON TogHOCTHIO 1% [9]. Pemerounsie KX/ B coueranun c
MOIIHBIMH aHAJIUTHYIECKUMH METOJaMH yrpouieHus pacderos KX/ npuBenyT K JydmeMy IIOHUMAaHUIO TOACTPYKTYpHI HyKitoHa [10],
KOTOpasi MCCIEAYETCSl Ha PasIMuHBIX KOJIalAepax 10 BCEMY MHpPY M CTAaHET OJHMM K3 (OKYCOB mpeasaracMoi MAaIlWHBI ITOX
Ha3BaHUEM 3JIEKTPOHHO-MOHHBIN KouTalizep. B koHedHOM cuete, ecTh Hamexkaa, 9ro pemrerdaras KXJ[ MoxeT OBITH MpHMEHEHa K
spy (MHOXECTBEHHBIM HYKJIOHaM). Slipa MCHONB3YIOTCS B KadecTBE AETEKTOPOB B HECKOJIBKUX JKCHEPUMEHTANBHBIX IMOHCKax
¢m3uku 3a npexenamu CTaHAAPTHOM MOJENM, TaKOW Kak TEMHas MaTepHs, NOCTOSHHBIA DJIEKTPUYECKUI TUIOJIBHBIA MOMEHT U
Oe3HEeHTpUHHBIH ABOMHON OeTa-pacmaa. MHTepnperanus 3THX SKCHEPHUMEHTOB MOTPeOyeT KOJIMYECTBEHHOTO MOHUMAHHS SIACPHOU
(M3MKH, OCHOBAHHOTO Ha CTaHIApTHOH Mojenu. Takoro pona cioxxHas mpobieMa Bce Jalle BO3HHKaeT B obnacTtu pemeryaroro KXJ|
Oarogapst HATUYHIO TIOYTH JK3aCKANIBCKUX KOMIIBIOTEPOB, Sierra u Summit, kotopele ceituac moakmroyarTes k cetd u B 10-15 pas
MOIIIHEE, YeM JaKe T€, KOTOPBIE NCTIONB3YIOTCS YaNng U COTpyAHUKAMHU.

Dissecting the Mass of the Proton -

Figure 1: The proton is comprised of two up quarks and one down quark, but the sum of these quark masses is a mere 1% of the
proton mass. Using lattice QCD, Yang and colleagues determined the relative contributions of the four sources of the proton mass
[1]. (The cumulative contributions in MeV/c? are shown on the dark green rectangles.)

Nearly all the mass of known matter is contained within protons and neutrons—the particles that make up the nuclei of atoms. But
how do the protons and neutrons acquire their mass? Each of these particles, or “nucleons,” is composed of a dense, frothing mess of
other particles: quarks, which have mass, and gluons, which do not. Yet the quark masses only add up to a mere 1% of a proton or
neutron’s mass, with the bulk of the proton mass coming purely from the motion and confinement of quarks and gluons. Yi-Bo Yang
of Michigan State University, East Lansing, and colleagues have now quantified, for the first time, four separate contributions to the
proton’s mass with a calculation based on quantum chromodynamics (QCD), the fundamental theory of the strong interaction in the
nucleus and a cornerstone of the standard model of particle physics [1]. While this four-part decomposition has been known for more
than 20 years [2], physicists' understanding of it has been only qualitative.

The quarks that make up the proton and neutron are fundamental particles, which get their masses through the Higgs mechanism. The
same mechanism doesn’t explain the mass of the proton, which is comprised of two up quarks ( 2.4MeV/C each) and one down quark (
5.0MeV/.) [3]. Clearly, the sum of these three masses falls far short of the actual proton mass, 938.27MeV/c. Now, quantum
mechanics tells us there is also mass (or equivalently, energy) associated with the confinement of the quarks into the proton, whose
diameter is about 10—15m. Using an uncertainty principle argument, the confined position of the particles translates into a large
momentum and should add about 300MeV/c — in the right ball park of the proton mass but still too small. (Similar arguments apply to
the neutron, which is comprised of two down quarks and an up quark.)

In fact, accurate standard model predictions of both the proton and neutron mass have existed for a decade [4]. At the low energies
relevant to a nucleus, these masses can be predicted from just three parameters: an overall mass scale, which is dynamically generated
in QCD, and the up and down quark parameters. The proton and neutron masses are known much more precisely from experiment
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than will ever be possible from standard model predictions. However, physicists would like to understand how the masses emerge
from QCD, much the same way they can predict the spectrum of hydrogen from quantum theory.

Yang and colleagues have done just this, determining for the first time the various contributions to the proton mass that arise from
quark and gluon dynamics [1]. The researchers rely on a powerful method known as lattice QCD, which places quarks on the sites of a
lattice and gluons on the links between them. This rigorous representation of QCD can be implemented numerically, and it is the only
QCD-bhased method that can make quantitative predictions on length scales comparable to the proton or larger. (At these scales, the
interactions between quarks and gluons are so strong, they cannot be handled with Feynman diagrams and other “perturbative”
methods.) However, lattice QCD is an expensive technique. The discretization creates errors, and to remove them entails taking the
lattice spacing, a, to zero. This step is achieved in practice by performing multiple calculations at different values of a, at a high
numerical cost that scales as a®. Nevertheless, lattice QCD has matured significantly in recent years, allowing for the most precise
determination of the quark masses [5] and many properties of light and heavy mesons [3], which are comprised of a quark and an
antiquark.

A three-quark particle like the nucleon is exponentially more complicated for lattice QCD, and successful calculations, with all
sources of uncertainty controlled, have been rare. In their work, Yang and collaborators overcome some of the complications by using
new computational methods that they, along with others, developed [6-8]. These advances enabled them to compute the contribution
to the proton mass from four sources [2] known as the quark condensate ( ~9%), the quark energy (~32%), the gluonic field strength
energy ( ~37%), and the anomalous gluonic contribution ( ~23%) (Fig. 1). The smallest contribution, the quark condensate, is a
mixture of the up and down quarks and a “sea” of virtual strange quarks, and it is the only one that would vanish if the quark masses
were zero. The other three terms are all related to the dynamics of the quarks and gluons and their confinement within the proton. The
quark energy and gluonic field strength equate to the kinetic energy of the confined quarks and confined gluons, respectively. The
anomalous term is a purely quantum effect. It is associated with the QCD mass scale and consists of contributions from condensates of
all quark flavors, including the strange, charm, bottom, and top quarks. The calculation by Yang and colleagues shows that, if the up,
down, and strange quark masses were all zero, the proton would still have more than 90% of its experimental mass. In other words,
nearly all the known mass in the Universe comes from the dynamics of quarks and gluons.

Physicists have long wanted to understand the emergence of the nucleon mass in terms of the standard model, and the findings from
Yang and co-workers are an important contribution to that goal. Their work and other works like it also signify a new era, in which
our understanding of nucleons is increasingly shaped by quantitative predictions based on lattice QCD. Just this year, researchers used
lattice QCD to determine the nucleon axial charge, a ubiquitous quantity in nuclear physics, with an unprecedented 1% precision [9].
Lattice QCD, coupled with powerful analytic methods for simplifying QCD calculations, will lead to a better understanding of the
substructure of the nucleon [10], which is being explored at various colliders around the world and would be one focus of a proposed
machine called the Electron-lon Collider. Ultimately, the hope is that lattice QCD can be applied to a nucleus (multiple nucleons).
Nuclei are used as detectors in several experimental searches for beyond-standard-model physics, such as dark matter, a permanent
electric dipole moment, and neutrinoless double-beta decay. Interpreting these experiments will require a quantitative understanding
of nuclear physics that is rooted in the standard model. This sort of complex problem is increasingly in the realm of lattice QCD
thanks to the availability of the near-exascale computers, Sierra and Summit, which are coming online now and are 10 to 15 times
more powerful than even those used by Yang and co-workers.

This research is published in Physical Review Letters see below .
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