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Energy, intensity, and accuracy frontiers

—&— CEPC 50 kmé&single ring
102 5 —o— CEPC 50 kmé&double ring

] —4— CEPC 100 km&single ring
—¥— CEPC 100 kmé&double ring
—@- FCC-ee 100 km&double ring
—4— LHC 26.7 km
—— HL-LHC 26.7 km

—&— HE-LHC 26.7 km

~%— FCC-hh 100 km
—a— SPPC 54.7 km
>-o * | -— SPPC 100 km

~0.3ab™!/y

10"5

Intensity frontier
®»

10° - <

luminosity per IP/(10**cm™-s7")

Energy frontier

—————————

10! 10° 10° 10* 10° 10°
energy/GeV

Energy and intensity frontiers usually
considered complementary, but orthogonal
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Energy, intensity, and accuracy frontiers
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Real interplay Is given by the accuracy frontier,
which is not orthogonal to them
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Energy, intensity, and accuracy frontiers
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Precision at SM thresholds in high luminosity
lepton colliders: Z, H, ZZ, WW, ZH, HH, tt

Discovery of high mass new physics
in high energy hadron colliders...
.. but also precision physics at and

above SM thresholds
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LHC physics program
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Main goal: Find signs of New Physics

/ P direct searches
e directly: probing on-shell new physics
e indirectly: probing the effect of new physics on SM observables
K__, precision physics
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New physics: a pictorial representation

Renormalizable

SM Lagrangian |
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New physics: a pictorial representation
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New physics: a pictorial representation
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Direct searches

Summary of CMS SUSY Results* in SMS framework ICHEP 2014

ATLAS Feirminary

we s T8 13 B

ATLAS SUSY Searches® - 35% CL Lower Limits

Wy S AT Jew T [rancy g lieil Warany P Batrrence : .
] il il 3 H -wi:
T e L & =i}
-l o L . =yl 2 i“"?"".,’
- L] s e T = Fel o WE )
s e g e R S R A = geebb ni' w1}
[ 1] ey [ S T F
= o e
T i - o -
- (T 1] . i, -
£ S [ .
- o= e e L
s Ha g
L] -l
- -] -t
e | 7] -l
W & Pl e i iy ey
S S ————— ] . .
g T CMS Preliminary
o = x For decays with intermediate mass,
LI ] iy & o Mitrmediate = * Mygner ™ (1X) LW
i prigociei i el e
Ty (+ 1] W OO S &
e Rl ] mo e e e e e e e e e e e e e e e e e e e e e e e e s e e e e e
i i, i Ll s
Sk i B W g e i LT T ] s
il B B e Ir - ma L
Chewwd [, p oy e | Vg - mm s =
[ P, Wy i e
[ TR pe— F TSI — v ram
[T - e I e—
[ — - B [ p—
H e i fame g 1l T s == _
o p e —T T L it [
by S - i [T s
- | e = =y
[T, T P p— S ue -
H‘-".'i'lﬂ.'” [ B ] - - " el W
T T I —— T M W e T T
T F S Tome L sy -
e e e [Sa——— =
B a1 R e ATLAS Exotics Searches” - 85% CL Exclusion ATLAS Proiminery
i ey tog ®mp——; wa g —— o R, PR fLd = (x2. mmm G =8, 13 RV
L o’ ?l-h-.'r_l e AL S D TR LI e ” .| I'.:|I' ._||.I' E’TH-JT _|' | .__l ence
ADD fp+MET), nED=4, MD ﬁhﬂ iE = 1 :': ':.I.I
ADD (), nED=4, MS s 1y lag A cig i
" n =8, H pas R
RS51 ﬁl], k=0.1 mt::flh sies  ky ; f?.."..—t-
RS1(y), k=0.1 QBH. D=6, WD~ TeV gt e F
Yy, K=U. P i 27 BTt

RS1(ee,up), k=0.1

0

3

CMS Preliminary

4 Tev

NA BH, nED=6, MD=4 TeV
String Scale (j)

QBH {jj, nED=4, MD=4 TeV
ADD (+MET}), nED=4, MD

L T = ] Pom (¥
L ] i
g, Tes bl aiek
b i Tom BidkiEj

KRR SRS 6 A
ATLAG-L U -
UL
Mg i oo e

i F - fem
LT R ar *
Lagangiain 7 i b - ri
AR e ia.
T i T o s Pl . B id
BB B el el 8 ¥

BV ) g s
TR ET]
e

KA SR 3 i

LA L N

TN R

ADD (ee,up), nED=4, MS :;;:n': rr-:-.h-r--a-w . gt a1 P i ==
ADD (4], nED=4, MS oty sl Lo AL e
‘n"- 4 el [ I ARETeE o i ek g
SSM Z'(r) neie) e e Jet Extinction Scale G medeean w S
SSM Z'(j) usrinasahs ol =i P o=t s o] o
SSM Z'Eee}.'.Z'{uu) Ay FET e Y I FEE ey o T L i
e 101 g Bl HALET
SSM W:(i) dijets, A+ LL/RR .' -
a "F e Vol A
SSM W'(v) dijets, A- LL/RR ——— e e
§8M Z'(bb) dimuons, A+ LLIV [T i it
i Lt WAL Py Ty HEW L ey iy
0 4 TeV dimuons, A- LLIM = pe———— " . P F =TT e
dielectrons, A+ LLIM e g ¥ = T e I e
H ! Eemmgaam b~ fr whep G di] fhedadai Tith B
Excited dielectrons, A- LLIM IR e .
& (M=h) Fermions single e, AHNCM . - Sk e
IJ- (M:A} . g e b l - B [ um_'_ ammal | was & i v
. smgle M AHNCM Heijs . AP T L £ e A 18 R
q {qg} [ (] " dos =B F bl
inclusive jets, A+ i B ey = o | it

q* (ay) f=1
b*

2

3

4

inclusive jets, A-

5

6

TeV

01234567 8910MNM

CMS Exotica Physics Group Summary — ICHEP, 2016

Riccardo Torre

Energy helps Accuracy: Precision at Hadron Colliders

"¢ aaas seale [Tav])



Direct searches

ATLAS SUSY Searches® - 35% CL Lower Limits
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Yet nothing!

(and small improvement expected)

Summary of CMS SUSY Results* in SMS framework

ICHEP 2014
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Precision physics: the LEP experience

LEP is the main example of a precision physics program

It measured with unprecedented accuracy SM observables allowing to perform precision
tests of the SM electroweak sector

Energy Measurement Precision
LEP-I ~ 91 GeV (Z peak) Z properties %o
LEP-I| from diboson thresholds up | off-shell Z properties, trilinear Y
to ~208 GeV gauge interactions >
10 3 1

LEP was sensitive to NP effects of the order of

%o at the Z-pole and % off the Z-pole 10 e*e —shadrons 3
I

) i = 10 .

» Clean experimental environment 5 '

« Small statistical uncertainties 2 o2l e |

&) DORIS | E
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KEKB
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[
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Precision physics: the LHC

LHC environment completely different
No sensitivity to deviations from the SM of the order of % or below

At best few % to O(1) effects (e.g. Higgs couplings)

N

Precision@LHC requires new physics leading to large
deviations but still unconstrained by LEP

N

The best approach to indirect new physics is the framework of EFT
HDO lead to amplitudes that grow with energy

Largest effects at high invariant masses
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Precision in the SM

SM Sector Current precision
LO>m3VV, vV, J}L ~ Y00 LEP-1, Tevatron
LD gyVVoV ~ %o LEP-II, Tevatron
LD givHVV ~10%  LHC
LOyrHff ~ O(1)  LHC(only band tau)
LD H? H? ~ O(10)  LHC (only trilinear)

Given a set of assumption all the SM sectors can be studied within the SM EFT
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Precision in the SM at the LHC

These interactions can still give large deviations in on-shell physics

They are therefore within the precision capabilities of hadron colliders and by now mostly
limited by statistics

This is the Higgs precision program of the LHC (and of future hadron colliders)

LD givHVV ~10%  LHC
LD nyff ~ O(l) LHC (only b and tau)
L > H? H* ~ O(10) LHC
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Precision in the SM at the LHC

LD m%/VV, gVVMJ}L ~ Yoo LEP-I, Tevatron

LD gy VVOV ~ Yo LEP-II, Tevatron

These interactions are too strongly constrained to be studied at the LHC with on-shell
physics

However, the SM EFT contains operators that correct these interactions and lead to
observable effects that grow with the energy

For some of these interactions one can expect large deviations in high energy tails of cross
sections leading to effects that can be observed even with the precision limits of hadron
colliders

This is the EW precision program of the LHC (and of future hadron colliders)

Riccardo Torre Energy helps Accuracy: Precision at Hadron Colliders



LHC vs LEP

Compare for instance LEP and LHC sensitivity to an interaction of the form

Z-pole observable off Z-pole observable

'g 1 L L/ Y
(H'r*H)W2,B*

8,B..)°
LEP LHC LEP LHC

Energy: ~100 GeV Energy: ~100 GeV Energy: ~100 GeV Energy: ~¥1 TeV
Accuracy: ~%o-% Accuracy: ~10% Accuracy: ~%o-% Accuracy: ~10%

New physics effects New physics effects New physics effects New physics effects
not enhanced by not enhanced by not enhanced by enhanced by
energy energy energy FEruc/Evgp ~ 100

LHC cannot compete with LEP LHC comparable with (or better
than) LEP

Qualitative analysis, can one make it quantitative?
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Assumptions

As already mentioned, the use of the EFT requires assumptions, here an example

universal form factor (£) | contact operator (L)
W a \2 92W a
_W(DPWIJJV) _2mW JL[J,JLCL

Y 2y
4m%‘/ (a B,J,y) Qm%v JYMJY

These two theories are obtained one from the other using equations of motion
However, they are radically different for three reasons:
O They are related by e.o.m. at linear order, but they differ at the level of dim-8 operators
(correction to processes that depend on the square of W and Y)
O Deviations in 4-fermion interactions can be described by many more parameters, while
universal form factors assume that all these parameters are equal

O They correspond to theories with different maximal cut-offs:

drmwy / go A — my Y

max(vVW,tVY) ' max(vW, VY)

Energy helps Accuracy: Precision at Hadron Colliders 10
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The simplest case

To make our statements quantitative and make a clear case for EW precision at the LHC we
consider the simplest case of universal new physics effect on Drell-Yan (DY) process

LHC reaches percent-level precision in this channel

only modification of the gauge

™ 9 T 2 2 _a -
% [ EWHY t((i+TE)E ts WE 5) : t[Y}W) boson propagators
PN — 9 mz [:E HSJE :}(G’ _‘mg) mg
N 14T-W—t*Y  t*Y4W
. g2—m?%, m?, -
deviations entirely parametrised
j - 1+((T-W-t’Y)-2¢*(S-W-Y))/(1-t*) " w by 4 parameters:
(g2—m3,) mi

W ST WY

Contributions on the pole: LHC Contributions off the pole:
cannot surpass LEP LHC can surpass LEP

N

2 new physics parameters (W,Y) for 2 processes (neutral and charged DY)

If charged DY is not included there is a degeneracy, broken only by quadratic terms in W
and Y (ellipse-like constraint)
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Precision in DY@LHC

DY@ LHC profits of great precision

« LHC few percent experimental (statistical/systematic) uncertainties
« NNLO QCD theory calculation (FEW?Z)
o Parton Distribution Functions (NNPDF2.3@NNLO)

JZJSM(1+ZﬂiOt+Zﬂ“ijOin) : O={W,Y}
i ()
The “a@” coefficients vary bin by bin (in the invariant or transverse mass)

We compare the cross section integrated in the bins with observations using a thest

Data

We use neutral DY data from ATLAS (1606.01736) and CMS (1412.1115) and consider
uncertainties with their full correlation matrices

Projection

We make projections for charged DY (not yet studied by experiments) and higher
energy/luminosity including estimates of systematic uncertainties divided into fully
correlated and uncorrelated ones (2% for neutral DY and 5% for charged DY)

Riccardo Torre Energy helps Accuracy: Precision at Hadron Colliders 12



Results: data
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200

Considering only neutral DY at 8 TeV the LHC is already competitive with LEP

500
my in GeV
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Results: projections
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Including 8 TeV charged DY LHC should already surpass LEP

13 TeV LHC can improve by up to a factor of 5, HL-LHC by a factor of 10 and a futue 100 TeV

Riccardo Torre

collider by a factor of 100
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Yx104

Results: projections

{5 , A — 4F ————————
: || dotted: 8TeV, 20" | solid: 100TeV, 3ab™" |
1t 13TeV, 0.1ab™" ] dashed: 100TeV, 10ab™’
10k |l solid: 13TeV, 0.3ab™" | ‘
] . : dashed: 13TeV, 3ab™
1 2F 7
5 i ]
| ' 2
0 - 0
[ ‘ N
: . !
-9 il .
| 2| :
_10l LEP 111 1t ]
' pp-=>/ i : pp->/"1
| pp->/v | ; pp->/v
_15_| R T T T L .: :. 1 i P01 . . 1] _4_| N 1 . ] L]
-15 =10 -5 0 5 10 15 -4 -2 2 4
Wx10° Wax10°
LEP ATLAS8 | CMSS LHC 13 100TeV | ILC | TLEP | ILC 500GeV
luminosity | 2x 10" Z | 19.7f/b~! | 20.3fb~! [ 0.3ab™! | 3ab™!| 10ab '| 10°Z | 104 Z 3ab~!
NC | Wx10* | [-19, 3] [—3,15] [—5, 22] +1.5 +0.8 +0.04 +3 +0.7 +0.3
Y x10* [—17,4] [—4,24] [—T,41] +2.3 +1.2 +0.06 +4 +1 +0.2
CC | Wx10* +3.9 +0.7 | £0.45 | +0.02
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Validity of the EFT
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The strongest constraints comes from high energy events

Constraints saturated around 1(3) TeV for the LHC at 8(13) TeV

The constraints is about a factor of 10 below the scale of breakdown of the perturbative
expansion, which corresponds to O(1) NP effects

Therefore, as expected, in this channel we are testing ~10% deviations

Riccardo Torre
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Example of application: HVT

A weak triplet massive vector field generates a universal correction to W

1 | | M?2 € o
— = a ey rav] - ysaysap a apuv
Ly = 4D[H» V]D Vo4 5 ‘/IJ}V 2D[M‘/;/}W
Such vector can arise in weakly coupled as long as strongly coupled UV completions of the SM
Integrating out the triplet generates a contribution to W which depends on the mass of the
vector and its “kinetic mixing” with the SM W boson

. 2
— = W o(W?)
l—e¢ M
1 ,0 T T L I I T I I T _’J__J______J—f I— 1 .O T T T T T T l_ l T T T T ]
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Conclusions

e The precision LHC program can extend beyond Higgs precision and include EW precision
(oblique parameters, anomalous trilinear gauge couplings, etc.)

e The growth with energy of HDO, which enhances new physics effects to 10%-0(1) is
essential to perform EW precision at LHC

e |tis crucial that systematic, statistical and theoretical uncertainties are kept below the
10% region (the goal being %), which requires a joint effort from the theory (NLO-NNLO
calculations) and experimental (improved analyses techniques) communities

e DY is averysimple example, where uncertainties are small and the LHC can compete with
and surpass LEP in constraining certain observables (actually being sensitive to rather
weakly coupled heavy new physics)

e The precision capabilities of the LHC can be extended to future hadron colliders making
more interesting their comparison with future leptonic machines

Riccardo Torre Energy helps Accuracy: Precision at Hadron Colliders
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THANK YOU
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