Pis’ma v ZhETF, vol. 116, iss. 6, pp. 341 – 342 © 2022 September 25

Medium effects for hadron-tagged jets in proton-proton collisions

B. G. Zakharov^{1)}

L. D. Landau Institute for Theoretical Physics, 117334 Moscow, Russia

Submitted 17 Augusta 2022 Resubmitted 17 August 2022 Accepted 22 August 2022

DOI: 10.31857/S123456782218001X, EDN: kexfxz

The observations at RHIC and the LHC in AA collisions of the transverse flow effects and the strong suppression of high-p_T hadron spectra (jet quenching) give evidence of the quark-gluon plasma (QGP) formation in AA collisions (for reviews see, e.g., [1–3]). The results of hydrodynamic analyses of the flow effects support that the QGP is formed at the proper time τ_0 ∼ 0.5 − 1 fm [1, 2]. The observation of the ridge effect [4, 5] in pp collisions at the LHC energies, suggests that a mini QGP (mQGP) can be created in pp collisions as well. This is also supported by the steep growth of the midrapidity strange particle production at charged multiplicity dN_{ch}/dη ∼ 5 [6]. This agrees with the onset of the QGP regime at dN_{ch}/dη ∼ 6, found in [7] from behavior of ⟨p_T ⟩ as a function of multiplicity, employing van Hove’s arguments that the phase transition should lead to an anomalous multiplicity dependence of ⟨p_T ⟩. These estimates of the critical multiplicity density for the onset of the mQGP formation regime are smaller than the typical midrapidity charged multiplicity of the soft (underlying-event (UE)) hadrons for jet events in pp collisions at the LHC energies – dN_{ch}/dη ∼ 10−15 (it is bigger than the ordinary minimum bias multiplicity by a factor of ∼ 2−2.5 [8]).

The mQGP formation in pp collisions should lead to some jet modification. However, one can expect that the quenching effects in pp collisions should be significantly smaller than in heavy ion collisions due to lower temperature of the mQGP and due to strong reduction of the induced gluon emission for a small size fireball. The latter is closely related to the anomalously strong L-dependence of the radiative parton energy loss, ΔE_r, in a finite-size QCD matter [9] (as compared to predictions of the Bethe–Heitler formula). Fixed coupling calculations without the Coulomb effects within the BDMPS approach [9] give ΔE_r ∝ L^2 for a static QGP, and ΔE_r ∝ L [10] for an expanding QGP with entropy density s ∝ 1/τ (as in the Bjorken model with purely longitudinal expansion of the QGP). The lin-

1)e-mail: bgz@itp.ac.ru

ear L-dependence of ΔE_r for an expanding QGP remains approximately valid also for calculations with accurate treatment of the Coulomb effects with running α_s [11]. Calculations of the medium modification factor R_{pp} (which is not directly observable quantity) within the light-cone path integral (LCPI) approach [12] with accurate treatment of the Coulomb effects and running α_s give a small deviation of R_{pp} from unity at the LHC energies [13] (R_{pp} ∼ 0.8 at p_T ∼ 10 GeV). For this reason observation of jet quenching in pp collisions via a weak modification of the p_T -dependence of hadron spectra is practically impossible. A promising observable for quenching effects in pp collisions is the variation with the UE activity of the medium modification factor I_{pp} for the photon-tagged jet fragmentation functions (FFs) [14]. However, this measurement requires high statistics due to a very small cross section. This problem is absent for the modification factor I_{pp} for the hadrontagged jets. The medium modification factor I_{pp} for the di-hadron production in pp collisions can be written similarly to AA collisions [15]

I_{pp}(p^a_T , p^t_T , y^a, y^t) =

Y^{pp}_m (p^a_T , p^t_T , y^a, y^t) Y^{pp}v (p^a_T , p^t_T , y^a, y^t)

, (1)

where p^{a,t}_T and y^{a,t} are the transverse momenta and rapidities of the trigger (h^t) and the associated (h^a) hadrons, Y^{pp}_m is the per-trigger yield accounting the medium effects, and Y^{pp}_v is the per-trigger yield calculated ignoring the medium effects. The per-trigger yields (similarly to AA collisions [15]) can be written in terms of the di-hadron (back-to-back) and one-hadron inclusive cross sections as

Y^{pp}_{m,v}(p^a_T , p^t_T , y^a, y^t) = d^4σ_{m,v} dp^a_T dp^t_T dy^ady^t

/ d2σ_{m,v}

dp^t_T dy^t

. (2)

Of course, the denominator in (1) is unobservable. But one can study the UE multiplicity dependence of I_{pp}, say, by using the ratio of the per-trigger yield to its minimum bias value. Because we can reasonably expect that the UE multiplicity dependence of the numerator

Письма в ЖЭТФ том 116 вып. 5 – 6 2022 341

342 B. G. Zakharov

and the denominator of (2) for Y^{pp}_v is very similar, and consequently Y^{pp}_v /⟨Y^{pp}_v ⟩ ≈ 1. Then we have

I_{pp}(p^a_T , p^t_T , y^a, y^t) ⟨I_{pp}(p^a_T , p^t_T , y^a, y^t)⟩ ≈ Y^{pp}_m (p^a_T , p^t_T , y^a, y^t) ⟨Y^{pp}m (p^a_T , p^t_T , y^a, y^t)⟩

. (3)

This relation allows one to study the multiplicity dependence of I_{pp} by measuring the per-trigger yield (which corresponds to the theoretical Y^{pp}_m ). Recently, this method has been used by ALICE [16] in the first measurement of the variation of I_{pp} with the UE multiplicity for the hadron-tagged jets for 5.02 TeV pp collisions (for the trigger hadron momentum 8 < p^t_T < 15 GeV, and the associated away side hadron momentum 4 < p^a_T < 6 GeV). It was found that I_{pp} decreases monotonically by about 15 % with increase of the UE activity in the range 5 ≲ dN_{ch}/dη ≲ 20 (we use dN_{ch}/dη for the whole range of the azimuthal angle ϕ and the transverse momentum which is bigger by a factor of ∼ 4.4 than the transverse side charged multiplicity N^{T S}_{ch} of [16] for the kinematic region π/3 ≤ |ϕ| ≤ 2π/3, |η| < 0.8, and p_T > 0.5 GeV). Such a decrease of I_{pp} agrees qualitatively with the quenching effect obtained in [14] for the jet energy E = 25 GeV (which is of the order of the jet energy for the ALICE trigger particle momentum region [16]). For drawing a more definitive conclusion on whether the ALICE data [16] on I_{pp} may be consistent with jet quenching in the mQGP, it is of course highly desirable to perform calculations of I_{pp} for hadron-tagged jets accounting for the jet energy fluctuations and the quenching effects for both the back-to-back jets. In the present paper, we carry out such calculations of I_{pp} for hadron-tagged jets for conditions of the ALICE experiment [16] within the LCPI approach [12] to the induced gluon emission. We use the parametrization of the running QCD coupling α_s(Q, T ) which has a plateau around Q ∼ κT (motivated by the lattice calculations of the effective QCD coupling in the QGP [17]). We use the value of κ fitted in [13] to the LHC heavy ion data on the nuclear modification factor R_{AA}. We find that the theoretical predictions with no free parameters for the multiplicity dependence of the ratio I_{pp}/⟨I_{pp}⟩ for 5.02 TeV pp collisions are in reasonable agreement with the recent preliminary data from ALICE [16]. The description of the data becomes better for the scenario with an incomplete thermalization of the matter at dN_{ch}/dη ≲ 10. Our results show that the drop of the ratio I_{pp}/⟨I_{pp}⟩ with the UE multiplicity, if confirmed by further measurements, may be viewed as the first direct evidence for the jet quenching in pp collisions.

This work is supported by Russian Science Foundation grant # 20-12-00200 in association with Steklov Mathematical Institute.

This is an excerpt of the article “Medium effects for hadron-tagged jets in proton-proton collisions”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364022601713

1. Prog. Part. Nucl. Phys. 86, 35 (2016); arXiv:1506.03863. 2. P. Romatschke and U. Romatschke, arXiv:1712.05815. 3. M. Connors, C. Nattrass, R. Reed, and S. Salur, Rev.

Mod. Phys. 90, 025005 (2018); ArXiv:1705.01974. 4. V. Khachatryan et al. (CMS Collaboration), JHEP 1009, 091 (2010); arXiv:1009.4122.

5. G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett.

116, 172301 (2016); arXiv:1509.04776.

6. J. Adam et al. (ALICE Collaboration), Nature Phys.

13, 535 (2017); arXiv:1606.07424.

7. R. Campanini, G. Ferri, and G. Ferri, Phys. Lett. B 703, 237 (2011).

8. R. Field, Acta Phys. Pol. B 42, 2631 (2011);

arXiv:1110.5530.

9. R. Baier, Y. L. Dokshitzer, A. H. Mueller, S. Peigné, and D. Schiff, Nucl. Phys. B 483, 291 (1997); arXiv:hepph/9607355.

10. R. Baier, Y. L. Dokshitzer, A. H. Mueller, and D. Schiff, Phys. Rev. C 58, 1706 (1998); hep-ph/9803473.

11. B. G. Zakharov, J. Phys. G 41, 075008 (2014);

arXiv:1311.1159.

12. B. G. Zakharov, JETP Lett. 63, 952 (1996);

arXiv:hep-ph/9607440.

13. B. G. Zakharov, JHEP 09, 087 (2021);

arXiv:2105.09350.

14. B. G. Zakharov, Phys. Rev. Lett. 112, 032301 (2014);

arXiv:1307.3674.

15. A. Adare et al. (PHENIX Collaboration), Phys. Rev.

C 78, 014901 (2008); arXiv:0801.4545.

16. S. Tripathy (for ALICE Collaboration), in 24th DAE-BRNS High Energy Physics Symposium, 14–18 December 2020, Jatni, India; arXiv:2103.07218.

17. A. Bazavov et al., Phys. Rev. D 98, 054511 (2018);

arXiv:1804.10600.

Письма в ЖЭТФ том 116 вып. 5 – 6 2022