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QCD at future colliders: why bother?

A good fraction of the future colliders programme focuses on

precision measurements:

® better knowledge of QCD parameters (s, mcop, PDFs, ...) and of
QCD dynamics will be required, to reduce systematic uncertainties

® the more precise extraction of these parameters will itself require
progress in QCD, and progress that needs to be validated through
direct measurements

New BSM particles typically decay back to SM objects (jets, leptons,
gauge bosons), and the precise modeling of SM objects (particularly
jets) will need more data, for tuning and for validation

Most backgrounds to BSM phenomena are caused by QCD processes
and their measurements are a key component of all BSM searches

Several aspects of QCD dynamics are still obscure (exotic
spectroscopy, high-density/high-T), and their exploration with future
colliders will be needed to shed more light
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Which colliders for which QCD studies?

® ete-
® Higgs factories are of little use: limited statistics
® Ditto for higher-E, except for the tt threshold, where QCD dynamics
is crucial to extract mp from the line shape
® Most QCD inputs will come from a Tera-Z factory at a circular ee
facility, and in part from the WWV run: s, jet fragmentation studies

® eh
® Precise PDF determinations, crucial for the pp precisions programme

® hh

® huge lever arm in Q?2:
® running of s, Xw => sensitive to heavy particles in the B function
® exploration of BSM phenomena

® immense rates
® potential for precision measurements (eg of Higgs properties),

provided QCD systematics is under control
® heavy ion collisions, QCD at high T and density
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Required theory QCD inputs for ete-

® Higher-order (HO) for all EW precision observables: Ry, [had, ...
® HO, s and mq for Higgs decay widths (H—bb, gg, cc)
® HO, s and non-perturbative effects for tt line shape, and top properties

® HO, jet properties, non-PT effects for s measurement
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Global fit to 3 quantities: R; =
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Xs from hadronic Z decays
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Further handles on 0s in ee

had

M'w event shapes
RCVC,Z}? =2.069 (1+1x 10 —— CKM unitarity , :
0,121 : ' N E ' | : ALEPH (jets&shapes) ; b @ { $
@ OPAL (j&s) b ' ® | D
(§ = )ﬁ JADE(jgs) | o i Q'J
FCC-ee estimate : ' Dissertori (3j) g I’ 4 -
_ 0,120 - : - JADE @3j) k I - i 3,
NEE g o (m2)=0.1197 + 0.0003,,, DWm F .| i z
? i ) - Abbate (1) o Q
| Gehrm.F—e l =
0.1197 i - Hoang —e—i | g
: o I S O e T S e ) O D O Y Y O |
011 0.115 012 0.125
0,118 . . - i - T - o)
2,0680 2,0685 2,&690 2,0695 2,0700 LEP: S(XS/‘XS ~ 2.9/0
W

-Qe: < 1%

limited by TH systematics on
PT and non-PT corrections



Jet rates
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Jet rates
109
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10~ 6

Sensitivity to gluinos from s running

0.2

0.1

-0.1

—-0.2

s running at FCC-hh

1 1 llllI 1 1

llllll] 1 1 lllllll 1

a(p’*'>pr™") (pb) ]
M jetl <R.5

lIllllI

1 l|lllll 1 1 lllllll 1 1

50 100 500 1000

mein (GeV)

500010000

1 I I 1 1 1 I I I 1 1 1 I 1 I I 1 I 1 I L "

100 TeV i
0=0(PTJet>PT,mm)’ n;<2.5 ol

L

Shaded area: 6o/0c (SM) !

(Uncertainties: stat @ 1% syst) e |
Solid: 1—aZ(SM)/aS(SM+E 4rev)
Dashes: 1—a3(SM)/a5(SM+E grey)

| | I 1 1 1 1 | | 1 | | I | | | 1 | 1 1 | -

5 10 15
pT,min (TeV)

25

20

0 1
103 1072 10-1 100 10l
L (ab™!)
15,0- 1 LA 1 1 ||||||| 1 1 lllllll 1 1 lllllll 1 |
- 100 TeV ’
125 - m(g) sensitivity from ag(prmy) running of ~ g s
) oiet=0(pT]et>pT.min)' njl<2.5 P g% . :
10.0 :—Dashes: Prmin @t 30 deviation _ ///, g —:
-~ Solid: m(g) at 3o - 7 - -
: 1 11 llllll 1 11 llllll 1 11 llllll 1 11 llllll 1 :
0.0
103 1072 10~1 100 101

I IIIIIIII I llllllll 1 llllllll 1 P rrrn

- Gjetza(PTjet>PT,min)» |77j|<2-5

N=L X 0Ojet, Ogpat=1/VN

100 TeV

6stat= 107

6stat= 1%

1 llllllll 1 llllllll 1 llllllll | llllllll

L1 1 1 l L1 1 1 I L1 1 1 l L1 1 1 l 1

L (ab™!)



Jet distributions and composition
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High mass DY

aw running and sensitivity to new EW particles
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PDF systematics, from FCC-eh

parton-parton luminosities (1s = 100 TeV)
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* PDF systematics below |% for
* the leading jet-production channel (qq, qg) up to pt~ 20 TeV
* DY (qgbar) up to the the range of statistics (M~15 TeV), syst below 5%
up to the mass discovery reach, around 40 TeV



u/d EW couplings from NC/CC DIS at FCC-eh

gVu

0.35

0.3

0.25

0.2

DIS scattering doesn’t just provide improved PDFs, it
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10~ 6

Possible implications:

W production at large pt

__I——1— |

o(pr(W)>Prmin) (PD)

=> rate out to pt ~ |5 TeV

) 10 15
PT min (TEV)

- W= 0V source of MET in the multi-TeV region

- Can use hadronic W and/or Z decays to control MET systematics!?

(larger statistics than leptonic channels at high MET)
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pT,rnin (TEV)
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WI—i]/j ~ 102 to which extend will it be possible
to use systematically hadronic W/Z decays!




Jet structure at multi-TeV energies

Jets’ energy shape: E(r<R) / Ejet

(= calorimeter granularity, tracker)

* see also
Sung Hak Lim talk
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Fig. 116: Average energy fraction contained within and angular scale A R of jets produced from 30 TeV
resonance decays to tops, light QCD quarks, W's, and gluons.
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Production of gauge bosons in high-energy
final states (v/s>MV)

O(xs)
O(xs?), but enhanced by t-channel g

\' exchange, and by log(ptiet/Mw)

V = could be larger than O(cs)
= no strong ordering between ptv¥ and My

= /s = ptV » My

- Need to include O(Xs?) in order to capture all sources of V production.

- This requires, in principle, the complete O(xs2) calculation, inclusive of virtual corrections to
O(xs).

- But the contribution from the soft-jet region to the enhanced EWV logs is marginal, so one
can define observables which are insensitive to the jet Sudakov region

In practice, | will consider pt>30 GeV for both jets, and explore
the TeV region for Er(leading jet)



Study V emission rate in dijet events at very large Er(leading jet)

zjg :ﬁiv iv %iv

Large EW |Ogs’ Large EW |Ogs, Radiati\{e Radiativ.e
V correlated to jet V not correlated correction to V+jet, correction to V+jet,
to jet no EW log no EW log

Study o(jet jet + V) / O(jet jet) vs Er(leadingjet)



W emission rates from jets
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W emiission distributions which fraction of Ws can be

associated to radiation off the jet,
vs ISR or ISR/FSR interference?
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DA ]

- a(ji+W)/a(ii) )
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Possible implications:
- 10-20% probability of g—qW = may need b-tagging to separate top

jet above |- TeV from ordinary light-q jet?
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EW corrections to QCD observables
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large Q?2, and must be
included in any application
to precision physics



VV production
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*#s in () are NNLO

w. NLO PDF

Heavy quark production: c & b

PDF sets o(ce)NLO [mb] | o(cc)NNEO [mb] || o(bb)NLO [mb] | o(bb)NNLO [mb]
ABM11 [396] 29.5 + 2.7 36.6 & 2.6 3.57+0.13 3.06 £+ 0.11
(54.9 £ 3.8)* (4.52 4 0.18)
ABM12 [20] 46 17.3+£2.0 33.2+2.6 2.36 £ 0.10 2.97 £ 0.12
CIi5 221 184 2 - 2:67 T 22 -
(40.3 * 202) (3.42F 3%
CT14[18] 48 B R 306 T gsr 825
@9 ) 3.91 1521
HERAPDF2.0 [21]% || 19.0 + 38 3.14 +0.10 2,70+ 021
(@15 255 AL T 5 )
JR14 (dyn) [23] 33.6+£0.5 32.7+0.5 3.17 + 0.04 3.08 4+ 0.04
(58.1 £ 1.0) (3.98 £ 0.06)
MMHT14 [19] % 1400+ 370 | —0<0 40177 e 7B e

(213197 <)

NNPDF3.0 [17]

40.5 £+ 62.2

@28 10

190.3 £ 547.7
(67.9 £ 84.3)

2.99 = 0.99

4.46 + 4.87
(3.82 £+ 1.23)

underscores issues with PDF parameterizations

and small-x extrapolations




Bottom quark production: small-x reach

- 1/e do/dLog(x) for bb production
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Ag(x Q%)/g(x, Q)

PDF luminosity uncertainties, today

Q% = 100 GeV?, small-x NNLO PDFs for FCC studies
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Top quark production in pp@ 100 TeV

PDF O(nb) | Oscale(nb) (%) | Sppr(nb) (%)
+1.000 (+2.9%) +0.660 (+1.9%)

CT14 34.692 —1.649 (—4.7%) —0.650 (—1.9%)
+1.002 (+2.9%) +1.092 (+3.1%)

NNPDEF3.0 34.810 —1.653 (—4.7%) —1.311 (—3.8%)
+1.001 (+2.9%)

PDF4LHCI1S5 | 34.733

O'tot(|00 TeV) ~ 35 x O'tot(|4Te\/)

—1.650

(—4.7%)

* = about |10!2 top quarks produced in 20 ab-!

* rare and forbidden top decays

+0.590  (£1.7%)

* |012 fully inclusive W decays, triggerable by “the other W”
* rare and forbidden W decays

* 3 10"W—=charm decays
* [0 W—tau decays

* [0!2 fully charge-tagged b hadrons



Inclusive top quark production

+ T Ex: integrated rates as a function
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Matched inclusive W+bW ~b cross section, no QED ISR
1 1 1 I T Ll T I 1 1 1 I Ll 1 1 I 1 1 1 I
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parameter 8 point scan 10 point scan

1D fit

my¢ (:|:10.3(stat) + 44(theo)) MeV (12.2(stat) + 40(theo)) MeV
2D fit my and I';

m¢ (T94 5istat) & 45¢ne0)) MeV | (152 stay &= 43(theo)) MeV
M (F200sta) + 32(heo)) MeV | (732 stat) & 39(theo)) MeV
2D fit m: and yx

mi (:t35 stat) = 4D(theo ) MeV (+§1 stat) 1= 42 theo) MeV
Vit +% 1131 stat) == 0.09theo) +8 lﬁg stat) == 0.132(theo)
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Final remarks

® QCD is a crucial component of the physics programme of all future
colliders, whether ee, eh or hh

® |t plays multiple roles:

® extraction of fundamental parameters, and input to EVV precision
tests

® predictions for all production rates in pp

® modeling of signals and backgrounds

® probe of thermodynamical properties of QFT at high
temperature and density

® |mmense progress in theory, and in the reduction of systematics of
LHC measurements® => suggest that QCD will be used in the
future for precision physics, and will be a critical tool for a deeper
exploration of the Higgs sector and EW symmetry breaking, and the
searches for new physics

* see |.Watson talk 2



