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Now & Then

Things can change a bit over the years

PAST PRESENT FUTURE
Tevatron LHC FCC
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Next generation
computer

?

Next generation
phone

the same is true for PDFs
FCC is not just a LHC re-do




Kinematic Reach of a FCC

Tremendous expanse in {x,Q?} New Opportunities New Challenges
J. Rojo, Dec 2013
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Challenges From a PDF Viewpoint: Predictions rely on accurate PDFs 4

M, (GeV)
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Plot by J. Rojo, Dec 2013
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Kinematic Reach:

Combined hh & he
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Combination of
HERA data with
Tevatron was
essential to untangle
flavor components

Not practical to extract
PDFs using ONLY
Tevatron data

HERA provides criticical
constraints, particularly in
discovery regions



Kinematic Reach:

Combined hh

& he
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Kinematic Reach: Combined

hh_ & he
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FCC-he
can combine with
FCC-hh
to maximize
discovery potential

FCC hh & he
options provide
complementary

information

DGLAP evolution alone is
not sufficient to constrain
hi-x hi-Q region



... what can the FCC-he provide ...

Gluon



LHC Results: Incredible Progress

Standard Model Production Cross Sectlon Measurements siius: varch 2015 JLdt
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Progress in Theory:

N’LO QCD

10

Higgs boson gluon-fusion production i QCD
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Greatly improved theory uncertainty ~2%; PDFs now dominant ~4%; At Hi-E, Higgs 1s medium x, but ...



The Gluon PDF Uncertainty: Example from LHeC Study

@

luon distribution at Q2 = 1.9 GeV? Gluon distribution at Q% = 1.9 GeV?
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Surprize: W & 7 decorrelation at the LHC: ... due to Strange PDF 13

. W= & Z cross sections at the LHC strange
e T | . contribution,~”
CTSHQ | >
NNLL-NLO ResBos -~ MBS I
215 | 7 LmaHQl g
: 1 B 22
; Acrsm 2 at LHC
= 2.1+t A A CT6SM S
s | CTEQB.6,/ “T
< | Ak | TS
= 2.05] Y o CToHQ [ y  rapidity
o : A CT5HQI
X o] A cTsmi
oy [ _ At LHC, flavor composition
%3 : LA CToM : is very different.
6 1.95 | CT61M
" Spoils W/Z Correlations
_§ [ A c13M
3 1.9¢ P. M. Nadolsky, et al., Phys.Rev. D78, 013004 (2008) | Impacts M, extraction
% 185 19. 195 20. 205 21. 215 22
— it
O G ot (PP—>(W"=> 1v)X) (nb) LHC is not just a re-do of the Tevatron
N

W Cross section ... same for FCC



More surprises:

W/ Z at LHC is Sensitive to Strange

W, Z data sensitivity to strange sea

N

@ ATLAS performed NNLO QCD fitto Z, W+, W~ + HERA ep DIS cross
sections: significant tension for Z observed when suppressing strange

by 50% at low scale 1.9 GeV?

@ Fit with free strange sea gives
no supression
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FCC-he can complement FCC-hh
in large-x large-Q region

... Speaking of flavor symmetry






More surprises:

At Large Q, we have

Flavor Democracy 16
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Need to include c, b,
and top in PDF

Flavors contribute
uniformly at large Q
small-x

... beyond issues of
FFS and VFS

multi-scale problem:

m, Q



Other issues: Include QED in DGLAP Evolution: Impactsu&d 17
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Thoughts



ATLAS SUSY Searches™* - 95% CL Lower Limits

Status: SUSY 2013

ATLAS Preliminar

[Ldt=(46-229)fb!

x/_=7,f§e\/

miss =1 ¥ &
Model e, i, T,y Jets ET™ [Ldi[b] Mass limit Reference
T T T L] T I T L] L] Ll L] T L] L] I L] Ll T L] L] Ll L]
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 q,8 1.7 TeV m(g)=m(g) ATLAS-CONF-2013-047
MSUGRA/CMSSM len 3-6jets Yes 203 |& 1.2 TeV any m(g) ATLAS-CONF-2013-062
»  MSUGRA/CMSSM 0 7-10jets  Yes 203 |§& 1.1 TeV any m(g) 1308.1841
D 53§98 0 26jets Yes 203 |@ 740 GeV m(9)=0 GeV ATLAS-CONF-2013-047
S sz g—>qqx‘1’ 0 26jets Yes 203 |& 1.3 TeV m(#3)=0 GeVv ATLAS-CONF-2013-047
S B Eoqoli —>qui/(\;1 lepu 3-6jets  Yes 203 g 1.18 TeV m(/?g)<200 GeV, m(¥*)=0.5(m(t?)+m(#)) ATLAS-CONF-2013-062
D gz, g—qq(te/tv/vw)X] 2eu 0-3 jets = 203 | & 1.12 TeV m(¥3)=0GeV ATLAS-CONF-2013-089
Q©  GMSB (ZNLSP) 2epu 2-4jets  Yes 4.7 tang<15 1208.4688
‘®  GMSB (£ NLSP) 127 0-2jets Yes 207 tang >18 ATLAS-CONF-2013-026
S GGM (bino NLSP) 2y - Yes 48 m¥2)>50 GeV 1209.0753
£ GGM (wino NLSP) 1eu+y = Yes 4.8 m(¥9)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) b 1b Yes 4.8 m(¥9)>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet Yes  10.5 m(g)>10"* eV ATLAS-CONF-2012-147
S5 g—abB)?o‘f 0 3b Yes 201 |& 1.2 TeV m(F2)<600 GeV ATLAS-CONF-2013-061
%“E’ g_na?& 0 7-10 jets  Yes 20.3 g 1.1 TeV m(¥%) <350 GeV 1308.1841
o gt 0-1eu 3b Yes 201 |g 1.34 TeV m(¥%)<400 GeV ATLAS-CONF-2013-061
o) Fobit; 0-1e,u 3b Yes  20.1 g 1.3 TeV m(¥%)<300 GeV ATLAS-CONF-2013-061
biby, b1—>bx% 0 2b Yes  20.1 b, 100-620 GeV d?)<aoeev 1308.2631
»c b1 by, by —t¥7 2e,u(SS) 03b Yes 20.7 by 275-430 GeV m(¥i)=2 m(¥?) ATLAS-CONF-2013-007
-g.g Tt (light), T —bYT 1-2epu 12 b Yes 47 | 11 m(X[f) 55GeV 1208.4305, 1209.2102
S 8 #Hi(light), i— be1 2epu 0-2jets  Yes 20.3 (3 130-220 GeV mm) =m(%;)-m(W)-50 GeV, m(;)<<m(¥7) | ATLAS-CONF-2013-048
f%"é tl tl(med|um) t1—>t)(1 2epu 2 jets Yes 20.3 (31 225-525 GeV m(Xl) =0 GeV ATLAS-CONF-2013-065
S5 t T (medium), 1—>b)(1 0 2b Yes 20.1 3! 150-580 GeV m(X1)<ZOOGeV mE;)-m(¥?)=5 GeV 1308.2631
Q% hh(heavy), hotl 1eu 1b Yes 207 |& 200-610 GeV m(#9)=0 GeV ATLAS-CONF-2013-037
© O % tl(heavy) f—th] 0 2b Yes 20.5 t 320-660 GeV m(¥?)=0 GeV ATLAS-CONF-2013-024
n D t1 tl, foch 0 mono-jet/c-tag Yes 20.3 3 90-200 GeV m(E)-m(¥3)<85 GeV ATLAS-CONF-2013-068
# T (natural GMSB) 2e,u(2) 1b Yes 207 |& 500 GeV m(¥3)>150 GeV ATLAS-CONF-2013-025
b, bt +27Z 3e,u(2) 1b Yes 207 |& 271-520 GeV m(t)=m(¥?)+180 GeV ATLAS-CONF-2013-025
O rELR, F—e? 2eu 0 Yes 203 |7 85-315 GeV m(¥2)=0 GeV ATLAS-CONF-2013-049
) )EL)EE )§+—>ZV(€§) 2epu 0 Yes  20.3 )gz 125-450 GeV mw?) =0 GeV, m(Z, #=0.5(m (,?1) 0? ) ATLAS-CONF-2013-049
E _g X1X X1 —v(T9) 27 - Yes 20.7 /\:l " 180-330 GeV i, njom) 0 DGeV, m(, i) m()(1 +m(X ) ATLAS-CONF-2013-028
S Xl/\,’a—»vat’&f(w) e E(v) 3epu 0 Yes 20.7 )fl '/!ﬁ 600 GeV m(¥7)=m(tz), m(t1)=0, m(t’ #)=0.5(m (¥ )+m(¥3)) ATLAS-CONF-2013-035
X1X8—>WX ZX& 3epu 0 Yes 207 | 315 GeV m(%f):m(/fz) mm)=o sleptons decoupled | ATLAS-CONF-2013-035
XiXs—>WXIhi] Tenu 2b Yes 20.3 S 285 GeV m(¥})=m(3), m(¥?)=0, sleptons decoupled | ATLAS-CONF-2013-093
§ & Direct ¥; ¥1 prod., long-lived %7 Disapp.trk 1 jet Yes 203 | ¥ 270 GeV m(F;)-m(¥3)=160 MeV, 7(¥7)=0.2 ns ATLAS-CONF-2013-069
=5 Stable, stopped & fehadren 0 1-5jets  Yes 229 |& 832 GeV m(¥3)=100 GeV, 10 us<r(#)<1000's ATLAS-CONF-2013-057
é’f GMSB, stable . Boi(e, f)sr(e,u) 121 : . 15.9 1o<tan§0<50 ATLAS-CONF-2013-058
S 8 GMSB, ¥1-yG, long-lived X1 2y - Yes 4.7 0.4<7(¥)<2 ns 1304.6310
= 5 RPV 1, displ. vix = = 20.3 |4& 1.0 TeV 1.5 <cT<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
G4, X1—qqu (RPV)
LFV pp—¥: + X, ¥r—e +pu 2ep . # 46 431,=0.10, 4132=0.05 1212.1272
LFV pp—v, + X, vr—e(u) + 7 leu+t = E 4.6 A41,=0.10, A1(2)33=0.05 1212.1272
> Bllmear RPV CMSSM 1eu 7 jets Yes 4.7 m(g)=m(g), ctisp<1 mm ATLAS-CONF-2012-140
%: X X1 b2 WX1 X1—>eev#, euve 4enu - Yes 20.7 if 760 GeV m(/?1)>300 GeV, 112:>0 ATLAS-CONF-2013-036
X1 X1.%1 —>WX1 X117, €19, 3euU+T = Yes 20.7 X 350 GeV m(/v1)>ao GeV, 1133>0 ATLAS-CONF-2013-036
£—4qqq 0 6-7 jets 5 20.3 g 916 GeV BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—tit, ti—bs 2e,u(SS) 03b Yes 207 |& 880 GeV ATLAS-CONF-2013-007
g
. Scalar gluon pair, sgluon—qg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
®O  Scalar gluon pair, sgluon—tt 2e,u(SS 1b Yes  14.3 ATLAS-CONF-2013-051
=
®  WIMP interaction (D5, Dirac x) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L I L il L L L L L
v- =8 TeV 1 0—1 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.



What can improved PDFs do for you:

... to think about 2
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Just because we can absorb it into the PDFs doesn't mean we should

We need to calibrate new physics searches



= Photo credit: http://justinsomnia.or

FCC Program:

= tremendous reach for New Physics Searches

= new opportunities and challenges

FCC-he Option: Complement FCC-Ah

Maximize discovery potential at highest energy
Study QCD extremes in {x,Q*} plane







Up and Down Distributions

Down valence distribution at Q%= 1.9 GeV?
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Down valence distribution at Q%= 1.9 GeV?
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Useful for hi-mass searches
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DIS Production Drell-Yan Jet
Production

F ~ld+s+u—+c _ _

2 [_ s+ U+ FZEi N (%)2_d+s_

FY ~|[d+5+u+c] N2
+ (5) [utc

Fd = 2|d+s—u—¢

F. ?1)7 ) [u + Cc — J — 5} The DIS combinations have

historically been particularly useful

Different linear combinations — key for flavor differentiation

The n-DIS data typically use heavy targets, and this requires the application of nuclear corrections
see next wlk:  Heavy lon Physics in e-A and p/A-A, Nestor Armesto Perez



Isospin Symmetry Violation, Higher Twist, Nuclear Corrections ...

QED corrections to PDFs, Q% = 1000 GeV?
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Nuclear Corrections or Parameterization???
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] Ref

d/u

The NNPDF Collaboration, PLB723 (2013) 330
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CTEQ-CJ: Phys.Rev. D84 (2011) 014008



... what about the

Heavy Quarks

c &b

Extrinsic & Intrinsic
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Jets/ 0.5 GeV

I
o

cqg—c4 sg—>cW
bg—b~2 cg— bW

Eg Much higher scales

Sensitive to aln(m/Q) resummation
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Les Houches
Comparative Studies

Excellent progress in addressing how to compute heavy quarks

The Cast:

Thorne-Roberts (TR')
MSTW Fits

Thorne, Phys.Rev.D73:054019,2006.

Work is continuing

Many of the above incorporated in

Les Houches Report. HERA-Fitter
J. Rojo, et al., arXiv:1003.1241 [hep-ph]



Compare VFN & FFN Schemes

Resum: a In(m/Q)

Ratio to NNPDF2.3 NNLO, ¢ = 0.119, Q* = 10* GeV?

. NNPDF2.3 VFN

NNPDF2.3 FFN

Ratio to NNPDF2.3 NNLO, ¢ = 0.119, Q® = 10* GeV?

. NNPDF2.3 VFN

NNPDF2.3 FFN

The NNPDF Collaboration, PLB723 (2013) 330

10° 10 10° 102 10" 10 10°
2 2 2
AX° = XrrN — Xven >0

Lmin Lmax ?nin (GGV) 12nax (GGV) AXQ (HERA—I) N(?aetra_l
4.107° 1 3 106 77.1 592
4.107°% | 0.1 3 106 67.8 405
4-107°% | 0.01 3 106 17.8 202
4.10° 1 10 108 76.4 537
4.10~° 1 100 106 97.7 412
4.107% | 0.1 10 106 67.4 350
4.1075 | 0.1 100 106 87.1 227
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25 ' Momentum
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|||||
Atlas and CMS

Atlas and CMS rapidity plateau fﬂ:rf e ; DGLAP: ln(Q2)
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