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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU(2) xU(1), & strong SU(3)_gauge interactions

O(20) parameters: Couplings, H mass & vev, H-f Yukawa, CKM mixings, CP phases.
B Experimentally confirmed to great precision for over 40(!) years:
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Standard Model of particles & interactions

m Renormalizable QFT of electroweak SU(2) xU(1), & strong SU(3)_gauge interactions

O(20) parameters: Couplings, H mass & vev, H-f Yukawa, CKM mixings, CP phases.
B Experimentally confirmed to great precision for over 40(!) years:
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Open questions in the SM (1)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
% %

- {(FL: er) pMer + eRM*$ (:ﬁ )] — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )D[Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudg + (h.e) [Quark dynamics]

5 = - = _
‘f { iy, dp) oMAdp + dp B¢ (”i )] f {(_dL;ﬁL)¢*WHR+ﬂRw¢T( u‘iL) Quark masses]

+(Dp¢)D“¢€mi[€*¢— ﬂzx’Zlﬂx’?vz) [Higgs dynamics & mass]

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's
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Open questions in the SM (2)

L= —}IBMB“” - %tr(wwwﬂ”) - %t*r(GwG“”) [Gauge interactions: U(1),, SU(2),, SU(3) ]
+(Pr, 81)6#iD, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
V2

uL)] V2

- {(FL: er) pMer + eRM*$ (EL — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )] [Lepton masses]

+(@z,dp) é#iD,, e igotiD,ug + rfRa“éD#dR + (h.c.) uark dvnamics
d y

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(D#¢)D“¢€mi[r§¢>——1;2;’2]2;’21:2) [Higgs dyn. & mass] € new particles/symmetries D

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale
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Open questions In the SM (3)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
V2 V2

— {@L er) pMer + eRM*$ (:ﬁ ) - [(—EL, vL) ¢ MYvp + PRMY¢" (;if‘)] [Lepton masses]

v

+(@z,dp) é#iD,, e igotiD,ug + rfRa“éD#dR + (h.c.) uark dvnamics
d y

_g {(L dp) ¢M*dp + dpM°¢ (zi)] —g {E&L, )¢ M up + GpM"¢" (;‘i’t)] [Quark masses]

+{D,$)D*¢— mi[po —v*/2%20*.  [Higgs dynamics & mass]

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Elavour: SM cannot generate observed matter-antimatter imbalance
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Open questions In the SM (4)

L= -1B,B" — Lip(W,, W) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

4 8
+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]
V2

uL)] V2

- {(FL: er) pMer + eRM*$ (EL — [(_EL, vL) ¢ MYvp + PRMY¢" (;‘i’[‘ )] [Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudg + (h.e) [Quark dynamics]

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(D,$) D¢ — mi[do— v*/2Y2*. [Higgs dyn. & mass] € new particles/symmetries 3

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Elavour: SM cannot generate observed matter-antimatter imbalance

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)
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Open questions In the SM (5)

L= —}IBMB“” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]

- {(FL: er) ¢M er + erM (:ﬁ )] —? [(_EL, br)¢* MYy + ppM¥¢" (;‘i’[‘ )] [Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudg + (h.e) [Quark dynamics]

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(Dud) D¢ — mi[d — v*/2)Y2v*.  [Higgs dyn. & mass] G new particles/symmetries 3

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Elavour: SM cannot generate observed matter-antimatter imbalance

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

X Others: Strong CP, guantum gravity, cosmological const, dark energy, inflation,...
Some/Most(?) of these questions will not be fully answered at the LHC
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Open questions In the SM (5)

L= —}IBMB“” - %tr(wwwﬂ”) - %tr(G#qu) [Gauge interactions: U(1),, SU(2),, SU(3) ]

+(71,81) 6*iD,, (:i) + ero*iD,er + vpe*iDywr+ (he)  [Lepton dynamics]

- {(FL: er) ¢M er + erM (:ﬁ )] —? [(_EL, br)¢* MYy + ppM¥¢" (;‘i’[‘ )] [Lepton masses]

+(1ig,dg)6*iD, (zi ) +@rotiDyug + dro*iDudg + (h.e) [Quark dynamics]

- - 2 - _ -
_g {(ﬁL,dL)ﬁf’MddR + dpM¢ (zi )]_£ {(_dL,ﬁL)¢*qu+ﬁRw¢T ( uiiL )] [Quark masses]

v

+(Dud) D¢ — mi[d — v*/2)Y2v*.  [Higgs dyn. & mass] G new particles/symmetries 3

X Mass generation: Higgs self-couplings + 1%-generation fermions + all v's

X Fine-tuning: Higgs mass virtual corrections «untamed» up to Planck scale

X Elavour: SM cannot generate observed matter-antimatter imbalance

X Dark matter: SM describes only 4% of Universe (visible fermions+bosons)

X Others: Strong CP, guantum gravity, cosmological const, dark energy, inflation,...

BSM at new colliders: Direct (1 Vs) & indirect (1 precision, lumi) searches
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EU HEP long-term perspectives (2040-2060)

m Direct new physics searches: Higher-energy colliders.

B In May 2013, European Strategy said (very similar statements from US)
+ Perform R&D and design studies for high-energy frontier machines at CERN
e HE-LHC, a programme for an energy increase to 33 TeV in the LHC tunnel
e FCC, a100-km circular ring with a pp collider long-term project at v/s = 200 TeV

e CLIC, ane*e™ collider project with /s from 0.3 to 3 TeV
Similar circular projects

. (50 or 70km) in China
SCHWEIZ / \.“.\\\"‘ pp collisions at /s ~ 50 or 70 TeV
S . . G ,a'.!"‘"--,.j%;"' - . i i -... ” ¥ '3
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I, “mngm
ey d-Lo :

“ | Beidaihe

b l*!
L L L
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pp collisions at 33 TeV)
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CLIC (50km), /-, e
e*e  at 3 TeV /!!ﬂ“\—/ \ ;-
\
V- |
Z ,; T A
y /' FCC (100 km) 7\ A
\\ 7 ke [Future Circular Colliders] ' SppCICepC
i =% Ultimate goal: FCC-hh (200 TeV) 70 ki
e = [Access to highest energies]

e . q
. b s g Yifang Wang
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BSM via precision e‘e: measurements

m Many BSM realizations: SUSY, composite H, extra-D, hidden sectors,...

m Parametrize (B)SM as an Effective Theory:
Lgg = ?4Ad —=La=Lsm + 1ﬁ5-|- =L+ -
La=), C;:i O; 0] =d
m Indirect (loop) constraints on new physics coupled to scalar sector:

A2 (1 TeV)/\/(08uxx /854y ) /5%

HXX

¥ HI|-LHC: ~5% deviations of Higgs couplings wrt. SM: A > 1 TeV
¥ FCC-ee: 0.1% Higgs couplings precision (10° Higgs) = A > 7 TeV

m Indirect (loop) constraints on new physics coupled to EWK sector:

A o (1 TeV) /36X

¥ Current EWK precision fit: NP excluded below A > 3 TeV
¥ FCC-ee: <0.1% precision in properties (103-10** W,Z) = A > 40 TeV
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EU HEP mid-term perspectives (2030-2040)

m Indirect new physics searches: Higher-precision/lumi e*e" colliders.
B In May 2013, European Strategy said (very similar statements from US)
+ Acknowledge the strong physics case of e*e~ colliders with intermediate +/s

e Participate in ILC if Japan government moves forward with the project

e In the context of the FCC, perform accelerator R&D and design studies

= In view of a high-luminosity, high-energy, circular e*e™ collider as a first step

FCC (100 km)

First step: FCC-ee (91-400GeV)
Akitao Akita oMorioka [Use the tunnel ultimately aimed at FCC-hh]

Iwate

ILC (31 km)
e*e: 250-500 GeV
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QCD opportunities at future colliders

m Though QCD is not the main driving force behind e*e",pp future machines,
QCD is crucial for many signals & backgrounds:

e High-precision o,_needed: SM fits/tests, hadronic cross sections/decays,...

e High-precision PDFs needed (for hadron colliders)
e Higher-order pQCD, resummations,... for all hadronic initial/final states
e Heavy-Quark/Quark/Gluon separation, subjet structure, boosted topologies,...
e Semihard QCD (for hadron colliders):
low-x gluon saturation, DPS, MPI,... (Note: Q_,~10 GeV at 100 TeV)

e Soft QCD: e.g. colour reconnection effects (mtop, eeWW,..), pileups

m | will cover a few of the ongoing dedicated QCD studies:

e FCC (hh, eh, ee): Multiple studies under investigation.
SppC/CEPC: Similar possibilities as FCC (not investigated, lower lumi).

e ILC (GigaZ option): o determination considered.
e CLIC: photon-photon QCD physics (e.g. v structure function) considered.
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Other proposed QCD-dedicated facilities

lepton—proton scattering facilities

1010 — Deep-inelastic e-p,A projects:
10° - . = CERN m CERN:
108 T ?_*12 - ed et 60-GeV Energy Recover Linac
AT SLAC LHeC = ERL+LHC: 1.3 TeV
o~ FCC-eh = ERL+FCC: 3.5 TeV
5 10° L~10%-10% cm2s-L
= 10° ceic2 Ml vEiC2 fccer| @ USA e-ion collider: 25-200 GeV
Z . MEIC I - RHIC ec N
g . EIC @ Jlab: MEIC1, MEIC2
LIS cec1 mfl CE';"?;SS _— EIC @ RHIC: eRHIC, HL-RHIC
102 HERMngiMS H%A L~10%-10%cm?s?
10 NMC m China e-ion collider: 8-60 GeV
1 I LI lllllll LIl IIIIIII LI II”III LI IIIIIII LA CEIC]—, CEICZ (“mini-COMPASS”)
1071 1 10 102 103
cms energy (GeV) [Note also ion facilities:
m Fixed target AFTER@LHC: FAIR(GS]). NICARU)]

p-p, p-A, A-p, A-Aat Vs = 60-120 GeV; L~ 0.2-1 fbt/yr
— 1% of LHC beam extracted with bent crystal (LUA9), or ...
— Internal gas target similar to SMOG at LHCDb
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CERN Future Circular Collider (FCC) project

m | will mostly focus on the FCC-ee,eh,hh project:

-

- e
.

1 FCC Eur pean|
Ay ___,,,,___,_,_.__,;, o ——t —n

—~—

m 100 kmring, Nb_Sn 16 T magnets,
LHC used as injector:

e pp at Vs=100 TeV, L~2x10%,L ~ 1 ab*/yr
(also pPb & PbPb at Vs=39-63 TeV)

e e'e option (before pp) at Vs=90-350 GeV & 8- 100km
L~10%-4-10%, L_=1-40 ab*/yr for H, Z

e e-h option at Vs=3.5 TeV, L~10%
L .~ 0.1 ab/yr. (also e-Pb at Vs~1-3 TeV)
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QCD studies at future colliders

(1) QCD coupling (FCC-ee, FCC-eh, ILC, CLIC)
(2) Parton densities (FCC-eh, EIC)

(3) Beyond DGLAP (FCC-eh)

(4) Many body QCD (FCC-hh)
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QCD studies at future colliders

(1) QCD coupling (FCC-ee, FCC-eh, ILC, CLIC)
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QCD coupling o_

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o ~In(Q2/A2) A~0.2 GeV

T 7 T | 0.5 : Sep 2003
s aqQ i Uncert.~2.5% | %Q Uncert.~0.5%
04l \ ] v Tdecays (N'LO)
I & Lattice QCD (NNLO)
. i & DIS jets iNLO)
o3| A\ o Heavy Quarkonia (NLO)
| NN o e'e jets & shapes (res. NNLO)
| : I.‘l-{- ' m o Z pole fit (N'LO)
' [ ozl el 02+ 5 v PP -> jels INLO)
[ o1 o
1989 | 12000 " 2013
* o QIGevi Ui T gGev) 10 1 10 100 1000
Q[GeV]
as(M,) =0.110* 3008 (NLO) » as (M) = 0.1184.£0.0031 (NNLO) » as(M,) = 0.1185 £ 0.0006 (NNLO)
G. Altarelli, Ann. Rev. Nuel. Part. Sci. 39, 1989 S.B., 7. Phys. G 26, 2000
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QCD coupling o_

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o ~In(Q2/A2) A~0.2 GeV

1989 s A PR |

. Q [GeV]

ay(M.)=0.110

G. Altarelli, Ann. Rev.

5,008 (NLO)

Nuel. Part. Sci. 39, 1989

0.5 —

- agQ) [\
04l

02

01}

00 oL

03| N\

Uncert.~2.5%

2000

i QiGevy

S.B.,J. Phys. G 26, 2000

0 Q%)

03+

0.1t

2015

October 2013

Uncert.~1.1%

v thL‘L‘l{}h NLO)

& DIS jets (NLO)

0 Heavy Quarkonia (NLO

6 ¢ jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v Pp—> jels (NLO)

v Pp=> L (NNLO)

‘.

1

10

0 g Gevy !

» ag(M-)=0.1184+0.0031 (NNLO) » » 0s(M,)=0.1181 £0.0013 (NNLO)

» Least precisely known of all interaction couplings !
o0 ~10" <« oG, <« 107 <« 0G~10°« o0, ~10°
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Importance of the QCD coupling o

» Impacts all QCD x-sections & decays, chiefly for Higgs:

Uncertainties (update of [LHC HXSWG 2013] for /s = 14 TeV) ratio of gluon-PDFs (NNPDF1.2) to central o

Process O (pb) da.(%) PDF +o,(%) Scale(%) *_H N
geH 49.87 137 6.2 +7.4 261 +032 25 -
ttH 0611 +3.0 + 89 93 +59 4 22 /,//:;?"/'

Channel MuGev] dau(%) Amy  Am. E T

H—cc 126 + 7.1 +0.1% =+23%

Hoge 126 +£41 +£01% +0% \--..‘__

e s

0.06

my, = 124 GeV
- =173.2 GeV
0.04 - ©
L asz(Mz)=0.1184

0.02

|
°
Q
]
\

Higgs quartic coupling A(y)
o
8

| | | 1 | 1 1 | 1 | | |

—0.04 - =175. GeV | 10

5 MWW I (New coloured sectors?)]
—-0.06 ——— 0"

102 104 105 10% 109 102 10¥ 10'6 10'8 1020 102 106 1010 1014

i Q [GeV
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o world average (PDG 2016)

[S.Bethke, Feb'16]
class averages:

Baikov I—-;—O—I E'll-
Davier I—-r.—l
Boito —e—- I Qo
SM review == \&
HPQCD (wilson Ioop;) by .
HPQCD (c-c correlators) 1
Maltmann (wilson loops) | f—@&—i YR
JLQCD (Adler functions) }-——?l—-l 8:. ch(MZ )= 0.1 1 87 i 0-001 2 (il.o%)
PACS-CS (vac. pol. fctns.) : m (]
ETM (ghost-gluon vertex) i D
BBGPSV (static energy) I—.—-{ I
ABM |_..__|‘.| —
BBG —e—-i ‘::, g
IR : & qQ o xs(M,)=0.1156 = 0.0023 (+2.0%)
NNPDF I e+ o C
MMHT F—e—i— 2 o
ALEPH (etssohapes) 1 i} > ' P
OPAL j&s) F I —o- D
JADE(jas) | - ::J
Dissertori (3j) ——
JADE 3j) ' T I - 5_ as(Mz)= 0.1 169 i 0-0034 (i2'9%)
DW ) —ol =
Abbate (1) —e—i it Yl
Gehrm. i ot
I-{Igang —— : g
= | electroweak

GFitter e

r, :‘ precision fits O(S(MZ)= 01 196 e = 00030 (i25%)
C{miﬁssemo’ﬂ_*—.—t; . , :glt:lirc?; . (XS(MZ)= 0.1151 0.0033 (129%)

0.11 0.115 0.12 0.125 0.13
unweighted x? average: xs(M;)= 0.1181

I+

|+

0.0013 (+1.1%)
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o from proton structure functions

o0 a™ 2 1 : T A2
» Computed at N23LO: P(,@*) =z ) | &Ef)ﬁ) Z/x %Céji)(z,anﬂ%vﬂ%’)fé/p(;vﬂgp)—I-O(—)

2
n=0 1=q,9 Q

» Experimentally: F,(x,Q?%), F°,(x,Q?), F (x,Q?), PDFs(x,Q?)

NNPDF2.1 NNLO DIS-anly 0.5 -
_ 3260 [ [J.Blumlein et. al.]
» Different approaches: 250 | Data M a0
; : 3230 | 03 [ --- N3LO
Non-singlet fits, L | i
singlet+non-singlet fits, = =v| il S
global fits of PDFs, ... 3190 | 01 |
pinsd I I 0 - an(M2) = 0114143882
0111 0112 0115 0117 0119 0121 0.123 . """'_2' """‘_1 E—
o (M) 10 10 10 X
|
ABM  |—e L =
BBG |——o—|| 35 ¢
Uncertainty slightly increased: R : . : o0
2013 (+1.7%) = 2015 (+2.0%) NNPDF e o ¢
MMHT F—e— S o

.....................

011 0415 012 0425 0.13
a(Mz)= 0.1156 + 0.0023 (£2.0%)
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o from proton structure functions (FCC-eh)

o 5 (17) bdz (n L A*
» Computed at N*°LO: o(r, @) == 3 551 Z/ ;05,3(%622»#%»#%)fé/p(;’“%)*0(@)
n=0 i=q,9" * '
» Experimentally: F,(x,Q%), F°,(x,Q?%), F, (x,Q?), PDFs(x,Q?)
NNPDF2.1 NNLO DIS-only 0.5 , .
3260 [ [J.Blimlein et. al.]
» Different approaches: ” Oate " xd,00
. . 03 | --- N3L
Non-singlet fits, = : =
. . . = a5yp 02 | ey
smglet+_non-smglet fits, — =° "
global fits of PDFs, ... 3190 - |
z::g T 0 - a.(M2) = 01141139920 _
0011 0112 0115 0117 0118 0121 0123 5 .9 -
D:s':Mz] 10 10 10 X

Uncertainty slightly increased:
2013 (£1.7%) = 2015 (x2.0%)

combined fit to PDFs+as using LHeC data

~ 0.3% precision from LHeC

» Future prospects:
— LHC: Full-NNLO PDF fits
(including ttbar, jets,...) :
— LHeC/FCC-eh: Multiple 1o

high-precision DIS observables o2
M Klein, V Radescu

L 1 ] ]
0.1176 0.1178 0.118 0.1182 0.1184 0.1186
has

alp
- NC,CC
— NC,CC+F2c
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o_from e*e’ jet event shapes & rates (FCC-ee)

» Computed at N>*LO+N®@LL accuracy.

. pi-n
» Experimentally (LEP): T=1-— max Zzlj 7
Thrust, C-parameter, jet shapes il
3-jet x-sections D IZET I
.. T 9 — 12
» Results sensitive to non-pQCD 2 lED OPAL 3 jet event
(hadronization) accounted for
via MCs or analytically: ALEPH (letssst - BETBRIRENE - , D
"""" ol oL rematie | 1] OPALjas) — e | 2
C-parameteL (O I JADE(g&s) | | i '
norm ° ] Dissertori (3j) I ] / g
3L ] JADE gj) ; ' & | S
o | | owm —a— =)
GeVz_ é]u';st with Sll . _ Abbate M I = I J| E
C—Parameter with Qf = 32Q)] ] Gehrm. kw d =
Thrust } i Hoang+—+—4 ] g
norm _#\’_.j) © 4 . S ) S S N O N o O O
00_1'1(')'(')1'1' '6f14'6f16'6118'01-( 011 0115 012 0125 013
- ag(mz) -
xs(Mz)=0.11692 £ 0.0034 (*2.9%)

» Future prospects:
— Jet rates with improved resummation: NNLL or N3LL da_< 1%

— New data: lower-Vs (Belle-11) for shapes, higher-Vs (FCC-ee) for rates
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o_ from vy QCD structure function (ILC/CLIC)

1 2
*» Computed at NNLO: / daFy (@, Q% P = 1o { - ﬁggg)qo +enio+ 288 o0 1+ 0(2)

The Pointlike Photon Structure Function at Large o

*» Poor 2 (x,Q?) experimental measurements:  §°[==gme [arpge [omewss
i _

[ —-— Hadronic

» Extraction (NLO) with large exp.
uncertainties today: -

o, (M) = 0.1198 + 0.0054
(+4.5%)

[M.Klasen et al. PRL89 (2002)122004] s

i = 2 4 OPAL Ol <x<06 & TASse <08 ]
» Future prospects: 25 | 4 ALEPH 01 <x<05/6m) ¢ AMY 03— 508 -
I ¥ L3 (0.1 <x <0.5/6) ¥ TOPAZ (0.3 <x < 0.8) 1

2 + PLUT 3 <x <0

— Better data badly needed. T 4 JATE (A <x <)

l--- GRV LO (0.2 0.9) ¢ LC1 (0.1 0.6)
- Be”e'” ? 15 | GRVLO (0.3iii0.8) *LCZ(Q.Zoi:iO.S) B
— Dedicated studies at ILC exist: 135 [ o on iy |

[~ HO (0.1 < x < 0.6)
- ASYM (0.1 < x < 0.6)

— Huge vy (EPA) stats at wrs |-
FCC-ee will lead to: dai, < 1% "

e LC: 6 > 25 mrad
0.25 by

E>50 GeV —
Ly, =20M" |
'] " M " PETETEE |
1 10 10’ 10° 10?

2000/04/28 2 [GeV?

Q e
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o_ from hadronic Z decays (ILC, FCC-ee)

» Computed at N3LO: Rz = % RPVNe(1+ ch ( ) O(a?) + 6m + Oup)

3 Experlm I, = 2.4952%0.0023 GeV (+o 1%), B =2 op, = TR, ag:”_ﬂ_ﬁ

mz F2

EXritter[-.¢ 0.0 =

M, - L
< -
M, -1.4 45 -fltte '
Tw 0.2 4 - 10
n; z'i - - Prospects ﬁorIL /GigaZ, present' heo. Emc 3 °
0‘3.: s 3.5 .+ ag(M,) from't de '. ys at 3NLO [E Jcse 305(2008)] =
R, -0.9 3l k F : E
A2 0.8 - ]
A(LEP) 7 : 0.2 25— —
A(SLD) j -2.0 - =
sine'7(Q, ) 0.7 2 —
A% 0.9 - E
A% o |25 1.5 & E
A, 0.0 = 3
A, 5 - :' 0.6 TE R S LY ¥ —To
R 0-0 0.5 — [K.M0bnig et. al.] % —
R, [ -0.8 - 7
m, 0.0 0 1 | | | 1 | | 1 1 \ 1 - - 1 1 | 1 1 | | 1 L]
m, 0.0 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
m m e ag(M,)
A (M2 i 0.2 Z
11 I\\III\II | 1111 I\\II\III 11 —
gy o, (M,) = 0.1196 + 0.0030 (+2.5%)

(o = Omeas) / Omeas

fit

» Prospects: - Improved sin®0_,m, ,m.. Future B-function at 5 loops.
— Z stats at ILC-GigaZ, FCC-ee will lead to: 6a,_< 1%,0.3%
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» Computed at N?3LO: 1y,.. =

o from hadronic W decays (FCC-ee)

\ﬁ 3 2
E GF?nwv Z |I/::J |

quarks i,j

4
ag\k ;
1 Z (?S) i 6electroweak(a) -+ amixed(aas)]
k=1

» Experimentally: I, = 140529 MeV (£2%), BR, = 0.6741£0.0027 (£0.4%)

» Extraction with large exp. & parametric
(CKM V_) uncertainties today:

—— CKM unitarity

o, (M)=0.117 £ 0.020 (+18%)

QCD@LHC, Zirich, Aug. 2016

Ry, e = 2069 £0.013 - - - -Experimental CKM R;ff;;f =2.069 (1+1 %107 —— CKM unitarity
0,16 1 | 1 | 1 | | !u | 1 | 1 | 1 | 1 '011'2T N 1 N \ : ' 1 1
] 1 i
[} - H
0,14 i ((FCC)) i
* Hheahe 1
] ! i
0,12 ' FCC-ee estimate :
' i E oL
— 0,10 i !
~ = : -
£ | . ; a(m?) = 0.1197  0.0003
= 0,08 o i s exp |
= e 3 ‘
] LT, i
0,06 i Tl 5
] I A | i -
; . i
0,04 - i i
]
0,02 ! P
i i
i 2)=0.0+0.16  +0.02_ [ |
0,00 T QS(TnW)| T - — j:| — 0,118~ T ; T
198 200 202 204 206 208 210 212 214 216 2,0680 2,0685 2,0690 2,0695 2,0700
. . R
Ru [D.d'E, M.Srebre, arXiv:1603.06501] W

% Future prospects:
— Huge W stats (10° more than LEP) at FCC-ee will lead to: éa._< 0.3%

CONCLUSION (1): Per-mille o precision requires high-lumi e*e- measurements
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QCD studies at future colliders

(2) Parton densities (FCC-eh, EIC)
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Parton (x,Q%) kinematics (FCC-ep, FCC-pp)

P

I IHIml 1 \II]III| 1 IIIIII]l 1 |||||Il| 1 I\Hin'l I I]lHHl | \HIHI] 1 IIIIIHI I I\III|T| I TTTHT
i 105 | Flotby J. Rojo, Dec 2013
2 07b :
O™ E NEW - NEW
r:‘- - m—h. B
B 5 PHYSICS
ot S oL FCC 100 TeV ,
s = mmc - 2 TeV squarks L&
L[] SLAC > [ . ,
A PRECISION S ¢l HREEIEION) A /.
10 = (D — # . ¥ =
5 PHYSICS . Wdvige ]z F PHYSICS 7 Wy, E
- — = B e . ]
P s . .
107} S c: i =y ; - Higgs, top -
of DFs Al TE =
10 ;- LOW‘X o {p,\",l E LOW X ," ’ ’ E
PHYSICS /- AN [ ST
! “ .r' :I r’ .r' I’ /’ :’
10 NOI‘I" ar QC ) 10 = ) : ;7:“% K % w ) _:’a’_.; w
= e T s Vs .
1 | I|\||,|_|,| | \|||I||| ] |III|||| 1 I|||||I| ] I\HluJ 1 IIIHHl | \I\IHIl | IIIII\Il | |\II||,|J L il
S 107 10* 10?10 ' o 1060 10 16t 107 10® 10 10t 10° 107 107 x
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Parton luminosities: LHC vs. FCC-pp

14 TeV 100 TeV

Tuark-Antiquark, TUminosity

100TeV

1 M " e | 1 L
1¢? w, (8]
Gluon-Gluon, luminosity Gluon-Gluon, luminosity
wown CT14 258 ,:
siieis NNPDF30 P :
- VS = 1.400+04 GeV 12 100TeV :
= 1.2§ g zos 'y
LIEN 38 3
! 2 1.05 g
-ﬁ 0.8 f =2 1| ‘
ios ! g.n_gs ]
; , 0.9}
0.85( i
raasl . L N . e ST T -
10y [Gev) 10° 10t 10 102 w, 28] 10°

m “Precision” region at FCC-pp: ~10% PDF uncertainty at H,Z scales.
Large increasing PDF uncertainties for masses<100 GeV.
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Improved PDFs at all x (FCC-ep)

, : [CDR,
. * —
m Benchmark scenarios: NC, CC e*p with P=+x0.4, F,, xF_, F IPG39(2012)075001]
HERAPDF1.0 settings, Q°=1.9 GeVv’, Experimental Uncert. HERAPDF1.0 settings, Q°=1.9 Gev?, Experimental Uncert.
0.4 s s e 0.4 T ERR -
Y e
HERA I+LHeC mmmmm HERA I+LHeC
E 0.2 f = 0.2 F d
] é"-' 0.1 T o0t
High-X: 5 o b § o
;:: -0.1F : -0.1F
E -0.2 & =0.2 e
-0.3 } -0.3 } .:T":-__'-.;";-
- . . " : . . : : Sl : - . - ., Shikser
0 0.1 o0.2 0.3 0.4 0.5 0.6 0.7 0.8 o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

>

x
z-
NERAPDY1.0 settings, GP=1.9 Gev!, Experimeatal Umcert. HERAPDF1.0 settings, Q°=1.9 GeV’, Experimental Uncert.

0.4 . 0.4
) HERA T |
0.3 | FERA I+LHC(Wasysm) 0.3
. HERA 1+BCDMS
HERA I+LHeC mmmmm 0.2
= 0.2} = 0
% 0.1 F ? o.:
. 0 ﬁ g
= o
Low-x: & | s 0.1
- &
= -0.z } sea -0.2
.s} oy gluon
-0.4 . a . . - -0.4 4 . - . :
le-06 1le-05 0.000L 0.001 0.01 0.1 le-06 1e-05 0.0001 0.001 0.01 0.1

m Strongly reduced PDF uncertainties for all flavours (afso strange,
charm, bottom) at all x (down to 10°)
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Parton luminosities

Quark-Antiguark, luminosity

Oererated with APFEL 240 Wab

102 ""‘w [GeV] '|ﬂ3

Gluon-Gluon, luminosity

UE i i T | i i PE———— |

102 Mﬁlﬁﬂw 103

LHC vs. FCC-ep

VS = 1.00e+05 GeV

Oavrnind with APFEL 240 Wt

qqbar

05: " " e | " i ||
3
107 M, [Gev) 10

-
q L

Gluon-Gluon, luminosity
1.5¢ —— RIS
LHEC

J
Lalyug

VS = 1.00e+05 GeV

88

FETTI RTRTIIVATA (YT XYTIATITIATITY

1l
Generaled wilh APFEL 140 Web

0.5! L
107

M, [GeV] 10? 10

m “Precision” region at FCC-pp: <1% PDF uncertainty at H,Z scales.
Strongly reduced parton uncertainties for masses: 10 GeV-10 TeV

CONCLUSION (2a): <1% PDF precision requires high-Vs e-p collider
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Parton (x,Q?%) kinematics (FCC-eA, FCC-pA)

-
P«\,/_ T — X
\ SaB )
P/\J%
Pb—@
109?' RRLLL AR LLL L R RLL L I AL B R LU D LI B R L III@ 109?| T T DO T T T O T T T T T T 11T -
oL °Pb(2750)+e(60) ~ 0.8TeV 7 . 2°°Pb(2750)+e(60) pPb 63 TeV
E 2°Pb(19700)+e(60)  2.2TeV It 2°°Pb(19700)+e(60) ﬂ
E 37TevV 2 'OF
10°E 2 10tk precision
- precision E S QGP probes
— 10°E QGP probes Ao 102 __
= = :N,;; =
S 10k I8 10tk /
2 F L S /
° 10° 19 102 E_Qz /
- E - Q, pu(X)
102t IR VA7 )
10 ;— t_; 10; LOW-x /o ;
- B DIS+DY -pHYSICS? ./ / &
1 = 1§— LS =
10—1 J:_ ||||||| |||||||| | |||||||| ] |||||||| ] |||||||| | |||||||| ] |||||||| | IIILLLII.: 10'1 J:— "”“l lll”lll 1 llllllll 1 IIIIIII| 1 IIIIIII| 1 I||||||| 1 |||||||| | ||||.uj
10° 107 10° 10° 10* 10° 102 10" 1 10° 107 10° 10° 10* 10° 10% 107 1
Xp Xp

QCD@LHC, Zirich, Aug. 2016 33/42 David d'Enterria (CERN)


mailto:QCD@LHC

Improved nuclear PDFs (FCC-eA)

m Very large uncertainties today on nPDFs: Precision study of QGP
properties in PbPb jeopardized £P(2, 02)

1

. . .. Eh 2y : =
by initial-state uncertainties. 7@ Q) = s pm gy 1T0DY
(Pb) Baseline (Pb) B [ HeC (Pb)
Rvalcncc Rsc;] R
I I I | I I |
e 14
3 L0 1.0 R, . . .
< i
0.6 0.6 =
Q D 2.0 P
- i
B 02 0.2
nbﬁ i | | | |
10° 10" 107 107 107 10° 10* 107 107 10" 107 10* 107 107 10"
X X X

m Strongly reduced PDF uncertainties for all flavours (also strange, charm,

bottom) at all x (down to 10°) via multiple DIS measurements (NC
pseudodata, CC+c,b to be added).
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Improved nuclear PDFs (EIC)

m Very large uncertainties today on nPDFs: Precision study of QGP

precision requires high-lumi e-A collider

properties in PbPb jeopardized (s, Q%) — PP (2, Q2) -
by initial-state uncertainties. C 208f7 (z, Q%) o
1.4 1.4 1.4
(Pb)
cﬁ; 19 02:5 GEVE Rvalence 12 12 02:5 GeV2
8 ] :_______________--_______ .,
e F 1 e —— 1.0 1.0
G o8 0.8 o.c I
x“ 5 L
s 06 Current EPS09 0.6 0.6
< mm= with EIC (no charm) : RP) R°D)
0.4 with EIC (with charm) 04 sea 04+ gluon
1 | | I | 1 | 1 |
10* 10° 1% 107 m' 1w W I o 1 10 107
X X < x
[ jLat =10 1/A = S on 50 GeV - e+Au
asf > 35°0n 100 Gov S ErAu
m EIC (e-Au at 10-100 GeV): o, WRELIRS
L sE2 S F e BRI
Strongly reduced PDF uncertainties AN R R
8 _bw :'_E:_h P I
for all flavours down to x~10* GOTERIEaR I R L L e
3. e T
CONCLUSION (2b): Few-% nuclear PDF ): S En
0.5}
;
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QCD studies at future colliders

(3) Beyond DGLAP (FCC-eh)
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“Beyond DGLAP” evolution

Y =i A m DGLAP egs. describe parton
@ - radiation as a function of Q
/ f(QY)~at In(QYQ7Y
[fixed-order PDFs, collinear fact.]

Dilute system

m BFKL evolution as a function of x:
f(x) ~ a In(1/x)"

e O . [UPDFs, k_-factorization]
- [os In(Q%)]"

m Non-linear evolution egs. at low x
gg — g peaks at perturbative

0 O o° “saturation scale” d(few GeV).

W%i I ‘-u, Enhanced in nuclei (~A*3).
- Gluon splitting N o 1\
S 10 ' IN R 2 1/3 12 —_~ A
: 9— 99 < 1\ Q2% ~ AY/3Q2 (I) (\/5)

. Gluon recombination £ i &

- el | g Note: Equivalent to
ultiparton interactions 1V O¢ '
P e —— -~ PYTHIA's pQCD cutoff p,

“Factorizdtion bregking? " .
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“Beyond DGLAP” evolution (FCC-eh)

m NLO DGLAP cannot simultaneously accommodate LHeC F, & F if

low-Xx gluon saturation present:

7
E Linear roaches
E FQ{X,Q2=‘| 0 Gevz) Linear approaches
6 NLO DGLAP
25 NNPDF 1.0
5E btk Small-x resummed
v Non-Linear approaches
n I'=~i Eikonal Multiple

"_—_-_-: scatterings
e CGC
Regge
B Pseudodata

1.4
FL(x,Q%=10 GeV?)
1.2 = \\.
SN
1E S
L .,
0.8 o2 D

0.6 “‘\-ﬁﬁ?-‘_ o ‘ - l
0.4 "=-,

02}

Linear approaches
NLO DGLAP
NNPDF 1.0

—-=-= Small-x resummed

Non-Linear approaches

I = Elkcmal multiple

| CGC

_____

Regge

0 L 1 i
1:10°€ 0.00001

0.0001

0.01

(CGC: “Color Glass Condensate” effective theory
with non-linear BK/JIMWLK evolution egs.)

m LHeC pseudodata for F, for NNPDF
(DGLAP) VS. AAMS (saturatlon)

06
0.5
04
03

F P&

0.2
01
0

1e-08

07
08
05
04
03
0.2
01

0

FLn(x-Qzl

1e-05

LHeC AAMS09 —+—
NNPDF fit =%~

e

1,—-)-:-4-
s e
0 ——

=2 Ge'

16-05
X

Pseudo-data from AAMS09 (BK + running coupling)

0.0001

LHeC AAMS0 —+—
NNPDF fit —»—

ih
hh
%

@’=13.5Gev?

0.0001 0.001

LHeC AAMS08 —t—
NNPDF fit — =
06
05
04 j
IS BY
02
o1 =5 GeV?
0 i
1e-06 1805 0.0001 0.001

07
086
05
04
03
02
01

0

1e-05

X
Pseudo-data from AAMS00 (BK + running coupling)

AAMS08 ——
NNPOF fit —»—

b e,
l“ri;: }

=30 GeV?

0.0001 0.001

CONCLUSION (3): Evidence for non-linear QCD requires high-Vs e-p,A
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QCD studies at future colliders

(4) Many body QCD (FCC-hh)
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Quantum Chromo (many-body) Dynamics

B QCD = Quantum-field theory
with very rich dynamical content:
asymptotic freedom,confinement,
(approx.) x-symmetry, non-trivial
vacuum, U, (1) anomaly,

CP problem, ... low density |
P hadronic matter high temperature

m QCD = very diverse many- “\ quark gluon plasma

body phenomenology large density / — (0GP)
: i colour ————
at various limits: .

Superconducnvzty\ QCD

m QCD = ONLY non-Abelian large N,
QFT whose collective dynamics \ strings
b died in the lab ! high energy
can be studied in the [ab ! color glass condensate

1 [ l n
Insight for EWK phase transition: (CGC) conformal phase
Hydrodynamics expansion? New (quasiparticle) degrees of freedom?

large N]t
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Many-body QCD (FCC-AA)

m QCD Equation-Of-State probed at TeV/fm*.  Even heavy-Q thermalize...

1 l I 1 [- 1 I . L]
[ Stefan-léoltzmann ideal-gas limit PbPb(39TeV): Very_aburldant p_QCD
== probes: gg — cC, qq —> cC
O 8 90 :'__é;'!o_;;"[_r_l_l_[—f_!—!_]—Y_l’—tj—l—l_l_z
' ‘; FCC ;‘
80 39 TeV w/Shad w'Themmal Prod.

z 0.6 % 70f —— = 39 ToV w/Shad wo/Thamal Prod. -
&": ' '-E 60 : 5.6 TeV w/Shad w/Themal Prod, _:
= " ‘ 8 - 2 TeV/frr 3 EB E — T 7 5.5 TeVWw3Shad wo/Thermal Prod. E

o = 9ot-—m—————————— e —_——— E
0.4 | * === Free quarks and gluons = : :
s ! i 4 g 40~ =
| == Bag model, B=(150MeV) g LH C
02 1 =& pQCD ol 30| :
I 'j * Lattice 3‘—/—;_———#——'————'———,
- [ - 20ttt ettt bttt L
oF 0 2 4 6 8 10
0 ! | | ) | L | t(fm/c)
0 0.2 04 0.6 QGP viscosity J. E. Bernhard et al, arXiv: 1605.03954
TGVl g T TR demyoretaos 06 Prior
Sk . lani>1 rior range
1.008E  Vaa.s21AnI= 1} —— Posterior median
m Transport properties [o.: | - | - oo CR
. . 1.002F. - Y =
(viscosity) probed N S ey =
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at T~5><TC:

0.998f% .7
0.996F.
0.994F7F |

oo V., YL

20 < p“ng =3.0
10 < p"um <20

L0£2€0 (1 102) 201 THd 301V

2 3 4
A¢ (rad.)

1

KSS bound 1/4m

015 0.20 0.25 3.30
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CONCLUSION (4): Study of QGP at TeV/fm?® requires high-\'s AA collider
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Summary

¥ Many fundamental HEP questions will not be fully answered at the LHC.
» New (ee, pp) colliders with higher Vs, luminosity & precision are needed.
¥ Crucial QCD studies needed to fully exploit SM & BSM phyS|cs e. g

2»5 pL M b s | "l
NNPDF30 C —:EW” LHECPDFs ]

October 2015

2 T decays (N3LO
0. (Q?%) ! BRI
s DIS jets (NLO)

8 Heavy Quarkonia (NLO) : -
03| o e'e jets & shapes (res. NNLO) B 18
e c.w. precision fits (NNLO) - 5F 1 3
v pp—> jets (NLO) g s 3 g
v pp = tt (N\NLO) ¥ i ] i
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Status of a_ determination (PDG 2016)

m Determined by comparing 6 experimental observables to pQCD
NNLO,N®LO predictions, plus performing a global average of
their propagated values at the Z pole scale:

o (Q%)

October 2015
T decays (N3LO) PDG'15
DIS jets (NLO)
Heavy Quarkonia (NLO)
e'e jets & shapes (res. NNLO)
e.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (N\NLO)

(1) lattice

03

v
~
N
~
—~
Q
c

® O O P> «

02l

(5) Z decays
5y 6) pp—ttbar

0.1} s AT

QCD 0x(M,)=0.1181£0.0013

100 1000

Y QIGev]

QCD@LHC, Zirich, Aug. 2016 44/42 David d'Enterria (CERN)


mailto:QCD@LHC

Parton densities

m Parton-parton luminosities pre- and post-LHC Run-1.:
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o_ from hadronic t-lepton decays

_ 4
» Computed at N?LO: r, = N2t badons) g, v $7, (%) 4 0fad) + )
n=1

L(t7 = vre 7e) m

» Experimentally: R, e = 34697 £ 0.0080 (20.23%)

» Various pQCD approaches Baikov |_;_._| ~
(FOPT vs CIPT) & treatment  Davier Fro— %
of non-pQCD contributions,  Pich o N
yield different results. Boito =1 &

SM review H— wn

.....................
....................

Uncertainty slightly increased: 0.11 0115 012 0.125 0.13
2013 (£1.3%) = 2015 (£1.5%) ' - (Mz)= 0 11’92 £ 0 6018 (11..5%)

» Future prospects:
— Better understanding of FOPT vs CIPT differences.
— Better spectral functions needed (high stats & better precision):

B-factories (BELLE-II), high-statistics T samples (ILC, FCC-ee).
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(1) QCD coupling

at future facilities
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(2) Parton densities

at future facilities
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(3) Beyond DGLAP

at future facilities
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(4) Many-body QCD

at future facilities
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