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Quarkonium: From the Standard Model to beyond

Recall the history

» The “Standard Model” in the 1960s: “up”, “down”, “strange”
» November Revolution: The discovery of .J /1) in1974 = “charm”

Richter and Ting explored th new energy regimes, not just to test the GIM mechanism.

Nowadays quarkium physics
» Forover 20 years, we have been working the Standard Model better

» There may also be chance to see the hint of new physics beyond the Standard Model
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Why Higgs?

A well understood and well tested model

Standard Model of Elementary Particles
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Model doesn’t make sense without Higgs or
something like it

The Higgs is a scalar particle whose interactions with
other particles are predicted in terms of the Higgs
mass

It provides masses to all other elementary particles

Higgs physics: A portal to new physics

>

LHC has gone from discovery to precision

» Atelescope to high scale physics

>

Interplay of theory and experiment is importan.
play y p p n@m
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Charmonia production through the SM Higgs decay
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Measure the Higgs couplings
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Probe the Charm-Higgs coupling Summary and
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Higgs to light fermion couplings are to be measured=- The next task is charm quark

prospects

G
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Measure the Charm-Higgs coupling: current status

Measuring H cc coupling is not easy

» Small mass = Small branching fraction BR(H — c¢¢) ~2.8%
P Large QCD background at hadron colliders = Need c-tagging
> c-taggingis challenging

Current experimental searching

> « framework: Fory5M = /2m, /v, sety. = kySM

» pp — V H(cc): Need c-tagging
» LHCRun 2: ATLAS k. < 8.5 p2o1maze, CMS 1.1 < | k.| < 5.5 pzososssor
» Future HL-LHC: k. < 3. 220111428)

» Production of ¢¢ bound states via Higgs decay: H — J/¢ + i v
» Clean final states J/v — putu~, avoid c-tagging P
» Therateistoolow: BR ~ 1076. [1306.5770,1407.6695] P, pta P
P> Resultis less sensitive: k. < 100. pso7.00802,1810.10056] @\.)"G



Charmonia production through the SM Higgs decay
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Higgs decay to charmonia in Non-relativistic QCD (NRQCD)

Separate the physics into two parts Higgs decay to .J /1) and a photon

» Hcediagram is suppressed

T=3 P — (QQ)IN] + X) x (0" [N]), : :
N = Small branching fraction

» Shortdistance coefficient (SDC): . o

LomE » The dominant contribution is from H~~y
? diagram => Less sensitive to k.

Ly 2 1.32 x 1078 GeV,

FSM ~ 1.00 x 10_8 GeV 11306.5770,1407.6695]

dfy =

2mpy (0QQ)

» Long distance matrix element (LDME)
Related to the wave function at origin

Ne v

; 3N, ,
(@75t = 22 R(0)2, (0"t sy =
27 2

IR(0)|%,

(099) = 6N,, for 3sil), (099) = 2n,, for ' s

PHa+py
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Charmonia production through the SM Higgs decay
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e the Charm-Higgs coupling Summary and prospects

Our idea: Look for a process with higher rate

H—c+c+ J/(orne)

Main contribution (Color-singlet):
Charm quark fragmentation to charmonia:

351 (7/4) and LS (1)

H(po)

H{(po)

H(po)

[T.Han, A.Leibovich, YM, and X Tan, 2202.08273]

Comparewith H — J/v¢ + v

PHatpy

» Enhancement from the quark
fragmentation = Larger rate

» The Hcc channel dominates
= More sensitive to ~.

More to calculate
» Corrections from QED and EW
» The color-octet mechanism i
G
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Charmonia production through the SM Higgs decay

Charm-Higgs coupling Summary and prospects
00@00000

More corrections from QED and EW sector
Pure QED diagrams: sizable correction to SSP (J /) production
Single photon fragmentation (SPF): 1/¢% = 1/m3/¢ = logarithmic enhancement

cpr)

e(pr)

“(p3) ( c(ps)
H( ¢ H(po)
. *(['!) (k) (Po L

(pa) pa)

Electroweak correction from the H 7 Z diagrams
One of the Z can be on shell = resonance enhancement

c(p1)

H(po)

c(p2)

e Sizable for 15([)1] (1)) due to the larger axial Zcc coupling. /
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Charmonia production through the SM Higgs decay
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Charmonium productiuon via color octet states
» A quarkonium can also be produced through color-octet Q() Fork states
» New states involved: 3S£8], 15’([)8], 3P}8], and 1P1[8}
» The LDMEs <Oh[25+1L§Olor]]> need to be fitted from experimental data

Reference _(O7/%['5]]) (OEST)_ {OTPPR) [m?

G.Bodwin, (9.9+£22)x 1072 (1.1+1.0)x 1072 (4.89+4.44) x 1073
KT.Chao, (8.94+0.98) x 1072 (3.04+1.2) x 1073 (5.6 +£2.1) x 1073
Y. Feng, (5.66 £4.7) x 1072 (1.77£0.58) x 1072 (3.424+1.02) x 1073

New diagrams for 351"

Single gluon fragmentation (SGF): 1/¢% = 1/m3/¢ = logarithmic enhancement

c(p1)

H(po)

(co)(k)




Charmonia production through the SM Higgs decay
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Numerical parameters
Standard Model parameters

o =1/132.5, as(2m.) = 0.235, mg"‘e =1.5GeV, mc(mpg) = 0.694GeV, mpy = 125GeV,

sm _ V2me(mp)

my = 80.419GeV, my = 91.188GeV, v = 246.22 GeV, y: ~ 3.986 x 1073,

v

Choose the color-octet LDMEs

» Different fitting strategies lead to different LDME values.

Reference  (O7/[157)) (©7vPST) (O7VP R /m?
G.Bodwin, (9.9+22)x 1072 (1.1+1.0)x 1072  (4.89 +4.44) x 1073
KT.Chao, (8.9+0.98)x107%2 (3.0+1.2) x 1073 (5.6 +2.1) x 1073
Y.Feng, (5.66 £4.7) x 1072 (1.77£0.58) x 1073 (3.42£1.02) x 1073

» We take Bodwin's LDME fitting from CMS and CDF high pr data.
» Use heavy quark spin symmetry (HQSS) to obtain the LDMEs for 7,

1 P P
(ometsitBy = —(0/vEsIbEly oneEsiEl)y = (o7 /Pt sBlyy, (ot Pl = 3(07 /YR,
3 QM
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arm-Higgs coupling Summary and prospects

Charmonia production through the SM Higgs decay Probe the Ch
00000800 00000
Standard Model results: The overall picture
Decay width and branching fraction
QCD[CS] QCD+QED[CS]  Full[CS] Full [CO]  Full[CS+CQ]
T(H —cc+J/Y)(CeV) 48x107° 58x107° 61x10% 22x10% 83x107°
BR(H — ce+ J/) 1.2x107%  14x107° 15x107° 53x107% 20x107°
T(H — cc + 1) (GeV) 49%x107% 51x10% 63x10% 1.8x107 24x10°7
BR(H — ¢+ 1) 12x10™°  1.2x107°  1.5x107° 45x107° 6.0x 107°

Charmonium energy distributions
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production through the SM Higgs decay
o

Charmonium p distributions
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Standard Model results: Transverse momentum (pr) distributions

Free charm quark pr distributions
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Summary and prospects
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Charmonia production through the SM Higgs decay Probe the Charm-Higgs coupling Summary and prospects
o]

0O000000e 00000

Color-octet uncertainties from the LDMEs

Color-octet contributions: 3\ dominates
351 L5 Lpl s plf] Total
I'(H —cc+J/)(GeV) 2.0x107% 9.8 x 10710 - 22x 10710 22x1078
BR(H — ce+ J/¢) 50x1070 24 x1077 - 53x107% 53x10°6
I'(H = cc+n)(CeV)  18x1077 3.6x 10711 1.0 x 10710 - 1.8 x 1077
BR(H — ¢&+ 1) 45%x107° 89x1077 25x 1078 - 4.5 x 107°

Take the 3S£8] LDME for the uncertainty estimation
BR(H — cc+ J/1) = (2.0 £0.5) x 107°, BR(H — ce+ 1) = (6.0 £ 1.0) x 1075.

10°° - - - - - . 10°°

H->ct+etne

H—oc+e+J/Y

070

= = 1078
3 58
g 5 1000
L —ke=1
10710 —m,(my) =0.694 GeV  —kKc = 10100 —m(my) =0.694 GeV ~ —ke=3
--m(mpy) =0.629 GeV  —kK: =5 --me(my) =0.629 GV —kK, =5
1071 101
10 20 40 50 60 10 20 40 50 60

30 30
By [GeV] E, [GeV]
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bduction through the SM Higgs decay Probe the Charm-Higgs coupling Summary and prospects
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C

Probe the H cc coupling

Use the x framework y. = x5V, BR ~ x2 BRM
100

10; E

BR(x.)/BR(SM)

0.10: ]

0.06:

Ke

» HZZ diagrams G
» The H — g*¢*/v*y* — J/¢ + ccchannel v



Probe the Charm-Higgs coupling
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Some rough analysis
» Higgs production cross section at LHC oy ~ 50 pb
» Expect HL-LHC L ~ 3ab~ ! at ATLASandCMSand L ~ 0.3 ab~! at LHCb
» Detection efficiency e for the final state cc + £ 4~
» BR(J/1) — £107) ~ 12%,BR(H — J/¢ + ce) ~ 2 x 1075
| 2
>

Eventnumber N = Loy e BR(H — celt0™) ~ 12 k2 x # X 107
Considering the statistical erroronly d N ~ /N gives

L €
Ake =1 — —1/2
K 5% x (ab_l X 10%)

1
]

Detection efficiency ¢:

» Double charm-tagging (40%)? ~ 16%

» Kinematicacceptance 50%

> Assumee ~ 10% = Axe ~ 15% QG

15/19
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(hn 7;\710&1\;!‘\0” through the SM Higgs decay ‘PZI"‘?EeOtgeCharm—Higgscoupling i\‘\mm ary and prospects
Background frompp — J/¢ + X
. CMs 23-27H"(13TeV)
= 10
§ e "y NRQCD
&% > y(2S)  NRQCD
Sy e, » Prompt .J /v production
2 Wy -.-"- —
BR(J/¢ — pF ™) x a(pp — J/¢) ~
b N 860 pb
el . Charm-tagging is needed.
0k ~y » Estimate 75000 events forpp — J/¢ + c¢
a — . ] —1_
& T ata3dab HL LHC _
2 Ty, oy o4 {* Corresponding to a 25 fb cross section
05K L ! L L TR = | . .
. ; i Some kinematic cut may help.
Olg 3+
s ML ' *+ }
% 4% % TosoenD 0 ,
Py [GeV] QG
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Background Charmonia production through the SM Higgs decay Probe the Charm-Higgs coupling Summary and prospects
0000 00000000 [slele] o} [e]

Background from H — J /1) + bb

Color-octet contribution dominates

(ce) (k) H(po)

Charmonium energy distributions
Take the color-octet LDME uncertainty for error estimation

= HS cc+ J"L“‘) — "

T ol / = H —cc+n,

o o

= 5

:‘ L s s £ () — 0694 GV —re =5
T —me(my) = 0.694 GeV = = --m(my) = 0.629 GeV  —k, =

= - me(my) = 0629 GeV  —ke =3 = Hibb —ke=1

10 20 50 60 10 20 50 60

30 40 30 40
Ej [GeV] E, [GeV]
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Probe the Charm-Higgs coupling
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More realistic discussions

e If there were no background: Ax,. ~ 15%

o However, there is background in the real world:
> Assume 10,000 background events after the election cuts at the HL-LHC
> Assume the detection efficiency e ~ 10%

» Thessignal event number is given by

€

L
N=1L BR(H — celt ™) ~ 12 k2 —
o € BR( cc ) Kz X = < 0%

> Sensitivity S ~ Nignal/\/NBackground

= Itis possible to reach 20 for k. =~ 2.4.

> systematic effect Ngignal /NVBackground = 2% for k. =~ 2.4. )
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P Summary and prospects
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Summary and prospects

» Quarkonium study can help to understand the SM better and also search for BSM physics.
» Testing the SM mass generation mechanism helps BSM physics searches.
» The Yukawa couplings of the 3rd generation fermions are precisely measured
= Charm quark is the next target.
New approach to determine the Charm-Higgs coupling: H — J /¢ + c¢
The rate is larger due to the fragmentation enhancements
There are both color-singlet and color-octet contributions
The QED and EW corrections can be sizable, so need to be included
The SM prediction gives BR ~ 2 x 107°
For a possible 3 ab~! HL-LHC, with a 10% final state detection efficiency = Ak, ~ 10%
Assume there are 10,000 background events = 20 for k. >~ 2.4
More work in progress:
» Background analysis, detector/systematic effects (@) e
» Better LDMEs fittings, higher order calculations/resummation ...

Y VV Ve
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Standard Model results: Who is contributing?

Color-octet contributions

@000

3 Sfé] 1 S([f] 1 Pl[S] 3 P‘[JS] Total
T(H — cc+ J/v)(GeV) 2.0x 1078 9.8x 10710 - 22x10710 2.2 x 10~
BR(H — ce+ J/v) 50x 1076 2.4 x 1077 - 53x107% 53 x1076
T'(H — cé+1e) (GeV) 1.8x 1077 3.6x 1071 1.0 x 10719 - 1.8 x 1077
BR(H — c€+ 1) 45x107° 89x107? 25x 1078 - 4.5 % 107°
Contributions with respect to QCD
fy/F3P 1500 3ol 15 35 TpET SpFT P spld
QCD 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
QED 1.1x107% 0.077 0.0073 1.1x107° 0.0068 0.0073 0.0073 0.0073
QCDxQED  0.021 0.14 -0.17  0.0012 -015 -0.17 -0.17 -0.17
EW 0.24 0.051 028 2.6x107* 14 029  0.33 1.5

QCD is dominant in most of the Fock states

SPF brings sizable QED correction to >S!, but itis forbidden for 1 51"

SGF makes 3S£8] super large

For ! S([JS] and 3P£8], only quark fragmentation contributions = QED and QCD differ by a constant ~
G

EW correction is large since Z is closed to its mass shell
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Worry about VMD ?
H — J/i+cc H— J/p+~y
> Larger decay rate: BR ~ 2 x 1077 » Small decay rate: BR ~ 2.8 x 1076
» Sensitive to H cc coupling: QCD dominates > Insensitive to F ¢z coupling
» Otherdiagrams = ke < 100
H = g*g* /vy — J/¢ + cc

1)1\

VMD dominates

H[M@a;p 2) Hp ”
c(py) Hoeemenee
H“'““\(\U/< 7H:pm
Jﬂ/("(m ) 5
BR(g*g*) ~ 2.5 x 1076, BR(y*y*) <2 x 1077 e ~* — J /v dominates over Hcc
e No need to worry about VMD Two orders of magnitude larger. (@
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When is y. not related to the charm mass?

Higgs Effective Field Theory (HEFT)
SU(2) doublets of the global SU (2) 1, r symmetries:

Ur Ur VI, 0
Q= <DL>’ On = (DR)’ b= <EL) br = (ER> '

Define U(z) = exp(io,m®(x)/v), so that the Lagrangian contains

LD _\%QLUyQ(h)QR - %ELUZ/L(h>LR + h.c.

The functions yg (k) and y, (h) control the Yukawa couplings

) n) h" n) h" . n) h"
yo(h) = diag (Zyé)wz:y%)w) , yr(h) = diag (O,Zyé )v”) L

n = 0is for mass term, n = 1is for Yukawa coupling. =
22/19
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Fragmentation formalism

The decay width is written as a convolution
Define z = 2E, /mpy

dr
dz

Hard coefficient
Cq(p?,2) =T(H — qq)d(1 — 2)

Cylpt2) = r (= gq) [ g (U= ]

7 S w(z)9a) = 20,9 Dy + C,© D, C o D = /c (z/y)%

31
Fragmentation functions
12802 2(1 —2?)
243m3,, (2—2)°
8 202 | (z—1)2+1 12
Délw(ﬂza z) = —3 > log m2 -

Qmw

(16 — 322 + 7227 — 32:% + 524)(07/* (3s1))

(1) _
Dc_>J/¢(H2a Z) =

(071 (35 QG
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