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Higgs Boson Observables

Our consideration is Higgs boson observables:

o(pp—=2> hX =2 AB+X) subject to experimental cuts, which are
unfolded to yield measurements.

Precise theory predictions include knowing precisely the
theory predictions for

o(pp 2 hX) and BR(h—>AB)



Measurement of Higgs Couplings

The proper way to test the SM is to compute SM observables
and compare with data in a ? type of analysis.
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(For presentation, ignoring correlation matrix among observables.)



"Measurement of hbb coupling”

You can, however, "measure hbb coupling" by deleting m,
observable and seeing how well y, can be extracted by h->bb
plus all the rest: y, (higgs) and compare that to y, extracted from
m, plus all the rest.

Global fit of o(h—>bb) + all other obs but without m,
P Y niggs EXtracted

Global fit of all obs including m, but without o(h—>bb)
> YV, mp Xtracted

Compare by renormalizing to common scale, say m,.

This ratio Y piges(Mz) / Yy, mp(Mz) should be 1.
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New Physics: HKSM

Harder to do the analogy with hVV couplings (V=y, g, W, Z).

Instead a new theory of physics beyond the SM is considered:

Call this the "Higgs kappa Standard Model" (HKSM).

It is parametrized by K's, which are defined by replacing
g(hAA),, =2 K, g(hAA), ;otherinteractions remain SM.
Attention must be given to clear definitions of K, and K,.

Best way is through effective theory gauge invariant higher

dimensional operators. Theory : SM-EFT. (e.g., Contino, Ghezzi,
Grojean, Muhlleitner, Spira, ‘13,’14; Pomarol, 14, etc.)
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LHC Experiments
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ATLAS Simulation Preliminary
Vs =14 TeV: [Ldt=300 fb’’ det 3000 fb™!
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ILC o x BR determinations

Table 2.4. Expected accuracies for cross section times branching ratio measurements for the 125 GeV h boson.

A(o-BR)/(oc - BR)
Vs and L 250fb—1! at 250 GeV | 500fb—! at 500GeV | 1ab—! at 1 TeV
(P,—,P.+) (-0.8,4+0.3) (-0.8,4+0.3) (-0.8,4+0.2)
mode Zh vvh Zh vvh vvh
h — bb 1.1% 10.5% 1.8% 0.66% 0.47%
h — c¢ 7.4% - 12% 6.2% 7.6%
h — gg 9.1% - 14% 4.1% 3.1%
h— WW* 6.4% - 9.2% 2.6% 3.3%
h—1t71~ 4.2% - 5.4% 14% 3.5%
h— ZZ* 19% - 25% 8.2% 4.4%
h — vy 29-38% - | 29-38% 20-26% 7-10%
h— ptu~ 100% - - - 32%
ILC TDR 2013

[Typically in the neighborhood of a few percent. ]
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TLEP / FCC-ee Estimates

10 ab™ 0.25 ab?

TLEP 240 | ILC 250

OHZ 0.4% 2.5%

onz X BR(H — bb) 0.2% 1.1%
onz X BR(H — c¢) 1.2% 7.4%
onz X BR(H — gg) 1.4% 9.1%
opz X BR(H— WW) 0.9 % 6.4%
ouz X BR(H — 77) 0.7 % 4.2%
opz X BR(H — ZZ) 3.1% 19%
onz X BR(H — vv) 3.0% 35%
onz X BR(H — pp) 13 % 100%

Table 4: Statistical precision for Higgs measurements obtained from the proposed TLEP programme at /s = 240
GeV only (shown in Table 3). For illustration, the baseline ILC figures at /s = 250 GeV, taken from Ref. [6], are
also given. The order-of-magnitude smaller accuracy expected at TLEP in the H — ~~ channel is the threefold
consequence of the larger luminosity, the superior resolution of the CMS electromagnetic calorimeter, and the

absence of background from Beamstrahlung photons.
11
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Relative Error

Precision at Higgs factory

Precision of Higgs couplingmeasurement (Contrained Fit)

1

0.1

m  HL-LHC wi/wo theo. uncertainty

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

1073

Kp Kg Kw K: Kz

Relative Error

Precision of Higgs couplingmeasurement (Model-IndependentFit)

m ILC 250+500 GeV at 250+500 fo~" wi/wo HL-LHC

m CEPC 250 GeV at 5 ab™" wi/wo HL-LHC

Kk, Br(inv) «r

B Measured Higgs-X coupling
~ Standard Model Higgs-X coupling

RXx

Wang, MCTP Higgs Symposium, "15
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CLIC Projections

model dependent O+ 1.4 TeV
e + 3 TeV

coupling relative to SM

0.9 |— Zy _

350 GeV 1.4 TeV 3TeV

CLIC Higgs Study, 1608.07538
500fb~1 1.5ab7! 2ab!



Theory Issues

We shall come to new physics soon.

However, SM theory errors threaten the usefulness of percent-level
Higgs measurements.

For example, measurements of o x Br(bb) is at percent level or
lower at ILC, FCC-ee and CLIC.

Errors at few percent level, relevant to LHC-HL, also need attention.

Tremendous work going into this.



Channel My [GeV] T [MeV] Aae Amy Am. Amy THU

' —23% +3.2% +0.0% +0.0% +2.0%
122 230 +2.3% —3.2%| —-0.0% —-0.0% —2.0%
H — bb 126 7 36 —2.3% +3.3%| +0.0% +0.0% +2.0%

+2.3% —3.2%| —0.0% —-0.0% —2.0%
—24% +3.2%| +0.0% +0.0% +2.0%

130 242 4+2.3% —3.2% —0.0% —0.0% —2.0%
122 871107" 100% Toox Too% “o1% —2.0%
Hophu™ 126 899107 100% *00% 00 foin Thow
130 927107 Toox oo oo “oow —aow
122 116107" ((7o%] Jo1% [Leo% | ~0.1% -20%
H=ce 126 119107" 1700 J01% Lea% | t0.1% a0%
130 122107 |370%) rou1% eow) ~o1% —s0%
122 837107 FUOR T00% Toon Toow 1o
e 126 959107 *GEE o0 Toow Toom io
130 110.10~2 *10-1% +0.0% +0.0% +0.0% +1.0%

—0.0% —0.0% —0.0% —0.0% —1.0%

Table 1: SM Higgs partial widths and their relative parametric (PU) and theoretical (THU) uncertainties for a
selection of Higgs masses. For PU, all the single contributions are shown. For these four columns, the upper
percentage value (with its sign) refers to the positive variation of the parameter, while the lower one refers to the
negative variation of the parameter.

Handbook of LHC Higgs Cross Sections. 3. Higgs Properties (2613)



Calculating Higgs boson partial widths and branching
fractions is an exercise in precision SM analysis.

Specifying the input observables and their uncertainties
translates into central values and errors on Higgs partial
widths and BRs.

my 125.7(4) | pole mass m; 173.07(89)

MS mass m,  1.275(25) | MS mass m;  4.18(3)
pole mass m, 1.77682(16) as(Mz) 0.1184(7)
a(My) 1/128.96(2) Aol 0.0275(1)

Almeida, Lee, Pokorski, JW 2013
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P (par.add.)

P7 (par.quad.)

(Pr, Pr)(w)

total

2.82 (1.79)
2.52 (1.83)
1.45 (0.42)
2.62 (2.43)
7.34 (7.15)
0.36 (0.12)

1.71 (1.07)

1.74 (1.49)
1.38 (0.35)
1.84 (1.82)
5.55 (5.54)

0.32 (0.08)

441 (1.17)
4.90 (1.25)

4.97 (1.25)
4.42 (1.11)

3.56 (0.92)
0.34 (0.11)

3.52 (0.88)
0.32 (0.08)

(0.08,0.10)
(0.05,0.03)
(1.31,0.60)
(0.29,0.01)
(0.45,0.35)
(0.01,0.01)
(0.25,0.31)
(0.,0.)
(0.56,0.23)
(0.03,0.03)

Table 13: This table gives the estimates for percent relative uncertainty on the partial widths from parametric and scale-
dependence uncertainties. Parametric uncertainties arise from incomplete knowledge of the input observables for the calculation
(i.e., errors on m,, ag, etc.). For parametric uncertainties, we put an additional number in parentheses, which is the value it
would have if the Higgs mass uncertainty were 0.1 GeV (instead of 0.4 GeV). Scale-dependence uncertainties are indicative of
not knowing the higher order terms in a perturbative expansion of the observable. These uncertainties are estimated by varying
p from my /2 to 2my. More details on the precise meaning of the entries of this table are found in the text of sec. 4. Errors
below 0.01% are represented in this table as 0. These results were computed using M S m; and m, inputs (see Table 10) rather

Almeida, Lee, Pokorski, JW 2013

Percent relative
uncertainty on the
partial widths from
parametric and scale-
dependence
uncertainties. WW, 77
uncertainties mainly
due to Am,,.

than their pole mass inputs (see Table 1). Compare results with the pole mass input results of Table 4.
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Compare this with LHC Cross Sections Handbook, which upon
first look appears to have little uncertainty on H>WW.

I' [MeV]
122 6 75.10—1 +0.0% +0.0% +0.0% +0.0% +0.5%
Lz — —0.0% —0.0% —0.0% —0.0% —0.5%
XT\AT .1n—1 +0.0% +0.0% +0.0% +0.0% +0.5%
H— WW 126 9.73-10 —0.0% —0.0% —0.0% —0.0% —0.5%
130 1 49 +0.0% +0.0% +0.0% +0.0% +0.5%
- . —0.0% —0.0% —0.0% —0.0% —0.5%

There is no mistake in table. Each row is for fixed m,,. But notice
how strongly the BR changes from 122 to 126 to 130 GeV.

19



Am, Amy AaMz) | DasMmz) | Amy | Az | Ame | Am,. | Agr
qg 0.07 | 0.46 (0.12) 0.01 1.77 1.00 0.01 0.15 - -
vy ~ L 001(-) | 003 031 | 094 | - |o15| - i
bb 0.02 | 1.13 (0.28) 0.01 0.36 0.74 0.01 0.15 - -
cc 0.01 | 1.13 (0.28) 0.01 1.53 0.95 0.01 H.08 - -
rtr— | 0.04 | 1.07 (0.27) 0.01 0.30 0.95 0.01 0.15 | 0.02 -
WW#* | 0.04 | 2.97 (0.74) 0.04 0.30 0.95 0.02 0.15 - -
Ve 0.03 | 3.48 (0.87) 0.02 0.30 0.95 0.02 0.15 - -

Z~v | 001 | 2.14 (0.53) ; 030 |096]| - |o015]| - i
utu | 0.04 | 1.07 (027) | 0.01 030 | 0.95| 0.01 | 0.15 | - i

Almeida, Lee, Pokorski, JW 2013

Uncertainties on the branching fractions due to uncertainties in
the input observables.

Note, due to I'(bb) in the denominator of all BRs, the uncertainties
due to m, and o, propagate to all others.

In Higgs column, uncertainty is due to Am_,=400 MeV (100 MeV)

20



Reducing Uncertainties in I's and BRs

Reducing the uncertainties in extracted m, and m_ MSbar
masses (or the equivalent) are needed to reduce uncertainties in
theory calculations.

Likewise for o, and m,,.

The precision Higgs program is just as well stated as a precision
m,, m., o, and m, program.

o, and m, seem easier to improve than m, and m_. However,
Lepage et al (2014) have pointed out that lattice results can help.
For example: estimates are that Am_, Am_and Aa, could be
reduced by more than a factor of 7, 3 and 6 respectively.



Let’s look at the role of light quark mass uncertainties...

AFH_m@ - Amc(mc) % 9 1% AFH—%)B -~ Amb(mb)
Tree  10MeV = 7777 Ty p — 10 MeV

[Denner et al, 1107.5909]
[Almeida, Lee, Pokorski, Wells, 1311.6721]
[Lepage, Mackenzie, Peskin, 1404.0319]

x 0.56%.

mqo(mg) = mgs(,u = mg): inputs of the calculation.

From PDG particle listings:
me(me) = 1.275(25) GeV, my(my) = 4.18(3) GeV.

= A few % theory uncertainty in I'gr_, ¢, I';;_ ;5 — too large!

Zhang, Charm 2015



Uncertainty from mg? — Ultimately from low-energy observables
from which mg are extracted!

@ Example: nth moment of R [Chetyrkin et al, 0907.2110]

ds olete” = QRX)
Q p— h p—
Mz = / o Rg(s), where Rg = p———————

0.8

© CLEO (1985)/1.28
07 Y BABAR (2009)
06 0 BABAR (2009) (INCL. ISR)

05 ¢
04

R,(s)

We will recast I'y;_, o in terms of M, M3, Jhang, Charm 2015
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(Qe/(2/3))° 5 ( o«sma))i ine 1@Um)* | m@im)® 6

- (@mo(ea))" 5 T o Ho®

= mc(mc) — mc(mc) [&57 3 :umv Ha Mc np}
my (mb) — mb(mb) [0437 ) :umv :uoz] ‘

[Kuhn, Steinhauser, hep-ph/0109084]
[Kuhn, Steinhauser, Sturm, hep-ph/0702103]
[Chetyrkin, Kuhn, Maier, Maierhofer, Marquard, Steinhauser, Sturm, 0907.2110]

[, Io: Tenormalization scales; need not be identical [Dehnadi, Hoang,
Mateu, Zebarjad, 1102.2264]. (if forced equal uncertainty is underestimated)

mc(mc) [0537 I Mm? :uom Mc np]
mp(mp) = mp(mp) (g, MY, b, 1l

N Me(me)

Zhang, Charm ‘15
24



Perturbative part of My is known only up to O (a3).

Uncertainty due to missing higher-order corrections is usually
estimated from renormalization scale dependence.

5_ |||||||||||||||| ] 17__ IIIIIIIIIIIIIIIIIIIIII
: rH_)CEIMGV 7
: . 15}

......................

4 5 3 5 7 9 1 13 15 17
1 1GeV 1 /GeV

Vary fim, [ Within |pmin, tmax| = estimated perturbative uncertainty
is very sensitive {0 fimin.

Zhang, Charm ‘15
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Low-energy observables play an important role in precision Higgs
analysis due to their connection with m., ms.

By directly working with low-energy observables M$, M3, we get a
more detailed understanding of theory uncertainties in I'g_,cz, I' ;7 13-

What about other low-energy observables and Higgs observables?

)
)
)

\

A global fit ...

f AN
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Now that there is a theory setup and an
experimental program to contemplate,
let’s ask an important question:

How well do we need to measure the
couplings?



Fine to ask how well colliders can do, but important to ask:

How well do we need to measure the Higgs boson
coupling?

Criterion: What are the largest coupling deviations away
from the SM Higgs couplings that are possible if no other
state directly related to EWSB (another Higgs, or “rho
meson”) is directly accessible at the LHC.




Two Higgs Doublets of Supersymmetry

Supersymmetry requires two Higgs doublets. One to give
mass to up-like quarks (H,), and one to give mass to down

quarks and leptons (H,).

8 degrees of freedom. 3 are eaten by longitudinal components
of the W and Z bosons, leaving 5 physical degrees of
freedom: H*, A, H, and h.

As supersymmetry gets heavier (m,, >> M,), a full doublet
gets heavier together (H*,A ,H) while a solitary Higgs boson
(h) stays light, and behaves just as the SM Higgs boson.



Corrections to Higgs Couplings in MSSM

Two leading corrections are
a) mixing of would-be SM Higgs with heavy Higgs

Not mass " " " n
—s "H H
eigenstate SM X heavy

mixing angle is ¥ m,? / m,?

b) Finite b quark mass corrections, disrupting Yukawa — Mass relation

b, br

- 2 uM;tan 2 1A, tan
5(1;inlteN 93 M g 6_|_ yt JLAAg 6_'_

— 1272 mz 3272 m?
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FIG. 9: Agy/go™ as a function of tan 8. The colour code tELH ﬁ Gupta, Rzehak, JW, "13
is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a

Ags/ g™

single Higgs boson discovery at the LHC. Dark blue points .
are excluded by the I'(b — s7) constraint. Light blue, yellow Smaller tanB correlated with lower

and green correspond to at least one third generation squark heavy Higgs masses going undetected.

has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,

respectively. 32



Composite Higgs Theories

Several different ways composite Higgs can show up:

Precision Electroweak

Higgs boson decay branching fraction deviations

Higgs boson production cross-section deviations

Double Higgs production (key new enhanced observable)
Rho-meson resonance discovery and other dynamics

LnhHrLhNeE

Different models have different priorities among these
observables.

Even if rho-meson is found quickly at LHC, or other observable
deviations come first, the precise study of all other observables is

complementary and pins down the theory.

Hard to make definitive statement, but ~ 10% deviation possible.



Mixed-In Singlets

A word on the case of condensing singlet
coupled to the Higgs.

Overall 6% deviations on Higgs couplings
could be universally present with no
other phenomena found (heavy Higgs)
after 14 TeV LHC runs for 3 ab™.



Extra condensing Higgs boson — singlet under SM
- Constraints/searches: Precision EW, heavy Higgs search, and precision light Higgs alterations

Higgs Masses and Mixings

Lo = |DH(I)S]\*¢”2 + ’D,UJ(I)H|2 + m ’(I)HP + m%bs]w ’(I)S]\.f;f|2

(I)H

~AN@su|* — pl@u|* - [fﬂl@SMWI’HIQJ (3)

<</>SM ) _ ( Ch 3h,> ( h )
¢H —Sh Ch H

The mixing angle and mass eigenvalues are

tan (20y,) =

p&? — \v?
ME = (P4 p2) F VO P T R




SUMMARY of “Higgs Targets”

ARVYV  Ahtt Ahbb
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal Supersymmetry < 1% 3% 10%%, 100%°
LHC 14 TeV, 3ab™* 8% 10% 15%

TABLE I: Summary of the physics-based targets for Higgs
boson couplings to vector bosons, top quarks, and bottom
quarks. The target is based on scenarios where no other exotic
electroweak symmetry breaking state (e.g., new Higgs bosons
or p particle) is found at the LHC except one: the ~ 125 GeV
SM-like Higgs boson. For the Ahbb values of supersymmetry,
superscript a refers to the case of high tan8 > 20 and no
superpartners are found at the LHC, and superscript b refers
to all other cases, with the maximum 100% value reached for
the special case of tan § ~ 5. The last row reports anticipated
lo LHC sensitivities at 14 TeV with 3ab™' of accumulated

luminosity [5]. S Reeha Iy
upta, Rzehak,



Conclusions

Higgs couplings measurements must be done in
global fit to the data.

LHC will make helpful improvements.

Percent-level targets needed may require future
facilities.

Extra connected Higgses and their associated
observables can be challenging and require high
luminosity to see.



