New physics and precision:
the roads ahead.

LianTao Wang
University of Chicago

“New physics from precision at high energies”, KITP at UCSB. March 11,2021



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

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

What's next?



Perhaps?

T. Blum et al. (arXiv:1311.2198)
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After a long wait, new results from Fermilab soon!

From: Deborah Sebas
Subject: Special se
Date: March 10, 2021 at 1:32:
To: fermi_scientists <fermi_scientists@fnal.gov>, engineers_all <engineers all@fnal.gov>, SCIENTIST-EMERITI

ti SOhes al.gov>

Personal note: my first ambulance chasing paper, 2001



Coming back from dreamland

® Peak luminosity =Integrated luminosity
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Year ending

Still about 10 times amount of data to come.

Most immediate question:
How tfo fully realize the potential of the LHC?
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As data accumulates

8 TeV limit 2TeV, e.g. pair of | TeV gluino.
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Progress on direct search will At the same fime, great potential

become slower, harder for precision physics!



Future Colliders

o
ILC in Japan
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Likely to get a precision machine first!



For the coming couple of decades:

Most of the progresses at the colliders
will be made on precision measurements.



This talk:

— Brief summary of current approaches with implications
to new physics searches.

— More focus on some promising future directions
(personal perspective)



Importance of precision measurement

— New physics are needed to address Standard Models
open questions: such as origin of EWSB, flavor, CP, efc.

— Even though we have a lot of ideas, we likely dont have
the right one. No confirmation of any of the proposed
models.

— We need experiment!

— Great window for new physics: important players in the
EWSB, flavor of SM, such as W/Z/Higgs and top.



What to measure?

— Precision measurement = coupling measurement

> Yes, but too narrow.
— Kinematical distributions, especially on the fails.

— Rare decays.

> Also important part of the properties of known
parfticles.



What to measure?

— Precision measurement = coupling measurement

2 Yes, but too narrow.

— Kinematical distributions, especially on the fails.

— Rare decays.

> Also important part of the properties of known
parfticles.

Both can benefit a lot from large statistics



Precision from coupling measurement

— In new physics searches from precision measurement, we are
going after deviations of the form

2
[ Mnp : mass of new physics

2 . :
MNP c: O(1) coefficient

)~ c

— Take the Higgs coupling.
» LHC precision: 5% = sensitive to Myp = TeV
2 Mnp < TeV will also be covered by direct NP searches at the
LHC. Precision measurements are complementary.

> Beyond the LHC, 1% or less precision can be achieved.



Precision from high energies at LHC

o]

Measurement limited by 7 < 5systematic 5> \/N

— Coupling measurement at low energy have significant systematic

error.
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— Effect of new physics grow with energy.

> Beneficial o measure at higher energy E > mzw if systematics
does not grow as fast
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—N—N5
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> probing higher NP scales A




Examples of high energy — precision

LEP precision tests probe NP about 2 TeV
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Franceschini, Panico, Pomarol, Riva, Wulzer. 1712.01310
See also: Farina, Panico, Pappadopulo, Ruderman, Torre. 1609.08157; D. Liu, LTW. 1804.08688



EFT # everything

— EFT is a great fool, applying broadly to cases where heavy
new physics can be integrated out.

— However, it is important fo keep in mind the there are cases
where EFT does not cover.

— Obviously, not applicable in direct production of new physics
parfticles.

— Even in the cases of precision measurements, there are
Important exceptions.



EFT # everything

Focus on scattering with SM
external states

— Modeled with an EFT operator: M En, n=1, 2...

— However, there can be important exceptions.



EFT # everything

B €A ¢

— Light particle

Amplitude will deviate (soften) from the prediction of the contact
EFT operator.

/
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< 7(1.58

A 4

For example: light singlet scalar for first
order EW phase transition.
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Huang, Joglekar, Li, Wagner, 1512.00068



EFT # everything

h

— Strongly coupled, broad resonance, continuum, ...

In this case, the amplitude can be a general form factor: f(q?)
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e.g.: top partner as a continuum
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Csaki, G. Lee, S. Lee, Lombardo, Telem, 1811.06019



Bottom line:

— These new physics may not be easy to discover directly.
Precision measurement could be the main (only) window.

— In addition fo energy dependence, we need to measure as
a broad range of kinematical distribution as possible.



Where to look?

— Dynamics of the Standard Model: Electroweak
> W, Z, h, top

> Here, I focus on some examples for h and top.

— Approximate symmetries:

> Flavor, CP. Examples with h and top.

— Sum rules, positivity.

2 Brief overview.



Higgs



All eyes are on the Higgs

35.9fb™ (13 TeV)
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Implications of Higgs coupling measurement

Composite Higgs

SILH1b—HL/HE  memf—
SILH2b-HL/HE  me—=f—

LHC direct search
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Coupling deviation:




Higgs self-coupling
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Higgs self-coupling

HL-LHC
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"Higgs without Higgs”
Henning, Lombardo, Riembau, Riva, 1812.09299

Deviation of the Higgs coupling parameterized by EFT operators.

Oy, = Yy|HPYLHpr Oy = g} HPW S, W etc.

This leads to high energy excesses: o E! or E?2

Constraints from pp - jtVV at HL-LHC Constraints from pp - jj vty h at HL-LHC

/o, HL-LHC tth

Complementary to the “standard” Higgs coupling measurement,
could be competitive.



CP violation

Lyvae = Y FLFrH + — (X} +iX])|H|*FLFrH + h.c.
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Tau as source of CP violation. o
Top as source of CP violation.
Combined constraints from Higgs measurement, EDM,

and the requirement of electroweak baryogengesis. Floating a set of other parameters.

With current LHC data. HL-LHC will improve.

Bahl, Bechtle, Heinemeyer, Katzy, Kling|,

Fuchs, Losada, Nir, Viernik, 2003.00099 Peters, Saimpert, Stefaniak, Weiglein, 2007.08542



CP violation

Lyvae = Y FLFrH + — (X} +iX])|H|*FLFrH + h.c.
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So far, this relies mostly on rates and other non-CP violating observables.

CP violating kinematics limited by statistics, should be pursued at HL-LHC.

Fuchs, Losada, Nir, Viernik, 2003.00099 Bahl, Bechtle, Heinemeyer, Katzy, Klingl,
Peters, Saimpert, Stefaniak, Weiglein, 2007.08542



Higgs exotic decay

— Going through Higgs portal. 1H'HO,
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Invisible width etc will constrain the Higgs BRexotic to be less
than a few percent

Still leave plenty of room to exotic decays.



Higgs exotic decay

— Higgs portal. AHTHO

—— (K, BRiy) fit (95% CL)
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We do need a small coupling, which can come from
intfegrating out new physics at around 10 - 100 TeV.

Plausible!

1.02



Hadron collider

— The “ultimate” Higgs factories
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Hadron collider good for rare but clean signal

In principle, can be sensitive to BR = 10~/



Higgs exotic decay scenarios

— Flavor changing decays (especially leptonic)
- ALPS
— Extended Higgs sector

— Dark sector, long lived particles (LLP)



Some possible channels

Decay Topologies
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More challenging, but worth pursuing!



LLP

- h =XX, X long-lived

J. Liu, Z. Liu, XP Wang, LTW 2005.10836
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Using the pointing capability of CMS HGCAL
Best sensitivity =~ 107, can reach ¢t = 103 m with BR = 10-3

In addition, precise timing could also help.

Of course, great to have dedicated detectors such as MATHUSLA.



Top quark



Top quark

Constraints on dim-6 fop quark related operators

Run II, ATLAS+CMS, 68% and 95% C.L.
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Durieux, Irles, Miralles, Penuelas,
Perello, Poschl, Vos, 1907.10619

Based on the full suite top quark measurements
tt, tWitZ, it W, ttZ, . ..

Using inclusive rates as well as differential information

Impressive reach at HL-LHC, a factor of a few improvement

beyond Run 2




Top and Higgs

top
/ h

top

— Strongest coupling to EWSB.

— Root of the naturalness problem.

» NP model frequently has top partners. Regulate
the UV behavior of the top loop.



Top and Higgs

top
/ h

top
Coupling measured (mostly) on-shell.

New physics can in principle be very strange, not even
particles.

For a model independent search:
poke around anyway we can, putting top/Higgs off-shell.

N. Arkani-Hamed
For example:

h— vy, g¢ Top off shell, should have some sensitivity



At higher energies

‘Goncalves, Han, 2018
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Off-shell Higgs.
Modification of Higgs propagator and top Higgs coupling,

parameterized by p and A.



At higher energies

‘Goncalves, Han, 2018

do [ _fb_ ] gg— 4l
dm4I GeV — SM =
--- u=400 GeV, A=1.3
--- u=700 GeV, A=1.3

10'1§

500 400 600 800 700C

Z, b’ t . . .
Potentially interesting:

Probing different kinematical
Z,b,t... regions of top and Higgs.




Top FCNC: e.g. from compositness

Panico and Pomarol, 1603.06609

energy scale

>

decoupling
operators
Our

Odp ; OQLl
Osp,

Ocp OQLQ
Obp

For example:

8+)r =
: Q3R}/ﬂ Q3RH TD ,uH
AIR

N4

t = hq(q = u,c)




Top FCNC

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

LHCtopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079 Ve
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028 .
[7] JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017 l
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions —SM 2HDM(FV) 2HDM(FC) b
from arXiv:1311.2028 [CIMssm[]rPV Elrs
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Branching ratio

— Not quite in the interesting region for many models

— But, certainly worth keep-going

yet.



Testing sum rules, positivity



EFT, amplitude, dispersion

Alternative representation.

<=> Amplitude More direct connection
with observables.

Many works in recent years:

Shadmi, Weiss. 1809.09644

Ma, Shu, Xiao. 1902.06752

Aoude, Machado. 1905.11433

Durieux, Kitahara, Shadmi, Weiss. 1909.10511

Franken, Schwinn. 1910.13407

Falkowski. 1912.07865

Durieux, Machado. 1912.08827

Bachu, Yellespur. 1912.04334

Durieux, Kitahara, Machado, Shadmi, Weiss. 2008.09652



EFT, amplitude, dispersion

@ @ Amplitude I:> Dispersion relation

Follows from general principles of QFT.
Leading to sum rules, positivity bounds.

Connection between IR measurement and
UV completion

Adams, Arkani-Hamed, Dubovsky, Nicolis,
Rattazzi, 2006
+ a lot of recent activities



Sum rules, positivity...

Schematically

C d"A(s,t = 0) J‘°° ds 1 _
o = ~ ——(o(ab - X))+ (= )'0(ab - X)) + ...
g = T | ] = X0 ot o)

og shift in low energy coupling X , NP particles with masses M, ,

n=1,dim-6 — sum rules

n=2,dim-8 — positivity

More relations Remmen, Rodd 2010.04723
Bellazzini, Miro, Rattazzi, Riembau, Riva, 2011.00037

(also include t # 0) Arkani-Hamed, Huang, Huang, 2012.15849



Precision vs direct search

J. Gu, LTW, 2008.07551

1/M5

A .
excluded by direct searches /

L4
excluded by low energy o4 Oé?/ "
precision measurements ,*

> 1/M?

*ds _
J — (o(ab = X)) — 6(ab — X))
0

X, mass: My,



Precision vs direct search

J. Gu, LTW, 2008.07551

1/M5
A T —
excluded by direct searches /

excluded by low energy 'Oc’p/ K CaﬂCe||atIOﬂ Ccan OCCUr fOr dlm‘6
St o contribution. Possible to

implement a symmetry.

Cancellation not possible for dim-8.
due to positivity.

Adams, Arkani-Hamed, Dubovsky,
Nicolis, Rattazzi, 2006

> 1/M?

* ds _
J — (6(ab - X;) — o(ab — X,))
0

X, mass: My,



Precision vs direct search

J. Gu, LTW, 2008.07551

| Sum rule on 69,
Ms3[TeV]

’ M. [TeV
5 25 2 1.5 1.3 3[TeV]

—

New fermions with charge 5/3 and 1/3

Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341



- - Adams, Arkani-Hamed, Dubovsky,
PrObmg d|m-8? Nicolis, Rattazzi, 2006. + many.

— Dim-8 operators have positivity bound.
> Stronger limit on the parameter space.

> Could be a cleaner test of general properties
(Unitarity, locality, analyticity) of UV completion.

— Unfortunately, typically, dim-6 will dominate a
process. Hard to see the effect of dim-8.



Seeing dim-8

- Dim-6 =0
» Could be symmetry or some accidental cancellation.
> Unlikely to work for the generic case.

> Need to identify special channels (an example later).



Seeing dim-8
— Dim-6 =0

— Different growth with energy
? dim-6: E2 vs dim-8: E4
» Be mindful that E4 piece is (E/A)? smaller.

> Also need to disentangle the (dim-6)2

> Still, possible in some cases, useful fo pursue.



Seeing dim-8

- Dim-6 =0

- E2 ys E4

0.10

0,051+

0.00

-0.05F

-0.15

Different kin. Distribution:

- - e =

v
C'S.(qdl

v
("f\'.nllﬂ

v
C‘S.ru()?

CS Ada2
Cﬁ Aud2
C’\ Jqed2

-~ SMNLL-EW| :

100 200

!
300 400

600

my [GeV]

1 " ]
700 800 900 1000

Some dim-8 operators can give
|=2 partial wave amplitudes

Alioli, Boughezal, Mereghetti, Petriello, 2003.11615



Tests at the LHC

359" (13 TeV)
T 1 ] ] ] T T J

— — Expected 68% CL
Expected 95% CL |

— — Expected 99% CL

—— Observed 95% CL

— —

0 10

fiu o/ A* (TeV?)

359" (13 TeV)

1] 1] | § 1] I 1] 1 -
— — Expected 68% CL  _
Expected 95% CL___|

——— - — - Expected 99% CL
"~ —— Observed 95% CL

N

Experimental bound assumes dim-8 dominates.

Green region from theoretical bounds on the coefficients of

the operators.

Bi, Zhang, Zhou, 1902.08977

Exp limit based on CMS PAS SMP-001



The ff —yy channel

J. Gu, C. Zhang, LTW, 2011.03055

— Effect from dim-6 operator either vanishing or
suppressed.

> Due to the nature of the amplitude and the
experimental constrainfts.

— SM x dim-8 interference is the leading channel.
— Positivity bound on dim-8 leads to prediction

clete™ — yy) > ogulete™ = yy)



precision reach from e*e - yy

CEPC
TN - ILC 250GeV | _ 95%CL reach from e'e (u H ) - yy
100 —
- O best reach muon collider 30TeV g
50 a2 /A
|- D /\R
%‘ 10;
=S
[o0]
< [FCC CLIC 380GeV
S C_oIlC 35066V
250GeV ]
0.52_pole Sep2 1
0.1 0.5 1 5 10

At hadron collider, harder, but in principle possible.
More work needed!



Conclusion

— The next stage of the LHC will make great
progress in precision measurement, opening new
windows to new physics.

» Higgs, top, W/Z, flavor and CP violation.

— I emphasized

» Detailed measurement of all kinematical
distribution, high energy tails + others.

> Huge potential in rare decays.

» New non-trivial tests: such as positivity and other
relations.



Extra






Dimension 8 OperatorS? (current work, JG, C. Zhang and L.-T. Wang)

+ =
__precision reach from e*e™syy 00 95%CL reach frome"e (U ™) - yy

» — CEPC 240GeV |
4 N — ILC 250GeV ]

muon collider 30TeV e~

1- E FCC 365GeV 7
ILC 250GeV
[CEPC/FCC 240GeV
0.5j ]
05 1 5 10
Vs [TeV]
oY) = - i(iZm{PD”}EL +h.c.)B,, BY,,
» Positivity bounds resolve the 0% = — Lt oD en + ),
flat direction between a; and Of) = — LA D ey + heyw W
ag for unpolarized beams. O%) = — JEry "D e+ he) Wi, W
(’)E?B)W = — l(ichr“*y{”D”}EL +h.c)B, Wi,
4 P
» Best reach still from high 4
energy CO||IdeI’S arp = % (0052 Ow cg%) — cos Oy sin Oy cﬁ?w + sin? Oy cﬁ&) ,
ap = X—i ((:052 Ow cg + sin? Oy CS;,%,) ,

JGU Mainz

Jiayin Gu (FiZ=FA)




CP violation

1

— T f . f =
Lyvae = yrFrLFrH + F<XR +iX])|H|*FLFrH + h.c.  (cutoer. ) e Ay
Tf = U_2X_]]; f = /U_QX_{ tH,H — vy w/ 3 ab~
B 9Ny, T 2A2 g
02 Foure

HtH ) (ttH+tW H)

ySM
Ly = ===t (¢4 + iv56) tH

V2

Bahl, Bechtle, Heinemeyer, Katzy, Klingl,
Peters, Saimpert, Stefaniak, Weiglein, 2007.08542

Fuchs, Losada, Nir, Viernik, 2003.00099



Precision vs direct search

Sum rule on 69,

Ms3[TeV]




Flavor violating Higgs decay

Model /Ht Kut(tu) /’it Kuc(cu) /"it
MEV §R(C TZZV ) \fm t(c) §R(C 7ZZV ) \fm t(u) %(Cumivull;gcb)vcz(ub)) \/577;‘5(71,) Model /{TM(MT)/K:T RTe(eT)/’%T Hue(eu)/’%'r
m - mgm - my cos(B—a) me cos(B—a) myMe cos(B—a)

F2HDM o (mt cosfﬁ:o?}?) @) (mf?%) O (#%) F2HDM O (m Cosacosﬁ> o (mT cosacosﬂ) O ( m2 cosacosb’)

VM (c :|:1 VM (y :|:1 VM (v :tl vm 1 vme T ]. vme 1
FN O (2 V) O (2 V, ) O (U2 |V, ) FN O (22U, [T) 0 (Z2(0y[T) 0 (LU,

2 2 3

GL2 6(6 ) 6(6 ) € GL2 € (6) € 62(63)

_ _ 2
RS ~ & )2m<>y ~ )\ )Smi)(wy? v ~ & )1m< Me(w) 2 _v” T 2 Uz ) 2 Mot &2 o>
mKK mgK mKK RS ~ 2 Y 2
2 m (Il-) mKK MK K My(e) MKk

M 2 M

pNGB O(yfmT AL(R),2>\L(2R) 3mW) O(yf% AL(R),1>}\\;(R),3WW) (’)(yf% AL(R),1AL(R), QmW)
1902.00134

Many (all?) new physics models predict deviations, both flavor
diagonal and flavor off-diagonal, in Higgs Yukawa couplings.

They can show up in light flavor-Higgs coupling, lepton flavor violating decay ...



BR(h—Exotics)

Summary
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95% C.L. upper limit on selected Higgs Exotic Decay BR

‘m HL-LHC )
m CEPC

m ILC(H20)

m FCC-ee )
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Me, (bb)*MEr (/D*MET (”)ngr bb*/l/lET itg, T HME, (Bb) (1, ) (CC)(CC) Wqy — (bb)c r7) (77)¢ r7) 7l Yy (rp) vy)

— Higgs factories can push these BR to 10-4.

Impressive reach and complementarity with HL-

LHC




All eyes are on
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Flavor non-universal effect

Projected Existing Collider Reach

OHd = (iHTDZ}H)(CZR’Y”‘dR)
Olig = (H'D,H)(@QY"Q)
OG), = (iH'0" D, H)(Qy"0"Q)

HL-LHC pp—~Zh

=== HL-LHCpp-VV |
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Higgs-top couplings: FCNC  CenZhang
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f Warsaw basis operators \

[B. Grzadkowski et al. 10]
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