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High-energy QCD and the proton structure

# Precision studies < SM and beyond # Inner structure « intrinsic parton motion

# Fixed-order perturbative calculations...

— NP nature, global fits

# ...enhanced by resummations (p,, energy) — NP nature, dynamics

# SM measurements: H, W, Z mass , 3D TMD

High-energy physics Reduction of uncertainties
assumes knowledge on parton densities
of proton structure from high-energy studies

Perturbative and aspects & key ingredients to a joint search for New Physics

1.1 Hors d’ceuvre




The high-energy resummation

@ BFKL resummation: [VS. Fadin, E.AA. Kuraev, LN. Lipatov (1975, 1976, 1977); Y. Balitskii, LN. Lipatov (1978)]
based on . “
> gluon Reggeization

leading logarithmic approximation (LL): «”(lns)™

A= 1t + ™t + + |+ Tl e |
~ 8 ~ s (asIns) ~ s (as Ins)?
next-to-leading logarithmic approximation (NLL): o1 (lns)”
: . Jms{ﬂﬁg .

Total cross sectionfor A+B — X o4p(s) = . < optical theorem

» Ims { A48} factorization:

convolution of the Green'’s function
of two interacting Reggeized gluons
with the impact factors of the
colliding particles

Green’'s function is process-independent, describes energy dependence and
obeys BFKL equation; impact factors are known in the NLL just for few processes

Francesco Giovanni Celiberto From Mueller-Navelet jets to | / W -plus-jet production January 14th, 2020

1.2 LL and NLL energy logarithms




Mueller-Navelet jets at the LHC

%5 Inclusive hadroproduction of two jets with high prand large rapidity separation, AY

#2  Moderate x (collinear PDFs), but t-channel pr | ) — hybrid factorization

1 1

do J d0ys(x1X28, UF)
S dxy | dxa £ evvap) () 0 T2 B
dyl dyQ dzkl dzkz r,qu,g . . dyl dyQ dzkl dzkz

1.3 Mueller-Navelet jets at 7/ TeV LHC




Mueller-Navelet jets at the LHC

Inclusive hadroproduction of two jets with high prand large rapidity separation, AY
Moderate x (collinear PDFs), but t-channel pr ( ) — hybrid factorization
d 1 dGys )
o J Ors(X1X2S, HLE —————
I dx, J By (1, 1p) fo (2, 1) S BE] T ertices ]
dyy dy d*ky d*ky rs g dyy dya d*ky d?k; ﬂ (off-shell amplitudes) !‘
— doys(x1x08, ) 1
dyy dy, A2k d2k,  (271)2
27
X J_,—CZMV]( ' (G150, x1.K1) ©
11
J5+ZOO dw (x1x25>w
X pr—
d—100 2711 50
dz—) S — -
X J"—szl( (.50, %2.K2)
1>
N #5 Hybrid NLL/NLO factorization via the JETHAD Method
& python’

1.3 Mueller-Navelet jets at 7 TeV LHC +1l @ [F.G.C.(2021)] 9
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From Mueller-Navelet to Higgs and heavy flavor

# Pheno path: hunt for channels leading to a NLL at natural scales (;!)
Heavy flavor at large pr Higgs boson
Stabilizers < gluon fragmentation channels Stabilizers < large Higgs transverse masses
pr T mo S i
“‘,‘ (PH s Yu )
g(zip1) -
q/9(wap2)
jet
p27 o P2 (P, y7)

2.1 Natural stability of the NLL series



From Mueller-Navelet to Higgs and heavy flavor

# Pheno path: hunt for channels leading to a NLL at natural scales (;!)
Heavy flavor at large pr Higgs boson
Stabilizers < gluon fragmentation channels Stabilizers < large Higgs/transverse masses
pr B pi /// / g .
'// “‘ (pH, YH)
T1P1 “o H R~ .
q/9(z1p1) a S o F.R H,.1
N
q/9(w2, p2) O q/9(xap2)
jet jet -~
pi . (ps,9.7) P2 (p71,y7) ’uFaR Py
(AX baryons, NLL/NLO) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007 (Higgs + jet, NLL/NLO*) & [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780]

(NLO Higgs impact factor) & [F. G. C. et al., JHEP 08 (2022) 092]

2.1 Natural stability of the NLL series
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From Mueller-Navelet to Higgs and heavy flavor

Pheno poth hunt for channels Ieodlng to a NLL at natural scales (;!)

\— - - /e - /e —,, e e —
r-— Bad 9 < cat o &

Heavy flovor at Icrge pT

,

Stablilizers < @luon fragmentation channels

L (A% baryons, NLL/NLO) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007] J
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2.2 Heavy-light hadrons at NLL/NLO

Stabllizing effects of heavy-flavor fragmentation

& [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]
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2.2 Heavy-light hadrons at NLL/NLO

Stabllizing effects of heavy-flavor fragmentation

& [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]
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Stabllizing effects of heavy-flavor fragmentation

AKKO08 VFNS collinear FFs for A hyperons: | uds) & [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]

A(j_X) hyperon emission p(Py) + p(P) — A(j_X) (P, ym,) + X + A(j_&) (PH,s YH,)
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(A hyperons) & [F. G. C. et al., Phys. Rev. D 102 (2020) 9, 094019]

2.2 Heavy-light hadrons at NLL/NLO
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2.2 Heavy-light hadrons at NLL/NLO

Stabllizing effects of heavy-flavor fragmentation

& [B. A.Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]
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2.2 Heavy-light hadrons at NLL/NLO

Stabllizing effects of heavy-flavor fragmentation

& [B. A.Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]
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Stabllizing effects of heavy-flavor fragmentation

KKSS19 VFNS collinear FFs for A_baryons: |udc) & [B. A Kniehletal., Phys. Rev. D 101 (2020) 11, 114021]

Aci baryon emission p(Pl) -+ p(PQ) — A:l:(le, yH1) + X + A:l:(pH29 sz)
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Rapidity distribution stable under scale variations

(A, baryons, in this slide) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 8, 780]
2.2 Heavy-light hadrons at NLL/NLO (H, hadrons) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]
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Stabllizing effects of heavy-flavor fragmentation

#5 rxks08 VFNS collinear FFs for D** mesons: | cd)
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D*T meson emission

2.2 Heavy-light hadrons at NLL/NLO

& [T. Kneesch et al., Nucl. Phys. B 799 (2008) 34-59]
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Stabllizing effects of heavy-flavor fragmentation

#: KKKs08 VFNS collinear FFs for D™= mesons: | cd) & [T. Kneesch et al., Nucl. Phys. B 799 (2008) 34-59]

D*T meson emission
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2.2 Heavy-light hadrons at NLL/NLO
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Stabllizing effects of heavy-flavor fragmentation

i KKKsS08 VFNS collinear FFs for D** mesons: | cd) & [T. Kneesch et al., Nucl. Phys. B 799 (2008) 34-59]
D** meson emission p(Py) + p(P;) = D**(pp,yp) + X + jet(ps,ys)
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2.2 Heavy-light hadrons at NLL/NLO (D™ mesons, in this slide) [F. G. C. et al., in preparation] e
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Stabilizing effects of heavy-flavor fragmentation

2¢ Stabilization mechanism encoded in the heavy-flavor gluon FF

c¢ Forward-hadron LO impact factor = gluon FF enhanced by gluon PDF in collinear convolution

eatn s 7 2) =2/ S e [ (2)™ —fg<z>-+§jf DA

a=q,q

2.3 Shedding light on the stabilization




Stab izing effects of heavy-flavor fragmentation

4 Stabilization mechanism encoded in the heavy-flavor gluon FF

&2 Forward-hadron LO impact factor = gluon FF enhanced by gluon PDF in collinear convolution

awlgle) -G [ (2 | REHE) - ¥ #em2 (5)

a=q,q

# Forward-hadron NLO impact factor = a non-diagonal heavy-flavor channel open...

. C v=3 1 fYda [1d¢ [z
et (n, v, ki, 0n) = 2\/02 (kz) ?/ﬂ_ (a_)

' _C_ﬁfg(x)pg (:2) 00+ 3 1D (L) C2:0) Lbut [€,| ~50+10*| €y

a=q,q

+ D! (Z—é) Z fa(7)Cyq (2, ¢) +—fg(x) ZDh( ) Coq (2, C):

2.3 Shedding light on the stabilization

(NLO impact factor) & [D. Yu. lvanov, A. Papa JHEP 07 (2012) 045] Q
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Stabilizing effects of heavy-flavor fragmentation

...... - Stabilization mechanism encoded in the heavy-flavor gluon FF

&2 Forward-hadron LO impact factor = gluon FF enhanced by gluon PDF in collinear convolution

tn o) =Sy [1 (2 | CBBHE) 3 s (2)

a=q,q

# Forward-hadron NLO impact factor = a non-diagonal heavy-flavor channel open...

. C u—% d.’l? d £ e
cgl)(n,y,lkﬂ,al) - 2\/ Cﬁ: /3L C( C)

Ca h [ &1 h
x _C—ng(:z:)Dg (azc) b (2,0 + Y fu(z)D! (xg) Cyy (,C) ...out | Cpp | ~ 50 104ngqi

a=q,q

+ D! (%é) Y fa(2)Coq () +—fg(x) ZDh( ) 9a (T, C):

a=q,q =q,9

¢ Gluon FFrises with energy this PDF and BFKL kernel decreasing behavior

2.3 Shedding light on the stabilization

(NLO impact factor) & [D. Yu. lvanov, A. Papa JHEP 07 (2012) 045] Q
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s the natural stabilization robust?

(1) KKKS08 and KksSs19 VFNS collinear FFs share the same extraction technology

¢ Might natural stability be related to the given FF determination(s) ?

3.1 Is the natural stability robust?



s the natural stabilization robust?

(1) KKKS08 and KksSs19 VFNS collinear FFs share the same extraction technology

¢ Might natural stability be related to the given FF determination(s) ?

(2) KKKS08 and KKss19 VFNS collinear FFs assume no initial-scale gluon, but evolution-driven

¢ Might natural stability be artificially generated by this Ansatz ?

3.1 Is the natural stability robust?




Vector quarkonium from single-parton fragmentation

(1) ; Let us consider J/y and Y at large py — single-parton fragmentation from NRQCD !

3.2 Vector quarkonium at NLL/NLO




Vector quarkonium from single-parton fragmentation

(1) ; Let us consider J/y and Y at large py — single-parton fragmentation from NRQCD !
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& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

=

ZCW19 onium FFs: (Q - @ Q) ® APFEL++ K %

Ly = 3mQ] —
Color Singlet (CS)

3
aS 1
D§(z.ir = o) = DG™0(2) + LR 2 (0) TN
mQ

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X.Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]

Q

3.2 Vector quarkonium at NLL/NLO
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

DS (2, i = pio) = DS (2) - "‘;fg) Ro(0)[2TONLO(2) (Q— @Q) at uy=3m,

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X.Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]

& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

3.2 Vector quarkonium at NLL/NLO
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

3
aS 1
D§(z.ur = o) = DIO(2) + 22UR) 1 o )2 @N0,)
mQ

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X.Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]
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(#:2ma) = 55amE®*#M) g Jy € Jgsune. TR~ EP (- 2
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(LO) & [A. Braaten, T.C Yuan, Phys. Rev. Lett. 71 (1993), 1673]

& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

3.2 Vector quarkonium at NLL/NLO

(Q— QQ) At uy=3m,

_|_

(Q = @gg) At py=2m,
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

DS (2, i = pio) = DS (2) - "‘;fg) Ro(0)[2TONLO(2) (Q— @Q) at uy=3m,

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
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& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929] ZCW]- 9+ - APFEL-'--'-
onium FFs
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3.3 Charmed B-mesons NLL/NLO

Charmed B-mesons + jet at the HL-LHC
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A high-energy QCD portal to exotic matter

#s High-energy QCD precision erais at the energy frontier(s) of new-generation colliders

; Key ingredient: interplay between resummation(s) & production mechanisms !

4.1 From heavy hadrons to tetrquarks



A high-energy QCD portal to exotic matter

#2 High-energy QCD precision era is at the energy frontier(s) of new-generation colliders

; Key ingredient: interplay between resummation(s) & production mechanisms !

High-energy

. “ -
"~ structure

physics

4.1 From heavy hadrons to tetrquarks



A high-energy QCD portal to exotic matter

@2 High-energy QCD precision era is at the energy frontier(s) of new-generation colliders

; Key ingredient: interplay between resummation(s) & production mechanisms !
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Need for fragmentation mechanisms depicting atoms/molecules/hadrons

4.1 From heavy hadrons to tetrquarks



Vector quarkonium from single-parton fragmentation

i Let us consider heavy-light X, 5, tetraquarks at large py — single-parton fragmentation !
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/ qa), . X(P
y a(q,) &S o) \J
- T

q/9(xaFy)

q/g(xpFp)

[F. G. C., A. Papaq, in preparation]




Vector quarkonium from single-parton fragmentation

i Let us consider heavy-light X, 5, tetraquarks at large py — single-parton fragmentation !
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(LO) & [S. M. Moosavi Nejad, Phys. Rev. D 05 (2022) 3, 034001]
(framework) & [M. Suzuki, Phys. Rev. D 33 (1986) 676] w
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Heavy-light tetraquarks at the HL-LHC

X - collinear FFs

Xcuen tetraquark collinear FF's
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Heavy-light tetraquarks at the HL-LHC
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Heavy-light tetraquarks at the HL-LHC
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Mueller-Navelet jets & resummation instabilities

ita Strong manifestation of higher-order instabilities via scale variation (;!)

i ; Atnatural scales: NLL/LL ratio large, no agreement with data, unphysical values !

#2 BLMscales, theory vs experiment: CMS @7TeV with symmetric pr-ranges, only




Mueller-Navelet jets & resummation instabilities

ita Strong manifestation of higher-order instabilities via scale variation (;!)

i ; Atnatural scales: NLL/LL ratio large, no agreement with data, unphysical values !

BLM scales, theory vs experiment: CMS @/TeV with symmetric pr-ranges, only
& [B. Ducloué et al., Phys. Rev. Lett. 112 (2014) 082003]
& [B. Murdaca et al., Eur. Phys. J. C 74 (2014) 10, 3084]
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JETHAD v0.5.0 1

(left figure) & [F. G. C., A. Papa (2022)]
(right figure) & [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Mueller-Navelet jets & resummation instabilities

ita Strong manifestation of higher-order instabilities via scale variation (;!)

i ; Atnatural scales: NLL/LL ratio large, no agreement with data, unphysical values !

proton(p;) + proton(pe) — jet(ks1,ys1) + X + jet(k2, ys2)
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nat.
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= doP™M/de" ~ 107172 = precision studies hampered

BLM scales, theory vs experiment: CMS @/7TeV with symmetric pr-ranges, only

& [B. Ducloué et al., Phys. Rev. Lett. 112 (2014) 082003]
& [B. Murdaca et al., Eur. Phys. J. C 74 (2014) 10, 3084]

(left figure) & [F. G. C., A. Papa (2022)]

(right figure) & [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Stcbility under scale variations & NLL corrections

. Hylbrid factorization @work: A_baryons |udc) versus A hyperons |uds)

proton(P;) + proton(P) — H(pm,,ym,) + X + H(pw,, ym,)
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Stability under scale variations & NLL corrections

#% Hybrid factorization @work: A, baryons |udc) versus A hyperons |uds)

proton(P;) + proton(P) — H(pm,,ym,) + X + H(pw,, ym,)
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(A, baryons, in this slide) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 8, 780]
(H, hadrons) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]
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Stability under scale variations & NLL corrections
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Stabllizing effects of heavy-flavor fragmentation
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Stabllizing effects of heavy-flavor fragmentation
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Heavy-light hadrons



From Higgstijet to bound states

Di-hadron and hadron-jet correlations

Inclusive di-hadron production Inclusive hadron-jet production
[D.Yu. Ivanov, A. Papa (2012)] (NLO forward-hadron impact factor) [A.D. Bolognino, FGC., DYu. lvanov, MM A. Mohammed, A. Papa (2018)]
[F.G.C., DYu. lvanov, B. Murdaca, A. Papa (2016, 2017)] [F.G.C. (in preparation)]
I)T =, K=, p(p) 1)T =, K=, p(p)
(K1, 41) (k1 41)
€I > I %

™, K=, p(p)
P2 (K2, y2) p2

¢ NLO impact factors known = full NLA BFKL analysis feasible
o PDFs + FFs at work (both), hadrons at smaller rapidities than jets (di-hadron)
& genuine asymmetric cuts in transverse momenta (hadron-jet)

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020

& [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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From light to heavy-light bound states

A, baryons

& [F. G.C.etal., Eur. Phys. J. C (2021) 8, 780]

proton(P;) + proton(P) — H(pg,,yu,) + X + H(pw,, ym,)

e ;
: MS scheme LLA - AZ )
103k MMHT14 + KKSS19/AKKOS SO LLA - AA)
E i NLA - AR
1/2<C), <2 5 NLA - A(A) |

107 10 GeV < ppy i, < pil
5 < 2.0 ]
- Y] JETHAD v0.4.4 -
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From light to heavy-light bound states

Light-hadron+jet: higher-order instabilities via scale variation, as in Mueller-Navelet (;!)

A, baryons Bottom-flavored hadrons

& [F. G.C.etal., Eur. Phys. J. C (2021) 8, 780] & [F. G.C. etal., Phys.Rev. D 104 (2021) 11, 114007]

Hy + jet (AY =3;C, =1)

PYOtOH(Pl) + pI‘OtOH(P2) — H(pHmyfh) + X + H(pH27yH2)

104 : ' ' I T T T T
F MS scheme LLA - A7 Ik NLA
103k  MMHT14 4 KKSS19/AKK08 S LLA - AR) 1] e
; NLA - Aci - 120 '_TI
1/2<C, <2 o [800 ol
i@ ; 80 R
- b 5 75~L35f$]-50 <]
o 60 I T -
| o503
1005_ - 40 By, ©
| SN 20 o
107 10 GeV < puy ., < Pﬁl — )
0
2.0 >
Y. m.| < JETHAD v0.4.4
10—2 1 ) . . 1 . . . 1 . . . 1 . ) , 1 . .
1.5 2.0 2.9 3.0 3.9
AY = Yo, — Y,



https://arxiv.org/abs/2109.11875
https://arxiv.org/abs/2109.11875
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2105.06432

From light to heavy-light bound states

Light-hadron+jet: higher-order instabilities via scale variation, as in Mueller-Navelet (;!)

A, baryons Bottom-flavored hadrons

& [F. G.C.etal., Eur. Phys. J. C (2021) 8, 780] & [F. G.C. etal., Phys.Rev. D 104 (2021) 11, 114007]

Hy + jet (AY =3;C, =1)

PTOtOH(Pl) + pI‘OtOH(P2) — H(pHmyfh) + X + H(pH27yH2>

104 : ' ' I T T T T
i MS scheme LLA - A Ik NLA
103k MMHT14 + KKSS19/AKK0S S LLA-AW) . i
: NLA - Aci L 120 o~
1/2<C, <2 o [800 ol
. RSy P4 0 4, | [T
o . \\m 80 >
> e 180 ]
S 60 BREE i
_ o T50 S
L SN 0 y 5
| _ o 10
10~ 10 GeV < PH,Hy < le — 10 QA
0 <Q
< 2.0
Y, 11, JETHAD vO0.4.4 \
1 O —2 1 ) ) ) 1 ) ) ) 1 ) ) ) 1 ) ) ) 1 ! . Y 4
1. 2. 2. . . 3
’ : AY :5yH - y?;fo " o [GGV/ e 10t
1 2

as a tool to investigate high-energy dynamics of QCD
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Rapidity distributions @FPF+ATLAS

Inclusive z* (FPF) + D'* (ATLAS) production

do/dAY [nb]

5
V]

rep./mean
= e
ot )

[FPF Snowmass Whitepaper]

| NNPDF4.0 + KKKSOS

L 10 < pr./GeV < 20 < pr,/GeV < 60

p(P) 4+ p(P) = 7% (pr,, Yr) + X + D**(pry, yp)

—— NLL - MAPFF1.0
/5 =14 TeV —— HE-NLO - MAPFF1.0 -

-
ot




Inclusive z* (FPF) + D'* (ATLAS) production

100}
L 10 < pr./GeV < 20 < pr,/GeV < 60

do /dAY [nb]

Rapidity distributions @FPF+ATLAS

[FPF Snowmass Whitepaper]

. NNPDF4.0 + KKKSO08
Vs = 14 TeV

5<yr<T |ypl <24

p(P) 4+ p(P) = 7% (pr,, Yr) + X + D**(pry, yp)

—— NLL - MAPFF1.0
—— HE-NLO - MAPFF1.0

* |Impact of collinear FFs on AY-distribution

* Replica method at work




Rapidity distributions @FPF+ATLAS

Inclusive z* (FPF) + D'* (ATLAS) production

[FPF Snowmass Whitepaper]

p(P1)+p(P2) _> ﬂ-:l:(pva yw) 'I' X _|_ D*i(pTDa yD)
| NNPDF4.0 -+ KKKSO8 — NLL - MAPFF1.0 |
- /5 =14 TeV — HE-NLO - MAPFF1.0 |

100__ o < Yn < 77 |yD| < 24
L 10 < pr./GeV < 20 < pr,/GeV < 60

do /dAY [nb]

Impact of collinear FFs on AY-distribution
Replica method at work
Larger spread of replicas at NLL

Probe FFs in complementary ranges
Weight of FF replicas in the same set

Different sets via functional correlation?




Quarkonia
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Vector quarkonium + jet at the LHC

J/y collinear FFs

J /W emission

& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

Y collinear FFs

Y emission
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Vector quarkonium + jet at the LHC

JIy+ jet

p(Po) + p(Py) = J/¥(po,yo) + X + jet(ps, ys)
103 E ' ' ' ' ' 1 ' ' ' 1 ' ' ' 1 ' ' ' 1 : E
L JETHAD v0.4.7 LLA ]
B s NLA
1 02 - L :.:.:....:'f:.,..._.,...;.;:{.:‘;.;?::._M
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E _ N
I_I 1005_ MS scheme T,
- F
QO L MMHT14 + ZCW19+
107 1/2 < Cp, < 2
/s =13 TeV
1072F |yol| < 2.4; |yg| < 4.7
L 20 < po/GeV < 60; 35 < p;j/GeV < 60
_3 ] L L L ] L L L ] L L L ] L L L ]
10 2 3 4 5 6

AY =yo — yj

& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

p(P) + p(Py) — Y(po,yo) + X + jet(ps, ys)
g _

MS scheme
- MMHT14 + ZCW19™T
- 1/2<C, <2
- /5 =13 TeV
- |yo| < 2.4;
. 20 < po/GeV < 60; 35 < pj/GeV < 60

JETHAD v0.4.7

NS LLA
e LA |-

lllllllll

IyJI < 4.7

> 3 4 5 &
AY =yo — yj
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L 7.(.:I:
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Heavy flavor at the LHC: BLM scales

Heavy-light hadrons

proton(py) + proton(ps) — H(pm,,ym,) + X + H(pw,, ym,)

AY — yH1 — yH2

Vector qguarkonia

p(Pa) -+ p(Pb) — H(pH19yH1) + X + H(sza sz)
20 ' ' T ' ' ' T ' ' ' T ' ' ' ' ' ' T ' '
" JETHAD v0.4.7 n =
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Z 1Bl e ’
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] i
%f- = MMHT14 + VFNS FFs
20 < pr, /GeV < 60; 35 < pr,/GeV < 60
i |yH1| < 2.4; |yH2| < 4.7
O

& [F. G.C.etal, Eur. Phys. J. C 81 (2021) 8, 780]

AY — yH1 — yH2

Backup|

& [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]
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Vector quarkonium + jet at the LHC

p(Pa) "|_ p(Pb) _> J/\Il(pgayQ) _l_ X‘|‘Jet(pJ9yJ)

— Cu=2 — Cup =207
— C,=4 —— C,=30"

NLA BFKL

. MS scheme
- MMHT14 4 ZCW19+

Vs =13 TeV J/l// _I_ Je-t

- 20 < po/GeV < 60; 35 < ps/GeV < 60
lys| < 4.7

- yel < 2.4;

AY =yo — yj

104:
103

102 |

ratio

p(Pu) + p(P) = Y(pg,yo) + X + jet(ps, ys)

JETHAD v0.4.7 — =1 — C,=10

— Cup=2 — C, =20

= MS scheme — Cu=4 —— C,=30"
| MMHT14 + ZCW19™T

/s =13 TeV NLA BFKL

ZCW19+[

| — + jet

- 20 < po/GeV < 60; 35 < py/GeV < 60

 yel <245 yy| <47




Charmed B-mesons from single-parton fragmentation

(2) ; Let us consider Bc(lSO) and Bc(351) at large pr — single-parton fragmentation from NRQCD'!

do /(o dy)

p(pa) + P(py) = B**(la1], v1) + X + jet(|qz|, y2)

7
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5

1NN

o
— T

60 < |g1]/GeV < 120; 50 < |g2|/GeV < 120

yil < 245 |yl < 47 MMHT14 + ZCFW22 -
L /s = 14 TeV 1/2<Cu<2‘:
[ JETHAD v0.4.9 NLL/NLO |
| 1 AY =1 -

——————

| S — |

(NLO heavy quark) & [X. Zheng et al., Phys. Rev. D 100 (2019) 3, 034004]

(NLO gluon) & [X. Zheng et al., JHEP 05 (2022) 034]

p(pa) + P(py) — B (|q1],y1) + X + jet(|qz|, y2)

7
60 < |q1]/GeV < 120; 50 < |g2|/GeV < 120
6 | .
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& [F. G. C., under revision (2022)]
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Charmed B-mesons + jet at the HL-LHC

B*(1S,) collinear FFs

B(-Jf emission

X104

[z =0.45; ZCFW22 FFs JETHAD v0. 4.9

(Za FLF)

h
g/q

zD

B*T emission
x 104 ¢

B*(°S,) collinear FFs

|z = 0.45; ZCFw22 FFs

" JETHAD v0.4.9

& [F. G. C., under revision (2022)]
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Charmed B-mesons + jet at the HL-LHC

B*(1S,) + b-hadron B*(S,) + jet

p(pa) + p(pb) — BUE(|qul, yl) + X+ ”Hb(\qz\,yz) p(pa) + p(pb) — B(*)i(\ql\ y1) + X + jet(|qz|, y2)
10° . . . : 103 ——— ——

; 150 LL/LO 351 LL/LO : ;
B 1S, - NLL/NLO 3G, - NLL/NLO -
10%¢ 1S, - HE-NLO 36; - HENLO 10°
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JETHAD v0.4.9 °

MMHT14 + ZCFW22 + KKSSO7
JETHAD v0.4.9
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do/dAY [pb]
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2

1/2 < C, < 2 -yl <2445 Jyof < 4.7
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& [F. G. C., under revision (2022)]
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Higgstjet distributions



INnclusive Higgs + jet at the LHC

&4 Inclusive h.p. of a Higgs + jet system with high p,, and large rapidity separation, AY

#2  Large energy scales expected to stabilize the high-energy resummed series

do 1

ey d A donder — (@) _Go+ZZCOS(n(P)Gn

n=1

O =@QH— @ — T

q/9(wap2)




INnclusive Higgs + jet at the LHC

&4 Inclusive h.p. of a Higgs + jet system with high p,, and large rapidity separation, AY

#2  Large energy scales expected to stabilize the high-energy resummed series

| nggs vertex |
Co+ Yy 2cos(ng)Cy,|e (off-shell amplitude)] |

do 1
dxydx; d|pg| dlpl\d@HdCP] (271)2

_ n=1 1|

| Jet vertex ‘
© = Qy— @] — T ﬂ(off shell amplitude) |

q/9(wap2)




INnclusive Higgs + jet at the LHC

%+ Inclusive h.p. of a Higgs + jet system with high p. and large rapidity separation, Ay

#% Large energy scales expected to stabilize the high-energy resummed series

1
|

do 1 -
dxydx; d|pg| dlpl\d@HdCP] (271)2

| nggs vertexk “
‘ (off-shell amplitude) ’.

e |




Azimuthal-angle multiplicity

1 do(AY, s) 1

c T dv = 5= 142 Z cos(np){cos(ny))

n=1

Mueller-Navelet jets
& [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003]

101:'

10_2:'

(figure below) & [F. G. C., A. Papa (2022)]

| p(Pa) ‘|_p(Pb) _> jletl(qula yl) ‘l‘ X ‘I‘ jelt((IITzla yZ) |

35 < qr1./GeV < 60 NNPDF4.0 PDF set
Vs =17TeV MS scheme
1/2 < C, < 2

JETHAD v0.5.0 1

6 < AY < 9.4

[ LL/LO
1 NLL/NLO*

$ CMS data
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Azimuthal-angle multiplicity

1 dO'(AY, S) _ i 1+2 i Cos(ncp) <COS(7L90)>

o dy 2T ‘
) n:
Mueller-Navelet jets Higgs + jet
& [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003] (figure below) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 4, 293]
(figure below) & [F. G. C., A. Papa (2022)] (NLO Higgs) & [F. G. C. et al., JHEP 08 (2022) 092]
p(P.) + p(Ps) — jet(qri, y1) + X + jet(gra, y2) P(Pa) + p(P) = H(pm,yu) £ X + jet(Ps, ys)
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; : 1.0 |lyu| < 2.5; |ys| < 4.7 NNPDF3.0 PDF set -
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NLL resummation via the JETHAD Method  # PN o o ¢ ¢ oo
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proton(pl) + proton(ps) = H(|pul|,yg) + X + jet(|py], yJ)
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Higgs transverse-momentum distribution
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M HEresummation from JETHAD
M Comparison with fixed-order POWHEG

™ Distributions stable under NLL corrections

& [F.G.C.,D.Yu. lvanov, M. M. A. Mohammed, A. Papa, Eur. Phys. J. C 81 (2021) 4, 293]
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proton(p;) + proton(ps) — H(|pu|,yu) + X + jet(|ps], ys)
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proton(p;) + proton(ps) — H(|pu|,yu) + X + jet(|ps], ys)
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large p; logs
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large p, logs proton(p1) + proton(pz) % H(‘pH‘ YH) _|_ X + Jet(‘p*]‘ y*])
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, d d PfOﬁOﬂ(Pl) + PTOtOH(Pz) — H(\PH\ yir) + X + jet(1py]; yJ)
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DGLAP-type + large-x threshold logs — BFKL decouplin
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Higgs + jet highlights from the FCC Week 2022

The high-energy QCD dynamics from Higgs+jet correlations at FCC
Francesco G. Celiberto ®23 and Alessandro Papa @45

FCC Week 2022, Sorbonne Université, France
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A path towards precision

Further information
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. @ NLL bands nested inside LL ones — solid stability

@ Way toward precision studies of HE QCD (;!)
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Gluon fusion — key ingredient for precision QCD

Fixed-order « improved by resummations
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Higgs + jet at @FCC: small-x enhancement from PDFs

High-energy resummation + NNPDF3.0 &
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High-energy resummation + NNPDF3.0 &
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Higgs + jet at @FCC: small-x enhancement from PDFs

High-energy resummation + NNPDF3.1sx &
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# Small-x resummation on PDFs = +(13.5+2.10) % @NLL/NLO*
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Higgs + jet at @FCC: large-x enhancement from PDFs

High-energy resummation + NNPDF3.0 &’ High-energy resummation + NNPDF3.01x &
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A Y-distribution

Imax Imax Imax Imax

Pg Py Y 9
pIIIil'ln ijlll’l ymll’l yIJIllIl

proton(pi) + proton(ps) — H(|pm|,ym) + X + jet(ps], ys)

10
NS LLA
_ NLA _
0L — NLO POWHEG -
: NN AN :
\ AN} \\\w:\\,\\\\\
AN \"‘&\\
100 L B S NN ~ ]
% NN
| — I \\\b\‘
O . a N
jm_l; 1/2<C, <2 * ;
O 10 GeV < |py| < 2M;; 20 GeV < |p;| < 60 GeV | |
07 Jyy| < 2.5 |ys| < 4.7
- /5 =14 TeV
102 F  MS scheme ;
- MMHT2014 NLO PDF set ]
- JETHAD v0.4.2
—4 . . 1 . . . ] . . . ] . . . ] . . . l . .
10 2 3 4 5 6
AY =yg —yy

& [F.G.C.,D.Yu. lvanov, M. M. A. Mohammed, A. Papa, Eur. Phys. J. C 81 (2021) 4, 293]



https://arxiv.org/abs/2008.00501
https://arxiv.org/abs/2008.00501

Imax

C(AY. 5) = /

10

102

10_35

A Y-distribution in the infinite top-mass limit

Imax Imax Imax

Py YH

Py Y

9
digl [ Al [ dys / " dy, SEEAY)) C,
1I1n1in 1I1N1n ymln

J

101§

1OO§

= 1/2<C, <2
- 10 GeV < DH| < 2M,;; 20 GeV < |p;| < 60 GeV

- MMHT2014 NLO PDF set

.“‘
N\ -
NN\
N

= |yn| < 2.5 |yg] < 4T
- /5 =14 TeV

MS scheme

JETHAD v0.4.2 |

2 3 4 5} 6

AY =yg —yy

& [F.G.C.,D.Yu. lvanov, M. M. A. Mohammed, A. Papa, Eur. Phys. J. C 81 (2021) 4, 293]



https://arxiv.org/abs/2008.00501
https://arxiv.org/abs/2008.00501

Angular correlations in the infinite top-mass limit
R.o(AY,s) = C,/Cy = (cosny)

Mueller-Navelet jets
& [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003]
(figure below) & [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Angular correlations in the infinite top-mass limit
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& [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003]

(figure below) & [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Higgs + jet
below) & [F. G. C. etal., Eur. Phys. J. C 81 (2021) 4, 293]

(NLO Higgs impact factor) & [F. G. C. et al., under review (2022)]
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Basics of BFKL



The high-energy resummation

Gluon Reggeization in perturbative QCD

¢ Gluon quantum numbers in the t-channel: 8~ representation

¢ Regge limit; s ~ —u — oo, t not growing with s

' . u ; x (qZ)__l
— amplitudes governed by gluon Reggeization — D, = lg;tzv (SSO) )

feature all-order resummation:  LLA [ (Ins)"] + NLA [oc’s’l“(ms)”]

consequence

> factorization of elastic and real part of inelastic amplitudes

example

» Elastic scattering process: A +B — A’ + B’

A = = Al _

q jit)=1+w(t), j0)=1
w(t) — Reggeized gluon trajectory

M4 = S(A'ITIA) 44 — PPRvertex

B > > B’ T¢ — fundamental (g) or adjoint (g)

@ QCD is the unique SM theory where all elementary particles reggeize
@ Possible extensions: N=4 SYM, AdS/CFT....

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

@ BFKL resummation: [VS. Fadin, E.AA. Kuraev, LN. Lipatov (1975, 1976, 1977); Y. Balitskii, LN. Lipatov (1978)]
based on . “
> gluon Reggeization

leading logarithmic approximation (LL): «”(lns)™

A= 5 'é + :.n: + 4+ ... + > i I TR
~ 8 ~ s (asIns) ~ s (as Ins)?
next-to-leading logarithmic approximation (NLL): o1 (lns)”
: . Jms{f[ﬁg .

Total cross sectionfor A+B — X o4p(s) = . < optical theorem

» Ims { A48} factorization:

convolution of the Green'’s function
of two interacting Reggeized gluons
with the impact factors of the
colliding particles

Green’'s function is process-independent, describes energy dependence and
obeys BFKL equation; impact factors are known in the NLL just for few processes

Francesco Giovanni Celiberto From Mueller-Navelet jets to | / W -plus-jet production January 14th, 2020



The high-energy resummation

@ Green's function is process-independent and takes care of the energy
dependence

—  determined through the BFKL equation
[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975)]

W Geo (71, 50) = 5P2(F — @) +JdD—2qK(71,7) Ge (7,71)

91* +Q1—q
CI1+ +Q1—q

CI2+ +Q2_q
Q2+ +QZ_(J

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

@ Impact factors are process-dependent and A
depend on the hard scale, but not on the energy
—  known in the NLA just for few processes

¢ colliding partons

[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
[M. Ciafaloni, G. Rodrigo (2000)]

o v — V,withV = pY w, ¢, forward case
[D.Yu. lvanov, M.l. Kotsky, A. Papa (2004)]

¢ forward jet production

[J. Bartels, D. Colferai, G.P. Vacca (2003
(exact IF) [F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, A. Perri (2012
(small-cone IF) [D.Yu. lvanov, A. Papa (2012

]
]
]
(several jet algorithms discussed) [D. Colferai, A. Niccoli (2015)]

S SN S SN

¢ forward identified hadron production

[D.Yu. lvanov, A. Papa (2012)]

*

oY —Y
[J. Bartels et al. (2001), |. Balitsky, G.A. Chirilli (2011, 2013)]

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

BFKL in the LLA(I)

Inelastic scattering process A+B — A+ B+mn inthe LLA

A— —
* di
g1
. 1 4 . —
%iéﬁl (in qu:+1) — é@’m gi multi-Regge kinematics
Jn
12 B
i 7 " w (£;) W (t;41)
AB+n __ c P; . S; 1 1 41 o
ReAyp™" =2s rAlA (H Yeiciqq (i Giv1) (g) ti) -~ ( . ) rBB+
i=1

P.
Yeleo, (9 9iv1) — RRG vertex

sg  — energy scale, irrelevant in the LLA

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

BFKL in the LLA (ll)

Elastic amplitude A+ B — A’ + B’ in the LLA via s-channel unitarity

qi :
s qi+1 *ér@’ﬁ

dn+1 é ; q;z+1
. : R

PB PB!

AGE =N (AR . R =1(singlet), 8 (octet),...
R

The 8~ color representation is important for the bootstrap, i.e. the consistency
between the above amplitude and that with one Reggeized gluon exchange

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

dD 5 dD 5 6+iood w

B S /A S ) o w (s LS

fm, (A4) = s | = D4 (71.50) 05 (5o J —Zm.(s()) Go (1. 7)
d—100

@ Green's function is process-independent and takes care of the energy
dependence

—  determined through the BFKL equation
[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975)]

@ Impact factors are process-dependent and A
depend on the hard scale, but not on the energy

——  known in the NLA just for few processes

@ Successful tests of NLA BFKL in the Mueller—-Navelet channel with the
advent of the LHC: nevertheless, new BFKL-sensitive observables as well as
more exclusive final-state reactions are needed (di-hadron, hadron-jet,
heavy-quark pair, multi-jet, production processes,...)

(MN jets) [B. Ducloue, L. Szymanowski, S. Wallon (2014); F.G.C., D.Yu. lvanov, B. Murdaca, A. Papa (2015, 20106)]

(di-hadron) [FG.C., DYu. Ivanov, B. Murdaca, A. Papa (2016, 2017)]

(four-jet) [F. Caporale, FG.C., G. Chachamis, A. Sabio Vera (2016)]

(multi-jet) F. Caporale, FG.C., G. Chachamis, D. Gordo Gomez, A. Sabio Vera (2016, 2017, 2017)]

(heavy-quark pair) [F.G.C., DYu. lvanov, B. Murdaca, A. Papa (2018); A.D. Bolognino, F.G.C., DYu. lvanov, M. Fucilla, A. Papa (2018)]
(hadron-jet) [M.M.A. Mohammed, MD thesis (2018); A.D. Bolognino, F.G.C., DYu. lvanov, MM.A. Mohammed, A. Papa (2018)]
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Hybrid factorization at work

Forward-jet impact factor

@ take the impact factors for colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
M. Ciafaloni and G. Rodrigo (2000)]

Ip1 IpP1

)

qi 1q

quark vertex gluon vertex

@ “open’ one of the integrations over the phase space of the intermediate state
to allow one parton to generate the jet

(xjph EJ)
IpP1 [ : X
74

quark jet vertex gluon jet vertex

@ use QCD collinear factoriz: ) ,_ -fs ® lquark vertex] + f; ® Igluon vertex
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Forward-Higgs LO impact factor




Forward-Higgs NLO-RG impact factor




Forward-jet NLO-RG impact factor




Inclusive Higgs+jet: NLL/NLO* azimuthal coefficients
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