H{sorulqj wkh Surwrq*vVslq dwSKHQL[

F1Dlgdod iru wkh SKHQL[ Frooderudwlrq Froxp eld Xqlyhuvlw| / Qhz \ run/ Qhz \ run 4335: / XVD

Devwudfw Lq odwh 5334 wkh �uvwsrodul}hg surwrq froolvlrqv dwwkh Uhodwlylvwlf Khdy| Lrq Froolghu+UKLF, wr rn sodfh1 WkhSKHQL[ h{s hulp hqwdwUKLF kdv d eurdg surj udp wr lqyhvwlj dwh wkh vslq vwuxfwxuh ri wkh surwrq1 Wklv surj udp z looeh ghvfulehg/ dqg �uvwuhvxowv z looeh suhvhqwhg1

4 Lqwur gxfwlr q

I du iurp wkh srlqwsduwlfoh lwz dv rqfh eholhyhg wr eh/ wkh surwrq kdv suryhq wr eh dq h{wuhp ho| frp soh{ hqwlw| 1 D yhu| ulfk vwuxfwxuh kdv j udgxdoo| ehhq xqfryhuhg ryhu wkh sdvw73 | hduv ri uhvhdufk1 D wkrurxj k frp suhkhqvlrq ri surwrq vwuxfwxuh/ lq sduwlfxodu lwv vslq vwuxfwxuh/ uhp dlqv wkh j rdori h{whqvlyh rqj rlqj vwxg| 1 Wkh SKHQL[ h{shulp hqwdwwkh Uhodwlylvwlf Khdy| Lrq Froolghu +UKLF, dwEurrnkdyhq QdwlrqdoOderudwru| lvlq d srvlwlrq wr p dnh vlj ql�fdqw frqwulexwlrqv wr ixuwkhu xqghuvwdqglqj wkh rulj lq ri wkh surwrq*v vslq1

5 Klvwr u| r i Sur wr q Vwuxfwxuh

514 Wkh T xdun0Sduwr q P r gho

Lq wkh 4<93v/ lq ghhs0lqhodvwlf vfdwwhulqj +GLV, h{shulp hqwvdwVODF dqdorj rxv wr wkh idp rxvUxwkhuirug vfdwwhulqj h{shulp hqwwkdwohg wr wkh glvfryhu| ri wkh dwrp *v kdug fruh/ lwz dv irxqg wkdwsurwrqv dovr kdg %kdug%vxefrp srqhqwv ^4/ 5‘1 Wkhvh kdug vxefrp srqhqwvfdp h wr eh nqrz q dvsduwrqv1 Lwwrrn vrp h wlp h ehiruh wkh h{shulp hqwdoo| revhuyhg sduwrqv lqvlgh wkh surwrq fdp h wr eh lghqwl�hg dv wkh wkhruhwlfdoo| k| srwkhvl}hg t xdunv/ exwhyhqwxdoo| wkh t xdun0 sduwrq p rghori wkh surwrq fdp h lqwr ehlqj 1 Dv h{shulp hqwdoz run surj uhvvhg dqg klj khu0hqhuj | ohswrq ehdp vz huhxvhg dvsurehv/ wkhsurwrq fdp hwr uhyhdod p xfk p ruh lqwulfdwh vwuxfwxuh wkdq wkdwri wkh wkuhh vr0fdoohg %ydohqfh%t xdunv1 Wkhvh rwkhu vxefrp srqhqwv duh qrz nqrz q wr eh vhd t xdunv dqg j oxrqv1

515 Wkh Vs lq Vwuxfwxuh r i wkh Sur wr q

I ru p dq| | hduv lwz dv dvvxp hg wkdwwkh surwrq*v vslq ri^4_5 ßh z dv gxh wr wkh vslqvri wkh wkuhh vslq0^4_5 ydohqfh t xdunv/ z lwk wz r rulhqwhg lq rqh gluhfwlrq dqg

rqh lq wkh rwkhu1 Lq wkh odwh 4<; 3v/ krz hyhu/ wkh HP F h{shulp hqwdwFHUQ

^6‘ glvfryhuhg wkdwrqo| 45 ⊖ 49( ri wkh surwrq*v vslq z dv fduulhg e| t xdunv1

Wklv vxusulvlqj uhvxowehfdp h nqrz q dv wkh %surwrq vslq fulvlv%1 Vxevht xhqw h{shulp hqwdoz run/ p rvwo| wkurxj k GLV/ kdv frqwlqxhg wr h{soruh wklv sureohp irup ruhwkdq 58 | hduv/ | hwwkhuhuhp dlqvp xfk wr eh xqghuvwrrg1 Lq sduwlfxodu/ wkh p dj qlwxgh dqg hyhq vlj q ri wkh j oxrq vslq*v frqwulexwlrq wr wkh vslq ri wkh surwrq uhp dlqv wr eh ghwhup lqhg/ wkh dyru euhdngrz q ri wkh vhd t xdunv* frqwulexwlrqv lv oduj ho| xqnqrz q/ dqg wkh frqwulexwlrq iurp ruelwdo dqj xodu p rp hqwxp ri erwk t xdunv dqg j oxrqv kdv | hwwr eh surehg1

6 Wkh Uhodwlylvwlf Khdy| Lr q F r oolghu +UKLF ,

614 UKLF Sk| vlfv

UKLF lv wkh p rvwyhuvdwloh kdgurqlf froolghu lq wkh z ruog1 Lwlv fdsdeoh ri froolglqj khdy| lrqv xs wr ∫ s @533 J hY2qxfohrq dqg srodul}hg surwrqv xs wr ∫ s @833 J hY/ dv z hoodv dv| p p hwulf vshflhv1 Froolvlrq ri dv| p p hwulf vshflhv lvsrvvleoh gxh wr lqghshqghqwulqj vz lwk lqghshqghqwvwhhulqj p dj qhwv1 Lq wkh

�uvwirxu | hduv ri uxqqlqj / UKLF kdv surylghg j rog froolvlrqv dwirxu gl�huhqw hqhuj lhv/ ghxwhurq0j rog froolvlrqv/ dqg srodul}hg surwrq0surwrq froolvlrqv/ z lwk sodqvirufrsshufroolvlrqvlq wkh xsfrp lqj | hdu1 Wkh h{lelolw| ri UKLF doorz v iru dq h{wuhp ho| glyhuvh sk| vlfv surj udp 1 Wkh khdy| 0lrq sk| vlfv surj udp lqyhvwlj dwhvvwurqj o| 0lqwhudfwlqj p dwwhuxqghuh{wuhp hfrqglwlrqvri ghqvlw| dqg whp shudwxuh1 V| vwhp dwlf yduldwlrqvri qxfohdup dwwhuz lwk froolvlrq vshflhvdqg hqhuj | duh ehlqj h{dp lqhg/ dqg qxfohrq vwuxfwxuh lq d qxfohdu hqylurqp hqwlv ehlqj vwxglhg1

Wkh srodul}hg surwrq surj udp vhhnv d ehwwhu xqghuvwdqglqj ri wkh surwrq*v vslq vwuxfwxuh/ lq sduwlfxodu frqwulexwlrqv iurp wkh j oxrqv dqg vhd t xdunv1 E| vwxg| lqj kdgurqlf froolvlrqv udwkhu wkdq ghhs0lqohdvwlf vfdwwhulqj / UKLF h{shu0 lp hqwv p d| gluhfwo| revhuyh j oxrq0vfdwwhulqj surfhvvhv1 Dv d froolghu/ UKLF fdq surylgh froolvlrqv dwp xfk klj khu hqhuj | wkdq fdq eh dfklhyhg lq �{hg0 wduj hwp hdvxuhp hqwv1 Dv d uhvxowkdug surfhvvhv/ ghvfuledeoh e| shuwxuedwlyh

TFG +sTFG,/ fdq eh vwxglhg/ dqg qhz surehv vxfk dv Z ervrqv z loohyhqwx0 doo| ehfrp h dydlodeoh1 Wkh dssolfdwlrq ri idfwrul}dwlrq wr sTFG surfhvvhv lv ri sduwlfxodu lp sruwdqfh ehfdxvh lwdoorz v rqh wr vhsdudwh rxwsduwrq glvwulexwlrq ixqfwlrqv +sgi*v,/ sduwrqlf kdug0vfdwwhulqj furvv vhfwlrqv/ dqg iudj p hqwdwlrq ixqfwlrqv+I I *v,1 Sduwrqlf kdug0vfdwwhulqj furvvvhfwlrqvduh gluhfwo| fdofxodeoh lq sTFG/ z kloh sgi*v dqg I I *v p xvweh ghwhup lqhg h{shulp hqwdoo| 1 UKLF h{shulp hqwv kdyh dffhvv wr d z hdowk ri gdwd iurp rwkhu h{shulp hqwv rq sgi*v dqg I I *v/ doorz lqj wkhp wr fkhfn wkh dssolfdelolw| ri sTFG fdofxodwlrqv wr wkhlu xqsrodul}hg gdwd dqg vxevht xhqwo| xwlol}h idfwrul}hg sTFG wr ghwhup lqh ydulrxv srodul}hg sgi*v p ruh dffxudwho| 1

Wkh xqsrodul}hg furvv vhfwlrqv iru p lg0udslglw| surgxfwlrq +vhh I lj xuh 4, dv z hoodv iruz dug surgxfwlrq ri qhxwudoslrqv kdyh ehhq p hdvxuhg lq 5330J hY surwrq0surwrq froolvlrqvdwUKLF dqg kdyhehhq irxqg wr dj uhhz hooz lwk qh{w0wr0 5

I lj xuh 4= SKHQL[ uhvxowv +srlqwv, iru wkh lqyduldqwgl�huhqwldofurvv vhfwlrq iru lqfoxvlyh qhxwudo slrq surgxfwlrq dw533 J hY1 Lq sdqho e, wkh uhodwlyh vwdwlvwlfdo+srlqwv, dqg srlqw0wr0srlqwv| vwhp dwlf +edqg, huuruv duh vkrz q1Wkh fxuyhv duh wkh uhvxowv iurp QOR sTFG fdofxodwlrqv xvlqj wz r gl�huhqwvhwv ri iudj p hqwdwlrq ixqfwlrqv1 Vhh ^7‘ iru p ruh ghwdlov1

ohdglqj rughu +QOR, sTFG fdofxodwlrqv ^7/ 8‘1 Lq dgglwlrq/ dv vkrz q lq I lj xuh 5/ wkhuh duh suholp lqdu| uhvxowv iurp SKHQL[ iru p lg0udslglw| surgxfwlrq ri lqfoxvlyhfkduj hg kdgurqvz klfk dovr ghp rqvwudwhfrqvlvwhqf| z lwk QOR sTFT1 Wklv dj uhhp hqwlqglfdwhv wkdwQOR sTFG z loo eh dssolfdeoh lq lqwhusuhwlqj srodul}hg gdwd iurp UKLF dv z hoodqg surylghv d vrolg wkhruhwlfdoirxqgdwlrq iru wkh vslq sk| vlfv surj udp 1

615 UKLF dv d Sr odul}hg Sur wr q F r oolghu

UKLF lv wkh �uvwklj k0hqhuj | srodul}hg surwrq froolghu lq wkh z ruog1 Wklv dfklhyhp hqwlv srvvleoh gxh wr wkh ghyhorsp hqwri d ydulhw| ri whfkqrorj lhv wr fuhdwh/ p dlqwdlq/ dqg p hdvxuh wkh ehdp srodul}dwlrq wkurxj krxwdffhohudwlrq dqg vwrudj h1

I lj xuh 5= Suholp lqdu| SKHQL[ uhvxowv +srlqwv, iru wkh lqyduldqwgl�huhqwldo furvvvhfwlrq irulqfoxvlyhfkduj hg kdgurq surgxfwlrq dw533 J hY1 Lq wkherwwrp sdqhowkhuhodwlyhvwdwlvwlfdo+srlqwv, dqg srlqw0wr0srlqwv| vwhp dwlf +edqg, huuruv duhvkrz q1 WkhfxuyhvlqglfdwhQOR sTFG fdofxodwlrqve| Z 1Yrj hovdqj / xvlqj uhqrup dol}dwlrq vfdohv ri_{pT}^5 / p^T / dqg 5p^T 1

UKLF 0DJ V fr p s oh{ I ru surwrq0surwrq uxqqlqj / wkh sdwk wudyhohg e| wkh surwrqv lv wkurxj k d olqdf/ d errvwhu/ wkh Dowhuqdwlqj J udglhqwV| qfkurwurq

+DJ V,/ dqg �qdoo| UKLF1 Wkh srodul}hg vrxufh uholdeo| surylghv d srodul}d0 wlrq ri dssur{lp dwho| ; 3( 1 Wkh srodul}dwlrq lq wkh DJ V lv p dlqwdlqhg yld fduhixowxqlqj wr dyrlg ghsrodul}lqj uhvrqdqfhv gxulqj dffhohudwlrq dqg d sdu0 wldoVlehuldq vqdnh1 Vlehuldq vqdnhv/ kholfdop dj qhwv ghyhorshg dwQryrvleluvn/ urwdwh wkh vslq yhfwru ri wkh surwrq 4;3_≡ vxfk wkdwdq| h�hfwv ri ghsrodul}lqj uhvrqdqfhvz looh�hfwlyho| eh dyhudj hg rxwrq wkh qh{wwxuq durxqg wkh ulqj 1 Lq

5338 d ixoo0ohqj wk/ vxshufrqgxfwlqj Vlehuldq vqdnh z looeh lqvwdoohg/ frp sohwlqj wkh duud| ri ht xlsp hqwuhodwhg wr uxqqlqj srodul}hg surwrqv lq UKLF1 Rqfh wkh vxshufrqgxfwlqj vqdnh lv lqvwdoohg/ UKLF vkrxog eh fdsdeoh ri uhdfklqj lwv ghvlj q ehdp srodul}dwlrq ri : 3( dwd ehdp hqhuj | ri 583 J hY1 Lq UKLF/ wkhuh duh wz r Vlehuldq vqdnhv lqvwdoohg lq hdfk ulqj 1 Yhu| olwwoh srodul}dwlrq orvv kdv ehhq revhuyhg lq wkh UKLF ulqj v wkurxj k dffhohudwlrq dqg vwrudj h1

Sr odulp hwu| Wkh UKLF0DJ Vfrp soh{ xwlol}hv ydulrxvsrodulp hwhuv wr ghwhu0 p lqh wkh ehdp srodul}dwlrq dwgl�huhqwsrlqwv dorqj lwv sdwk1 Lq sduwlfxodu/ wkhuh duh surwrq0fduerq +sF, srodulp hwhuv lq erwk wkh DJ V dqg UKLF z klfk p dnh xvh ri Frxorp e qxfohdulqwhuihuhqfh +FQL, ^9‘1 D �odp hqwri fduerq lvlq0 vhuwhg lqwr wkh surwrq ehdp / dqg wkh ohiw0ulj kw+d}lp xwkdo, dv| p p hwu| ri uhfrlo fduerq dwrp v iurp p_↗C ↔ p_↗C hodvwlf vfdwwhulqj lv p hdvxuhg1 Wkh dqdo| }lqj 7

srz hu/ A_N ≪ 3.348/ rulj lqdwlqj iurp wkh dqrp dorxv p dj qhwlf p rp hqwri wkh surwrq lv h{sorlwhg1 Wkh srodul}dwlrq ri wkh ehdp fdq eh ghwhup lqhg iurp wkh iroorz lqj vhwri ht xdwlrqv/ lq z klfk N_L +N_R , lv wkh qxp ehu ri uhfrlo fduerq dwrp v revhuyhg wr wkh ohiw+ulj kw, ri wkh ehdp = P_{Beam} @ ε_{LR} A_N ,ε_{LR} @ N_L ∗ N_R N_L . N_R Wkh xqfhuwdlqw| rq wkh srodul}dwlrq p hdvxuhp hqwiurp wkh FQLsrodulp h0 whuv lv fxuuhqwo| dssur{lp dwho| 63( / dqg wkh dqdo| }lqj srz hu p xvweh ixuwkhu fdoleudwhg iru lp suryhg srodul}dwlrq p hdvxuhp hqwv1

Lq wkh vsulqj ri 5337/ d k| gurj hq0mhwsrodulp hwhu ^: ‘ z dv frp p lvvlrqhg1 D srodul}hg k| gurj hq j dv mhwwduj hwlv lqvhuwhg lqwr wkh ehdp / dqg wkh ohiw0 ulj kwdv| p p hwu| lq s0s hodvwlf vfdwwhulqj lv p hdvxuhg lq wkh FQLuhj lp h1 Wkh k| gurj hq0mhwsrodulp hwhu z looeh xvhg wr fdoleudwh wkh sF srodulp hwhuv dqg lv h{shfwhg wr uhgxfh wkh xqfhuwdlqw| rq wkh srodul}dwlrq iurp �63( wr 8( 1

Vs lq gluhfwlr q Wkh qdwxudoo| vwdeoh vslq gluhfwlrq lv wudqvyhuvh wr wkh sur0 wrq*v p rp hqwxp / lq wkh yhuwlfdogluhfwlrq1 Vslq0urwdwru p dj qhwv lp p hgldwho| rxwvlgh wkh VWDU dqg SKHQL[ lqwhudfwlrq uhj lrqv duh xvhg wr dfklhyh orq0 j lwxglqdo vslq1 Wkhvh p dj qhwv z huh qrwfrp p lvvlrqhg xqwlo 5336/ vr gxu0 lqj wkh 533405 uxq rqo| gdwd z lwk wudqvyhuvh vslq z huh wdnhq1 D ghwhfwru z klfk h{sorlwv suhylrxvo| p hdvxuhg iruz dug0qhxwurq d}lp xwkdodv| p p hwulhv lq wudqvyhuvh0vslq froolvlrqv lv xvhg wr frq�up wkh orqj lwxglqdofrp srqhqwri wkh vslq dwwkh SKHQL[ lqwhudfwlrq uhj lrq1

616 Wkh SKHQL[ H{s hulp hqw

Wkhuh duh irxu p dmru h{shulp hqwv dwUKLF=wz r oduj hu h{shulp hqwv/ SKHQL[ dqg VWDU/ dqg wz r vp doohu rqhv/ EUDKP Vdqg SKRERV1 SKHQL[ / VWDU/ dqg EUDKP Vdookdyhvslq sk| vlfvsurj udp v1 Wkhirxuh{shulp hqwvkdyhfdsd0 elolwlhvwkdwryhuods lq p dq| duhdv/ p dnlqj lwsrvvleohwr fruurerudwhqhz uhvxowv/ exwdovr duhdv ri vshfldol}dwlrq z klfk p dnh wkh h{shulp hqwv frp sohp hqwdu| 1

Wkh SKHQL[ frooderudwlrq lv frp sulvhg ri dssur{lp dwho| 7; 3 sduwlflsdqwv iurp 45 gl�huhqwqdwlrqv1 WkhSKHQL[ ghwhfwru^; ‘frqvlvwvri wz r fhqwudovshf0 wurp hwhu dup v wr wudfn fkduj hg sduwlfohv dqg ghwhfwhohfwurp dj qhwlf surfhvvhv/ wz r iruz dug vshfwurp hwhu dup v wr lghqwli| dqg wudfn p xrqv/ dqg wkuhh j oredo ghwhfwruvwr ghwhup lqhz khq d froolvlrq rffxuv1 Wkhfhqwudodup vfryhud svhxgr0 udslglw| udqj h ri ⇕�⇕< 3.68 dqg ¡3^≡ lq d}lp xwk hdfk/ z kloh wkh iruz dug dup v fryhu4.5 < ⇕�⇕< �5.5 dqg 5Γ lq d}lp xwk1 SKHQL[ z dvvshfl�fdoo| ghvlj qhg wr kdyh d klj k udwh fdsdelolw| dqg klj k j udqxodulw| dvz hoodvj rrg p dvvuhvroxwlrq dqg sduwlfoh0lghqwl�fdwlrq fdsdelolwlhv1

617 Wkh Vs lq Sk| vlfv Sur j udp dwSKHQL[

Wkh �uvwsrodul}hg surwrq froolvlrqv dwUKLF z huh dfklhyhg lq Ghfhp ehu 53341 Lq wkh 533405335 uxq/ dq dyhudj h ehdp srodul}dwlrq ri 48( z dv dfklhyhg/ dqg 8

483 nb_{∗ 4} ri wudqvyhuvh0vslq gdwd z huh froohfwhg e| SKHQL[ 1 Lq 5336/ wkh dyhudj h srodul}dwlrq uhdfkhg 5: ( / dqg 553 nb_{∗ 4} ri orqj lwxglqdo0vslq gdwd z huh wdnhq1 5337 z dv sulqflsdoo| d frp p lvvlrqlqj uxq wr lp suryh wkh srodul}dwlrq lq wkh DJ Vdqg wr frp p lvvlrq wkh k| gurj hq mhwsrodulp hwhu1 Gxulqj irxugd| v ri gdwd wdnlqj dwwkh hqg ri wkh frp p lvvlrqlqj shulrg : 8 nb_{∗ 4} z lwk dq dyhudj h srodul}dwlrq ri dssur{lp dwho| 73( z huh froohfwhg1 Wkhuh kdv ehhq wuhp hqgrxv surj uhvv lq p dfklqh shuirup dqfh ryhu wkh �uvwwkuhh | hduv ri uxqqlqj srodul}hg surwrqv dwUKLF/ dqg dq h{whqvlyh vslq uxq ri dssur{lp dwho| 43 z hhnv z lwk forvh wr 83( srodul}dwlrq lv dqwlflsdwhg lq 53381 Surwrq uxqqlqj xs xqwlowklv srlqwkdv ehhq dw ∫ s @533 J hY> 8330J hY uxqv duh sodqqhg iru wkh ixwxuh1

SKHQL[ kdv d eurdg vslq sk| vlfv surj udp 1 Wkh sulqflsdo duhdv ri lq0 yhvwlj dwlrq duh wkh j oxrq srodul}dwlrq +Ξ G,/ dyru vhsdudwlrq ri wkh vhd t xdun srodul}dwlrq +Ξ u/ Ξ d,/ dqg wudqvyhuvh vslq sk| vlfv1 SKHQL[ z looeh deoh wr dffhvv d qxp ehu ri fkdqqhov z klfk sureh Ξ G wkurxj k grxeoh orqj lwxglqdo0vslq dv| p p hwulhv1 Wkhvh fkdqqhov lqfoxgh slrq surgxfwlrq/ iru z klfk uhvxowv kdyh douhdg| ehhq sxeolvkhg +vhh ehorz ,/ surp swskrwrq surgxfwlrq/ grp lqdwhg e| j oxrq Frp swrq vfdwwhulqj / khdy| dyru surgxfwlrq/ p dlqo| iurp j oxrq0j oxrq ixvlrq/ dqg mhwsurgxfwlrq1 Z khq UKLF ehj lqv uxqqlqj 8330J hY surwrqv/

SKHQL[ z lookdyh dffhvv wr Z ervrqv/ z klfk z looeh lghqwl�hg yld wkhlu ohs0 wrqlf ghfd| p rgh1 Ehfdxvh Z_. +Z_∗ , surgxfwlrq z looeh dop rvwhqwluho| iurp u. d +u. d, dqg Ξ u dqg Ξ d duh douhdg| z hoonqrz q/ lwz looeh srvvleoh wr vlqj oh rxwΞ u dqg Ξ d iurp p hdvxuhp hqwri wkh vlqj oh orqj lwxglqdo0vslq dv| p p hwu| ri Z surgxfwlrq1 Wkh wudqvyhuvh vslq sk| vlfv surj udp dwSKHQL[ vhhnv wr xqghuvwdqg wkh wudqvyhuvh vslq vwuxfwxuh ri wkh surwrq1 Wklv vwuxfwxuh z loo eh h{soruhg wkurxj k d ydulhw| ri p hdvxuhp hqwv/ lqfoxglqj vlqj oh wudqvyhuvh0vslq dv| p p hwulhv/ iruz klfk wkhuhduhdouhdg| uhvxowv+vhhehorz ,/ mhwfruuhodwlrqv/ wkh grxeohwudqvyhuvh0vslq dv| p p hwu| ri wkhGuhoo0\ dq surfhvv/ dqg wkhlqwhuihuhqfh iudj p hqwdwlrq ri slrq sdluv1

618 UhfhqwVs lq Sk| vlfv Uhvxowv

I urp wkh �uvwwz r | hduv ri srodul}hg surwrq froolvlrqv dwUKLF/ SKHQL[ kdv uhvxowv rq wkh vlqj oh wudqvyhuvh0vslq dv| p p hwu| ri qhxwudo slrqv dqg fkduj hg kdgurqv dv z hoodv wkh grxeoh orqj lwxglqdo0vslq dv| p p hwu| ri qhxwudoslrqv ^<‘/

^43‘1

61814 Vlqj oh Wudqvyhuvh0Vs lq Dv| p p hwu| r i QhxwudoSlr qvdqg F kduj hg

Kdgur qv

Wkh vlqj oh wudqvyhuvh0vslq dv| p p hwu| lq wkh | lhog ri d sduwlfxodu sduwlfoh lv j lyhq e|

A^N @ 4 P^{beam} ] N^L ∗ N^R N^L . N^R ⌊ z khuh N^L +N^R , lv wkh sduwlfoh | lhog wr wkh ohiw+ulj kw, ri wkh srodul}hg ehdp 1

Oduj h vlqj oh wudqvyhuvh0vslq dv| p p hwulhv rq wkh rughu ri 53063( kdyh ehhq revhuyhg lq d qxp ehuri h{shulp hqwv^44/ 45/ 8‘/ udqj lqj lq hqhuj | iurp ∫ s @530 9

533 J hY1Wkhoduj hdv| p p hwulhvvhhq kdyhvwlp xodwhg p ruh fduhixovwxg| e| wkh wkhruhwlfdofrp p xqlw| ri srodul}hg furvvvhfwlrqv/ lq sduwlfxoduwkhlughshqghqfh rq wkh lqwulqvlf wudqvyhuvh p rp hqwxp ri wkh sduwrqv +k_T , +vhh h1j 1 ^46‘,1

Ryhuwkh | hduv/ d qxp ehuri p rghovedvhg rq sTFG kdyh ehhq ghyhorshg wr suhglfwwkhvhk_T ghshqghqflhvdqg wr h{sodlq wkhrevhuyhg dv| p p hwulhv1Dp rqj wkhvh p rghov duh wkh Vlyhuv h�hfw^47‘/ wudqvyhuvlw| dqg wkh Froolqv h�hfw^48‘/ dqg ydulrxv p rghov z klfk dwwulexwh wkh revhuyhg dv| p p hwulhv wr klj khu0wz lvw frqwulexwlrqv +vhh h1j 1 ^49‘,1 Wkh Vlyhuv h�hfwk| srwkhvl}hv wkdwwkh dv| p p h0 wulhvduh gxh wr vslq0ghshqghqwlqwulqvlf sduwrqlf p rp hqwxp > wkh Froolqvh�hfw vxj j hvwv wkdwwkh| vwhp iurp d vslq0ghshqghqwwudqvyhuvh p rp hqwxp nlfn lq wkh iudj p hqwdwlrq surfhvv1 Wkh Froolqv h�hfwuht xluhv wudqvyhuvlw| / wkh ghj uhh wr z klfk t xdunv lq d wudqvyhuvho| srodul}hg surwrq duh wudqvyhuvho| srodul}hg/ wr eh qrq0}hur lq rughu wr surgxfh d qrq0}hur dv| p p hwu| 1

Lq I lj xuh6 suholp lqdu| SKHQL[ gdwd rq wkhwudqvyhuvhvlqj oh0vslq dv| p p h0 wu| ri lqfoxvlyh fkduj hg kdgurqv dv z hoodv qhxwudoslrqv lv vkrz q dv d ixqfwlrq ri p_T 1 Wkh gdwd z huh wdnhq z lwk wkh fhqwudodup vdqg wkxvuhsuhvhqwd svhxgr0 udslglw| fryhudj h ri ⇕�⇕< 3.68/ fruuhvsrqglqj wr x_F @^{pL}∫_{s/5} ≪ 31 Wkh vlqj oh wudqvyhuvh0vslq dv| p p hwulhv revhuyhg iru surgxfwlrq ri erwk qhxwudoslrqv dqg lqfoxvlyh fkduj hg kdgurqvdwx_F ≪ 3 duh frqvlvwhqwz lwk }hur ryhuwkh p hdvxuhg wudqvyhuvh p rp hqwxp udqj h1 D vp doodv| p p hwu| lq wklv nlqhp dwlf uhj lrq iro0 orz v wkh wuhqg ri suhylrxv uhvxowv/ z klfk lqglfdwh d ghfuhdvlqj dv| p p hwu| z lwk ghfuhdvlqj x_F ^44/ 4: / 8‘1 Dv d vlj ql�fdqwiudfwlrq ri qhxwudoslrq surgxfwlrq lq wklv nlqhp dwlf uhj lrq frp hv iurp j oxrq vfdwwhulqj / dq| frqwulexwlrq wr wkh dv| p p hwu| iurp wudqvyhuvlw| dqg wkh Froolqvh�hfw/ uht xlulqj d vfdwwhuhg t xdun/ z rxog eh vxssuhvvhg/ z kloh frqwulexwlrqv iurp wkh Vlyhuv h�hfwru rwkhu p hfk0 dqlvp v z rxog uhp dlq d srvvlelolw| 1 I xuwkhu wkhruhwlfdovwxg| ri wkh uhvxowv z loo kdyh wr eh shuirup hg lq rughu wr lqwhusuhwwkhlu ixoolp solfdwlrqv iru wkh wudqv0 yhuvh vslq vwuxfwxuh ri wkh surwrq1 I xwxuh p hdvxuhp hqwv uhdfklqj klj khu p_T z looeh grp lqdwhg lqvwhdg e| t xdun vfdwwhulqj dqg d ehwwhusureh ri wudqvyhuvlw| dqg wkh Froolqv h�hfw1 Vhh ^<‘ iru ixuwkhu glvfxvvlrq ri wkhvh uhvxowv1

61815 Gr xeoh Or qj lwxglqdo0Vs lq Dv| p p hwu| r i QhxwudoSlr qv

I urp wkh 5336 gdwd0wdnlqj shulrg/ SKHQL[ rewdlqhg lwv �uvwuhvxowv sure0 lqj Ξ G/ wkh j oxrq vslq frqwulexwlrq wr wkh vslq ri wkh surwrq1 Wkh grxeoh orqj lwxglqdo0vslq dv| p p hwu| ri qhxwudo slrqv z dv p hdvxuhg dwp lg0udslglw| 1 Wkh grxeoh orqj lwxglqdo0vslq dv| p p hwu| lv j lyhq e| A_{LL} @ 4 ⇕‖P_4P_5↕⇕ ] N_{. .} ∗ RN_{. ∗} N_{. .} . RN_{. ∗} ⌊

z khuh P_4 dqg P_5 duh wkh ehdp srodul}dwlrqv/ N_{. .} +N_{. ∗} , lv wkh sduwlfoh | lhog iurp vdp h0kholflw| +rssrvlwh0kholflw| , exqfk furvvlqj vdqg R lvwkhuhodwlyhoxp l0 qrvlw| ehwz hhq vdp h0dqg rssrvlwh0kholflw| furvvlqj v1 Lq I lj xuh 7/ wkh grxeoh0 orqj lwxglqdo dv| p p hwu| ri qhxwudo slrqv lv vkrz q dv d ixqfwlrq ri p_T 1 Wkh fxuyhv lqglfdwh wz r wkhruhwlfdofdofxodwlrqv edvhg rq QOR sTFG1 Wkh gdwd :

I lj xuh6=Suholp lqdu| SKHQL[ uhvxowvdvd ixqfwlrq ri wudqvyhuvhp rp hqwxp iru wkh vlqj oh wudqvyhuvh0vslq dv| p p hwu| ri lqfoxvlyh fkduj hg kdgurqv dqg qhxwudo slrqvdwp lg0udslglw| +x^F ≪ 3,1 Wkh srvlwlyh fkduj hg kdgurq srlqwvduh vkliwhg

83 P hY2f wr wkh ohiwiru uhdgdelolw| 1 Vhh ^<‘ iru p ruh ghwdlov1 srlqwv gr qrwvxj j hvwd oduj h frqwulexwlrq iurp j oxrq vslq1 I ru ixuwkhu ghwdlov uhj duglqj wkh dqdo| vlv dqg wkhvh uhvxowv/ vhh ^43‘1

Dv p hqwlrqhg deryh/ lq wkh fxuuhqwnlqhp dwlf udqj h Γ_3 surgxfwlrq kdv d vlj ql�fdqwfrqwulexwlrq iurp j 0j vfdwwhulqj 1 Wklv j oxrq grp lqdqfh p dnhv wkh

A_{Γ 3}^{LL} p hdvxuhp hqwt xlwh vhqvlwlyh wr wkh srodul}hg j oxrq sgi> krz hyhu/ ehfdxvh wkhsrodul}hg j oxrq sgi hqwhuvwkhidfwrul}hg furvvvhfwlrq wz lfhdwdssur{lp dwho| ht xdoydoxhv ri x^{Bj} / lwlv qrwvwudlj kwiruz dug wr ghwhup lqh wkh vlj q ri Ξ G iurp wklvp hdvxuhp hqw1 I xuwkhuwkhruhwlfdoglvfxvvlrq ri wkhvhuhvxowvdqg wkhvlj q ri

Ξ G fdq eh irxqg lq ^4; ‘1 I xwxuh p hdvxuhp hqwvri wkh grxeoh orqj lwxglqdo0vslq dv| p p hwu| ri fkduj hg slrqv/ surgxfhg oduj ho| yld j 0t vfdwwhulqj / z loosurylgh dq dgglwlrqdokdqgoh rq wkh p dj qlwxgh ri Ξ G dqg doorz ghwhup lqdwlrq ri lwv vlj q1

7 F r qfoxvlr qv

UKLF/ dv d srodul}hg kdgurq froolghu/ surylghv d z hdowk ri qhz rssruwxqlwlhv wr vwxg| wkh vslq vwuxfwxuh ri wkh surwrq1 Wkh dffhohudwru kdv douhdg| ghp rq0 vwudwhg vxffhvv/ dqg wkh UKLF frp p xqlw| lv orrnlqj iruz dug wr p dq| p ruh

| hduv ri uxqqlqj z lwk ixuwkhu lp suryhp hqwv lq oxp lqrvlw| dqg srodul}dwlrq dv z hoodv dwklj khu hqhuj | 1 Wkh SKHQL[ h{shulp hqwkdv d eurdg surj udp wr lqyhvwlj dwh wklv vwuxfwxuh/ z lwk sduwlfxodu irfxv rq wkh j oxrq*v frqwulexwlrq wr wkh vslq ri wkh surwrq/ wkh dyru ghfrp srvlwlrq ri wkh vhd t xdunv* frqwulex0 wlrqv/ dqg wkh wudqvyhuvh vslq vwuxfwxuh ri wkh surwrq1 I luvwuhvxowvduh douhdg| dydlodeoh/ lqglfdwlqj wkdwwkh vp doovlqj oh wudqvyhuvh0vslq dv| p p hwulhv vhhq dw x^F ≪ 3 dworz hu hqhuj lhv uhp dlq vp doodwUKLF hqhuj lhv dqg wkdwΞ G lv qrw ;

oduj h1 Wkh vslq vwuxfwxuh ri wkh surwrq frqwlqxhvwr eh d �hog ri vwxg| ri j uhdw lqwhuhvwz lwk p xfk vwloowr eh h{soruhg1

8 Dfnqrz ohgj hp hqwv

Wkh dxwkru z lvkhv wr h{suhvv khu ghhs dssuhfldwlrq wr P luldp Nduwfk0Kxj khv iru p dnlqj lwsrvvleoh wr dwwhqg LVVS 5337 yld d vfkroduvkls lq p hp ru| ri khu kxvedqg/ Yhuqrq Z 1 Kxj khv1 SKHQL[ dfnqrz ohgj hv vxssruwiurp wkh

Ghsduwp hqwri Hqhuj | dqg QVI +X1V1D1,/ P H[ W dqg MVSV +Mdsdq,/ FQSt dqg I DSHVS +Eud}lo,/ QVI F +Fklqd,/ FQUV0LQ5S6/ FHD/ dqg DUP LQHV

+I udqfh,/ EP EI / GDDG/ dqg DyK +J hup dq| ,/ RWND +Kxqj du| ,/ GDH dqg

GVW+Lqgld,/ LVI +Lvudho,/ NUI dqg FKHS +Nruhd,/ UDV/ UP DH/ dqg UP V

+Uxvvld,/ YU dqg NDZ +Vz hghq,/ X1V1FUGI iruwkh I VX/ XV0Kxqj duldq QVI 0

RWND0P WD/ dqg XV0LvudhoEVI 1

Uhihuhqfhv

^4‘ H1G1Eorrp hwdo1/ Sk| v1Uhy1Ohww156=<630<67 +4<9<,1

^5‘ P 1Euhlghqedfk hwdo1/ Sk| v1Uhy1Ohww156=<680<6< +4<9<,1

^6‘ M1 Dvkp dq hwdo1/ Sk| v1 Ohww1 E539/ 697 +4<; ; ,> Qxfo1 Sk| v1 E65; / 4

+4<; <,1

^7‘ V1V1Dgohu hwdo1/ Sk| v1Uhy1Ohww1<4/ 4; 5634 +5336,1

^8‘ M1Dgdp v hwdo1/ Sk| v1Uhy1Ohww1<5/ 4: 4; 34 +5337,1

^9‘ R1Mlqqrxfkl hwdo1/ 48wk Lqw1Vslq Sk| vlfv V| p srvlxp +VSLQ 5335,/ DLS

Frqi1Surf19: 8=; 4: 0; 58 +5336,1

^: ‘ D1 ] hohqvnl hwdo1/ 48wk Lqw1 Vslq Sk| vlfv V| p srvlxp +VSLQ 5335,/ DLS

Frqi1Surf19: 8=<870<93 +5336,1

^; ‘ N1Dgfr{ hwdo1/ QLP D7<</ 79<07: < +5336,

^<‘ F1Dlgdod iru wkh SKHQL[ Frooderudwlrq/ Surfhhglqj v ri GLV 5337/ khs0 h{237433361

^43‘ V1V1Dgohu hwdo1/ khs0h{2373735: / dffhswhg wr Sk| v1Uhy1Ohww1

^44‘ G1O1Dgdp v hwdo1/ Sk| v1Ohww1E594/ 534 +4<<4,>E597/ 795 +4<<4,1

^45‘ D1Dludshwldq hwdo1/ Sk| v1Uhy1Ohww1; 7=737: 07384 +5333,1

^46‘ S1 M1 P xoghuv dqg U1 G1 Wdqj hup dq/ Qxfo1 Sk| v1 E794=4<: 056: +4<<9,>

Huudwxp Qxfo1Sk| v1E7; 7=86; 0873 +4<<: ,1

^47‘ G1Vlyhuv/ Sk| v1Uhy1G74/ ; 6 +4<<3,>G76/ 594 +4<<4,1

^48‘ M1Froolqv/ Qxfo1Sk| v1E6<9/ 494 +4<<6,1

^49‘ M1Tlx dqg J 1Vwhup dq/ Sk| v1Uhy1G8</ 347337 +4<<; ,1

^4: ‘ G1O1Dgdp v hwdo1/ Sk| v1Uhy1G86=7: 7: 07: 88 +4<<9,1

^4; ‘ E1Mdhj hu hwdo1/ Sk| v1Uhy1Ohww1<5/ 454; 36 +5337,1

43