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1. Background

motivation

*though “exotic,” IC is still SM physics, and potentially crucial to
HEP phenomenology

— through constraints to PDF sets and models,

— and background processes in collider physics

(see talk by W. Melnitchouk)

— but also studies of hadronic bound-state structure!

°*knowledge of charm distributions may influence dynamics in
heavy-ion physics

(see talks in “Onia” /1)

...e.g., through effects in J/v production and decay

° relevance to searches for new physics?? (see taik by 5. Gardner)
...l.e., through enhanced BSM cross sections...
2
— DM cross sections ~ ‘mq <p‘ (jq‘ p)‘
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1. Background

charm in perturbative QCD (pQCD)

‘o(z,Q? <m?) =é(z,Q* <m?) =0

V*

* intermediate Q?:
2y _
F3 par(7, Q%) =

* high Q*:

Qs (N2)

F. M. Steffens, W. Melnitchouk and A. W. Thomas,

Eur. Phys. J. C 11, 673 (1999) [hep-ph/9903441].
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1. Background

simplest nonperturbative model calculations

|uud> |uudg> |uudcc>

Y

o, .,
L. —
> ; ——
P P P
— ooo

— original models possessed scalar vertices...

* Brodsky et al. (1980):
-2
P(p — wudce) ~ [M2 -3, @}

— produces intrinsic PDF, c'(z) = & (x)

* Bliimlein (2015):

2P 1
k3 +m? 2) ‘E 1 VS: Tint = g5
— M i TI=

T _ 1 —
e S SEE (g

— comparison constrains & — (Q? space over which IC is observable
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2. meson-baryon models nonperturbative charm

meson-baryon models (MBMs)

we implement a framework which conserves spin/parity
* nonperturbative mechanisms are needed to break
c(w,Q* <m?) = e(z,Q* < m) = 0!

We build an EFT which connects IC to properties of the hadronic
spectrum:

[TJH, J. T. Londergan and W. Melnitchouk, Phys. Rev. D89, 074008 (2014).]

‘IN) = VZ2 [N)o + Xup fdy frs(y) IM(y); B(1 - y))

y =k*/PT: k meson, P nucleon
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2. meson-baryon models nonperturbative charm

amplitudes from hadronic EFT

*e.g., for the dominant contribution to ¢(x), i.e., :
1dg , _ ,
e(x) = [} 2 fan-(7) - en(2):
LN = gUNTua0he + 1hrnowdn Fiyl + hec.

Lefggqrn = ga Ve Plqq + hec quark model — had. g, f

qu W f

— evaluate forward-moving TOPT diagrams
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2. meson-baryon models nonperturbative charm

hadron /parton distributions

F(spum)|? 1
fBp-(9) = Tp 1672 [ dk7 lBMLiAAZiP =)

2
% |92 G k) + $ Cu@. k) + {5 Gulm )]

O
e(2) = N iz [ 42 sxi— (s [ + (me + 2M)?]

0.0: T T T T
3| effective mass model
0.04F —cinA,
---cin X,
S 0.03F 3 2
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— model dependence mainly from F(s),
s(@ k1) = (M+kD)/7 + (mp +k1)/(1-7)



c(x)

2. meson-baryon models nonperturbative charm

charm in the nucleon

* tune universal cutoff A = A to fit ISR pp — A:.X collider data

multiplicities, momentum sum:

(miyis™ = 240% 3L Pe= (oo = 1.34% 55

i i . : 1 T T
sk g — MBM (confining) - 0" =60 GeV’
i --- MBM (eff. mass) 0.1

..... MBM (8 function) '
0.1F ] =

005 | ] 0.001

i L 0.0001 L
0.2 04 0.6 0.8 1 0.001 0.01 0.1 1
X X

F*(2, Q%) = [c(z, Q%) + &(z, Q%))
— evolve to EMC scale, Q2 = 60 GeV?
low-z H1/ZEUS data check massless DGLAP evolution



2. meson-baryon models nonperturbative charm

production asymmetries?

ohe(z —U/_\C x . _ .
AAC (xF) = ole Eﬂfig‘f'a]\cgl’i; (O-AL('IF> - do-AL/d'IF)

T T

— N=(3.0£02)GeV, a=2% |
* SELEX, Vs =33 GeV

0.2 0.4 XF 0.6 0.8
e "l 00 X (e
% = (chAFC ~ 0o(1—zp)"
= | Anlen) = soratesatiy | (= o0/o0. 7 = 68)
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3. QCD global analysis

systematics of global QCD analysis

extract/constrain quark densities:
1 2 2
d p(r @ p
FJh($7Q2) = Z/ 7072 / (,2,F,O[S([L2) Qbf/h(g?:u%‘?:uz)
—Jo & & p* p

’C?f: pQCD Wilson coefficients
'gbf/h(f,,u%,ﬂ): universal parton distributions

(...here, p2 = 4m? + Q%)

— exploit properties of QCD to constrain models:

1
Z / dr x - {friq(z, Q%) + fo(r,Q*)} =1 (mom. conserv.)
q 0

* DGLAP: couples Q? evolution of f,(z,Q?), f,(z,Q?)
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3. QCD global analysis

constraints from global fits...

P. Jimenez-Delgado, TJH, J. T. Londergan and W. Melnitchouk; PRL 114, no. 8, 082002 (2015). )
® total o HI1F
300 - = E605 dimuon i
o E866 pp o JLabp
26 sets: E866 pd JLab d
: 250 © SLACp o jets ZEUS 1
— E866 rat jets H1
Negat = 4296 © SLACd  « JewCDE
HERA jets DO
200 - - E665 o BCDMS F, b
NMC < BCDMS F,
Q2 > 1 GeV2 a2 o BCDMSp = E140xF2L
150 ¢ BCDMSd ¢ El40xF 7]
y o NMCrz HERA -
W2 > 3.5 GeV? "< cwn
—
= HTs, TMCs,
smearing...
0 0.2 04 0.6
1 <x>1c(%)
* constrain: | (x)1c = / drxz-[c+¢|(x)| ... 'total IC momentum’
0 11/19




3. QCD global analysis

...without EMC Fs°...

300
250
200
Q%) ~ 15 GeVZ 2 150

0.06<z<0.9 "< 100

SLAC ep, ed data!

50
) [T T
(X /Ndat ~ 1-25) 50F
0 0‘2 0.‘4 0‘6 0‘8
<x>1c(%)
‘SLAC + REST' = (2)1c <0.1%; at b0 !
‘REST’ only =  (2)1c <0.1%; atlo

cf., (x)ic ~ 2 —3%

e.g., [S. Dulat et al., Phys. Rev. D 89, 073004 (2014).]

N.B.: different tolerances: Ax? =1 vs. AxéT =100
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3. QCD global analysis

...and constrained by EMC

300
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50

-50

EMC alone: (z)1c = 0.3 —0.4%
+ SLAC/‘REST": (2)ic = 0.13 & 0.04%

...but F§¢ poorly fit — y? ~ 4.3 per datum!
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3. QCD global analysis

data comparisons:

..full fits, constrained by EMC F.
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4. recent developments

new/ongoing global analyses

* NNPDF3: not anchored to specific parametrizations/models J

see: Ball et al. Eur. Phys. J. C76 (2016) no.11, 647

. ; .
included EMC: NNPDF3 NLO, m’**=1.47 GeV, Q=1.65 GeV

(z)1c = 0.7+£0.3% at Q ~ 1.5 o
GeV 7
% Perturbative Charm

— drove a very hard ¢(x) = ¢(z) —
distribution < 00
* peaked at # ~ 0.5 2 oo
* AND, required a negative IC

component to describe EMC F5°!

* complementary analyses for possible intrinsic bottom J

see: Lyonnet et al. JHEPO7 (2015) 141.

— would be negligible based on the analysis presented here...



4. recent developments

future experimental prospects?

* jet hadroproduction: pp — (Z¢) + X at LHCb J

e.g., Boettcher, llten, Williams, PRD93, 074008 (2016).

— a “direct” measure in the forward region, 2 <n <5
.. .sensitive to ¢(x), x ~ 1 for one colliding proton

— can discriminate (z)1c 2 0.3% (“valencelike”), 1% (“sealike™)

® prompt atmospheric neutrinos?
see: Laha & Brodsky, 1607.08240 (2016).

— lceCube v spectra may constrain IC normalization

* possible impact upon hidden charm pentaquark, P."?

e.g., Schmidt & Siddikov, PRD93, 094005 (2016).

* AFTERGOLHC? ... fixed-target pp at /s = 115 GeV J

Brodsky et al. Adv. High Energy Phys. 2015, 231547 (2015). [Signori]
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4. recent developments

charm and DM?

° heavy-particle EFT: after integrating away WIMP scale,
0. = mc(p|cc|p) dominant DM cross section contribution

Hill and Solon, Phys. Rev. Lett. 112, 211602 (2014).
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* even with small F5¢(z,Q?), 0. may be non-negligible!
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5. final thoughts

outlook

*have model framework for IC; contacts the SU(4) spectrum

...when constrained by pp — A.X data, overpredicts F5°

— generates “smoking gun” c¢(z) # ¢(x) signal

*modeling necessitated a QCD global analysis:
— severely limits (z);c < 0.1%, 50 (without EMC)
— with EMC, (z)1c = 0.13 £ 0.04%
— improved measurements of Fi5¢ at large = would be
definitive ... (e.g., by fixed target EICs)!
* modeling/numerical analyses have reached an advanced stage

— more experimental information is required, and diverse
channels are available
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6. thanks
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