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Future of Large Hadron Collider

Overall view of the LHC experiments. LHC schedule beyond LS1

Only EYETS (19 weeks) (no Linac4 connection during Run2)

LS2 starting in 2018 (July) 18 months + 3months BC (Beam Commissioning)
LS3 LHC: starting in 2023 => 30 months + 3 BC

injectors: in 2024 => 13 months + 3BC
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LS1 Status Report— 116% LHCC LHC schedule approved by CERN management and LHC experiments
Frédérick Bordry spokespersons and technical coordinators

4% December 2013 Monday 2™ December 2013

— Will continue and improve in the next two decades
p Ecm - 13-14 Te\/.

» 95+% more data.



As data accumulates

Run | limit 2 TeV, e.g. pair of | TeV gluino.
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Rapid gain initial 10s fb-!, slow improvements afterwards.

Reached “slow’ phase after Moriond 2017



LHC will press on the “"standard”
searches for SUSY, extraD, composite...
with slower progresses

In addition to waiting
patiently...



Higgs measurements
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4-lepton production, CMS cuts, Vs=8 TeV

qq - 4leptons

gg -+ h - 4leptons

gg - 4leptons(cont)
gg - 4leptons(total)
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ATLAS Simulation Preliminary ATLAS Simulation Preliminary
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Figure 1: Relative uncertainty on the signal strength u for all Higgs final states considered in this note in
the different experimental categories used in the combination, assuming a SM Higgs boson with a mass
of 125 GeV expected with 300 fb~! and 3000 fb~'of 14 TeV LHC data. The uncertainty pertains to the
number of events passing the experimental selection, not to the particular Higgs boson process targeted.
The hashed areas indicate the increase of the estimated error due to current theory systematic uncertain-
ties. The abbreviation “(comb.)” indicates that the precision on u is obtained from the combination of
the measurements from the different experimental sub-categories for the same final state, while “(incl.)”
indicates that the measurement from the inclusive analysis was used. The left side shows only the com-
bined signal strength in the considered final states, while the right side also shows the signal strength in
the main experimental sub-categories within each final state.







Nr. Coupling 300 fb~! 3000 fb~*
Theory unc.: Theory unc.:
All  Half None | All Half None
| K 42% 3.0% 24% |32% 22% 1.7%
Ky = Kz = Kw 43% 3.0% 2.5% |33% 22% 1.7%
2 | kp=K=kKkp=Kr=kKy |88% 15% T.1% |51% 3.8% 32%
Kz 47% 37% 33% |33% 23% 19%
3 Kw 49% 3.6% 3.1% |3.6% 24% 1.8%
KF 93% 79% 13% | 54% 4.0% 3.4%
Ky 59% 54% 53% |3.7% 32% 3.0%
4 e 89% T1.7% 72% |54% 4.0% 3.4%
Kd 12% 12% 12% | 6.7% 6.2% 6.1%
Ky 43% 31% 2.5% |33% 22% 1.7%
5 Ky 11% 87% 7.8% | 6.6% 45% 3.6%
K 10% 9.6% 93% |6.0% 53% 5.1%
Ky 43% 31% 25% |33% 22% 1.7%
6 Kq 11% 9.0% 8.1% |6.7% 4.7% 3.8%
Kr 12%  11% 11% | 92% 84% 8.1%
Ky 20% 20% 19% | 69% 63% 6.1%
K7 81% T19% 7.8% |43% 39% 3.8%
Kw 85% 82% 8.1% |48% 4.1% 3.9%
7 K 14% 12% 11% | 82% 6.1% 5.3%
Kp 23% 22% 22% | 12% 11% 10%
Kr 14% 13% 13% | 98% 9.0% 8.7%
Ky 21% 21% 21% | 73% 7.1% 7.0%
Kz 81% T79% T79% | 44% 4.0% 3.8%
Kw 9.0% 87% 8.6% |51% 4.5% 4.2%
K 22% 21% 20% | 11% 85% 7.6%
Kp 23% 22% 22% | 12% 11% 10%
8 Ky 14% 14% 13% | 97% 9.0% 8.8%
Ky 21% 21% 21% | 7.5% 72% 7.1%
Ky 14% 12% 11% | 91% 6.5% 5.3%
Ky 93% 9.0% 89% |49% 43% 4.1%
Kzy 24% 24% 24% | 14% 14% 14%

Table 3: Expected precision on Higgs coupling scale factors with 300 or 3000 fb~! of /s = 14 TeV
data for selected parametrizations, assuming no decay modes beyond those in the SM. With SM decay
modes only, the Higgs total width can still differ from the SM value if any of its couplings to SM particles
differ from the expected values. The coupling scale factor « represents all SM particles, ky represents
the gauge bosons W and Z, kF represents all fermions, «, represents all up-type fermions, k4 represents
all down-type fermions, k, represents all quarks, and k; represents all leptons. The results are reported
for 3 different assumptions on the theory uncertainties: the current size, half of the current size, and no

theory uncertainties.
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Future circular colliders

CERN
Higgs factory: FCC-ee
pp Collider: FCC-hh

China.
Higgs factory: CEPC

pp Collider: SppC




Higgs factories

- FCC-ee, CEPC, ILC, CLIC.

— Physics case relatively independent of the
outcome of the LHC.

» Reach further than the LHC.

» Address questions that LHC cant answer.
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Higgs factory processes

250 i | | CEPC Preliminary
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Zh cross section

/ CEPC Preliminary
) 3000 __ Z— uu; det =5ab’
l - i —#— CEPC Simulation
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Can use recoil mass to identify Zh process, independent of Higgs decay

= inclusive measurement of Zh cross section



H'995 width. Unique capability of lepton colliders.

1 Z
/
/
, - L*
L~
’ T(H — ZZ*) o(ZH)
g T
~" "X BR(H - 22*) ~ BR(H — 227
Z
f Main channel at 250 GeV.
7 Needs statistics

['(H — bb) o(vvH — vuvbd)

H™ BR(H — bb) ~ BR(H — bb) - BR(H — WW*)

Needs to go beyond 250.



Relative Error

Higgs factories

Measured Higgs-X coupling

Kx
Precision of Higgs couplingmeasurement (Contrained Fit)
; | | 10%
| = HL-LHC wi/wo theo. uncertainty
ﬁ 9%
| = CEPC 250 GeV at 5 ab™" wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Highlights:

HZ coupling to sub-percent level.
Many couplings to percent level.

- Standard Model Higgs-X coupling

Projected precision of Higgs coupling and width (model-independent fit)

o
B . ILC 500 GeV, 500 fb™' @ 350 GeV, 200 fb' ® 250 GeV, 500 fo" o

— ILC 500 GeV, 4000 fb" ® 350 GeV, 200 fb' @ 250 GeV, 2000 it - /18

B . ILC ® HL-LHC 3000 fb™' combination

r 1" (CL95%)

tot invis

Model independent measurement of total width.
Sensitive to the triple Higgs coupling: 20-30%



precision

Lepton colliders and precision measurements

precision reach of the 12-parameter fit in Higgs basis

F W LHC 300/f Higgs + LEP e'e 2WW B CEPC 240GeV (5/ab) + 350GeV (200/fb)
.l LHC 3000/fb Higgs + LEP e*e"-»WW B FCC+ee 240GeV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e” collider only BILC  250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)
solid shade: combined with HL-LHC M CLIC  350GeV (500/b) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
= blue line: individual constraints
red star: assuming zero aTGCs
10-1 _—
10-2 _—
10"3 =
107 -

5y,

6Yc GYb 6}’, 6Yy AZ
Grojean et al. 1704.02333

Czy  Cgg

New physics with mass Mnp can affect Higgs coupling as

2
myy,

My
Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC.

0




Big advance in electroweak precision

Precision Electroweak Measurements at the CEPC

| = Current accuracy

1072

' m CEPC: baseline and imprquements

107 l l

1075

Relative Error

FB SIHZQW v

Z

Large improvements across the board




Electroweak precision at CEPC

— A big step beyond the current precision.

Electroweak Fit: S and T Oblique Parameters
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Not even sure about "Mexican hat”.

?

7 /Ty

What we know now

% = — + — or V — _ _ B

Is the EWV phase transition first order?

LHC can not distinguish these definitively.



Ist order phase transition
= large modification of trilinear coupling
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A (GeV) Huang, Joglekar, Li,VWagner, 1512.00068
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f=top,...

g “h

Many possible final state. Very difficult channel.
LHC at 3 ab' = 100% .

Triple Higgs coupling at 100 TeV pp collider 30 ab-!
Some preliminary studies, incomplete not fully realistic.

ASM

0.891,1.115
0.882, 1.126]
0.881, 1.128]

no background syst.
25% hh, 25% hh + jet
25% hh,50% hh + jet

Barr, Dolan, Englert, de Lima, Spannowsky

ILC 500:27%
ILC ultimate, | TeV 5 ab-1: 10%



Simple example: Generic singlet model

m?hTh + M(hTh)? + m2%S? + aShth + bS® + £S*h'h + hS*
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Higgs factory important
- - ==
h h
[ ! SM
h\ ~ll \N h 200: glll
S - = 150 L%
SN S > LS 100 o Lo
7N Y
h’ “ R
():' “““““““

0 10 20 30 40 50 60
2111 Profumo et al

O(l) devidation in triple Higgs coupling



Also considering Higgs factories

Real Scalar Singlet Model

gl "
| : 2
: current
[3 0.100 HL-LHC
g "
S 0.010} |
- 1 Ry
3 I CEPC
N 0.001} P
L N 1 1 1
B
10-41 S E E 8  1TeV=SPCC/FCC-hh/ILC 1 TeV
0.5 : 1.0, 1.5 2.0 2.5
: h?h coupling: As/As su Huang, Long, LTW, in progress
100 TeV pp Orange = first order phase transition, v(T )/T_ > 0

Blue = «strongly” first order phase transition, v(T )/T_ > 1.3
Green = very strongly 1PT, could detect GWs at eLISA




Do more with
(95+% more) LHC data.



A direction with potential

— Difficult channels that:
— Not rate limited, but small S/B
— Limited by reducible backgrounds, systematics.

— More data and more time (improving
techniques) can help.



Shapes of signals

no rate beyond this

L

N
~
~
N
~
N
.~
~

o~

N =~

long tails

— Strongly coupled heavy new physics

e.g. Liu, Pomarol, Rattazzi, Riva



Strong coupling

N
yau

m > kinematical limit. Integrate out

9

m?2

Best channels are usually di-lepton, di-jet and so on.
Well studied

Another recent example of using di-lepton and potentially di-jet

Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer



My focus here:

— The question of electroweak symmetry breaking has
hinted that there should be NP not too far away
from the weak scale.

2 Naturalness, efc.

> Some of these need strong dynamics

— Final states with W/z/h/top. "Precision measurement”



Broad features with di-boson, tops efc.

no rate beyond this
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— Closely related to electroweak symmetry breaking

— Difficult. More data can help a lot.



Operators.
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Observables.

Observable do /osm Observable do [osm
S (cw + cp) 3¥ T dop ™y
WiWwy | [(ew + caw)T + (cs + cup)Yity B o ornts, oy | Wiy Csw%v + G, crww 55
Wi2 (CW T Caw — 4Cf)q) f_gv Cé?l)ﬁl%l Wit Zr(7) C3Wn;:—%zv + ngf—%, CTWB%l
Wih (CW T e — 4C<I?>q) B &) B Zh [(ew + caw)T? — (c + cup)Yit2] B5, cp 2
ZrZr (crww + to cres — 2T} 753,CTWB)f—§11 vy (crww + tocrpp + 2T}t crw B)f—g
h— Zy (caw — cuB) (417;12))2 h— WHTW- (ew + CHW)’%V

— LEP precision EW, high energy non-resonant WW/Wh,

and Higgs measurement all relevant.

> Sensitive to different combination of the operators.

— Ouw and Ous contribute to h—2Zy.

— LEP limit on Ot dominant. LHC probably cant improve.



Precision measurement at the LHC possible?

LEP precision tests probe NP about 2 TeV

5 2
27 IW 9 w1073
OSM A2
At LHC Signal-SM interference Without interference
5 E2 5 E4
20 1025 27 0.05
OSM A2 OSM A

LHC has potential.
Both interference and energy growing behavior crucial



Helicity structure at LHC
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O growing with energy

O SM piece is small. Interference does not grow with E.



Helicity structure at LHC
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— Whether interference or not depends on polarization
of WW. Polarization differentiation can be crucial.

— Need large SM piece to interfere with. Longitudinal
(0,0) most promising.



Growing with energy
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Sensitivity to tails. Ideal case.

O
“tail” parameterized by d N= mx
1 (E\" L E: energy bin of the measurement
Usignal X E’n A O-SM 0.¢ ﬁ . gy
n: 5-8 falling parton luminosity
S w/i £ d L = integrated luminosity
VB En \ A

— For small d, lower E with higher reach. (e.g. dim 6, d=2)

P Limited by systematics.

— Interference important. Otherwise, signal proportional to (operator)?,
effect further suppressed by (E/A).



Ideal case.

Vs =13 TeV, n, = nyE2/A?

1200* —_ L _— 1 |
1000 ~L=10 Ec = partonic c.o.m. energy
= 800 L=50 = diboson invariant mass
- : - L=100 |
£ 600 i
S i :
& 400 |
< : |
200 |
0 ] Vs =13 TeV, n, = npE4/A*
500 1000 1500 2000 2500 3000 3500 ‘4‘0‘00 1400 | |
E, [GeV] 1200
dim 6, with interference £ 1000
o o > L
Stronger limit at lower energy 5 800
z 600/ - L=1
S L
S 400 - L=10
ol ~L=100
500 1000 1500 2000 2500 3000 3500 4000

E. [GeV]

dim 8 with interference
or dim 6 without interference



5000 —

4000

3000

off [GEV]

1000 F

The role of systematics

EJ_AI_:I:%

< 2000

<

smaller S/B
systematics important

600

1200 1400
mwy [GeV]

800 1000

1600

1800

2000



AN edeple: Ow  LHC contribution same as O gw

@ = 5y (WD) DW,

LEP precision test: |£ = ta“29W§W£3)B“”

2
A muyy

S = CWF = N> 25 TGV@QS%, Cw — 1

LHC longitudinal mode:

do E2
— =+ + .
WEWE, WEZL Wi, Zih =~ a6




Potential difficulties

SMWW,W/Z processes are dominated by
transverse modes

ool joEL ~ 15 — 50
Polarization tagging of W/Z crucial

Wh/Zh(bb) channels have large reducible background
LHC@8TeV: o /cd ~ 200 — 10

Difficult measurement. Large improvement needed.
Much more data and 20 years can help!

Instead of making projections based on current
performance, we will give several targets (goals).



Reach projection

Crude parameterization of significance

Shl L ESig[Ehl (Mhl _|_ MQM)Z _I_ Zh#hl Eh(./\/lh _I_ MgM)Q] X £

Sig Sig

VB \/[Ehl()'gﬁ/l + Zh;éhl EhO'éLM]L + (A X ngm)?

Esig signal efficiency or acceptance
€n (mis)tag probability of polarization h
A: systematical error



Wh channel
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Wh channel
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With assumptions about systematics and background.



WW, semileptonic channel
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WW, semileptonic

channel
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Bounds on

oy at the LEP and the HL-LHC

A[TeV] ©95% Ow,A =0

LEP 2.5

WVl + jets) [0.5,1.0] TeV | (5.2,2.5,2.1)
WV (¢ + jets) [1.0,1.5] TeV 482219 [ — 3 ab_l

Zh(vvbb)[0.5,1.0] TeV

Zh(vvbb)[1.0,1.5] TeV (3.2,2.3,1.8)

WEh(¢bb) [0.5,1.0] TeV | (4.3,3.0,2.4)

WEh(¢bb) [1.0,1.5] TeV | (4.0,2.9,2.3)

WER(l + fvfv) [0.5,1.0] TeV

WEh(¢ + fviv) [1.0,1.5] TeV

D (GLL = 1.0&&€TT — O, €1, — O.5&&€TT — 0.05, €1, — O.5&&€TT — 0.1)
] reducible background is (0, 3,10) times irreducible background



LHC benchmarks

A[TGV] OW OB OHW OHB OgW
LEP 2.5 2.5 0.3 0.3 0.4
WV (+ jets) 4.8|(1.9) 1.5(0.71) 4.8|([1.9) 1.5(0.71) | (1.2
W=h((bb) (4.0,2.9,2.3) @j.o_,)zg,z.s])
W=h(l + (viv) 1.6 1.6
h — Z~ 1.7 1.7

ideal case, perfect pol tagging, no systematics

] tagging eff 50%, mis-tagging rate 10%, no systematics

__J reducible bkg 0, 3, 10 times of the irreducible rate
interference effect not important.

— Can beat LEP precision if some of these benchmarks
can be reached.



Direct searches of composite resonance

Shaded areas:
current bounds
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Most optimistic case can be competitive with direct narrow resonance searches.

The resonance may be broad, not covered by direct searches.



Dimension-8

— Less sensitive. But can be leading effect in
certain NP scenarios.

— Gives rise to unique signals.

> ZZ, YY, hh.

— Can interfere with the SM in some cases where
dim-6 do not.

> e.g. Wr Wt . SM rate about 10 times W W

» Dim-6 interference with SM suppressed. Dim-8
interfere with SM. Equally important.

fofr — WHTW-

(hw+,hw-) | SM | Ow | Ogw | O | Ow Os
(+, F) 1 0 0 0 0 Bl
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Conclusion

— LHC is pursuing a comprehensive program which covers the
ground pretty well. After Moriond 2017, slow gain with
luminosity.

— A promising long term prospect at LHC: focusing on non-
resonant broad features. Di-boson, ttbar, efc.

— Difficult. But a lot data can make a significant difference here!
— May find other things, such as broad resonance, along the way.

— Even without a discovery, this can have lasting impact on future
directions (similar to LEP electroweak program).
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Status of new physics searches

From gravity to the Higgs we're still
waiting for new physics

Annual physics jamboree Rencontres de Moriond has a history of revealing
exciting results from colliders, and this year new theories and evidence abound

(elo.
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