Higher order corrections to e ¢~ = HZ and
e” e =2 H+ v production at CEPC

Yu Jia

IHEP, Theory Division

Ry ok

Rpeh e
LA > 3
BP 7
a7
Do 5 0 )

TR SR

International Workshop on High Energy CEPC, Nov 6-8,2017



Part 1

e" e 2> H+Z
Golden production channel for Higgs at CEPC

so-called Higgsstrahlung process



Motivations

Three next-generation e*e™ colliders have been

proposed to serve as Higgs factory: International
Linear Collider (ILC), Future Circular Collider (FCC-
ee), formerly called TLEP , and Circular Electron-
Positron Collider (CEPC). All of them intend to
operate at center-of-mass energy within the
240-250 GeV range. At such energy, the
Higgsstrahlung process, ete™ — HZ , is the
dominant Higgs production mechanism.




Motivations

CEPC can measure production cross section for 6(ZH) to
an exquisite precision of 0.51%

Knowing the NLO EW correction (a few percent) 1s not
sufficient to meet experimental precision!

and O(aa,) corrections need be considered!

We will investigate the latter, which should be more
manageable and even more important!



Various Higgs Production mechanism
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As is seen above, the Higgsstrahlung process, e"e™ — HZ is dominantin

eTe™ colliders at energy below 400 GeV. Its contribution is much more
important than that of WW and ZZ fusion mechanism.



Previous NLO workon ete™ — HZ

The O(a) corrections to ete™ — HZ have been
calculated independently by three groups:

* J. Fleischer and F. Jegerlehner,
Nucl. Phys. B 216 (1983) 469.

« B.A.Kniehl,
Z. Phys. C 55 (1992) 605.
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Our recent workon e e~ — HZ
at O(aay)

arXiv:1609.03995 by Sun, Feng, Jia and Sang, PRD RC 2017
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An 1independent calculation by another group
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Typical higher-order Feynman diagrams to
the Higgsstrahlung process
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FIG. 1: LO diagram for e" e~ — HZ, together with some representative higher-order diagrams up
to order-aca..



Typical Feynman diagrams for eeZ vertex, self-
energy and ZZH vertex.
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FIG. 2: Representative diagrams for the radiative corrections to the renormalized eeZ vertex, v/Z
self-energy, and V Z H vertex, through order-aa;. The cross represents the quark mass counterterm
in QCD, cap denotes the electroweak counterterm in on-shell scheme.,
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Detailed Techniques and results

* Techniques

We renormalize the UV divergences with on-mass-shell
scheme. Ref.:

A. Sirlin, Phys. Rev. D 22, 971 (1980).

A. Denner, Fortsch. Phys. 41, 307 (1993).

The top quark mass appears in internal top quark
propagator and the Htt Yukawa vertex, which is
renormalized in on-shell scheme as:

47.*;1.2 “Cras 3—2
4 7 e(l— 2e)

omy; = —m (1 + €) (

2
m;
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We calculate the electroweak counter terms 67, 5M§,
My, SMg, 8Zzz, 8Z,; and §Zy; analytically, and
adopt the so-called a(0) scheme where a =
1/137.035999 and the charge renormalization
constant 6Z, = e Z, in «(0) scheme is expressed as:

1 1 1 s X240
5 (00F) + 5RO (0 + 5170, 0) - 2=
Cw My

a(0)

Where Aagsa)d = 0.02771 represents the non-
perturbative hadronic contributions to the running

effect of the electroweak coupling and l'[yy(s)(O) is the

rem
remaining possible photon vacuum polarizations from

other charged SM particles.
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Methodology and Comparison with

existing NLO predictions

Throughout this work, we only retain the top quark mass and treat the remaining five
quarks massless. We work in Feynman gauge and adopt the dimensional regularization to
regularize UV divergence. The Feynman diagrams and corresponding amplitudes are gener-
ated by FeynArts [25]. The packages FeynCalc/FormLink [26, 27] are employed to carry out
the trace over Dirac/color matrices, and the packages Apart [28] and FIRE [29] are utilized
to perform partial fraction together with integration-by-parts (IBP) reduction. We combine
FIESTA /CubPack [30, 31] to perform sector decomposition and subsequent numerical integra-
tions for Master Integrals (MI) with quadruple precision. We also employed LoopTools [32]
to perform an independent cross-check. The counterterms are computed analytically [20].
After completing the renormalization procedure, we have compared our UV-finite NLO pre-
dictions with numerous differential and integrated cross sections enumerated in [18], and
found gross agreement. Reassuringly, we also compare our mtegrated NLO cross sections

with those high-precision predictions rendered by the automatic package GRACE-loop [33] for

a variety of input values of /s and My, and always found better-than-per-mille agreement.

We confirm Denner et al.’s analytic NLO results

Our NLO predictions to integrated cross sections are accurate
to an exquisite degree, actually we get fully analytic results.
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We apply three variants of On-Shell
renormalization schemes:

1 (5 2> 1 Yy (5 rl;
6Ze] 0y = 500 (M7) + 5ReII" ) (M7)

1 sw SX2(0)
I’ (0) — T .
+ 2 rem ( ) CW" A' [ % )

a(0) scheme

Aa(M3) = T} %,(0) — Rell}% (M7)

A

~ < 1 ) 2 .
a(MZ) scheme 0Ze|qorzy = 0 Z¢| g0y — 3A(M3) o) = 0
- - T - Aa(ME)
N N V2 . M2,
G}u Scheme éZelGu - OZG |Q’(O) — %AT ag, = 7Gp47\‘[‘-2!v" (1 — é)
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Input Parameters

Phenomenology. We will take /s = 240, 250 GeV
as two benchmark energy points at Higgs factory. We
adopt the following wvalues for the input parameter-

s: My = 125.09 GeV, Mz = 91.1876 GeV, My =
80.385 GeV, m; = 174.2 GeV, m,. = 0.510998928 MeV,

m,, = 105.6583715 MeV, m, = 1.77686 GeV, «a(0) =

1/137.035999, Aa(s) 4(Mz) =0. 02764 +0.00013 [24] and
G, = 1.1663787 x 10~ GeV?. We take a(M2) =
1/128.943 in the a(M2%) scheme and evaluate the QCD
running coupling a(p) using package RunDec [42].
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Our predictions 1 o(0) scheme (including
corrections for polarized cross section)

/3 (GeV) LO (fb)|NLO Weak (fb) NNLO mixed EW-QCD (fb)
o0 (5@ |50 4 Fla) U(Zcmg) OA(,‘acrs) gleas) |50 o pla) 4 ylaas)

Total| 223.14|6.64| 229.78 | 2.42 | 0.008 | 2.43 232.21

240 L | 88.67 (3.18] 91.86 | 0.96 |0.003 | 0.97 92.82

T |134.46 [3.46] 137.92 | 1.46 [ 0.005 | 1.46 139.39

Total| 223.126.08| 229.20 | 2.42 | 0.009 | 2.42 231.63

250 L | 9430 |3.31] 97.61 1.02 1 0.004 | 1.02 98.64

T | 12882 (2.77| 131.59 | 1.40 | 0.005 | 1.40 132.99

TABLE I: The (un)polarized Higgsstrahlung cross sections at /s = 240(250) GeV

"in «(0) scheme. We enumerate the NLO

weak corrections, together with the NNLO O(aay) corrections. For the latter, we also list individual contribution given in (13).

NLO enhances the LO prediction by about 3.1%

NNLO mixed EW-QCD correction is sizable, about 1.1% of the

LO prediction!
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Our predictions for unpolarized cross section 1n

V/$ |schemes| o0 (fb) onLo (fb) oxnro (fb)
a(0) |223.14+0.47|229.78 +0.77(232.21 15 1210 5]
240| a(M7) |252.03 +£0.60| 228.3670 5] 2312870307052
Gy [230.64+0.06| 232.467007 233.2970 060 07
a(0) |223.12+0.47]229.20 +£0.77|231.6375 21003
250| a(M3) |252.01 £ 0.60| 227.677057 [230.58F0 301002

G, [239.62 +0.06] 231.82+0.07 [232.651) 07 0 0s

TABLE II: The unpolarized Higgsstrahlung cross sections at
Vs = 240(250) GeV in three different schemes. To esti-
mate the errors caused by the input parameters, we take
Mw = 80.385 £ 0.015GeV, m; = 174.2 £ 1.4GeV and
Aol (Mz) = 0.02764 + 0.00013. We also change the strong
coupling constant from as(Mz) to as(y/s) with its centeral
value taken as o, = a,(y/s/2). The remaining parameters
are taken the same as in Table I.

We also redo the calculation retaining finite
bottom quark mass, effect too small to include

three different schemes (including uncertainty)

Observe strong scheme
dependence!

The NNLO predictions
now range from 230
To 233 1b!

Need go to 2-loop EW
correction to reduce
Scheme dependence!

Bad news for prescribed
0.51% precision at CEPC?



Angular distribution of the (polarized )
Z boson 1n the Higgsstrahlung process

Longetnd

FIG. 3: Differential unpolarized /polarized cross sections for
Higgsstrahlung at /s = 240 GeV for the NLO O(a) and
NNLO O(aas) corrections. The green band indicates the

uncertainties from the input parameters as adopted in Table 11
and three different schemes.
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ISR effect

* |SR effect

Structure function

n apprgach
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ISR effect 1s well-understood (structure
function approach)

e |SR effect

o= /dz Gete-—7zH(28) Lote—(2) Lote- = ¢s|2a, 2]

_ (21 e2fur(i-12) g, |-t Structure function approach
bsla,z] = e L(1+18.,) 2 (1-2) ® Go beyond that, we add more
1 a 3 w2 3 NNLO logarithmic terms from
—(1 2 —_ - =
* (2( T2+ 47rﬁ“F (32 s " 2C[3]> both photons and lepton pairs
o Bur (—_1(1 +32%) log(2) — (1— Z)z) extracted from Nucl. Phys. B 297,
8 429 (1988)

2
+ 1% (—(1+ 32%) log?(2) + 4(1 + 22) (Li(1 — 2) + log(2) log(1 — 2))
+ 2(1 — 2)(3 — 22) + 2(3 + 2z + 2%) log(2))

e

32

%(3z2 — 4z +1)log(2) + %(1 + 72%)log?(2) + (1 — 2*)Lip(1 — 2) + (1 — z)2))
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/H cross section incorporating ISR
effect

Very preliminary

a 0 scheme

I | 1 | | I 1 | 1 | 1 I | I | 1 | 1 I | | 1

Significant ISR~ =

e NLO+ISR (structure match onto QED NNLO=)
NNLO+ISR(structure match onto QED NNLO=)
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F. Feng, Y. Jia, X.-H. Liu, W.-L. Sang, Q.-F. Sang, in preparation



We present the state-of-the-art ZH cross section at CEPC
But the scheme-dependence is strong; >0.5% experimental precision

/3 |schemes|oro (fb)|onLo (fb)|onnro (fb) otk (fb) okt (fb)|ois: o (fb)
a(0) | 22314 | 22078 | 23221 | 190.72 | 196.14 /| 198.22

240| a(M3) | 252.03 | 228.36 | 231.28 | 21541 | 194.95 || 197.44
G, | 239.64 | 23246 | 23320 | 20482 | 19844 \| 199.15
a(0) | 223.12 | 22020 | 231.63 | 198.77 | 204.06 [ 206.22

250| a(M3) | 252.01 | 227.67 | 230.58 | 224.51 | 202.72 || 205.32
G, |239.62| 231.82 | 23265 | 21347 | 206.40 \ 207.14

Very preliminary; will include the uncertainty in input
parameters later
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Part 2

e e 2> Ht+y
A very rare Higgs production channel at CEPC

several orders-of-magnitude smaller than HZ production

Loop-induced process, a sensitive channel to seek the
footprint of new physics
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arX1v:1706.03572 by Sang, Chen, Feng, Jia
and Sun, published in PLB
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LO results are known since Abbasabadi et al. (95); Gounaris et al. (95);
Djouadi et al. (96)

Y/Z v/Z Y/Z v/Z

Figure 2: Typical Feynman diagrams for the NLO QCD corrections to e* e~ — Hy. The cap signifies the insertion of the top quark mass counterterm
émy, as given in (7).

For the first time, we have computed the NLO QCD correction
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Angular distribution of Higgs
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Figure 4: Angular distributions of the Higgs boson in the e*e~ — Hyy process at 45 = 500 GeV. The right panel signifies the relative magnitude of

Figure 3: Angular distributions of the Higgs boson in the ¢*e™ — Hy process at 5 = 240 GeV. The right panel embodies the relative magnitude the NLO QCD corections

of the NLO QCD corrections.

CEPC ILC

The NLO QCD correction is negligible at CEPC energy %



Integrated cross section versus

CM energy (LO
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Figure 5: The LO cross section as a function of +/5 (the solid line). To trace the origin of the nontrivial line shape, we deliberately isolate the

contributions from two classes of

diagrams. The dotted, dashed and dot-dashed lines represent the contribution from diagrams involving the top

quark loop, that from all other diagrams involving weak gauge bosons in the loop, and their interference, respectively.

At asymptotically high energy, sigma_LO ~ 1/s

27



Integrated cross section versus
CM energy (NLO)

o (1072fb)

Figure 6: The total cross section as a function of /5, both at LO and NLO in a,. The vertical band with /5 = 2m, + 5 GeV signifies the threshold
region, inside which the perturbative expansion is expected to break down and our fixed-order predictions become invalid.

At asymptotically high energy, sigma NLO ~ 1/s"2

Caveat: fixed order breaks down near ttbar threshold,

need resummation of Coulomb gluon to all orders ”



Summary and Outlook

1. Mixed EW-QCD correction for the Higgsstrahlung
process appears to be significant, about 1% of LO
Cross sections

2. Strong a-scheme dependence observed, also sizable
uncertainty arising from input parameters. So far,
cannot meet precision of CEPC measurement.

What we can do to improve?

Compute NNLO EW correction??
Technically feasible?? Computational Resources?



Summary and Outlook (cont’)

3. ISR effect is very important, and must be included to
match the realistic experimental measurements.

4. Finite 7 width effect? How good 1s the narrow width
approximation ? Tries mu mu H, q gbar H final states?

5. For H-+y (Harbor of new physics) , the QCD
correction at CEPC seems completely negligible at
CEPC energy. But, maximum X section of 0.08 fb
occurs at CEPC energy.



Thanks for your attention!



