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Introductory words

- We are at an interesting time in particle physics era:

- LHC @ 13 TeV is about to rump up - how soon will it beat the 8 TeV searches?
- HL-LHC - what can we gain from 300fb-! to 3000fb-1?

- Today we look at the physics opportunities at 100 TeV (FCC)
The mass reaches of different collider setups can be quickly estimated
[http:/ / collider-reach.web.cern.ch / collider-reach /]

- Discovery of new exciting physics relies on precise knowledge of proton structure.

- PDFs are one of the main theory uncertainties in Mw measurement

- PDFs are one of main theory uncertainties in Higgs production

- PDF uncertainties very large (>100%) for new heavy particle production
- PDF limit precise extraction of EW parameters and strong coupling

- Factorisation Theorem:
- Cross section can be calculated by convoluting short distance partonic reactions with PDFs:

- ep —> probes linear combination of PDFs
- pp—> probes bi-linear combination of PDFs

- PDFs cannot be calculated in perturbative QCD, however they are process independent
(universal) and their evolution with the scale is predicted by pQCD:
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Improving PDFs with FCC

«  FCC will access smaller x, larger Q2
# Currently there is no data to
constrain PDFs for x < 10
* we rely purely on extrapolation

*  Low x physics: we don’t know
where at low x, BFKL effects
start to become important

“ Poor constraints as well for high x
«  PDFs at high masses (Q?) rely
on DLAP evolution
*  we know at large Q? EW effects
also become important

Plot by J. Rojo, Dec 2013
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Improving PDFs with FCC
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What can/will matter for FCC:

«  Top PDF: at the very high Q?, top becomes small and will have to be included as 6f PDFs
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“  Photon PDF: will become important as energies increase
* the LHC is a yy collider —> more photons at 100 TeV collider

WW production @ LHC 100 TeV, 68% CL
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* NNNLO PDFs: might be needed if the scale is not a dominant uncertainty and the
precision of the data is such that it needs a better theory discrimination

—> it’s important to learn what is ok to absorb in PDF and what is not!
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FCC eh scenario

FCC eh study based on:
« Ep =50 TeV, Ee =100 GeV:
polarised e- with negative
polarisation -80%: 1000/ fb, NC, CC

Coverage:
down to 2x10-7 in x
«  up to 10,000,000 GeV2 in Q2

Estimated Precision:
«  stat 0.1% - 30% (highest Q?)
uncor 0.7%

sys ~1% - 5% (highest Q?)

but there is also the opportunity to
partially explore these kinematic

regions in advance using a possible
LHeC

QZ
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compared with the LHeC Scenario and HERA
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[LHeC scenario update since CDR

Data sets used for the LHeC studies: § i
+  Ep=7TeV, Ee =60 GeV: %
# unpolarised e+: 5/fb NC, CC i Vo 39 Nber 7 b 2012 il 7500
«  polarised e- with negative polarisation -80%: 500/ fb, NC, CC fé;-g"i;;.-*jf;f:i-f:"ﬂ—“&”-““

1000 £

«  polarised e- with positive polarisation +80%: 50/ fb, NC, CC

+ > constrain xc(x), xb(x), xs(x) land xsbar(x

*  Dedicated measurements for F2c, F2b, strainge and anti-strange

arXiv:1206.2913 i
. lopscience.org/jphysg
H 1OP Publishing
+  Deuteron data NC, CC
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FCC ehvs LHeC vs HERA for PDFs

A new QCD Analysis performed using SM central predictions based on:
[HERAFitter - open source QCD fit platform: www.herafitter.org]

HERAFItter

simulated data

evolved PDFs are xg, xuv, xdv, xub, xdb, xstr

parametric form: xf(x)=AxB(1-x)(1+Dx+Ex?) —> 14 free parameters
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LLHeC scenario: impact of different sets

We can better constrain ALL the PDFs

-t
w
T

when adding on top of inclusive NC, CC: 8% phect § | et
z LHEC f2¢ z L LHEC f2¢
= 2 14 HH LHEC incl str f2c g 12 H+ LHEC incl str f2c
» the measurements of the charm 5 5 |
cross sections 71 . R
—> sensitive to gluon, mc parameter ‘ s
0% XUy(x) 09) xdv(x)
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deuteron beam instead of protons:
—> constrains dval

eh scenario can provide precisely all PDFs
Moreover, it can determine PDFs without relying on imposed constraints
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LLHeC PDFs with released assumptions

« Itis usually imposed the constrain that at low x, xu(x)=xd(x) - but how low is low?
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High Precision DIS data at high scale

#  The very high Q2 data would
allow to search for CI (eeqq)

“  One of the dominant SUSY production

channels is the gluino-gluino pair production:

Gluino Pair Production PDF Uncertainty
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Strong coupling

The size of as is not given by theory, but can be extracted from experimental
measurements at e+e—, ep, pp, and pp colliders, as well as from lattice QCD calculations.

PDG world average: as(Mz) = 0.1184 + 0.0006

wj/o lattice inputs: as(Mz) =0.1183 £ 0.0012

current precision ~1% (no lattice)

However, one has to note that there are extractions of
strong coupling with small uncertainties that are not
consistent ...

Reducing the as uncertainty would enable to
constraining GUT, to more precise measurement of the
partial width and the total width of the Higgs boson at
future lepton colliders, for which exp. uncertainty is no
longer a limiting factor.
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Strong coupling from FCC eh

# The much reduced PDFs impose better constraints on various SM and BSM parameters:
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FCGC hh

* Hadron colliders can give us more insight into the hard QCD, the PDFs, non-
perturbative effects, and the least known fundamental constant -alphas
* understanding QCD is essential for searches
“ it represents an enormous background
“ it is the dominating uncertainty for Higgs cross sections
*  LHC Run 1 measurements are in remarkable agreement with SM predictions

& & Status: .
Standard Model Total Production Cross Section Measurements 1ach 2015 JLdt
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Role of PDFs in BSM in DY processes

K/

« PDFs are the dominant uncertainty in searches for Z:
« Di-electron invariant mass distributions with two selected Z' SSM signals:
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K/

« It is important to constrain the PDFs to provide more discriminating powers:

/7

+  PDF groups convergence
*  PDF uncertainties at high x
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Running of EW coupling in DY processes

# Di-electron invariant mass distributions at different CoM energies and their dependence
on the running of electroweak coupling can provide an interesting test of the SM:
# only LEP has measured this before (up to ~200 GeV, just above the Mz)

running of @, from Z*/y* DY

0.05;
—> the uncertainty is dominated by PDFs
~ 14 TeV uncertainties (Z*/y" DY) 100 TeV uncertainties (Z*/y* DY)
E 10~"¢ 0.05—
o : L
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~0.20} _
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[arXiv:1410.6810v2]

« Itis important to constrain the PDFs to provide more discriminating powers:
* PDF groups convergence

X/

+ PDF uncertainties at high x
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Jet measurements from “hh”

Jet measurements can provide answers to questions such as:

Relative uncertainty [%)]

L)

* is there any new physics?
# do we have a good control of the underlying QCD?

Control of the JER/JES precision an important task for the jet cross section

measurements

The jet NNLO calculations will open up new level of precision physics from "hh":
* Non-perturbative corrections are reduced with increased scale
»  However, the EW corrections will play a more important role

NLO predictions
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Strong coupling from hh

*  The strong coupling determination in “hh" is usually limited by the NLO QCD calculation:

+  3-Jet Mass measurement
CMS-PAS-SMP-12-027 (2013)

as(Mz) = 0.11607) 0035 (exp, PDF, N ijg:ggg? (scale) ATLAS-CONF-2014-045

+  ratio measurements reduce the PDF and other common uncertainties

« still dominated by the current theory uncertainties
as(Mz) = 0.1148 = 0.0014 (exp £0.0018 (PDF) + 0.0050 (theory)

Inclusive, Dijet jets

Top pair production —> calculations at NNLO jets @ 100 TeV: slow running of alphas?
AO&S/O&S 108 T L T | T T T
T T 1 I T T T T I T T T | I T T
1 e gt o @ HEra | exp  f{theor! o(M;>M, ) (fb) '
H1+ZEUS (NC, CC, jets) 106 pTJet ~ 500 GeV, 77jgt’<2~5 —
|"7jet1_77jet2|<1~5 |

CMS, EPJC 73 (2013) 2604

R/
L X4

o
%

T | T T T T | T T T T | T T

H1-prelim-11-034, ZEUS-prel-11-001 (2011)

ZEUS incl. jetsin v p
Nucl. Phys. B864 1 (2012)

. . 2
arxiv 1406.4709 (3014) 0.7% $3.3%
CDF incl. jets Tevatron

Phys. Rev. Lett. 88 (2002)

DO incl. jets
PRD 80 111107 (2009)

Egya;?ét?g;:'a 56 (2012) 0.7% $4.9% 1 O2

Malaescu & Starovoitov (ATLAS incl. jets)
EPJ C72 2041 (2012) ATLAS

ATLAS N,

100 TeV
ATLAS-CONF-2013-041 (2013) O
cms | 1.2% 14.6% 10 ; ; N

104

2
Eur. Phys. J. C 73:2604 (2013)

ShS & cross Saciel 2013 NNLO 1.7% $1.3%
CMS 3-Jet mass . .
CMS PAS SMP-12-027 10—2 . . _
CMS incl. jets ' '

CMS PAS SMP-12-028 1 .6% 41 OA) . .

World Average
PRD 86 010001 (2012)

1 I 1 1 I 1 I
0.13 0.14 0.15 ., v,
otg(M.) "

(TeV)

min

—> challenging to get it below 1% precision Rates for dijets with mass abgve a threshold
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Strong coupling from hh

o281 - limited by the NLO QCD calculation:
o (Q) PDG2013 v T decays (N3LO)
P ® Lattice QCD (NNLO)
» DIS jets (NLO) rooss, CMS-PAS-SMP-12-027 (2013)
03! 0 Heavy Quarkonia (NLO) " 0.0021 (scale) ATLAS-CONEF-2014-045
o e'e¢ jets & shapes (res. NNLO)
. Z_I?ole fit VL) T common uncertainties iae
v PP —>Jels (NLO) ertainties :
02} 8 (PDF) + 0.0050 (theory)
$$im jets @ 100 TeV: slow running of alphas?
0.1 W}hﬁ* 108 e T
= QCD o4(M,) =0.1185 £ 0.0006 ) o(M;>M ) (£b)
! 1 1 10 jet ' —
1 10 100 1000 pr’™ > 500 GeV, |n;./<2.5 _
Q [Gev] |"7jet1_77jet2|< 1.5
104 .
10° .
100 TeV
109 |
10—4— [ S R I TR R S | | L I L
10 20 30 40 50
M.... (TeV)
—> challenging to get it below 1% precision Rates for dijets with mass abgve a threshold
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FCC e"e: alphas

The e*e- collisions provide a very clean

s 4 Sept. 2013
environment with fully controlled o.(0) el
initial- : ® Lattice QCD (NNLO)
tial-state to probe q,g dynamics S DS o
No QCD "underlying event" 03| o Heavy Quarkonia (NLO)
o ¢'¢ Jets & shapes (res. NNLO) |

Smaller QCD radiation (only in
final-state)

¢ Z pole fit (N°LO)
v pp —> Jets (NLO)

Smaller non-pQCD uncertainties '
(no PDFs) J ets
: 0.1 | : i
FCC vs. LEP: Orders-of-magnitude — OCD o(M,) = 0.1185 £ 0.0006" |
higher statistics (a bit higher Q2) 1 ' L T

10
aim for experimental and Q[GeV]

theoretical precision on alphaS
measurement via:

hadronic t decays, heavy Known today with ~1% uncertainty

quarkonia decays, jet rates, (worst of all couplings)

event shapes, Z decay rates
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Strong coupling from e+e-

Hadronic final states:
The theoretical predictions up to NNLO and the re-summation up to NNLL or N3LL
theoretical uncertainties though 1-3% , hadronisation effects ~1-2%

Typical experimental uncertainty about 1%
For FCC prospects —> difficult to foresee that the overall uncertainty on alphas <1%

Hadronic Z, W decay widths:
An accurate determination of as due to precise theoretical calculations up to N3LO and

suppressed non-perturbative effects

['(Z — hadrons)
I'(Z — leptons)

LEP results using NNLO calculations —>

RZ R? — R%WNC(I + 5QCD + 5m + 5np)7

QCD, mass, NP corrections

ore(M2) = 0.1226 + 0.0038(exp) * 99928 (s = 2, M) +9383 (a1, = 9% GeV)
+ 0.0002(Miop = £5 GeV) £ 0.0002(renormal. schemes)

The LEP measurement is mainly limited by lepton statistics —> FCC ee expect 10'* Z event stat
Use the W hadronic width , statistical limited for LEP, but an interesting prospect for FCC ee
Hadronic T decay width

['(t™ — v, + hadrons)
RT = — S«* N 1 5 5[1 ’
T = v 22) ewNc (1 + dqep + Onp)

LEP fit simultaneously as and the non-perturbative coefficients by measuring various

moments of the t spectral function

Challenging to get uncertainty <1% D) Voica Radescu | (I) |Washington, D.C. | 2015



Summary of current alphas uncert.

tp:/ /arxiv.org/pdf/1310.5189v1.pdf
(snow mass report)

Method Current relative precision Future relative precision
L expt ~ 1% (LEP) < 1% possible (ILC/TLEP)
eTe” evt shapes ) , o ‘ .
thry ~ 1-3% (NNLO+up to N°LL, n.p. signif.) [27] | ~ 1% (control n.p. via Q*-dep.) 1%
= expt ~ 2% (LEP) < 1% possible (ILC/TLEP) .
eTe” Jet rates i A —
thry ~ 1% (NNLO, n.p. moderate) (28] | ~ 0.5% (NLL missing
xpt ~ 3% : 0.19 0]), 0.5
precision EW P A(RZL LEP) 1% (TLEP [10)), 0.5% (ILC [11]) <1%
thry ~ 0.5% (N®LO, n.p. small) 9,29] | ~ 0.3% (N*LO feasible, ~ 10 yrs)
- decan expt ~ 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)
7 decays , |
) thry ~ 2% (N3LO, n.p. small) 8] | ~ 1% (N?LO feasible, ~ 10 yrs)
~v —20 ) ) . ’ ) 9 N . Y, ) 7 ' 2
ep colliders 1-2% (pdf fit dePendent) 130,31], | 0.1% (LHeC + HERA 23]) <1%
— - (mostly theory, NNLO) 132,33] | ~ 0.5% (at least N*LO required)

~ 4% (Tev. jets), ~ 3% (LHC tf) < 1% challenging
(NLO jets, NNLO t#, gluon uncert.) 117,21,34] | (NNLO jets imminent [22])

~1%

hadron colliders

, 0.5% (Wilson loops, correlators, ...)
lattice

<0.5%

(limited by accuracy of pert. th.) [35-37]

X3

» per mile accuracy can test QCD Lattice calculations
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http://arxiv.org/pdf/1310.5189v1.pdf

Summary

FCC opens up an incredible possibility to widen the search hunt for new physics:
Precision of PDFs and alphas are crucial ingredient for optimising the chances
Tool development to allow for efficient means to interpret the results.

Synergy between FCC study groups for ee, eh, hh
QCD physics objectives at FCC hh
Control of QCD background for searches —> need precise PDFs and alphas

QCD physics at FCC eh objectives
Control of PDFs, alphas, low x phenomenology.

QCD physics objectives at FCC ee:
High-precision (<1% uncertainty) strong coupling determination
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Extra ...

7

“ not necessarily useful
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# The much reduced PDFs impose better constraints on various SM and BSM parameters
# charm mass value used in the GM-VENS

Mc {chi2} H1 and ZEUS

o £ - r - T T 1 T ]
o E 1
600F htemp Ni 3F E
- Entries 7 25 [ R
5001— . [ i
- Mean 1.457 : 5
400:_ RMS 0.02906 2 - —
E 1.5 [ ]
300_— - |
- TF ]
200 - ]
: 05t ]
100~ 0k -
ok T4 142 144 146 148 15 152

450 |-

400

350 |

3 MeV precision I

250

200 |

150 -

100 |

0

1.38 14 142 1.44 1.46 148 1.5 1.52
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Impact of LHeC vs World data

*  when adding LHeC data on top of world data (Ref)

A§ 5 Q%2=1.9 GeV?
cb. 2 44 Ref
5 | &> Ref+LHeC incl
X i H4+ Ref+LHeC incl+f2¢c
e |
g 15
>
1B
05
bllllllllllIllllllll'llll'lllll'l”:nlllllllllllllllll

0 010203 040506 0.7 08 0.9

! Q% = 1.9 GeV?

. %% Ref

3 Ref+LHeC incl

. 4 Ref+LHeC incl+f2c

XE(x,QP)xE(x,Q%)
>

o
N
|

A
”” e X XD
””’_’ -4 b"'u‘.’d.l.‘.-b‘..h‘

0.8

llllllllllllllllllllllllllllllllllllllll
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[.He(C vs World data

* adding LHeC data on top of world data (Ref) - at the starting scale:

combined
combined
combined
combined

145
379
34
34

NC
NC
cC

HERA-I H1-ZEUS
HERA-I H1-ZEUS
HERA-I H1-ZEUS
HERA-I H1-ZEUS

cross section
cross section
cross section
CC cross section

e-p.
e+p.
e-p.
e+p.

re

Q%=1.9 GeV?
%% Ref
Ref+LHeC incl
f+LHeC incl+f2¢c

Q?=1.9 GeV?
“#4 Ref
12 > Ref+LHeC incl
H+ Ref+LHeC incl+f2c

N
™

HERA

124
83
01
79
75
72

Fix. Targ.

H1 Low Ep : 4680,
BCDMS F2p 100GeV
BCDMS F2p 120GeV
BCDMS F2p 200GeV
BCDMS F2p 28@GeV
CDF inclusive jets

575 GeV

xu, (x,Q%)/xu, (x,Q°)

1.1

0.9

xs(x,(:!‘)/xs(x,(}’)r o

-
o

\

D® pp jets )(IIV()() ’

D@ Z rapidity 2007 08F ., .. g

CDF Z rapidity 2010 10° 10% 10" 10° 107 107 1 10° 10° 10° 10° 10° 10" 1
D® W->mu nu lepton asymmetry ptl > 35 GeV

CDF W asymmetry 2009

DO W asymmetry 2013

ATLAS Jet data <= |y| <
ATLAS Jet data <= |y|
ATLAS Jet data |yl
15 ATLAS Jet data |y
12 ATLAS Jet data |y
9 ATLAS Jet data |yl

6 ATLAS Jet data 3.6 <= |y| < 4.4 2SS
W+ lepton pseudorapidity, 2010 data ;¢%7

11 ATLAS
11 ATLAS W- lepton pseudorapidity, 2010 data 05

110
28
28
10
13
14
16
16
16

xs(x)

Tevat.

ref

| Q% = 1.9 GeV?

L %% Ref

.04~ 3 Ref+LHeC incl
[+ Ref+LHeC incl+f2c

Q?=1.9 GeV?
44 Ref
&> Ref+LHeC incl
H+ Ref+LHeC incl+f2c

xg(x,Q%)/xg(x,Q%) o
i
XE(x,Q%)/xZ(x,Q%)
-

LHC

- NOW
A
|
AAANANANS
WNNHQ:AJ
@ N®

AAAA A A d

WNNFEFOOOO®

0.98

7,

xg(x) ot xSeal(x)

10 10 102 107 1 10% 10° 10* 10° 102 10" 1

10%  10°
X X

—> eh scenario can provide precisely all PDFs
Moreover, it can determine PDFs without relying on imposed constraints
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I.HeC vs World data

D

HERA

Fix. Targ.

Tevat.

LHC

when adding LHeC data on top of world data (Ref) - at the starting scale:

145
379
34
34
124
83
o1
79
75
72
110
28
28
10
13
14
16
16
16
15
12

11
11

NC cross
NC cross
CC cross
CC cross
H1 Low Ep :

section
section
section
section
460,

BCDMS F2p 100GeV
BCDMS F2p 120GeV
BCDMS F2p 200GeV
BCDMS F2p 280GeV
CDF inclusive jets

D@ pp

jets

HERA-I H1-ZEUS combined e-p.
HERA-I H1-ZEUS combined e+p.
HERA-I H1-ZEUS combined e-p.
HERA-I H1-ZEUS combined e+p.
575 GeV

D® Z rapidity 2007

CDF Z rapidity 2010

D® W->mu nu lepton asymmetry ptl > 35 GeV
CDF W asymmetry 2009

D® W asymmetry 2013

ATLAS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS
ATLAS

Jet data
Jet data
Jet data
Jet data
Jet data
Jet data
Jet data

0 <= |y| <
0.3 <= |y|
0.8 <= |y|
1.2 <= |y|
2.1 <= |y|
2.8 <= |y|
3.6 <= |y|

<

AAAANANS
WNNPFE O W
O N

4.

W+ lepton pseudorapidity, 2010 data
W- lepton pseudorapidity, 2010 data
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FCGC hh

“ 100 TeV pp beams gives access to new particles up to 30 TeV mass range, which is
beyond the LHC reach and with increased precision compared to LHC

*  Dedicated working group formed to study the discovery reach for high-mass objects
and the access precision reach for Higgs and EWSB:

“ study the limiting systematics (i.e. PDFs, alphas..)
“ study the prospects for improved measurements for the SM EW parameters (i.e.

mW, Z, sinTheta, etc.) . - >r
* identify unique scenarios Rat|OS Of IumInOSItIeS
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