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Learned a lot from LHC Run I!
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Run II will turn a big corner

CMS Preliminary
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New physics could
be right there!



Finer deftails of the Higgs
| channel | Prec.(%)100fb? | Prec. (%) 300 fb? | Prec. (%) 3000 fb!
~65 38 36 17 12

ttH H>yy

ttH H>Z7*->4l ~85 49 48 20 16
VBF H>vy ~80 47 43 22 15
VBF H>Z7*->4l ~60 36 33 21 16
H->up ~70 39 38 16 12
H->11 ~18 14 8 8 5
H->bb ~20 14 11 7 5
H->vy ~15 12 6 8 4
H->41 ~15 11 7/ 9 4
H->41 ~15 11 7/ 7/ 4



Finer details of the I-Iiggs
| channel | Prec. (% ) 100 fb! Prec. (% ) 3000 fb!

ttH H>yy

ttH H>Z7*->4l ~85 49 48 20 16
VBF H>vy ~80 47 43 22 15
VBF H>Z7*->4l ~60 36 33 21 16
H-> ~70 39 38 16 12
H->1t ~18 14 3 3 5
H->bb ~20 14 11 7 5
H->vyy ~15 12 6 8 4
H->4l1 ~15 11 7/ 9 4
H->4l ~15 11 7/ 7/ 4

Higgs Hunting * Higgs gathering, or “tasting”



Open questions beyond LHC

— Nature of electroweak symmetry breaking.
— Naturalness.
— Dark matter.

— A discovery at the LHC is unlikely to be complete.

Need to go beyond
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Beyond the LHC, future facilities
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250 GeV e~e* Higgs Factory



Future circular colliders

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

China.
Higgs factory: CEPC

pp Collider: SppC




Status of circular collider studies

— In the past 2 years, many studies of the physics
reaches of the circular colliders have been
carried out.

» On both FCC and CEPC/SppC.

— Demonstrated amazing capabilities.

— However, still just scratched surface.

Z

Z

Z

Focused on most “obvious” cases.

Need to go deeper, address many open questions.

What should be done theoretically to take full
advantages of the next generation circular
colliders?
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Nature of electroweak
symmetry breaking



"Simple” picture: Mexican hat

Re(¢)

1 A
V(h) — §M2h2 + Zh4 Similar to, and motivated by
Landau-Ginzburg theory
<h> = 0 7§ 0 = mwy = gwg of superconductivity.



"Simple” picture: Mexican hat

1 A
V(h) — §,Lé2h2 + i h? Similar to, and motivated by
Landau-Ginzburg theory
<h> =v#0 W= LC]WB of superconductivity.

2

However, this simplicity is deceiving.
Parameters not predicted by theory. Need new physics



Probing NP with precision measurements

— e* e” Higgs factories: clean environment, good for
precision.

— We are going after deviations of the form

2
U MNP : mass of new physics

2 . .
MNP c: O(1) coefficient

)~ c

— Take for example the Higgs coupling.

» LHC precision: a few-10% = sensitive to Myp < TeV

» However, Mnp < TeV also probed by direct NP searches
at the LHC.

» To go beyond the LHC, need 1% or less precision.



Relative Error

Relative Error

Higgs factories can do it.

Precision of Higgs couplingmeasurement (Contrained Fit)
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Precision of Higgs couplingmeasurement (Model-IndependentFit)

| = ILC 250+500 GeV at 250+500 fbo™" wi/wo HL-LHC

| = CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

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




Not even sure about "Mexican hat”.

h
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Is the EWV phase transition first order?



Not even sure about "Mexican hat”.

?

R Va Y

What we know now

— — — (@) — — — — —
V (h) Zuh + —h r V(h) Quh h* + ——h

Is the EWV phase transition first order?

LHC can not distinguish these definitively.



Simple example: Generic singlet model
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Relative Error

Nature of EW phase

Precision of Higgs couplingmeasurement (Contrained Fit)
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Relative Error

Nature of EW phase transition

Precision of Higgs couplingmeasurement (Contrained Fit)

m  HL-LHC wi/wo theo. uncertainty

m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Singlet search at 100 TeV
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5

— 4 Higgs final state with decent rate.

— Good discovery potential.



Singlet search at 100 TeV

100+

10}

o [fb]

0.1' (N

001

0.001+

1k

—_— 100 TeV ==—=- 14 TeV
pp > SS - hhhh
k=3 ]
K=2
k=1

100 events with 3 ab™!

N
RIS
S SOOS

I NS T 7SR

400 600 800 1000 1200 1400 1600

Mg [GeV]

5

— 4 Higgs final state with decent rate.

— Good discovery potential.

Combination of Higgs factory and 100 TeV pp collider can
go very long way in understanding EVWSB



More Higgs physics at hadron collider

— The ultimate Higgs factories
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Precision calculations needed to take full advantage of this!

Amazing progress in the past couple of decades. Ve should
be confident!

Talks by Duhr and Forte in this workshop



New physics Higgs rare decays

14 TeV vs 100 TeV [3ab~!, Preliminary]

100} " cmss | cwmss | ATLass
14 E 10_1 h—>2a-4u h-»zZZ Y4
N 42
12! d v
L \L/ -3
I 510
ﬁ & 10
10- T s
-
s O 1076F
0.8+ NP
I v 10
10-8. h=ZpZp~4l (prompt) Vs =100 TeV
0.67 P R | \ , P R | \ \ P
0.5 1 5 10 50
i mz, (GeV)
04+
, dark photon
02+ g
-100 -50 0 50 100
HMc

Curtin, Gori, Shelton

Higgs-coupling to charm

Perez, Soreq, Stamou, Tobioka

More examples!?



Naturalness
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aturalness at 100 TeV collider

Cohen ecal, 2014 Pappadopulo, Thamm, Torre, Wulzer, 2014
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— tune proportional to (mnp)? .
> A gain of 2 orders of magnitude!

> A 6 TeV stop can be discovered!



Naturalness at Higgs factories.

Craig, Englert, McCullough, 2013
Fan, Reece,Wang, 2014

110 [

Experiment | kz (68%)| f (GeV)
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composite Higgs “neutral naturalness”
neutral top partner
twin Higgs

Solid test of naturalness.
Complementary to direct searches
at hadron colliders.



Burdman, Chacko, Harnik

Folded SUSY

— Top partner with EW charge only. They do
infroduce correction in EW precision observables.

— Stronq limit from Z-pole measurement.
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J. Fan, M. Reece, LTW, 2014



Pushing the boundary of naturalness

— Is the “neutral naturalness” convincing?
» Naturalness is a question about UV theories.

» Can neutral naturalness have nice UV framework?

» More signals in testing them?

— How much can we cover all the grounds?

» Special features in detector designed to tease out
natural physics?

[ Top bottom rich?

1 Higgs portal like.

I



Testing WIMP Dark Matter

2
MWIMP S 1.8 TeV (69—3>



Basic channel

— pair production + additional radiation.

N
s >

DM ! ' \X

jet, or v+ K

— Mono-jet, mono-photon, mono-...

— Have become “"Standard” LHC searches.



Very degenerate, disappearing track

~ . . ~ 0 -
X1 decaying into X, +m

Badly mismeasured in p, due to a wrong
P combination of space-points

J ' High-p, charged hadron
v interacting with [D material

Lepton failing to satisfy
identification criteria due to
large bremsstrahlung or scattering

true particle track

Pixel SCT IRT

Figure from ATLAS disappearing track search twiki

— Main decay mode x* — m* + xV.

— Charge track = 10(s) cm

reconstructed track
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— Impressive limit at the LHC already.



Wino

CTA HESS

S/6B
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Disappearing Tracks

7 ‘gseydieq + gelyild + gydeiopepy

.G} 000€
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— There is hope to “completely cover” the wino
parameter space.



Mono-jet

wino
higgsino
mixed (§/ﬁ)
mixed (B/W)
gluino coan.

stop coan.

squark coan.

disappearing tracks

Collider Limits

B 100 TeV
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MWIMP S 1.8 TeV <

M. Low, LTW 2014
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With cascade decays
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Decay = leptons = stronger limits



Food for thought

Boosted W/Zs. High resolution, less stringent lepton isolation.
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Food for thought

Boosted W/Zs. High resolution, less stringent lepton isolation.

S — , 5000 (e
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0.12} ] 4000 Wino—Bino, Case 5
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min(AR(?.f)) mnLsp[GeV]

Compressed spectrum generic.
Dedicated detector to id soft lepton, displaced tracks better?



Food for thought

Boosted W/Zs. High resolution, less stringent lepton isolation.

—— : S000 -
0.14¢ 3 3¢ /
0.12} ] 4000 Wino—Bino, Case 5

% 8.(1)2 4 TeV NLSP ’ £ 3000 4@.// ,

08} : Q —
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min(AR(?.f)) mnLsp[GeV]

Compressed spectrum generic.
Dedicated detector to id soft lepton, displaced tracks better?

Dark matter signal simpler. Typically no/low jet activities.
Lepton optimized detector?
Write less to tape, trigger more?



And, there are much more...

For example,



EW precision measurements

Fan, Reece, LTW
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S S

— Lepton colliders = new era in EW precision.
» A factor of 10 improvement on S and T

— LEP 1+SLD taught us a lot, we will learn much more
with these facilities.



Challenge (opportunity) for theorists

Electroweak Fit: § and T Oblique Parameters

0.041 CEpC basetine 1o ™ (17—
- Improved FZ,si'niH: curreilt_ tlleory (lo) === .
 Improved [, sin%6 (1) Our main result (orange contour)
0.02 assumes completion of most electroweak
"""" 3 loop calculations.
~ 000
7 - Pushing beyond current status
~0.02- f : :
| by at least one order is crucial.
-0.04

S

See also talk by Kogler



More novelties at a 100 TeV collider

— Bigger, messier jets.
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LHC triggered a revolution in jet technology.
100 TeV pp collider demands more!



More novelties at a 100 TeV collider

— SM EW scale particles become very like.

- W/Z/t/h
» Treating them as part of the "PDF”.
V§ [Tev 6
1010 —— A 10 100,
108 =28 100 TeV B

— 1 05 10 15 20 25 30 35 40
100 ~ 107
It = \/_s/ECm s =my [TeV]

We learned a lot about going from 4 = 5 flavors (doing bottom quark properly).

Similar strategy here (?)



More novelties at a 100 TeV collider

— SM EW scale particles become very like.

— Tagging W/Z/t/h as “fat” jets

» Not so fat any more, using tracks.
Larkoski, Maltoni, Selvaggi, 2015
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New strategies! detector design!



If we made a discovery at run 2

— Beginning of a new era. Seeing the first sign of a new
layer of new physics.

— However, it is unlikely to discover the full set of the
particles, since we have not see anything vyet.

— Typically, going from 8 TeV to 14 TeV increase the
reach at most by a factor of 2.

— However, many models feature particles with masses
spread at least factor of several apart.

— Won't be able to see everything.

— LHC discovery will set the stage for our next
exploration. Such as at a future 100 TeV pp collider.



What if?
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What if?
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What if?
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What if? N
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Gluino factory at 100 TeV
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What if?

10*

> §I T T T I T T T T I T T T T I T T T T I T T T T E
8 - ATLAS —e— Data =
- - —— Background model i

Q =8TeV, 20.3 fb"
S 103=_‘g 8TeV. 203107 {5TevEGMW,c=1
B = 20TeVEGM W' ¢c=1 =
£ e —— 25TeVEGM W', c =1 ]
2 102 - —— Significance (stat) _
w = B Significance (stat + syst) E
- WZ Selection .
10 E
e E
107 ‘ Jﬂﬂ E
?:::::::.'::J:'::::'::::'__
§ g I | | | I__
S HF :
= 0Ff .
S -1f .
0n -2 ]
3.5

1.5 2

Composite spin-1 vector?

2.5 3

o x B(W' — W2) (pb)

10

102

1073

CMS,L=19.7fb" /s =8 TeV

—— Observed
[== Expected (68%)
----------- Expected (95%)

— W'—> WZ

I
1 1.5 2 2.5 3
Resonance mass (TeV)

Thamm, Torre, Wulzer
Bian, Liu, Shu
Low, Tesi, LTW




Composite Higgs

A
th t
= res Hard to see the full spectrum
O(TeVs) with the increase of reach
from 8 to 14 TeV
\ /

2 TeV p. Quick discovery at run 2




Conclusions

— LHC run 2+ will further probe new physics.
However, several fundamental questions in particle
physics will not be answered (fully) by the LHC.

» Understanding EWSB, naturalness, dark matter, efc.

— Next generation Circular colliders, a promising step
beyond the LHC.

» Many activities, particularly the last couple of years.

» Great physics case.



Conclusions

— Still just scratched the surface.

— Many work needs to be carried out to make sure
circular colliders can reach its full physics
potential.

— A lot of room for innovation.
» New signals.
» Improving precision SM calculations.
» New collider physics studies.

» New detector designs.



A lot to look forward to!
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Improve the precision

TLEP-Z TLEP-W TLEP-t
as(MZ) +1.0 x 10=4 [35] +1.0 x 10~ [35] +1.0 x 10=4 [35]
Aal® (MZ) +4.7 x 1075 +4.7 x 1075 +4.7 x 1075
my [GeV] 1+0.0001exp [2] 1+0.0001exp [2] 1+0.0001exp [2]
my¢ [GeV] (pole) 1+0.66xp £ 0.25¢1, [23] 1+0.60xp & 0.25¢1, [23] +0.02exp = 0.1¢1, [2, 23]
mp [GeV] < 40.1 < £0.1 < 40.1
my [GeV] (£8exp = 1¢n) x 1073 [23, 38] | (F1.2exp £ 1¢n) X 1073 [20, 38] | (£1.2exp & 1¢n) X 1073 [20, 38]
sin? 6 (£0.3exp & 1.5¢p) x 1072 [20, 38] | (2£0.3exp £ 1.5¢1) x 1075 [20, 38] | (£0.3exp & 1.5¢1) X 107° [20, 38]
'z [GeV] (£lexp £0.8¢n) x 1074 [2, 26] | (Flexp £0.8¢1) X 1074 [2, 26] | (Flexp £ 0.8¢p) x 1072 [2, 26]

Too optimistic?
Dominated by systematics, such as AX
Need to improve theory error.




100 TeV pp collider, a big step
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A big step forward in the energy frontier
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Gori, Jung, LTW, Wells, 2014 Felix Yu, 2013

14

cross the board: x 5(more) improvement, into (10)TeV regime



Precision EW at Higgs factory

Precision Electroweak Measurements at the CEPC

| = Current accuracy
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Large improvements across the board




Summary of LHC Experimental Anomalies

B. Hooberman’l5

Dilepton mass edge

WW cross section

WW cross section

32+E Miss electroweak SUSY

40+E Mss electroweak SUSY (see backup)
Higgs—pt (lepton flavor violation)

1st generation leptoquarks (evjj channel)

ttH with same-sign muons
Dijet resonance search
32+E;Miss electroweak SUSY
Soft 28+E;™Mss strong SUSY
WW cross section

WW cross section

Monojet search
H—h(bb)h(yy)
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